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SPAGECRAFT CHARGING GONTROL BY 'THERMAL, PTELD EMTSSTON
WITH LANTHANUM=-HEXABORIDE EMI'TTERS

by Jumes K, Morris
NASA Lowls Rascarch Centev
Clevelaml, Ohlo

SUMMARY

Recontly R. Gravd (J. Geophys. Rsch., V. 81, No. 10 p. 1805,
April 1976) elaborated on his concopt of using cold tungston field
omitters for "spucecralt chorging control® and for enyiromental
plosmi dingnoses.  The present paper sugpests instend thewmal, field
owltters of lantchanum (or perhups cevium) hexaboride (Lnlig) with
temperiture variabilizy up to ~ 1500K. Such omittors operate at much
lovtor voltages with considernbly more control amd ndd  plasma-diag-
nostic versntility. ‘These gaing should outwelpgh the ndditional com-
plexity of providing heat for the LaBg thermal, ficld emitter,

THE CONCEPT OF SPACECRART-CHARGING CONTROI, WITIL FTELD EMISSION

Fold=emission control of nogative spacecralt charging in cnev-
gotic plusmas is o concept discussed in vaforences 1 and 2. lLeft
uncontrolled, superficial potentials often bhuild to several kilovoltrs
vhen photo- and secondavy-cwissive effects {nil to countevnct the
collection of high-cnerey electrons (refs. 1 to 5). This conditdon
oecurs on ecclipsed spacacenft or shadoved, insulated surfaces,  And
churge secumulation could arise nenr Juplter vhere photoemisslon is
one and a hnlf ovders of magnitude lover than that in the orbit of
the eavth (rof. 1). Such elfects complicate spacecraft operations
and envivommental mensurements {ref. 6).

Solutions to spucecraft-charging problems include thermionic
and plasmn ejections of collected energetic electrons (rvef. §) as
well ng field emission, which also allovs plasma dingnoses (vels.

L and 2), Reforences 1 and 2 logicnlly propose cold tungsten (W)
Field emittevs as simple, cconomical controi devices. But pood
reasansalso oxist for using lanthanum-hexaboride (Labg) Ficld emit-
ters vith moderate henting cnpabilities. This paper prosents some
advantages of the lattor srrangement as o contribution to enable

enlightened selection of a method for controlling spacecraft charging.



The present veport advoeates Fleld emitters off Jio, 100, adlor
11 lﬁl“(‘[¢lglnt‘ S oV refme T ot 1Y) pather than W Wy o ohh o\,
Prabe podnts vith radil of cuvvature smaller than 100 i ave veadily
attalnable (private commanteation vith Lo W Svanson). 8o duch dimens
sjons in conjunetion elth up to soveral Ailwvolts betveen the spaces
craft and its onvivotment determine loeal olecteie flolds in appropelate
contiguracions.  Also conxidered ave field-omitter theemal variatjons
up tao- 1S00K,  Such vardability should allov moeh preator opevating
vanped wd Clexinilities than vold § Cield emttters to justity the
Dneveased complicativn,

TECUNICGAL ASPEUTS OF THERMAL, FIELD BEMISN10N
FOR SPATECRATT-CHARGING CONTROL

Thevimaly, Tlold emission brings an additional degree of Preodon
tu the vopeept ol spaceeralt- chavging eontroel advancod. in reforences
Pand 20 Nowe themmiende eulssion adds to field emission,  And alvhough
this gain may be unimportant for o Cleld emittor operat ing at o8 Ve,
P he erdtival at 100 vaen,

These extremes ax vell as the middle growsd appeae In figores
Uto 8 Fipuves 1 oto o compeise trends of emission curvent densitios
and of cooling voltages taken from retfevence 13, Awd figures & to 8
are varking versions plotted feom vefoprence: B odata, The results
derive Trom an fmege potentlal terminated at the emitter Fermi level
as In the figures op page ¥ of reference 16, page 276 of reforence
T, and page 3 of reference 17, Bloldeomission stwlivs often roly
un the Fovler, Nowdhedm solution or 1ts theewal modifiearion (el 18)--
both based an the nontevminated tmage poteatial (NIPY,  But all the
proviounsly mentioned Flgures ropresent the teminatal inage poten-
thal (UMY modeled, wathewnt ivally deseribod, diseussod, and compaeed
in reference 1 tand in the Appendix, for the reawderts cotivenieneed,
The TIM bs volatively complicated and yields mave conrervative omis
Cston eorrent denstties than the NI particulaely at very high olec-
trie Plolds.,

it vhat electeric Plelds (Fa) ave proabable in the spacecvattt
chavging prohlem? lstimates arve possible paxdng the chavging paton-
tinls (VY (several Ailovolts), the vadius of curvature for the Pleld
pmittor point (r) (10=5 om), and an equation from veteronce 11
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The total fleld comprises conteibutions from sphorald-1ike Uigph!?
awl hyperholodd=1ihe (Fpep) tipesnape offects,  Hovover, I the
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fleld-cmitter point is predominantly hyperbolofd, as is ofien the
ease, the shape Factor o is zerod

av 1oy | ledy 1%y
Fy . rlog %%_ 27 (For 1=2.5 em} ~ 47 (Tor 1=2,5m) ~ & (for 1=0,25 k)
105V (for 1=25 km) _ 10°V (for 122500 km) 2
’: L 'n_*“(*‘f“! : ‘*-t'?“ e

flore L is the distance from the ficld emitter to the effective anede.

S0 for representative spacecrafr-charging caleulations using a hyperboloid
emitter point with o 10*% em vadine of curvature, a good field ap-
proximation is possible:

fy ¥ 0.2vx0% V/ew R

Thus, spacecraft charging to severil kilevolts (vefs. | to §
is equivalent to ~ 10°/em for ficld emission or about axia? Alew®
gith a W Ficld emitter (neglocting the limitations of the TIT theory).
But even o high-meliting, uoll-condu%ting W point requires microsceond
pulsing not faster than ~ 1000 see™ to avold destruction at such,
current densities (ref. 15). For continuous operation - 107 Aem®
is desivable, llowever, 1075 ¥em (~ 1.0 kitovolts) reduces cmission
to ~ 20 A/eme.  And 107 V/om or about 500 volts vesults in ~ 10°17 Afem?
for o cold W Field emitter. So additionnl deprees ol recdom seem
desiralhle to allow spacecralt-charging reduction at lover voltapes
and vith more than rather-precipitous contral.,

With°107 Viem Lall, ficld omittgrs produce ~ 0,1 A/cm2 cold,
~ 70 Aem® at 1000%, and ~ 100 A/em® at I1500K. Using I1S00K LaBg
field emitters yields ~ 100 A/cmz at 1085 yem pr about 160 vu&ts
- of spacecraft charging, In foct 1500K LaB, omits > ) Aemd vith

offoctively no cloctric field. OF course, in the ahsenee of space-
charge neutvalization by plasma fons, some small voltage is desirable

to maintain a zero or slight electron-aceelerating Ficld.  This condi-
tion allows unhindered thermionic or oven Schottky cmission (Appendix:
page 6). W requives ~ 2550K to emit ~ 1 Afew®.  And LaBg Field emit-
tors maintain their points wore cffectively than their tungsten counter-
parts at temperntures well above 1500K and at great electric fields
(private communication with L. Sranson).

Corium hexaboride (CeB.) has slightly higher vapor pressures
put somevhat louer vork ranctlons than laBg (actunlly LaBg n1 to LaBg g
rels: 7 to 10, 20, 21). So GeBg thermal field emitters should alse
prove to be pood candidatas For spacecraft-churging control.

ADVANTAGES QF SPACECRAFT-CHARGING CONTROIL
WITH ]'HB() THERMAL, FIBLD BEMITTERS

Refercence 1 ndvocates a probe vith cold W ficld emitters for
"spacecraft chavging control!' and for envivenmental plaswma diaghoses,
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The present paper recommonds dnsteoad thermnl, field emittovrs of LaB
(or perhaps CoB ) with temperature variability up to ~ 1500K. The 6
LaBg thermal, Ffoid emitters veliove spaceeralt charging at much lower
voltages with considervably more control. These advantages come at

tha cost of additional complexity in providing heat for the LaB
thermal, field emitters., But such heating practices are common in
Laboratory studies of thermal, Ficld emission. The laBg theemal,
field emitter also adds versatility to the plasma-dingnostic capa-
billties of tho probe. $o the choice is one of sacvificing some
simplicity for greater operating range, flexibility, and econtrol.

m,,!:..xw;, s
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APPENDIX:  NASA ‘IN D~2784, April 1965

THERMAI, FIELD EMISSION WITH A TERMINATED IMAGE POTENTIAL
by James F. Morris

Lewis Research Center

SUMMARY

4

This paper develops a theory for thermul, fleld emission with an image potential that
terminates at the emitter Fermi level, The resulling equalions predict currents over
and lhrough the confining potential barrier, In addition, ponoh.tllon probabilities and
their generating functions are tabulated for fields [rom 10" lo 109 volls per centimeter
and for all emitler Fermi levels and work funclions, Resulls are compared with those
obtained for the nonterminated image potential, '

INTRODUCTION

Interest in the effects of high clectric fields on eleeiron emission increases sleadily,
This growing imporiance of thermal, field emission is the resull of beller products,
Many electronic devices lmprove, and new ones evolve with the acceleraling ulilization
of dense currents irom intense fields, Furthermore, the use of thermal, field emission
in instrumentation and microscopy expands continuously. Therefore, there dis a nead 1o
understand betler the mechanism of eleciron emission, and this theoretic work atms at
that goal,

Electron emission increases in two ways when the electric field applied to the emit-
ter rises. The field reduces both the height and the width of the polential barrier that
confines the electrons; thus, more current passes over and through the diminished bar-
rier. Both suprabarrier and inleabnrrier emission processes are examined in the
present study, .

The elect1 on escape rate al high fields depends strongly on the V'llue Tt which the
freespace potential ends on the emiller {ace.  For this reason, most theorelic ap-
proaches to thermal, field emission began with some type of terminated image potential,
but for simplicity, the ordinary (nonterminnled) image potential was used in the deriva-
tions. In lhis work, an image potential that joins the surface at the Fermi level is used
throughout, Because a surface poteniial higher than the Fermi level is difficull to
justify, thermal, field emission theories for the nonterminated image pote'nti:il (NIP) and
this terminated version (TIP) probably bracket reality.
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The present paper presents approstmations for suprabarvier emission (Richardson-
Dushinin, Scholtky, and zero- and fivst=order 110), lnh.lb.u-rtm- emission is indicated
by o tabulation of penelration probabilities for fields rom 10" to 107 volts por cenlimetor
and for all emitter Fermi levels and work functions,  With these transmission coeffi-
clents, the eleetron suppty function, and the suprabarrier emission equation, the total
thermal, fleld cmisston curvent ean e estimated,

THEORY

The objeet of this quest 1s the predietion of suprabarrior and intrabarrier thermal«
field emission for an tmrge potential thal termimites at the Permi level on the emilter
face,

TIP Barrier

Traditionally, the stmple image potentinl conneets with some arbitrary curviture lo
the battom of the conduniion band nt the surface of the emitter {rel, 1), "This alters the
potentinl barvier sliphtly from that for the nonterminated huage except at hipgh feld '
intensliies, "Thevefore, the vomplivations of the terminated Duage potential yielded to
the shaplicity of the ordinavy fmage in most developments, At moderate fields, this is
nn approprinte approxtmation, but what are the high=rietd eoffeets of o TIP?

Tn pleking the polnt of potential termination, superfieial conditions must be eon-
sideted, Because surface atoms cannot galisly thelr clectron needs by latlice continwis
tion, they attract electrons nnd wabilance the loeal charge. Furthermore, space-charge
cquilibrated canission hangs a compnet cloud of electrons nbout emitter boundavies; thus,
the eleetron polvn{inl rises shavply at the face of the metal,

A nenr-equilibrium condition must provail Tor any simple emission iheov; to apply.
In this wodel, the Fermi level remaing constant throughout the metal, and the great
number ol electvons near the Fermi level satisfies the need for exeess surface eloes
trong with negtigible dopletion of the bulk distribution, - 'l‘lmi-efm-o; it appears that the
clectron potential might approach but, not exceed the Fermi lovel at the surface of a
mire metal, :

For this veason, an hoage potential that ends at the Fermi lo\rol on lho cmitter fave
was chosen as the other limit of a range of simple theories for thermal, flekd emission
that Leging with the ordinary tmage,

Decause the path between the superficial and internal emitior electron pOt(‘llU.llh is
uwnknown, the present model sides with simplieity and drops from the Fermilevel {o
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v o b e the bottom of the conduction band on
m---m-m.-...t:....,,_,_ """t"i‘m“"""z" the surface, ‘This vertieal wadl and
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oDy ! i" of electron reflections at abrupt po-
lz X | , ! ) tential changes, 'The wall and corners
u"“" RN S K SE B2 D of the TIP mode!, however, are
I

‘mere approximations of a rapidly but
smoothly changing potentialy they have
no physieal significance. Further-
maore, the ovdinary Image potentlnl approaches verticality near the emitter surface, So
in line with previous fetd-emission theory, hipgh rates of potential change, whore eled¢-
trons are reflecled, are neglected, '

Flgure 1, ~ Energy dlagram lor T5P electron emlsslon,

Figure 1 diagrams the barrier formed when the potentials for a freespace eleclron
and for the metal conneel at the emitler surfnee (Symbols are defined in the appendix),
Propst {vel, 2) used this type of TIP topredict the energy distribulion of electrons
cjected from tungsten by low-energy helium mnS (He™),

The terminated image potentinl (TIP = - ¢ /(4\ + L/cp)) results from shifting the
ovdinitry imnge (NID = - o 4x) lo intercept the emitler face at the Formi level; this
is an 0, B-nngstrom move for a 4, 5-volt work function,

TIP Suprabarrier Emission

The TIP barriee
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for ficlds up to ;,-\"NI_OB/'J. 6 volls per contimeter; higher fields wmasintain the maxinum
polential il the Fermi level an the emittor surface,

Of course, in the NI ease,
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The polential maxinum equals the mininmum kinetie energy (based on the outwardly
diveeted veloeity component) that an internal cleetron vequires to egeape the ewitler in

simple supealnerior emigsion theory,

These ouwlgoiny cleetrons within the melnd distribule in t!w Eollowlnu manner (rof, 3):
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This disteibution, integrated Irom the potonlt.d barrier maxinun Lo infindty, yields the

cquntion for supis 1h.n‘rim‘ omission:
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The gero order approsimation s the TR version of the Schattky equation,

Approximation for Suprabavrier Emission

Two suprabarerice cmiagion equations compare elearly as the log of the vatio of
thetr current densities for a glven sel of cmulitiun This approach eliminates debates
about effective areas aml voefficients (1200 l“‘) il reduces the comparisoen to the dife
forpuve of two exponents, An oleetrie«Tield effeet might then be considered significant
when the vurreat-density watie for the two emdsgion vguations reaches 1, 004 or ., 990,
Thig is the compartive eeitosion in the follo\\'inp‘ ovaluations for T in 01\, ¢ in volts,
and B in volts por centimefor,

With these stipulations, e effort ts reguired o isolate the areas of apparent ap-
plicability of Richardson Dashiman (RD), Schotihy (81, aoad aevo- (TP -0) and first »uz'dm-
{900 TP approximations for suprabaceier electron emisston, -

In the Tollowing comparizong, the particular emission equation appears im-
mediately alter its mune and 1s avtended by the olecteie field at which its curvent density
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Both the PP and NP equations ratse questions when Tields rige to near 101 volts
per centimeter, At this value, the potentiad masima for these two models e between
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6 and 6 angateoms from e omittor purface, Vecanso thig i nene the atomie dimon-
slon, the asgampiions of e TIP wyl NP models approximate the actual physieal
altuation poorly.

TIP Tunneling

|
i
The kinetle pnovgy of o tunpeting eleetron s negative, and therofove, Ha momenium 1‘
1o tmapinary,  So within tho emdssion beeelor, an eleetron Hes loss 1kely al X+ AX *
tht ot x In aceordimee with the probabllitys=dengity rallo for the two locations: ’
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whore Xy o Ny are the tursbng points (¢ v 0V) for the baeeler (fig 1),

Congequently, the peneteadion theaey for U TR omission baveior boging with the
ngaumptions and vesteietions of e WKD theory, and Uit Tepves e It the aetaal
Intereation and evaluntion of the transmiasion cootficlont (. (D)
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Whon 4 ™ 1, however, the Innee turntng point is oot Ny Inatemdy f s (e M beenuse
X =, 'l‘lwvufmo. ut thi juncmvv 0 peneenlbaed lnnw luvnnm nnlnl R donnml ALY

whk'h s gy for 800 nd (n.f’i‘) % for @ R
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6~ 0, ¢ —= and causes TIP ~ Nip,

Mg, 1 musl fall botweun zere and one,

nz
2 o 212
¢
14(3)6-1;--{2@- dn -~
[ 2 "
”l
Then, by definition,
Ny
1/2
2 2
o 5):33 l"(’g) a-,,”(_.L),.
LI
and
~3/2, ¢ \1/4
Clo, B) == () ( )
3 \2 oln/ -
and {he peneteation probability (eq. (9)) botomes
L e.\'p'[-e Clev, B (v, 6)]
As 6 - 0 with nongero f,
Ny
‘ 2
Ker, 6) — ) = 2 R L/
2 1
l]l :
and - -
, .1/2]
L PR
My 173 [H(l %)

These forms are Identieal with t_hns;d for the nonterminated Imnpo pol('mtlul,,

Both distances and potentials ave veal in the TP maodel; r.onscquenuy,'
and 7) ame all positive, Therefore, the numbm u.ldm the radienl in equnllon (11, l'm

(12)

| (13)

(14)

(15)

(16)

un

beonuse us
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Bach range of o vields posillve '8 and '1;2‘8; howover, the higher rango gives nogts
Hvo vilues of &, has, only the lower @ rango I physieally mesntngluly the upper
Hinls for o dnthe T model are shown n table |,

Tor &1,

Moy

R

[1 + (h\/n)gtﬂg

ennnot elimb to unity vopadless of the o vatue; thus, Inpquality (18) {s satlsfiwd,
Now équntion (18) ean be Intogeated, - -
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U ";/2 uy
2 2 /2 3 )
3 o (a/2 : _ 1/2 VPR _
Ko, 8) = 2 [I *(5) d-n- "T“"L] dy =3 [('12 ~ i = 0y 72 41 ﬂ-"g*l-}g'l“' sny.en?u du
: 1
"o na/? 2
2
{no = 14) W
= —-2“—1-1-—- [(2 - K2)E(u} » 252 - K20 u cn u dn u] !
,]1/2K4 0
. .
(g - ny)? My = M ' Hg = My\  dig - Wy fia - Ty A e ngN g gy g - gV
= ” 2- Eug)-2[1~ iy - . 1- . - .
1afi2 "M N2 g a \Ma=1, Ha =My e ngemy
iy mng

1/2 2y lng ) ong </ nl*
= 1y (112 + r;l) Bluy) - g uyp - /
I (g +ny)

2 . A1/ )
: {[H(g)z 6]3m}l/2 E(d, K) = (1 - )F{, K) - E{[I (:) 6] "03‘ i (‘2} (20)

where

1/2

2
R (CY)

[1 + (0/2)26]2 Y

K=<.2y)
14y

and, of course, F(d,K) and E{(d, K) are incomplele elliptic inlegrals of the first and
second kinds, xespeclwely ' '

Because 7g =17y for 6 <1 and 34 = (cv/2 6 for 6 > 1, two solutions for I{a,§)
result, For 6 < 1,

ﬁz ) 172

\ng - 7,}1

-1

(i) .' _IT_ . . 2
= sin 5 : - (23)
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and

0'2 3 149 1/2 - 2y 1/2 2y 1/2 .
K(a,0) = [H(;) 6] (-——2--) : (TT;") S(1- 9 F(-ﬂ—;) (22)

Ll

where F(K) and 1(K) are complete elliptic integrals of the first and second kinds,
respectively, For 62> 1,

2 2 1 1/2
g = Ty 1/2 .I._f;..l - (g) 6/[1 + (—g) 5}
tl’ = Sill-l(_ l) = Sin'l . ) . (23)
t

and

3 o . az/[ az]l/z
e, 5) = [1 ¥ (.;3)2{' Lol fplgnt{—2 (3) ° “'("2‘) ° ,_(1 i},?)l/z

~{(1-9F sin~1

\
N ~N1/27
5 (E) (5 - 1) & | .(24)

[,; \ (g)z 6]3 Loy
2/ 2
P,
Values of C(¢,E), I(erv,6), and P are given in tablcs II toIv, More P values can
be computed with other permutations of the tabulaled C and I results,
These pz,netlahon probabilities can be used wilh the distribution function for out-
going electrons '('o.q. (1)) lo pi'edict funnaling currenis for the TIP emigsion barriet.
The ranges of paramelers for which Q, I, and. P are tabulated are exireme; cer-
tain of these parametric combinations produce condilions that preclude simple

emission-barrier models or that cannot he realized physically. Therefore, the limila-
tions of thermal, field emission theory should be ¢hecled before the results are applied.
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Limitations of Thermal, Field Emission Thearies

First, the offeets of the TIP onthermal, field emission can be observed, 1P
suprabarrier emission wns compared with the Schotiky (N1P) cquation in an carlicr see«
tion (Approximations for Suprabareier Emission), The previous seetion and tables U
to IV examine the NIP and TIP ponetrndon probabilities; values for 6 =0 arve
identleal with NIP (ransmigsion coolfieients (ref, 4), The differences between NIP
and T1P theories are lhorefore obvious,

Neither the NIP nor the 'PIP bLarrier model stonds under cortaln extreme condi-
tiong, For exxmple, when (he dislance from the emilter [aee to the outside of the |
barricr reducos to near-atomic dimensions, the assumplion of 1 smooth metal surfaee
fails, Furthermore, i the emission density beeomes o sipnifleant fraction of the
internal electron densily, the near-equilibrivm assumpton (nils, and e Permi-Diva¢
distribution eannot be uged,  Since these ave high-field symptoms, both the NIP and
TIP theories deerense in applicability as the olectrie field nereases,

In addition to these simple problems, penetration difffeulties must be considered,
It was noled carlier that rollections caused by ubrupt potential changes avre nol vou-
sidered inthe NIP and TIP wodels. L was also mentioned that the WKB vestrictions
apply; these requirements reside in the expression

S R U | (25)
dx )3 dx

which is the condition for negligible reflection of an electran wave, Qbeiously, then, the
WK npproxmmhon fallers when p - 0; this condition aceurs near the turning points '
and near the waximum of the endssion barrier, Eleetrons, however, that have a finite
p as they pass under the barreier maximum adhere to WKDB principles exactly, because
dp/dx = 0 there, But the clectron momentum function must satisfy cqualion (25)
throughout much of the integration for I{w, §) for u good npprosimation,

Then there is the function f(c, V) that multiplics the expongntial in the complete WK
penotration probabitity (eq. (8)). The need lor 1his function is debatable, and in any
event, it causes differences of less than a [nctor of two in transmission coelficlenls at
pertinent energy lovels (ref. §), I this refinement is deemed nevessary, however, the
present pcnolmtion plob'tbilitles cin be nmltlplmci by some apparently appropriate

e, V). o
Fin'uly when ail of these condilions have been properly mel, the TIR resulls can
be used to approximate thermal, t'mld emission,

Leowis Rescarch Cenler,
National Aeronnutics nnd Space .-\dmi“n’istmtian.
Cleveland, Ohio, Janmuary 21, 1965,
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APPENDIX - SYMBOLS

coefficient in exponent of pene-
teation prohebilily

electrostntic tleld, V/em

compiote elliptlie integral of
second kind

Incomplete elliptic fntegral
of second iind

clecironie charpe

complete cltiptie inlegral of
the first kind

incomplele oiliptic integral
of the ffrsl Kind

function
Planckts constant

Planck!s capstant divided by 27

Antegral in exponent of pene-

tration probuability
imaginavy
current den-ity, A/sq em

wave nuhther for e_lo.clmn
wave

modulusg ol cliiptlic integral

olectronie miss

- -02/-'1.\:, also relers to emis- -

sion model using oridinavy
image potentinl

electron pumber densily in

- phase spree '

clectiron number density
dimengional and x-divectod
velocily spuce

P
P
e
Tip

”

)T

4

i LR S SVIND. ¥ S SIPA Y. SENI

penetration probabilily
electronic momentun
absolule lemperature, °K

-ez/(d.\' + e/ip), also refers to
emission model using image
polential ihat terminnies at
Fermi level on emitter
surface '

potential

velocily

dimension normal lo emilter
surface

dimoension in emiller surface

dimension normal to x and y
e(er)//
p+ep-c
_ ~1/2
{1 - d(ot/2)2/[1 e ((y_/z)za]Z}
Bleg
m\ff’z/Z

el(x + e/4¢) /B

‘Bollzmann constaint

wavelenglh of electron wave
Formi level

eﬁm")‘/h(1

upper Hmit of elliptie integral
work function

clectronie wave funclion
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17 camplex conjugate of W TIP-1 TP flrst«order approxima-
o tiot
Subsceripts; X, % X, y, orzdimenslon*
nax maxinunn poltential loealion ya y=r dimension space
RD Richardson-Dushman 0 grencralized tnside turning
point on emission barrier
s Schollky ,
' 1 inner turning point nbove Fermi
n ) ’ "
re terminated tmagoe potentint level on emission barrior
TIP=0 TIP zerosovder approximi- 2 outer turning point on emission
tion barrter
'
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