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i
;5 which Is described in Chapter 8. In this nhototube the current is : Sinee 1
i amplified many time< By ion Ez:mon of gag tnms. .Another method for fo {he
§ amylifiextion of pherotuhe currents .is th = electron-multiplior tuhe . cathn,
£ described in See. 20, in which a mu-t.‘cmion is accomplished by second- cathoc
;5 ary-electron emission, - R 7 ‘
: ﬁ €. Thermicnic Emission. 'fzcrzmomc emission of elert'ons fro m o2 :
5 " hot cathode mav he accurately deseribed 25 an cravorative process. It : In Eq:
§ ) should not be confnsed with boiling; the corrent analog is mﬁtead the ' 2,79 ‘
: . #cape of wuler molecules from the suriace of water liguid which iz at a Son;;
;f temperature far brjow the boiling point. In this suslog, water mole- Hon ?
z cules are moving shout within the ligeid wuh speeds for whi ich the ’ T\"eg ?
i oot Inean square value, 7, is-des ermined by the temperuture of the : this wi
;’ Hquid, in 2ceord with the kinetie-theory "C]I“LT.}.O!‘ fur the averaze mado ¢
b kinetic energy of o molecule. I 7" i5 the absolute tcmt)craturc of the
; Lquid, = the mass of each molecule, and £ the Boltzmann constant
& (the gas eoustant per molecule}, then : R
§ S : ' Enuati.
3 FMAT = FE ] {6 man'y ¢
7
& if 2Bl the moiecules had the sare speed, 4, none would be able £ ' }rd 4
; excape through the surfuce of the lquid until tpe botling poing wwas Theory
- reaehed —and e EVADGIATIZN does QLU LrOVEs tue values o
o . surface,
mction 10 be quite different.  The speed for indivilua! malno! ~
Tamge Irom very hish to v LIV fow vaiues, aliboych thoss ho wing spos ’ i a};rs; 2
near 'z ouinumber greatly those whose speeds depart far from this - SRDmana
value. Thus there are alwars a few moleonies maoving towerd the | . Expe:
surizce with encugh speedd 10 escune into the fpharce above the liguid, . ‘ :-leslt of
- and the aumber of theze incre rapidly as 7 increases. o T ‘tI © ‘mf"'
A - Riclizrdéon explained thermichic omission of electrans in like Hhe pgu
:z Imanner. As he picrured s - the zenduciivn eloctrons in a meial {one, - _('\f‘th?f“'_e.
fﬁ . OF sometimes tiwo, for each arem} move freelr ahous ameng the atoms ' :11:;,1
i With an averume kinerie cneryy determined Ly the termmeraiure of the ILOJI,}."
= metal, In acrord with Ea. 6. The clocrron QIrFent i a thermionis P
£ tube thes is maintained by the very small fraction of the elecirons eriema
E} which 2re sbie o escape from the metal, againg the forres binding ar:m:in:t-
s them to i, because they posiess in the metal kinetic epergies far  conditio:
;T above the wernge aud are moving taward the surfaee. " .
E 9. K"bacqons Equadon. From these a«bumpaova Richardscm' TWhen 1k
e . derived the followi: 'g enuation for the tiumber of eles trons emitted per o saturatic
;* unil arex of » metal :uuaca. per univ time. : .
E n = o~/ Tewrin ) :
i !
E._._;? * For th;., ad otler reforences to thn kinatic theorv of maiter, ses Chapters XT i
i'f end XITin T. B. B:o oWn, Foundaiions ¢f 3fodern Phystes, ! * See A
i ‘
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Equation 9 may be called Rie
nmend’s equation. In it wy is the true w ork-function for the surfuce,

and A iz another
Theory indicates tha

b odlensing:

JiS

= gg /T kT

In Eqs. 7 and 8, a is an Infegration factor, ¢ is the Naperian constant,
the surface and repre--

= AT ¥k

and the quantity w’ is the work- -furnctivn of
sents the work done in removing one eleriron from it
tien n:u‘.lo" w’ corresponds

We now know that cerin

L2

to the heat of vaporization I

t A4 should be 120 amp em®, bhut o
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Experiments to verify t

}'u."\t Of a}
the anede 1o

iengind g rolsed

rathode to the anode as {ast

ol emission is being ineredsed by the o
produced

2. The Scho:
external field,

rivetric Aeld

ameunt equal to VE2* * 5o that the
conditicny is

When therp

Gy Edect.

1w

5 a1t external feld, w must replac

at the

- Eieras ity u}- thos e
Ir. 5 possible to account for
atllibugh the experiments do not show which is the cor

CUTE, 0 A5E L ereat 1ot ..:I.L L tvoe of

, the thermionic cuirent dioes nos reacit o consia

cathode by that poiential,
Schorrky showed that the efiect of an
E, i5to reduce the work-funciion of the ~unucc by an

= Wy — VE&S

sniurzation current densis v 15 J ustoad of Jqo

J = A Tzé—-:.a/kr

" See Appendix 4 for this proof.

nis equation e'lcouutcr several difficulties.

these diffcrences in several
ey

nt vilue us
bui continues to rize slow 1y, even when
the polential is so large that all elcetrons zre drawn asw av irom the
a5 ther are emitied. Evidentls the rate

work-function unnder these
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213 . ELECTRON EMISSION Cm. 7 Sze 11
= . -
i or, from Eq. 9, N : - line bg ¢
Lk - . 7.
’ J = Juf\/ AT : (12)_ 56 as o ;
i From Eq. 12 we ey obtain directly .
1
= : f
- 1 _\/_3 .t
. e P
- ~log, Js = log, Sy + — VE (13) ;
; ’ kT i Equation
¥ .
I - - - -, ” - L - kS iy <
3 Siice F is praportional to ¥, the’anhode potential, we may write also Tepresent
i : : o , ~ . : - Straight
] . i, - . . =
x T T N . . - .
3 i ‘ loge { = logo Jo + C Yo . (14) d;.‘ %ﬂc :
: ’ ‘ . L1 : . 0 o T
i The constant O includes the factor for conversion frem natural to messaral
= . . . - . . — a - ] i
i base-10 Iogarithms, as well as the other constants in Eq. 13 and the Fespondi:
2 - 1 - ' - . ) Ae3 i
Ei broportionality factor between £ and 7, . : ; temperat:
: ] '1 J . - studied.
4 [Gg _ , ) the work.
i : " and then
5 } ee. 6.
p log ofp =7 Egs. § are
3
i
1 ty
é'}
The value

. _ studied iz
| - o Fig. 71 i

[ . : : 11,6004,.

It woul

e R S R T 1

E Fie. 6. Scwmorrey Pror. Ve—anode potential.  Je—saturation current dedsity - : line plot .
ﬁ . at cathade,  Jp—vaturativg curront density for zero feld: . . f?i' the 'f'"l'::
5 : . - : Unfortunat
% Equatior 14 provides 2 means for obtuining values of J4 with which - Eq. §, by ¢
; to verify Ric'mrdsan’s‘equation and ohitain values for 4 and 0y, . 1s sonmowha
5 At each temperature. observations of J wre made for 2 series of vaiucs . w k. The
Ei for 17; these 1'uiueit11911 are plotted as shown in Fig. 6, with log J a5 , of 1/T in t!
f: ordinztes and VT as abscissae, “For smooth metal cathedos the . : between ik
N ‘upper (saturaiion} part of this plot is a straight Iine, thus verilying ; LEg. 9 is fo
i Sehettky’s theory, The y-intercept of its projection (hroken line in : funetion wi
, . Fig. 6} gives the valie of log Jo, 2s shown by Eq. 1-_i.l * i photoelectri
: 1% Venfication of - Rickardson’s Equation. Tl values of J, . face ihe phe
N obtained in the manner described abave may e checked against ' - arg of Richa
I Rickardson’s corrected equition by substituiion in Eg. 90 It is ! equaiion.’
; easier, however, first to convert Eg. 9 inte the equation of 2 straj cht . dence to he

S
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Sec. 11 VERIFICATION OF RICHARDION'S 3 EQUATION 219
lise by dividing through by I, then r"l—:lz.g logarithms of both sides,
. 1 e e - Trrh e o
- soas torgmive - - -
Jo ws 1- ‘
. -
iog, 1:5 = log. 4 — ‘g e (13)

v write also
(i4)

natural to
3 nm the

Lquat:on 15 md icates t;mt 2 p,.ot of log, (.; o/ T 2 gainst I/7, as
represented In Fig, 7. should be a

straight line, and experimental duta | 2
do g’i\‘c a’simighc Lue over values | o8 1/
of Jy ranging from: the smallest  .‘ T
measurable eurrcnt up to thui cor-
responding to the highest workuble
temperature for ewch metal tralng
studied.” It s cu-:to:nﬂr "£0_expross
the work-fupction in electron-vo olts,
and then to reprezent it hy oy (Nea
See. 6:) The exponent, we kT, in
I.qs. 9 and 13 then hecumes

M VIR AR A L BTN Ut F o 1

BT o 11 B0 H

H;o[ﬁ-T = }1,5’300@@/? (10) iy

- ~ 3

I'ng value of wy {or ¢4) Tor the nieral it

studied is obtained from the ploi of — = = aLarios b

. - s s e o 4 aha aa dandia el )y " .E. A v

. P 75 s stope equals  1wy/%, - oo ProT. Jiysatucation curreng &
11,6008,. : - density {zero ficld). T—absolute =

It would seem thar this straiehi temperature of \3”10\ . 4

2t deesity fine plot would be excellens proaf 4

. which
and .
o s fuaes
lor J s
des the
erifving

line in

S
rainsg
It is
Lradplst

S — —

for the correctness of © q- 9 instead of Eg. 8 but this does not follow.
[vﬁ,mumt"n‘ an alraost eqgually straight line may be obtained for
Bl S, by p! otting oz, {/ /\' T against 1T, The slope of this line
is somewhat greater than. for the : one plotied in Fig. 7. and represents
w'ik. The effect of 7 T2 orof V7 '", is 39 smzilin comparizon with that
of 1/T i the exponens of e thas he experimental data do nor decide
between these twp equations. F‘x; rimental evidence in favor of
Fu. % 5 foun I, how ever, by comparing these valies of the work-
fanetion with the picinelectric work-funeiion. given v Eq: 3. TWhen
photuclectrie and thermionie surkenys arg measured Tor the_same ~"r—.
faee the photoalectrie work-function is foand 1o fgren betfer with the

ra of Richardson's corrécied equation than with the «” of his original
ctuation.  The b validation for Fg. 9, howev er, is f'n"av b_v EVi-

dewce to be considereid Inter on.
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220 ELEGTRON EMISSION C=.7 ; Szc. 12
. Experiment 18- Thermionic Emission. To veriy chhard- ‘ with 2
son’s eqn;mon for thermionic emission we must have a straight fila- fetrole
mentary cothode of pure metal, and we must be able to measure its ‘M;f:" o
: temperature.  LFurthermore, since the temperature of any filament i .“13?
i fails off toward {1s ends, berause of thermal conduction 0 115 SUPPOLLE, since 1!
accurnte values for A and @y cannot be ohinined unless we aré able to scales,
. measure Thecleriron curront irom only 1he coniral portion of tBe . {1‘01?.'] .
b "flamant, whore the temperature is uniferm. Fortunately, = good : for 17,
obsery;
. ! ) . R, : -Vf and
. - j f i AAAMA— require
% . FP-400 with &
g N Sower : scule.
J‘é V, ® supp& ) of I_f.
H 4 . formlx
% ) ~ ; Iy1540
3 el N ansda
: S| 7, of 30
E battery v make =
LE': -, __@___l Farl
2 o determ
T Fic. 8. "Circrrr ror Exr. 13 Lo wor.
f; F1—2.5 ohms, tapped 21 0.1, 0.2, 04,  Ryp—1 ohm, 10 watis. which
j;:; 0.6, 1.0, 1.5, and 2.0 obms. Ry—5 ohms, 10 watts. sube n
- i E-—25 ohms, 30 wartts. determ
. E ' - - Tempiri
I check of Richardson’s equﬂtmn and a falr valuc for. ¢y, may be -
E obtained with a simple diode having a filument which is very leng as
F: compared with its dizmeter, and these requirements are met by the
: f‘ FP-100 Ieneiron,™ which has a pure tungsten fitament, 1.25 inches
:r: . lIong by -0:003 iuch. diameter, along the axis of a cylindrical anode Compm
8 about 14 Inch in diameter. ‘ ‘ ' eﬂ(ih =
fi The circuit is diagrammed in Fig. 8. Jlost trouble with this experi-. e
’ ) meni arses from poor contacts in the heating circuit, at junction .‘ft of ¢
. points, switch peinis, and rheostat sliders. Al connertions khonld be, fuldor
. made with sersw—cinmps aud Linding-posts, not spring conne"mrs- R P.::ra‘_. :
! In place of the ordinary socket use sitew-clamps for the tuhe terminals, Lo oit.
or betier still solder these connections.  Storage-bariery cohnections log Lo,
Jikewize should be serew-clamped, not made wirh battery elips. The find ¢
fain rheostat, B, should be of the heavy-duty, step-resistance type, « -
with brass Llocks for switch-pcints. Fine adjusiment may be made 354 1
’ "Tubes, ;
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Cu. ¥ Sec. 12 EXPERIMENT 18, THERMIONIC EMISRION 221
H. £ .
with » tubular rheostat, R, in parallel with By, FKeep a thin Alm of
petroleiith jélly over all surfuces of eontae t, especially on sliding sur-
faces of switches and rheostars,
. volt 77 d vory ]
Fiament current and voltage, J, and 7 7+ nust be read very closel v,

- Richard-
raipht il
wasure s

PHIUAAL A AW, WA v AN P Ay 1 s

Y hl"m_le.".t ' since they change by small amounts.  DBoth meters should have Iﬂ"rre
:supp;)rt.a, scales, fnely graduated. The eathode icmperature is detcrmm"d
e z{.b © Itﬂ from: Iy, in the manner deseribed in Pars I Do not exeeed 423 volus
bu ol t l? ) for T, and do n ot hold it above 4.0 volts tonger than needed to fak ;
» o good ) observations. Currect Iy for the voltmater current,” computerd :rom

1

V¢ and the resistance.of Ahis meter, A sequence of milliammeters is
required to cover the rungce of values for {5 the clectron current,
with enough overlap to keep all readings at least one-tenth nf fu.l—
seale.  Taske or 10 sots of vl=ervations, each set for a different vaiue
of Tp.- Choase {f 50 that the resuitant - ‘alues of T, aré spaced uai-
formiy zlonm a Lc.g.m::mnc seele. A sugeested sequonce of valies for
£330, 20,8, 1,2 0.8, 4.1 0.2, 0. 08, end 0.04 ma, meusured at 100 + olts .
anode polenial, I- or cuch set take readings of I for unode potenzials
of 300, 250, 200, 130, and 100 volts, Lhcc K I and 7, frequentiv 1o
mzke sure they stay fHxed tJuol ghout each =

Part I. Temperaiure. The abs olute Lcmncumre T. mav be.
detessminedfromFrthe uwnmtnr ¢, of the blument, ucort.zng o
to work of Jones and Lu wanuin,” T is a funetion of I dﬁ .
whnch are t:.’.b[.LJ.:.LL i their paper.  Since o must Le IJ.:'Z".!] from: the
tube maker’s duts and muy be soveral pezcem it error, 7 may be
determined suidleiently weli for this experiment {rom the following
empirieal equation. ) , -

MLy Ak |.1|l.‘1.1un'11\‘|ﬂ(-|.!l".l?|lliﬂ&h’; AR P

£

-

-‘|.n4;,.1 L .

wmy he .

[$13 LIRS ) /fj. : eK 3

| ' a < L T -3 J’ - n

by the N T =602 A\ Ez 1 0083 %10 17 i

inelies . ‘ .:e

ninde Compute 7, /d# am_p_/cm".yaj from your data: then compute T for
_ caclr set. X :
. . P 3 i
Xpreri- Larf II Schottby Effect. Aake a Schoit Ky plot {Fig. u) for each g ;
wtion set of datz and ehiain Iy from ix. Semi-log plot ting paper is v ary usa- I :
td b Il for these plots. ¥
rlirs, Lart 111, Richardson's Equatien. {(a) From the values of T and p
inuls, {o obtuined i Mzrta I and If muake the plov of Fig. 7, with 1,7 gy =z, z i
Lhos ) . low fo,z :1:> 4. Drasw the stea: oiig line whick frs Lhe plos b'\t and £ :
The _ fnd ¢g from its slope. A value 10; 4 may be computed uom the z :
Il - B3
ype, ' g '

mices H Al Jones and' T, T"nﬂ'mmr General .Euctr‘c Reriew, Vol. 30 (19 7). po. 310, g

451 The tobles are reproduced i E. L. Chafee, Theory of Thermiontc ¥ucuur' 2
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DEC.
y-intercept, but this value will be poor, since 1he effective srez of the,
cathsde 1s uncerizin. and
{t) A shorter procedure, and one which has to be follownd if the n‘:\.r‘as
¢ Blament diamerter iz unknown/is to assume that 7' is proporilonal to the ¢
I/* (s2e Eq. 17} and plot 1,7 as x, log Io/Trasy. Over the range of ‘rrfcia
temperature involved this assumprion is reasonubly good, and the plot mg.;p
} should be 2 fairly straight line, in accord with Richardson’s equation. 1=
i 13. Work-Funcidon Values. Values of &5 Jfor most metals lie sener
i between 5.0 ev, for platinum, and 1.8 ev, 10— cesium. The vsefulness mcee
‘ of & raetal as a thermioniz cathede, however, depends not ouly upon the i sepp
£ v;nue of ¢q, bui alsoupon the wmperzuuxe ct which the meial may be - tmb?
operated safely. In thisrespect tunesten is one of the best. Although o be
Iis work-funcuon is 4.32 ev, iv may be operaied without excessive - moi-e
evaperation above 2500 degrecs IS Tungsten flaments are found in meas
X-ray iubes, and in rudio power tubes which are operated at higt ' :}lze‘
H voltages. . th:;w'
: For most Durz>o-es various composii surizces serve betier than . c'u-b-c;
; pure metals as thermionic exthodes.  Forexasmple, thoriated tungsten, - thx .
i or wngsien cevered with a monatomic fuver of thorium, has a work- I’u-;nr
i mnct=on much Jc~~ than that for pure tungszicu, less indeed m_m ihat \'.'hic':=
§ for pure thorium, and operates best ot o temperature for which its the 0
%’ emission execeds by one or two hundrediold thar of pure tungsten at - -— .
; 2500 degrecs Ko Thormisd tungsten Rluments are made [rom tung- ,—tl;hc::
z sten in which has heen disolved. in the molten srara 1 ta 1 % persant ‘ il
. E ’ of thoriy {thorium oxide). This filomient is “activated” * by heuting 1t :1’11}\9
.f- . for a short time 2t about 2300 degrees I, then for 15 10 30 minuies ot . oxidc.
z abour 21090 dearees I¥. At the'l Ingher temperature thoriem atoms are Y sitem
§ forned by reduction of zome of the thorin: at pte lower, these atoms . eathe
¥ diffuse to the suriace, there to form an envseive L aver. Thoriem tends | oxide
i ' to evaporute from the surfuce, nnd must be replenished by ditfusion of The
& ' new atoms from the interior, At abous 1900 degrees N these processes ‘ First
§ _balance and 32 monatomic iuver may be maintained. Abeove this ’ very
é temperuture the evaporation is woo rapid, and the difusion is too slow onora-
£ if the temperature is mueh below this vaiue. _ : form ¢
i The profound infiuence of 2 monatomic laver of thorium upon the layer
‘;‘ emilssion from tungsten eathode emphasizes the fuect that thermionic . suitab
é emass:on is a surface phenomenon.  Surface lavers of other substances Tir. ©
E may produce comparzble changes in’ the emission charue tersties of - ; tu:r"s!
_'é cathodn: and many substances, for gxumple o sygen, tend to lower or ‘ A x\'ir;s "
g ' “poixon” the emission. To avoid such poizoning, great care is taken . resistie
g to clean thoroughly aif materizls eutering Intv the struciure of an —
g electron tube, and to evacuate it as thoroughly as possible. Gases . entire
5 f
g .
i
: :
*
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. . 13
TaeLz 8-3 i
Tuz Ratio /22 4s o Foverox or Texrersrure rop -
- TuxesTEX FraMeNT, Waex ¢ Is tyr CoRRENT v AsirEnes 4y, ol 1y
- Irs Draserer v CeNThieTERS
Temp., ® abs. f #/d%2, amp-cm—3/2 ﬂ Temp., ® abs. J] /2% ampeem =11
i S
293 0.0 2000 1022 -
300 . 3.727 / 2100 il1g
400 : 21,67 2200 217 -1
s00 | a6z 200 1319 : =
60G 75.25 2400 1422 ; B R
700 108.2 l 2500 1% L=
800 148.0 I 2600 - 1632 LT
90 | - 1931 2700 1741 o
1060 2141 2300 1849 ) <
1100 301.0 / 2000 - 1961 - L dwp
1200 363.4 { 3000 072 .
1300 430.9 I 3100 2187
1400 503.5 ” 3200 2301
1500 550.8 I 3300 241
1600 662,2 ‘ 3400 ! 2557
[T ' 77.3 ” 3500 ] 2657
] 1500 . R3B N ] 2an i onnn
: I 1960 f T 9274 h‘ 3635 ! 2333 . Fa 's-z‘ 9.
L. =0 5 SALon
that it have a symmetric cathode. The most satisfactary tube to ww o
- - is the CE-FP400, but one may alzo use the GE-T 8L, LCASO?, ur 87+
or the more common GHS or 7. WWith proper facilities, it is quite pores® -
" to construct 2 diode which is useful not ouiy in studving Richard ..o
equation but also is suitable for nvestizating the distribution of velorit.cs
of 'the emiited electrons, znd for maxing fairly acecurafe determinats -
of the constant A and the e/m ratio, 4 design of such a tube is b=
m Fig. 8-19. Typical dimensions might be a filament diameter of 0.075 o
an anode diamster of 2 ¢m, and 2 height of 1 em. The two outer exlmeless ——
are three or four times longer than the anode, and are separatcd f’ ' -
the central seetion by not more thaz 1 to 2 mm. For such a tuh«" R T
N flament current is abeut 5 amp, the plate potential is 100 volts, :a'n-.: e . - ;--—w»g’ :
plate cun‘-cr;t.'is_ about 1 to.2 ma. - L e ’ - =-‘§ 3
A typical cireuit for obtaining emissica current as a function of amei I i .
’ voltage for a series of filament temperatures is shown in Fis. -2t \‘ _
experimental plot of log1o{i/F?) against 1/7 should be 2 stm_!.‘!f” '
With a negative slope equal to (e® log;q €)/%. The intercept on the oni Fra. 8-

= A et




