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CHAPTER 1 

Introduction 

An attempt will be made to devel.op a logical series of discussions 

leading to and describing the type 1258 miniature hydrogen thyrat.rons. 

Va~ious parameters of this tube will be shown in graph and oscilloscope 

trace forms. 

Preceding the final discussion will be the following in the order stat~d: 

I. Fundamental Theory of Electrical Conduction in Gases 

A. This will consist of a basic and elementary 

discussion on the physical nature of gases and 

the processes by which electrical conduction 

takes place. 

II. A General Description of the Fundamental. Pr.operdes of 

Hydrogen Thyratrons 

A. Some properties and advantages will be listed of 

hydrogen over other gases in switches for line 

type modulators. 

B. Hydrogen thyratron.s and their characteristic 

behavior will be delineated .. 

m. Some Speeific Attributes of the Type 1ZS8 Miniature 

Hydrogen Thyratron 

A. As pointed out in the opening paragraph, the 

type 1258 hydrogen thyratron will be investigated 

1 



with an ai.ril toward discovering some of its 

specific properties. These will be shown in 

the form. of da~a, graphs and oscilloscope 

trac.es .• 



Chapter II 

Fundamental Theory of Electrical Conduction in Ga·ses 

Kinetic Theory of !. Ga.s 

In the deye~opmen:t of the c~assical. kinetic theory of gases, a perfect 

gas will. be assumed. This perfect ·gas would have the following 

properties: 

1. It. would consist of a grea~ nmnber of tiny elastic spheres 

in continual random m.otion collid~g With one another and with 

the walls .of the cont~ine r • 

Z. In its normal s_ta~le state. it.s tiny spher.es or molecules 

would all·be of the same size, weight, elasticity, etc. 

3. These molecu:les would move and behave in accordance 

with Newton's .la~s of motion. 

4. The sizes of the spheres are small. compared with the 

average distances they travelbetween colli.siOn.s; therefore 

their volumes_ may be neglected. 

5. Gravitatj.onal attraction between individual spheres and 

between ·the s~her.es a'nd the waUs is so small that it, c~ b.e 

eliminated from further consideration·. 

In an elastic collision _of ~as molecules, th~ iinpac:t. of the co.llis::lon 

changes only the yelocitj.es of the molecules in accordance with the 

laws of conservation of energy and. of momentum. 

A m:ol~cule, having a large ·number of iinpacts in an additive direction. 

could _reach a very high y:etocity, While such a series of opportune 

.3 
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collisions appears unlikely. it will be slwwn later that such occurrences 

do take place for a small ;number of gas molecules.· 

In an actual gas, collisions of molecules are not always el~stic. The in~. 

elastic collision is orie i;n which the internalenergy of one or both of the 

molecules is changed •. This results in the excitation or ionization of that 

molecule. 

An ato,m can receive energy internally only in discrete a;rnounts. In an 

energy exchange between colliding particles; that energy portion avail= 

able f()r in~ernal absorption by one .or both of the particles must be 

equal to or ;more than the minimum discrete amount either particle can 

absorb, or the collision will be elastic. 

Molec~lar Velocity Distribution 

In the random motion of gas molecuJes. many collisions between these 

particles wil~. o.ccur producing chan~es in their velocities in both ·direc= 

tion and magnitude. It is e'rident that a few of th.ese collisions will result 

in leaving ·Qne of the particles with zero v.el,ocity. Conversely, some 

particles will, with a fortuitous number of collisio'ns·.reach a compara= 

tively high velocity. Most particles will have :velocities between these 

extremes. The distribution of velocities of gas molecules under equi= 

librium. conditions was derived by both Boitzmann and Maxwell, though 

by very different methods. 

The derivation of the Maxwell=Boltzmann distribution funciion
1

• as it 

1 Maxwell's derivation is shown in J. D. Cobine's "Gaseous 
Conductors" while Boltzmann's derivation is to be found in L. B. Loeb's 
"Kinetic. l'he ory of Gases". 
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is often ·called. will not be performeQ. here. Only the results of Maxwell's 
. . 

derivation will be stated. (The reader is invited to follow the step by 

step derivations in the references listed below in the footnote if he is 

interested.) The maxwellian distribu~ion function can the]l pe written 

in the form of the following expre_ssio;n: 

dNc --;;r -
+ 

where cis the velocity of ~y gas molecule 

(1) 

dNc is the number of molecules having v.elpcities between c. 
a;nd c ~ de 

N is the ~umber of gas molecules under consideration and 
c0 is the most probable velocity 

' 
The quantity dNc may be thought of as the probability of a velocitybetween -r::r ' . . 
c and c 1- de. A usefUl form ot" the dhtribution f~ction is given by 

the curve in fig .• 1 
2

• 

z J. Do .Cobine. Gaseous Conductors. Dover Publications Inc.P 
New York·. 1941. p. 15. 
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r .o 

dNNc d~· ~ o.a 
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The number of molecules having velocities within a given range, as 

6 

between c1 and cz, is found by 'determining the area under the distri~ 

bution ~urve between points C7'fo and eye;, as mdicated by the shaded 

portion of the graph. 

It- can be shown that the most probable velocity c 0 is proportional only 

to the mass of the gas molecules and to the temperature of the gas. 

where k is Boltzmann's gas constant 

T is absolut.e temperature in degrees Kel:vin 

m is the mass of a molecule of gas 

Using this new relationship for c 0 • the distribution equation (1) becomes: 

~ mc2 

4 /~ 2.c2e-2kT de 
l{ff \2i<T7 (3) 
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Mean Free Path of Electrons and Molecules 

The distanc.e that an electron moves between successive collisions with. 

atoms in a gas is cal.led the free path. ·Taking the ·average of a great 

many free paths traveled by electrons before colliding results in a 

quantity .defined as mean: free path of an electron. When .electrons are 

traveling through a gas of molecular radius r. with N molec.ules per cubic 

centimeter. the mean free path of an electron can be found from the 

expression~. 

M. F. P. -
1 (4) 

Avoga:dr'o's : nUm.ber, 2. 69 x 1o19 molecules per cubic centimeter at 0°C 

and 760 millimeters of mercury pressul."e will give the value of N under 

the conditions of pressure and temperature specified. However. as 

press~re and temperature values depart from these. standard conditions, 

a modified form of the gas laws must be used to calculate N. 

N moleeules/cm5 (s) 

where P &t T are standard pressure and temperature conditions 
0 0 

specified above with temperatures being expressed 
in clf:'!gl"P.P.R KP.hrin. · 

Data on the ·molecular radius and the·mean free path of an electron in 

V'arious g~ses at several pressures are given in Table 1. 1 

1 
Jo Do Ryder. Electronic Engineering Principles. Prentice 

Hall. Inc •• New York. 1947. p. 272. · · 
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Table 1 

Theor-etical. Mean Fre.e .Paths of Electrons in Gases at 25°C 

M.F. P.(cm) M.F.P.(cm) M.olecular 
Gas P s: 0.001 mm P:;: lmm radius 

(em)· 

¥ercury 12.5 ' o. 0149 1. 82 X 10 
-8 

Argon 7.1 0.0450 1.43 X 10 
-8 

Neon .23~ 0 0.0787 1.17 X 10 
-8 

Hydrogen 11.0 0.0187 1.09 X 10 -8 

DistriQution 0.£ Free Paths 

The length of the free paths of gas particles is determined by c.ollisions 

which are random occurrences. Therefore some of these lengths will 

be long and some will be short~ An expression will b~ sought. for the 

"le_ngth distribution',;of molecular free paths. 

Consider a single gas molecul~ having an average velocity v, and an 

average. of p collisions per second. The.n the average number of colli­

sions in one cent~eter of travel 1 will be a ~ ·p/v and the probable. 

number of colliSions made by this molecule in traveling a distance dx 

will'be ad.x. lf -N molecules are released through a slit into a gas, let 

n be the number traveling a distance x· without having a collision. Then 

it can be said that in the increment of distance between x and x~dx, the 

1 
. This ·is an average free path for one ·particle, and requires 

a knowledge of p and v, both of ·which vary .fro~ particle to particle 
and also with time .. 
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amount of n molecules that will collide is proportional to the number 

entering this interval and the length of the int.erval. 

That is 9 the change in n is 

dn"' ~andx 

Integrating the ab.ove gives 

=ax · n ~ Ae 
At. x .. o. (at the slit)s nsN; therefore 

n:;:: Ne~ax (6) 

9 

To relate th.e constant a to the molecular m~ f. p .• let dN be the 
number of molecules with a free path of length between x and 
x ~ dx. The equation fo1· the m.f. p. is 

.IN x dN 
L = o N 

Since dN = ldnl = an dx = aN e-ax dx 1 

_L 
a 

(7) 

From which the distribution of free paths can be expressed as 

(8) 

It can b~ seen from t)rls equation that the numbe.r of free paths of length 

gre~ter than a given distance is a decreasing exponential function of the 

. 1 ~ 
dist~ce. In figure z. it is evident that only 377o of the initial nu:mber 

1 
Cobinc. ~ cit. • p. Z5 
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of molecules ha,te free paths of length greater than orieb):t.L·f~ p. 

1.0 

0.8 

l* 0.6 

0.4 

~ 

""'' -~ n _2$. 
--=eL N 

....... 

~ 0.2 ---:----
0 

0 

L 
L 

1 

Fig. Z DistriPuti,on p£. Fre.e Path.s 

-'Mbb;ility of Gaseous _lon.S. 

2 3 

The dimensions of a high v;.acuum de~ce are usually much sma,ller. 

than the m.f.p. of ions. Howev:erp it iS evident that the presence .of 

gas vii..ll. retard the motion. of ionS in an el,ectri.c fieldp primarilY. bE!~ 

cau:se of the many coUis~ons ~ith the ga$ molecules. Mte;r each 
. . . 

~ol.l:ision. the io:Q.,~?. ~:fe ~c~el~:rated J:>y the electrlc fi.eld and gain; sQme · 

v;elocity in: the _direeUon of the field before the next. ini~ct~ T~e 

av:erage ~el9ciiy COmpon_:ent, in the dir.edion of :Ute fie~d of thiS St()p an:d 

go ino~j_on is defined a.s the ion av,erage drift_ vel,ocity .· This av;.e:E'age 

drift ·velocity is dir.eiC'tly pr.oportional t.o the strength of the electri:e 

fiel(! and in~ inyerse manner upon the denSity of the gas under dis~ 

cussian. .When the ay.er.age drift :velocity of an ion is determined fo:E' 
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a unit e.lectric field. it. is called the mobility K of the ion. The 

mobi,lity K is mainly inf.luenced by the type of gas through whiCh the 

1 
ion trav.e_l,s. Tabl.e 2. shows values of K obtained experimentally. 

Table 2 

Mobility ofS~gly Charged Gaseous Ions at.0°C and at 760 mm hg .. 
. . . . 

Gas K- K~ 

Air (dry) 2.1 1.36 
Air (yery pure) 2. 5 . 1.8 
A .1.7 1,37 
A (very pure) 206.0 .1.31 
C1 ·. 0.74 0.74 
cC14 0.31 0.30 
CzH2 0.83 0.78 
C2H5C1 0.38 0:36 
C 2H 5 OH 0.37 0.36 
co 1.14 1.10 
COz (dry) 0.98 0.84 
Hz- 8.15. 5~90 
Hz (very pure) 7900.0 
HC1 0.62 0.53 
HzO ·(at 100°C) 0.95 1.10 
HzS 0.56 0.62 
He 6.30 5.09 
He (very pure) 500.0 5.09 
N2 1.84 1.27 
~(very· pure) 145.0 1.28 

3 . o.--66 0.56 
NzO 0.90 0.82 
Ne 9.9 
o2 1. 8.0 1. 31 
so2 . 0.41 0.41 

1 lbid .• p·. 15 ' 
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These experimental v,alues are estimates of the most probable ·values . 

for K since experimental ~easureii1ent,s indicate a drift velocity 

distribution for ions. The. table sh.ow.s that, generaJ.ly, ~he mobility 

of the negat:iv.e ion is greater than that of the po·siHv.e ion. Al,so eyident 

in the table is the lcirge differenee iii K values for pure an.d impu:re q~i= 

ties of il gi:ven gas. The K= value for ordinary hydrogen .eqUa.l,s 8? 15 

while pu:r.e hydrogen po.ssess.es a K= of 7900. l~ is thought that. ixrtpu:ri .. 

. ties lower K by tend.i:il:g t.o attach themselves t.~:·ions and forrirlng. 

clusters. The subsequent. increase in effective mass and cross= 

section of ,such ions greatly reduces the average drift v:elocity. There= 

fore great care must be taken in proper selection of K for. engineering 

calculations consistent. w,i,th purities· of gases used. 

Theoreticai. consi,der.atioiis would lead to the conclusion that K ·should 

decrease with an ilicrea.se. in atomic or mol.ecular weight ('){ tb,e gas ... 

. This is borne out by the results obtp.ined experimentally and shown in 

figure 3. 1 . 
~~,_--,----r---r--~---,--~~--r---~--,---~--~ 

Fig. 3: Mobility of Positlve lpns in Nitrogen (Kin ~~l~=j~m) 

1 
'Ibid.' p. 37. 
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Circuit Current Produced~ Charge Motion 

The creation of .d.,rcuit current due to ion movement iD. .a gas may be . 
. . ' ' . . 

.explailied by stUdying the image charge.s in the e~ectrodes ~ As an 

electric chargep -+qp leaves one of the two eiectr6des shown connected 
. . ~ . . ' 

in figure 4p · it induces an image charge ·pf the opposite sign on the 

electro:de from which. it. departedo Moying out further betw:een 't;b.e tw.o 

electrodesp th;e charge. ~qp h,as now shifte.d some of it.s lines of force 

.f~o;m electr.ode A t,o e.~ct.r.ode ;s. and correspond~gly some port~on of. 
. . 

the ()r~~in~l induc.ed image charge on e~ctrode A has flowed through 

the connecting conductor to electrode B o: 'J'he proportion .of :D.e gati've· 

char~es induced on electrodes A and B at thi~ t.ime are L..ocq . and 

-(1-cx)q respectivelyo 

.Continuing to move. the charge. lq. arrives at electrode ;B o The 

total image charge. ~q. also h~s reached elec:;trode B. _simultaneouSly •. 

trave~~ thr~ugh the metallic conductors o 

-q 

(a) t=O 

. Jrig 4. Circ~t. Ele<:tr9Jt 
·current. :Prqouc::ec.l 
by Char.ge Moti~n 

1 
lhid., p. 55. 

-ocq 

(b) 

+q 

(e) 
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.. tt :will b.e r~<;alled .. th~t.an; ~,.s.~?umption:was made at.the b~ginning of.thi~ 

_ ~hapter:·~~t gas: molecules: ~d. ~toms· we:re:.tin:y ela~tic f.lphereS!. This 

· pi¢W,re of gas· particles was useful .i~:- explaining the phenomena. of 

. el~sti.¢ .:¢olli$i<;>n.s. but is. inadecquate. for desc:t"ibing. the inelastic ~ollisiqn 

· ,and .its· r.e~~ults. Th~:r·efor.e.:-t& better understand, ~e C()ncept (j{ gaseQus 

· cond'l]:c1;ion, a· fuller kn9wl~dge· of:the. atQm and: .. its: ~~:ructure .is nee.de.<J. 

Early·.the()ries: of..the~·.e~.t~m :were. propo,sed·.by ThompsQn.and R-q.therford. 

Sir• J .. .r.- Thompson's. pit;ture· of.the·_atOJn.(shQWtt i~fi,gure. Sa 
1

) C()ns~sted 

. of ~:.sphere. •. positiyely clla:rged .in ·which. ne_gatiye- charges: :were· .s(:attered 

::: .. J;l.t raii_d0 m. rnu¢11: lik~- raisi:qs in a.l'nuffin .. RutherftiJ:rd' s. expe.rimet:lts 

.. :.~;~hpwed.th~t su:(:h a prqJXtsed model was inconsi.$teP:t_wtth.the· data kn,Q.wn 

:at: that time· sQ= he' Sll;gge~ted e~. ne'\'V m9del. f9r:.th~ ._ato.m.-. (figure: .~b 1). . . " ' . . 

. . 
:·.by· a. f.;~ic.ie.~t-.n~er of :f~e4.negatJ.:ye, ~ha:rge$· .. t9 ~-ake_:.:the-~tQ;m I:le~tr~. 

Bqhr ¢.xte:Pde<:i: R,utherf~r~d''~: conception of tlle· .atom .and_p;r~~sed a·· 

d~·c·.:rnqd~l rn~'C~·-like_=-.tll~' t.JOlar• ~Y!3tem'(:P:~r~ 5~: 1
) .in· whi,ch.the .. 

: :A~g~~ive: ¢ha:rges· :revolve.: ~round a. nucleUs: of po_~;Jitive: ~hcp::ge. · C.ertain­

.: Qth,¢~:.:¢~pc;litionS" .~dpr9p.~rti~~s; W¢re· r~ql)i~ed for-.. thi_s: propqsed. p:1odel 

. 1 J'•· D. Ryd~_r.- E:l~~t:r:~nic_Engin~~ring· _Principles.,.,. Prenti¢e 
HaJJ.'"- .. me. ,- New Y9r~,, .. ·J947 ,, p. 3 . · · 
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Themson._Atem Rutherford Atom 
; .. (a.) (b) 

: Fig. 5.· Eady .Mod~~~- 0f.th~- At~:nn 

Recent experimental result;B have led te some modification of the Bohr 

at.om model in that negative charges ha,;v:e been given wave prepert,ie.s, 

orbits hive given way t.o ener-gy levels. and positions of electrons 

are expressed in terln.s of probabilities .rather than in definite co= 

ordinates. Ho;wev.er ·the definite physical' picture of the atom propesed 

·by Bohr will be useful fer explaining gas· conduction, so its special 

P.~operties and conditions will. be studied. 

Max Planck establish,ed the quantum theory in attempting to find a 

s~tisfactory exp~nation for: certain .experimental resul~s he _obtained 

in the study of black box radiation. He theorized, in con~radiction t.o 

classical_mechanics that. energy is radiated in a diScrete quantities, . 

e = hv {The quant:um _of energy for ligh~. of frequency 11 ) This quant:um 

of radiant energy is called a phot_on. With this initial premise, be 

went on to develop a theory to fit. the experimental data resulting from. 

his black box radiation study. . Thus 'the quantum theory was evolved. 

Bohr applied Planck's q~ntum concept to. his own problem_ and 
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prqposed that atoms coulP. radiate light only in these same discrete 

bundles of .energy. 

In addition, Bohr specified that. e l,ectrons could r~vohre around the 

nucleus only in .certain fixed orbits. An electron revolving about the 

nucleus f.i;?llows r_oughly ·a. circular path whi,ch, necessitates a balance 

. between the for.ce. of attr.action of the Iiuc'leus and the outward centri= 

fugal force 9ue t.o rotatj.on; but the continuous acc.elel:'ation toward the 

center ·which is an inherent characteristic of circUlar motion must 

a.lso be accompanied by radiation of energy from the accelerated 

particle according to classic electrodynamic theory. However, 

continued loss of energy from the electron due to the theoreticaij.y., 

required radiation would result in progressively smaller and smaller· 

orbits ·around the nucleus with the eventual drop of the e~ectron int.o. 

the nucleus~ Such an event would have l,ong sinc.e occurred in all at.oms, 

and matter would hav.e ceased to exist· in the form we k:Iiow it today. 

Jt was apparent that classi,cal electrody:D.amics gave answe.rs incon.sis.tent 

with observed resuits and Bohr, ignoring it .• arbitrarily set. up his 

first postulate: 

1. An elect.r.oli does not radiate or give up en:ergy when it is 

in a stable orbit. 

Bohr pontulated two other .basic requirements: 

Z. The angular momentum of the electron in the orbit could 

have only certai,n discrete values given by nh/ZTr where his Planck's 

constant and n may hav.e only integer values, 1, Z, 3 ..• o o o. 
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3. An electron jumping to an o~bit of l~wer energy radiates 

the excess energy only in certain· discrete quanta of light. (phot.o~s) 

These three proposed properties gave Bohr a satisfactory atom model 

that ag;re·ed with .experimental results and explained the .existence of li;n.e 

spect;ra. 

TJte First Bohr Post:ulat.e ~ Energy of an Orbit 

To calculate the energy required by an·electron to remain. in~ given 

orbit about the nucleus, let the simple case of the hydrogen at.om be 

consid·ered. With the :iS'ingle electron's mass equaling m, and ·t}le mass 

of the nucleus eqUa.ling M, the outward centrifugal force on th¢. elect.r.on 

can b_e described in the folkowing relationship: 
.r = mv 
Tc r 

(M )) m the.r:efore the affect of the electron's mot;ion 
.-9-!X· th,e nucleus is ne glj.gible and can be ignored) 

Fig .. ·6. Model(?£ 
· . HydrQge~ 

.Atom 

Co-u:lomb'·s inverse square 1aw gives the opposite ,arid in-virard force on. 

the electron resulting from the attraction for-ce of the posit.ively = 

charged rtltcleus. 
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fa= e <-e) 
4n- Eo r 2 

The net for~e on the electron is t:he algebraic ,s\un of these two fo~ces 

and since it is in equilibri~, this net force is zero. 

i.e. 4-Tt Eo r 2. = 0 

or e'2 
(9) 

The rotating electron can be said to have a kinetic energy equal to 

K.E. ~ mvZ 
2.' 

(10) 

Combining equations (9) and (10) gives the relatipnship 

K.E. = (11) 

, The .potential of any point. in a field is: defined as the work necessary 

to move a unit positive charge fro:m infinity to the given point. To 

find the potential of point B (in fig. 6) due to the positive char.ge on 

the nucleus, we integrate 

e 
(12.) 

where Vis the potential from infinity to the orbit. 
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The energy gained by any el.ectron moved through a potential V is 

v (-e) joules; therefore the potential energy acquired by the electron 

in :in.oving from infinity to the· orbit. of radiu~ r is · 

P. E.= 
e(-e) 

(13) 4TtE0 r 

(The negative sign shows that the electron has lost energy in moving 

from infinity to the orbits ~aving moved there under the attraction .of 

a positive charge.) 

The potential energy (equation (13)) and the kinetic energy (equation (11)) " 

added together giv.e the total energy of the 'electron in orbit. 

w e2. 
+ 

ei - 4ft E 0 r 8n-e0 r 

w - e2. 
811"Eor (14). 

(Th~ negative si.gn merely indicates an energy less than the zero 

reference energy possessed by the electron at zero.) 

Second Boh.r Post.ulate 

In 1913. using Planck's ·earlier study of thermal rad,iation from hot 

bOdies as a springboard. Bohr concluded that the angqlar momentum 

of an electron in orbit cou~d possess only ·Certain values as determined 

by the relation nh/2.'1'r • 

,'· ;' 
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DeBrog~ie reached the sam.e concl~sion in 1924 by an entirely different 

_line qf reasoning. He cont.ended that electrons, though exhibiting 

corpuscular proper#es in. many of the ~v.estigations made on thes.e 

fundamental particles, al_so possessed way,e properties similar to 

those of l~ght. Hi,s equation defining the wavelength assoCiated with. 

the elect:.;on is 

h 
mv (15) 

wh.ere his P~an:ck's. constant. 
y is velocity of the electron . 
m is the rel~tiv.istic mass of the electron 

This relationship states that elect.rons will. ha;v.:e · shoner wavelengths at . 

. ~gher speeds. ID: 192.8 Dav.isson and Germer·_su.Psta.n.(iate.d DeBrogli~'s 

hypothesis in an experiment in-volY,ing electron beams anC:l their di£= 

fraction from crystals. 

The man.rie·r in which an el,ectron might. present wav:e""like character~ 

lstic_s orbiting a,rou:nd a nucleus can be _explained by con:.sidermg the 

circJJrille.rence of a giv.en orb.it. Th¢ circ·Umferenc·e of the orbi,t must 

-be exactly an integral number of wavelengths long. - i.e ..• if an_ ¢lectr_on 

exhibits a positive wav,e va.lue at. a gi:ven point in its orbit. it must 

posse_ssthat same positiv:e value at that point for every revolution 

made. The wave properties described can be _clearly seen in figure 

. 1 
.7.a. · 

1 
ibid!. p. -Z62. 
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Figure 7b l .shows the· cancelling effect of a wave pattern in which the 

· circumference is_ not _an integral nuz:nber of wavelengths .. It is. eyident 

th_at with. this kind of wave pattern, succeeding. superimp~sed .revolutions 

~orbit 

\ 

' 
(a) 

.·Fig. 7 ... Effect of Electron Patterns_(a); Circumference of Orbit =n~, 
(b): Circumference of Orbit not .an Integt:al Number of 

·wavelengths, · 

will produce wave·.amplitudes. of opposite polarity which will totally 

. c;:ancel out _any electron· .w~ve effect. .Therefo:re, ·.if ;an:.,~lect~on w~ve 

-Ien:gth is .. to- be r~ali2;ed, it must be·assumed,that .. the: drcumf~rence 

of an orbit can be o:rlly .an, integral 11tunber· of wav~lengths in-length. 

Stated m~thematical.ly,._thi~ rel._~ti9nwould be 

n). - 2nr ( 16) 

whel.""e r 
A 

.and n 

is radius. of the electron 1 s- orbit 
is. wavelength associated with. the· electron 
.is anyinteger· value 

. If the value of}\ given by equation (15) .is· substituted in equation: (16) the 

.re!'nll.t may be written 

mvr ·= nh 
21f . {17) 

1 
Ibid. , P·· 262 
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The linear velocity of a revolving particle can be used to obtain. its 

angular velocity W by using 

v= wr . (18} 

Substituting· ( 18} into. ( 17} gives 

2 I mr W .. = W ·- nh. :: (19} 
.. 21T 

This relation states .. that. the angular· momentum of an electron (Iw 

is angular mome~tum) equals. the· quantity nh/2rr-so DeBroglie,· 

having proposed. wavelength prope~ties for the electron, was .able 

by this .initial hypothesis to· .come to the· same: conclusions as Bohr 

in hi!'>· second postulate. 

Still considering only the simple hydrogen .atom,· a solution will be 

obtained for·. the radii of the allowed orbits in accordance with. the 

·angular· momentum requirements stipulated.above. If eqll:ations (10} 

and. ( 11) are :combined, the following. relation results 

2 
.UlV 

.2 

The ~ubs~iW.tion of (18) into. the .above modifies. it to 

·2 = e 
2 81TEo r 

22 

. : Fin~lly, if cJ in. the .above equation is replaced by. its equivalent value 

shown.in equation.(l9),. the resulting expression is 

h2 
Eo r. = na_.....;;;..:.....,,... 

n 1T mez {20) 
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The .orbits· allowed bythe:above expressionhave radii that are pro-

. portional to the.·squares of integers, 1, 2. 3..... These integers 

.: are known as :the "quantum" numbers of.the several orbits. · The first 

orbit for: hydrogen has a radiUs: of 0. 53 x 1o- 10 meters; its second 

orbit .is four· times as. gr~at, the. third nine times as great, etc. 

Equivalent solutions involving heavier .~toms are- not obtainable~ but 

·.the Bohr-theo~y p~ovides a qualitative picture ·of.these·more complex 

particles. 

Equation_(14) describes the energy posses.sed by an. electron in· any 

giyen orbit about hydrQgen. nucleus .. If the permitted. radii of eq~ation 

. ·. (ZO) are.inserted in. the· energy equation, .the energy level of .an electron. 

in: any· pern;rltted orbit may. be exp~esse4 .as: 

: Wn = ··1 -nr '{21} 

A hydrogen ~tom is. in its normal and most ~table· state when its· electrQn 

occupies .. the lowest energy orbit, th~t.is. the first orbit .. Likewise- any 

_-atom is. ~.its normal ~;~tate· when. the. electrons are .in. their-lowest e~ergy 

condition. . . . 

·_ m.all previous di~J~Us~ion_s. ci,rcular- orbits haye_ been·.consideredbut_th.e 

_ gene~al ~th- an electron. follOYJ'S ~round ~ heaVy' ~ucleus_. is known to be 

. elliptic;:~ .. Howe-ver- this: departure from actual Bohr·. the()ry· and other 

- details _ignored _in the forming of a qualitative picture of. the Bohr· atom 

.. are_ not important from. an en,gineering .. ~tandpoint. 
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A ~tho.Q.. ()f defining or .de~c~ibing· an ~lectron .in any .particular· energy 

: -.. ~~~1 ha~· pee:q,·. deyelQped :and used. by-the·· spe.ctres-copists. Thi.~ .. r.elat~~ 

.. qu~twn p~o.pe~ties of.th~·,ato~ with,.its· spectro.scQpic . .data. · The 

· varieus, ~Ifects or:.force$ associated wi.th.the· electron.,in .. ~- atom ~y 

·be :stat~d as follows: 

.. (1) _: ~ electr.on-.re'Volying .in _an. orbit is·.an .eleC.tri.c·-eurrent and 

... th'u~. i~t.accam_p(;llli~d ~y.:the necessary lD.(lgnetic field.,"with. its 

_; dire~tion determined by:the· electron. direction. of motion . 

.. ~2) The ele(:tron •. as. a negative·.~arge, produces-~ additional 

magnetic field .du~·. to-its. rota~ion .about its own a,xis. 

T:l:le~?.e .magnetic· fields a~r.weU as. the physical .aspects o£.the electron 

.in mop.on - i. e. ,. its radial Ill.Gmentum .and angular momentum are 

. _:y-~~~c;)rial .~d· ~uanta1 .in. nature. 

The, vector· quantupl m);mbers: assigned to· any electron in. an-.atom .ar.e 

.·.9bta,ined from.the following .r~es: 

: :(1): The-total_:q~tu.m nuxp.ber·!!_.as·. determined in. equation:J;l.p), 

. ~'(.2), The- orbital angula:r,-· mqmentum,. de.scribe.d· .by. th:e orbital 

.. q1,laqtum. num})er:.l, whose value··can' be. int~gers from ·a to nm 1, 

.. (-3) '·The ~pin·q~turn n:~er· s,, ~esulting from..the- spin.of an 

· el,~ct~qn :~"Qeut:its, ~-~s-.(Its m.a¢tude- isq~lw:ays_· ¢qqal 

to l/.2.) 

: ·. (4) . The tot;1l angular· momentum.. quantum number j of an electron m 

· ~hich.i~-. th~ vec;:tor· ~um. of. the- orbital.and .~pi.n·•quan~ n"Qmbers 

.Lands. 
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Wh~n a· magnetic; field is present; two additional quantum nurp.bers. are 

. neces.sary for· compl~t~ description of an electrpn· en~rgy ~tate .in: .an 

· . .atom: 

: (5) · The magnetic: spin·qu~tunlnumber·..!!!,Which is:the projection . 

. of s on the. magnetic .axis; :(The· number ms· equals eithe:t: 1/2 

or -1/2 .and is determineq b,y the· direction- of spin. of the 

ele,ctron. )· 

J6); The,factor m_e which-is· .. the . .:nl~gnetic orbita1 .. -9:'qantul:n ntmtber . 

.:{This· factor is: .the projection. ()f_l, on. the magnetic .a.~s .and 

can· assume.the integral values. (2.2. + 1) between -1 and+ 1 

including: ~ero.) 

: W. Pauli declared in his weli~known Exdusion: Principle that nO t_wo 

, ~l~c;:trons .in· an atom c~ have the same. values. for each of. the. five 

.'quantum numbers n,l,. s,. ms' and~-· Stated in another· manner, 

_ ele¢:trons: :returning to a complete.ly stripped nucleus drop. to·.th~ lowest 

· .all9wed energy state~ but .at no time: can .any two of.these- electr~:>ns. in 

.:fue·.ato:pl. exist :with· e~c;tly·.identical energy .states as. defined by.the 

same five quantum nun1b~rs. 

The Third Bohr· Postulate ~·Radiation 

It has been stated that electromagnetic radiation Uig4t) emanates from 

· .. an.atom when .an electron drops to an orbit of lower· energy and.that.thi~ 

.radi~ting energy is released in discrete. amounts. or·-quanta (photons) . 

. An. expianation Q~-thi_s phenomenon. in. terms of qu~tum mechanics ·theory 

.'will be Attempted. 
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According to equation (21),. th~ energy W n of an electron i~ greater· :with 

. ·larg~r value~:;: of .qu,antl.un :Q.ll.mber, - i.e,. :with greater value;:~ of n. · There~ 

.. fore· .an el~ctron in orbit of energy W 2 falling to an .. inner orbit of energy 

; W 1 will lose· energy of the amount 

W=W
2

-w1 . (2Z)' 

.. The principle of conservation of energy leads. to .the: inescapable con.;, 

. elusion. that the· energy W has. either. been radiated or· converted to mass 

· since. e:nergy can neither· be. cre_ated or· destroyed. · Some. earlier· work 

.l?y· ~: Pl~ck had resulted in·. the: establishment of quamum si~e- of 

energy versus· frequency of. the radiation relationship: 

w=hf joules . :'.( 23) 

Concerning this equation John- D. Ryder mak~s .. the following comment: 

This: states that a quantum. or single bWidle of r~diant energy, has 
a definite· si~e for· ev~ry frequency, or color, of.the. radiation -·that 

.is, a quantum is: not a .. fixed unit .but varies with. the frequency of the 
radiatio_:n. The na.m.e. given to the bundle or particle of ra~ant 1 ene r:~y .1 r;J,. the· "photon 11 

• . All photons, :the r.efo re, are not alike . 

Bohr· applied Pland's res'Q].ts to_the initial premise he made: on.atQmi~ 
\ . . 

.:·radiation·. (eq\1;;t.tion (Z~)l ;md obtained 

or 

hf = w 
2 
~w 1 

f. = W2. ·-W 1 
h 

cycles per·.sec ... (Z4) 

~ John· D.· Ryder, Electronic Engineering Principles, Prentice Hall, 
Inc. , New 'York. 1947, p. 265 .. 
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An electro"'P. falling from .an. o.uter orbit of energy: W 
2 

to an inner orbit 

of energy W 
1 

will emit radiation in. the frequency described by equation 

. (24). The· corresponding wave. length expression for (24) is 

A = he 
.:w2· - w 1 m 

= 1010 he 0 

wz - wl A • (25) 

The fo·regoing equation give~.the wavelengths of.the photons radiated 

when electrons,jump from higher· energy orbits to. lower energy orbits 

. .in the hydrogen .ato;m.. Th~_·comple,P.ty of.the: hea.vier atoms prevents 

.the easy calculations of.the emitted radiation frequencies: but ;much· can 

·.be learned through analogy with. the simple hydrogen .atom. 

Metastable States 

EJCPerimental results have revealed the. existence of ·certain energy·ley¢ls 

·from which orbital jwnps in a lower direction occur very rarely. These 

level:? have bee:r:t named me:ta!3table levels or states. · Electrons· .can leaye 

. these· meta~tal;>le levels. only by gaining enough energy to leap to·~ higher 

·energy leveL 

From.this new position, the electron is then able to make any moveto 

. higher or· lower normal levels. Since .the metastable atom has a fewer 

·number of ways to change energy level than a normal atom,. its· average 

life i$longer. in that state.than .. in a normal state. A comparison of 

-4 
average lives of.the.two cla!3ses· shows a length of 10 seconds for the 

-8 metastable level as compar~d to 10 .. seconds for· .the normal excited leveL 
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Excitation and Ionization Potentials 

The nature of. the excitation and ionization potentials of any gas can be 

more. easily di.s.cussed by the use of an· energy level diagram for the 

· given gCl.s atom .. An energy level diagram consists· of a number· of 

hori?<ontal lines spaced on an appropriate energy .~;cale to represent the 

energy levels of .the atom. Such .an energy level diagrarn
1

. (arranged 

according to an electron-volt scale) is shown for eleven different 

elements in figure 8. These are gases and vapors .colllll).only used in 

. discharge tubes. 
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1 H. Cotton, Electric Discharge Lamps 1946 p. 123· 
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The diagram is constructed so that the normal, or unexcited, level 

is located c;Lt the bottom and, in. the case where-the electron-volt scale 

is used,. this. level is defined as .zero.· The top line. in each case (solid 

line) indicates.the potential energy level of an .atom..that has lost one 

· electron .. This .is. the ioni~ation:. potential of the· atom and .is·. the.- .amount 

of energy the normal .atom m.ust abso-rb to become ionized. · Where an 

. electrical di13charge is; concerned,, . this energy is provi.d~d in some 

manne~.· by. the electric field. One of .the .way13 electric· field energy is 

supplied. to ·the· atom is by. the· energy· transfer, .complete· or· pa~tial 

. from an electron .. to. the .atom· in an. inelastic· collision between the two 

particles. · The colliding electrpn had previously obtained its energy 

by being· accelerated in.. the: electric· field .. When, the .atom .absorbs less 

ener_gy·than- the: ~aunt .required. for· ioniz.ation, .it must .accept .an. appro-

. priate· amount to raise .it to· one of. thcl.t .atom.' S; ex.cite.d.leveb. · These 

excitiition: levels· .are shP"Wn as dotted lin~s- on. the. energy diagram of 

figure s· and.are named .. resonance_potentials. These.shown in .. the. figure 

·are. the. lowest energy states· from. which.the:.atom. can--quickly retur~.to 

its normal unexcited state·. by relea13ii1g radia~ion. ·.Of course this radiated 

energy must be.· ~ual .. to the· energy absorbed by·.the .atom. ,Previously when 

. it .was raised from the· :z;ero leve.l to.-the levels under dis~ssion. The 

. lower· solid lines _in each .atom's energy diagram. are· the ·lowe13t so~ called 

forbidden· energy· states,- i.e., .. those. fr_om_which. an electron.is ver_y 

·rarely able.to drop.to a lower· energy level.· These ar_e called metastable 

· states. 
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.. Ionization 

If an atom .gains: en(:)ugh energy: through some prp<;es:s, one of its 

: ~lec:trons may jump from a nor;mal or excited. orbit to a point beyond 

.the influence of the nucleus. This process of electron removal from 

an .atom is: called ionization. Electrons in. the· outermost orbit are 

. held. th~. most loos~ly by the nucleus and. thus: are. the most easily· lost 

by the· atom. The minimum energy needed to remove· an. outer electron 

from its normal e~tate in. a neutr_al atom _to a point not affected by. the 

11'-lcleus·.attractive field, .is called the fir.~t ionization potential Vi. of 

.-the.-.~tom .. Adding sufficiently more_· energy results in·.the· removal of 

additional ele~trons (rom_the atom; howe.'Ver in. this: case.- a- ne_gative 

· ele~tron- must be removed £-~om a positive ion. · Therefore .. the for.ces 

req¢red. for· ele.ctron removal a,re much greater. Although ions of 

more-than one· electric_al charge. are rare,- mer.cury ions have. been 

observed with as· many as· eight pc;)sitive cha:r:ges. 

~Qme· of the· more c;:omm.on gases: and their ionization-potential~;J. are 

: Ue.ted, ill- table 3·. 1 

. TABLE 3 
.-IONIZATION POTENTIALS OF CERTAIN COMMON.GASES AND VAPORS 

ELEMENT· 
Argon 
Helium 
Hydrogen 

·-Krypton 
Mercury 
Neon 

··Sodium 
'Xenon 

1 Ryder.~·- cit., p. 268 

IONIZATION POTENTIAL ( e-v) 
15.69 

. ·- 24.48 
13.6 

.. 13. 3 
.· __ 10. 39 
· Zl. 47 

5.1 
11.5 
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The atom may acquire the appropriate energy for its excitation or 

ionization: 

. · { 1): by colliding with a high speed electron 

(2) by absorbing a photon of correct energy 

J3) by colliding with a positive ion 

{4) by gaining so much thermal .energy that its collision with another 
neutral atom is sufficient to produce ionization or excitation. 

Ionization£.¥. Electron Collision 

. The velocity of the moving electron is a measure of its ability to ionize 

a molecule with which it may collide .. Very slow moving electrons will 

not cause ionization but merely collide elastically with.the molecule. 

Electrons with greater speed but insUfficient energy to ionize an atom 

may accomplish the ionization in two steps, one electron first exciting 

·the atom, .. the second electron providing enough energy to complete the 

ionization. 

Further increases in electron speed will eventually lead to electrons of 

optimum energy for ionizing atoms. Very high speed electrons, however,· 

·are comparatively poor ionizers. since many times they pass too quickly 
~ ..... 

through an atom's sphere of influence to dislodge an electron. A plot 

is !3hown in fig. 91 
of the number: s of ion pairs {equal amounts of positive 

and negative charges appear as .. fons) produced by an electron in traveling 

1 em. through air .at a pressure of 1 mm. 

'•,, 

1 
J. D .. Cobine Gaseous Conductors Dover· Publications, Inc., New York 
1941, p . .79 
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Ionization !ry. Radiation 

:It was stated earlier- that an. _atom became ionb;ed by absorbing. the 
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· ~ppropriate amount of ~nergy provided by some outside source .. _Thi~:;J 

·energy may be in the form of radiation {photons); however· the· quantwn 

of light or photon must be of the appropriate kind, i. e. , the h of_ the 

. photon mu,st be of greater magnitude than the· eVi of the .atom. 

Unlike "ionization by electrons, ionization by photons bec;:omes rapidly 

less frequent wi,th increase of pho.ton energy beyond that required for 

ionization .. PhotoiOni?;iation drops to ~ero at frequencies less th~ 

resonance. It is the general concensus of opinion. that the· amount of 

photoio:nization in gas discharges j_s considerably less than that of 

_ioni~ation.:. by electron .colli~ions. 



33 

Chapter II 

Ionization !?_y. Positive=ion Collision 
/ 

. If positiye ions pos.sess great ener~ies, they are effective. ionizers. 

These energy .levels. are those which fons would have when their 

·velocities are equal.to.those of electrons falling.throughthe·niinimlUil 

.ioniz~tion potential .. Their: kinetic· energies. a,re in-.~e· order· of the?~-

· sands of volts. 

Thermal Ioni~ation 

It was. stated earlier that neutral atoms or· molecules could.absorb· so 

m.uch~·therma,l energy.that collisions with one another· at these. thermally-

·induced high velocities would re~:mlt. in ioni~ation .. High. temperature 

flames are· a source of. the req~red thermal energies. and he;tt up.the 

ga,se~. to produce.the ioni;z;ing action of molecular· collisions, radiation, 

and electron collisions. With increase. in temperature, ionization .. is 

i~.n:reased for·.the following ~easons: 

l. Many· more ioni~ing collisions will occur .as a result of an 

increase in. high yelocity a, toms. 

Z. Greater·photoionization·takes place· as: a result of..1:he higher 

r~diation. frc;>m -th~. in:cr~a,$ingly hot walls: of ·the· container. 

3. The electrons freed. from the: molecules in-. the ionization process 

. collide randoml.y'.with the increasi~gly-faste.r·molecule and.thus 

may gain enough energy to ionize another· particle in a succeeding 

collision. 
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A measure of the degree of ionization with change in. temperature is 

. shown irt.fig. 10. 1 . 
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.s -·· ······ ,. ...... . 
X 

. 2 .6 !-------1!----1 i 
~- I 
((l ! ' N I 

I 

I 
···-----·-·i 

I 
.. -1 ·c.4~---~---~---r----1 i ' 

0 -. ----r ---- -- ·r · ····---- ·- -,--- · 
I ' 

cu 1 ! ; I . E. . 21-: ---+------+------1~----~~ -----:----:----t-·--·-· ---
<11 ! 

• .S:: j' I 

~- . l ! 

0 ~--···20~0 4000 6000 aJoo ro,boo· ·-,2.;5oo. !4)oo i6;ooo 
Tempe:r;Ji:11re ( 0_K) 

34 

. Fig. 10• Effect of Temperature on Degree of Thermal Ionization, x. 
(p = 760 mm.· Hg, V = 7 .. Sv.) 

De ionization 

. De ionization take~;~ place by two main processes: 

1. . ion diffusion. to the walls of the container· and· 

· 2. volume recombin,ation of the positive and negative ions. 

Deionization EY. Diffusion 

Th~- first pro-cess, ion diffusion to. the walls· ~onsists of the mov~ment 

of n~gative ions (or electrons) and positive ions to the walls· as. a 

re$l,llt of concentration gradients. Stating this more generally, in any 

1 Ibid. , p. 92 



35 

·Chapter II 

region containing. a non .. uniform density of ions, a migrat_ion of ions 

will take place. from portions of. the· region with high ion density to 

. other portions with lower· densities .. In. this manner, diffusion prdduces 

. ~ deioni~ing effe¢t in. the· more: dense areas p.n:d an ioni.~ing effe~t in. the 

_;area~;~ of low ion density. At the wall, .the positive ion. is neutralized 

and leaves; as; a neutral atom .. ((See fig. 11
1
.)' Since. ions lose their 

·charge!? :upon reaching the .container walls •. the· concentration gradient-

drops from a high point in-the discharge to a low at the .walls .. Thue;.the 

direction -of diffusidn. is generally o.ccurring from.the discharge to the 

.:Walls. and results in eventual ~omplet.e· deionization .of. the entire yolu.zne 

. i:(.the source of ionization is ~emoved. · Since surfaces. act as a vehicle 

. in aiding neutrali~ation.of ions, .certain.tubes requiring .rapid deionizatio~ 

ON'eutrai--
Atom 

. Fig. 11. Deionization at Surface 

i Ibid .• p. 96 

Neutral 
Atom 

Neoat1ve .. 
I on 

Formed 
't' • . 

·~ Sep 2. ' Neutrahzatron 

Positrve ~· ~o 
lon /. 

~'~----~~eutral 
· " Atoms . % 

Fig .. 12. Process of Volume 
De ionization 
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are designed to have large electrode areas for greater recombining 

speed .. While decreasing wall separation results, in :more rapid 

deioni;z;ation, . this change is. not .Without some disadvantages .. There 

will be an accompanying increase of ion loss. from.:.the· steady discharg~ 

in a .gas discharge de.vice, and this. represents a power loss. 

Deic:mization ~Recombination 

The second p:J:"ocess, volume re~ombination of ions, g~nerallr.takes 

place iq. two· ~teps. · Fir$t, the electr.ons: .attach:.thems~lves tq neutr.~ 

atdms. to form negative ions .. Secondly these negative ions recombine 

with positive ions to prod\].ce. two neutral atoms· as shown in figure· 12:. 1 

The forming of negative ions (by electron attachment to neutral ~toms) 

does n:qt e.ccur in .. the nc;>'ble gase.l? ·Or .in pure hydrogen a,nd nitrogen. On 

:the other· hand, the addition of impuriti~s. such. as chlorine· and .its 

co;m.pounds, enables relatively easy .formation of negative ions .. Other 

· f~ctors_ influencing formation of negative ions by electron: .attachment ·Clre: 

: (a) . An electric· field by speeding up.the el~ctrons makes their 

.attachment to atems mO're diffi(:ult and thus.l~ss. likely to. happen . 

. :(b). High temperatures. also increase electr~>n velocities and. thus 

reduce probability of electron .attachment. 

(c) : Lower pressures mean fewer·.ato:ms. (for a giyen temperature) and 

1~,ss likelihood of an electron meeting and attaching to an atom. 

Under thel?e conditions, electrons· are generally lost to .the con­

tainer walls. 

1 
Ibid, > p. 95 . 
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El~ctron and Positive Jon Emission From Solids 

Emi$$it:nt of ~lectr9n$ from solids is a nece:s$ary :requi;r~:q1ent i;rcany 

practical deyi~e invoJyi:ng .. ele¢.tdcal :conduction·.thr.o:ugh g~s .. Therefqre 

.Ute· study of electr.~m· and i.qn emission !=!hall b~- undertaken .. El~ctron 

·-~mis~ion m,ay be produce9,. .by the following rn.eans: 

1. · Thermioni~ =.that is: by he.ating th~· emitting .s~rfa~t to high 

. t~mp~r.ature 

2 .. Eled;ron; bq~xi!;>'~r.dme:qt 9f emitti.Ag :su.rfa(:e 

. 3 .. Positiye iqn;'Q~;rnp-al;'d.Jm,¢nt: af emitting :sti.rf~¢e 

: 4. Bombardment of emitting surface by meta.staple: .at~ms 

5. High elect;ric: fields. at the emitting surface 

Thermionic Emission 

: d~_riyed b-y· :RJ;(,!b.a;rds<;Jn: .. In.-m.!'i· de+ivatip~ he: .a~sum.ed.thaf; the: ele-ctr9ns 

.. .i~- ;;t metal we·re gQverned py·.f;he l~ws Qf .a p.¢rfe.<:;.t gas. · ;His eq~ti¢m.is_: 

whe:.;-e j .is-.:the saturation. current density 
· T is:-the ,ab~aolu.te te;mperatul;'e <>:fthe ~mitter 
a .& b:~re· :c.9~atan;t.s. of.the material. . . . - . -
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Dushman proposed a. thermionic~emi~sion equation which has ~omewhat 

.. the· aa;m.e .gener.al form. 

.. where· j & 
~ 

¢o 
K 

.and A 

2 _!i_o ~­
J, ::; .. :AT E kT 

T ·are a~: de~cribed.ab9ve 
ifj. electr.o~c· charge 

-(27) 

. i~·.:the·.thermi9ni¢ w<;;rk: ~ctiQ~ 
is' B.o~tz~~' ~· ¢onst~t- · .· 2 rr em k2 

is unive·r~al cc)nstant = h3 
.for·which m is:the· mass of .. the-.ele~t~n.s. 
and h is PlanCk's constant. · 

Beca-use of their small work. functions. electropositive metals provid¢ 

. considerably greater electron emission .at at:lY temperature than do. the 

electronegative met~s. Electronegative metals su~h as tungsten can 

· c~ be covered with a. layer, a single atom.thiCk of such electrop~u;litive 

metals: as· thorium and .cae~ium .. The~e .structures .are· emitters in_the 

fQrm df filamel;its o . The thor.ium ~ilm is. created. by·. the: :nigh. tempera~re· 

. heating of. tungsten. which causes_thorium atom diffusion to .. the surface 

. nf.tlle t.wlg~ten •. When positiye ion bombardment ~a~e~:-the,.thor.i~ 

. fib:n, a ne~ ~ayer of thorium can. be formed on, the surfa:ce by .Qpera:ting 

the filam.ent at h; gher~tha:o.~normal. temperature with. no. anode· voltage 

pre~.ent. 

The· emission of electrons: from. a· surfa~e .represents a .lo~s qf energy 

. ;tliUc,h.a.$. molecules evaporating from a liquidsurface represent an 

energy lo.ss.in:the fo·rm of heat of vapc)rization. This. energy or· he~t 

lo~s, as -well as Qther. heeit losses are. listed below. Included is .. the 

manner: in whi~ .. they vary o 
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1. The emission of electrons from a filament under saturation 

conditions rt:!sul:ts in a heat .loss. which varies exponentially 

with. the .filament temperature. 

2. Heat.l<:>sses· frotn. conduction are directly pr<:>p<:>rti<:>nal to. the 

te;n1perature. 

3. Losses resulting from radiation are related af? the fourth 

p<:>we r of. the . ab$olute_· temperature. 
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Thermionic emission .i$ influenced by the presence of gas in-two .ways: 

a.. The· emitters .adsorb gas which covers the surface in.the form 

of a film and gener:ally reduces emission. 

b. · The gas molectil.es may become ionized and form positive ions 

which. bo:rnbard and sputter .the en:rl.tting surface. ·:(Sputtering 

is.-.the ejection· of some of .. t:Q.e· metal. surface by positive ion 

bombardment and will eventually lead to· disintegration of.the 

surface). 

Plasma 

Plasma is a dense concentr:ation of pasitive and negative ions in nearly 

· eql,lal numbers .. existing in a gas discharge. · This r~gion of plasma haf? 

. hi_gh conductivity so.it ha~ .. the· corresponding low average. voltage grad­

if;nt ... B~ca'(l'se a. plasma-has generally equal nwnbers·of electrons and 

pQ.f,l.itive .ions· (if a· large enol,igh· region is considered) it .is. electrically 

· ne~tr.al; however· hig.Q.· electric: fields .can exist at local, p 0ints. . The 

. plasm.a is kept in. existence mainly: by·.the,.ionization, ca11sed by electron 

. (:ollision, .but photoionization ¢ontr.ibutes a portion of. the .ionization. alsq. 
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.. Gas Discharge. Between· Cold Electr'odes 

If a gas or vapor· contained no ions, .it would. be a perfect insulator. 

As a r~13ul.t, no·curr~nt could.fl.ow in_the· case .. where. tw9 non~em,itting 

. : electrod~s ,· With a voltage· applied betWeen·. them,- were ~ur_rounded by 

. such .. an ion..,.free gas. How~ver, ~~actual gase~ have ~;ome ion.s 

pref3en~ due .. to•.the\actic;m of ·c9smic: rays, radioactive materials.in the 

wa)J.t,J of.tljte' containers, p}l:o~electric emissici)n ,and. other ionizing: agent~. 
! 

ln·c this ga_$, <;:u:r:rent would flow if a. yoltage· .were: applied to. two el~ctredes 

· Since .. _:t;he:.iops· pre.s~nt woulc;l:--:trayel 19-.. the ~ppropriate ele¢tro.d~. 

The: na~re of such'-~urrent fl.Qw Wi,th- a change in -voltage. Will b~. ·studie~L 

Con13ider·.the· case: of a gas di~:;charge. between- cold ele4;:tr9des as· shown-

. th . . . f f. . 1'2 1 
.. ur .. e:·~lr~lllt C? _1~re ... -~· ·· 

E 
~----------~-~+------------~------~ 

Fig.- l3 Cir¢'¢~ for·.Ob~~ining: the· Vqlt.-,Aplpere Curve of a Ga:s 
Di~cha:r:ge. -

1 . . · J .. D. Ryder - Electronic Engineering Principles - Prenti~~ Hall, 
, .hie.,, New Yo.:r:k,, 19•17 ,. p. -~74 
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_The gas within.the·· envelope is at low pressure. and there will be· a few 

ions pres~nt "between· the. two ~lect;ro.des of_the_tube as a result of 

.cosmic rays .an:d applied ultra-violet light. 

With:the· applied voltage slowly rai~ed from .zero value, a ·very .small 

current will be noted on the curr~nt meter. This current will consist 

of some of. the ions and. electrons· formed by the radiation .. At this 

· low potential, only part of the.- total .ion and electron pairs being formed 

continuously by radiation reach the_ tube electrodes, .the remaining pairs 

recombining to become neutral gas atoms again.· This is the portion of 

_.the· curve from 0 to A in· figure. 14: 1 

Townsend I N 1 I A Lnormal Discharge C orrna "'P 
1 Grow 1 Grow 

· I I 
I I 

1 F Arc 
I 
I 
I 

G~ p 

ro-a 1o· 
Amperes 

Fig.· 14 Volt-Anlpere' Characteristic of a Gas Dis~harge Tube. 

As. the yoltage source is increased, a point is reached .where essentially 

all elec:t;rons and ions. created by radiat~on are .drawn to _the electrodes 
.•. ~ 

rapidly before they can recombine. This saturation portion where an 

._increase of voltage is not .accompanied by a related. increase. in. current 

is portion A. to B. 

1 . 
Ibid., p .. 274 ·-·--
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Increasing the voltage still further anq thus .the strength ofthe electric 

·field, .the ac~omp~ying gr~ater·forces on. the electrons _speed.them up 

sufficiently to cause ioni;14ation. of gas ;rp.olec»l.es when collisions between 

-the:·'tWO parti¢1~~; Qcc;::ur. . 'fhe s¢condary ~iectrons .Clp.d, iq.ns produced by 

. ioni~ation·. con~titutes .an increase in- current. . 'l'he -current continues· tQ· 

. become· la,rger as the voltage is. increased as .shown in . .the B . .to -G pa_rt 

oLthe: curve .. Though_this portion. is _also nori-self-s~staining, .amplifi­

cation of.the radiation-induced current .. i~ provided.by_the gas ioni~ati~n 

. oc«;:urring in. the B .to' C podion. of tube operation. 

The area 0 to Cis called_the Townsend discharge as a. result of invest­

. igations into.this· relation$hip.made by J. S~ Townsend in 1901. 

At .some point C, . the electl"ic field imparts enough energy to the positive 

. ions so. 1;4at .ion 'bombardm.ent of the· cathode- causes· secondary electron 

. emissiqn. - These emitted or .secondary electrons. are .in turn .accelerated 

sufficie~tly_to p:roQ.uc~ ions-upon colliding with ga~ mdlecules .. The ion_s 

.thus forme<l. bombard. the· cathode and dislodge· .additional electrons. . The 

proc.es~- thut~, continues ~d.repeats itsel~ .. The. gas conduction·_ then-. be­

_comes. self-maintaining. and the gas is. said .to ''break down" .. The yolta.ge 

at which. this occurs is described as_ the "breakdown potential". 

At the. breakdown po~t, .the voltage drop, across._the tube decreases 

s_uddenlyto pQint D. A:vi~ible_ glow e~ate~ .from_the gas· ~d from 

part of..the.-_cathode. The _voltage· drop re~ns supstantially .constant 

- w:b.ile.:the. curreQt in¢r.ec:~.sef;J·.from point D to E. The increase in current 

is .a¢<::c;m.p_anie4· by-~ spreading·ofthe _glow on. the· ·c;:~th0de until.the· entire 
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. :cathode: ~u:rfa~~- is: _¢qvereQ; rnain.tain,in,g du;ring...this. increase an approx-

4ncitely c.P~~t~t catb.od,e:·¢ur;re:qt :density. This po:~;tion:.c#.the· curve.- D 

. ~~' E, .-i~.:¢alle~:l:the.: 11-npr;in.;:l;.,l g~c:;>~' regiqn .and is:.the range: where voltage 

. r~gui,c;ttPr.· tuhes·-are u~ually operated. 

Qdntiriuing increase in -C¥r:rent 'can. be. obtained. only by :a:Jl increase: in 

.cathode- current density. · Th~ voltage· drop .also _increases and a brighte-r 

. glow is evident ¢ 0n¢urrently. This. range of operation; E to F, is called 

"abnqr~ glew". 

Fu'tlher· increase o~ curren.t. in,the.,abnormal glow .region re~ults .. in 

increasing! y heavier io;n· bo;rnbardinen.t of_ the cathode, . producing heavy 

· sec:;Qndary emission :(:urrent~ and heating of cathode. Finally,, at point 

: F, a ~udden ch_an,ge--takes place. in>:which the, cathode current density ju.m.p~ 

J;o new hig~ levels and _the flow of current tends to concentrate .at .some 

point on_the catho.d~L. At-that instant, the tube drop de.c;rea~es• and the 

: abnornl.al glow operatien changes to "arc" operation (~hown as region 

· G to H_in. figure 14). · The heavily-concentrated c~rrent conduction. may 

. cause sputtering of the_ cathode .~urface_ by ionic boxnbardinent .. If oper-

ation in::this:_ region i~ -allqweQ. to -continue,. melting. of. the ~athode may 

.Qccur . 

. Law:~f~inrllitude 

_The: law qf ~imilitude has g_reat ya,l.ue in.the _study of gas. discharge, espe­

. cially·in. the· ~pa;rk phase of discharge .. Its· .significant details may be 

. de.~cribed in,. the· following manner. If a uniform field is assumed between 

plane-parallel plate~ •. then ·when.the gas pressure in.this region is 
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multiplied by a constant K, and the linear· dimensions are. divided .PY 

. the ·saple:-constant, 

. p2. · = Kp1 a:Q.d 

. where P
2 

p1 

d .z 
d1 

. is_.the new gas pressure 

is .. the old gas pressure 

ir;; .. the. new dimension 

is the old dimension 

K 
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Then .with. the· applied vo..ltages: between. the plates. kept .. the same,. i.e., 

V 1= Vz; the respective electric· fields· E 1, and E 2 , have_the relationship 

= KEl 

. This, .set of conditions result in._.the· currents .remaining the same, j 1 =)z·· 

Thusthe law bf similitude $tates: that_with .. the·.appliedyoltagekeptthe.sa;me, 

.. the:- current also Will remain .. the· same if in multiplying the gas pref3sure 

·by a factor.-K, .all.the linear· dimensions: are divide4.byK at.the· same:-time. 

Spark Breakdown. Potential 

An equation for· the· spark breakdown potential o:( a gap .in a uniform field 

. ma.y be; .written. 

where p is gas pressure in.the gap region 
. d . is gap· separation 

·. and A, B, · & I( are consta,nts 
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. Pas.chert dis~overed in l.iU~9 :that the· spark br~akdoWn: p9tential is 

related only tq·· the product of..the pressure: and ,gc;l.p separation, pd. 

To .. be·· more rigo:~ous, orie should substitute gas density. b , for 

pressure. p, in· Pas~hen' s Law~ This woUld then inclu_de: the: effect 

.45 

· of-temper~ture .at con,stant .pr.e~sure on_the_ meaD: free path in the .gas. 

The spark breakdown.p.otenti~ for.· air• at .atmospheric press'!;lre·: and 

unif9rm field is 

y = 3()d + l. 35 . ·( k v. ) . ': (.29) 

The- Pasch~~ breakdown c;urye$2 for· plane-parallel plates ~re· shqwri in 

figur~ 15. 

'~ 

Air 

\ 

' ·. 

. 4 ~- ~ ~ 

I I\· ~' .. ~--- - Air 
\ ~CO,; 

..... 
Ha 

& 10 1ft 14 IS lA 20 22. I+ U Z1 5l) 

pd (m~-" Hg. ~m.) 
_Fig. 15-- Spark· Breakdown Voltage for· PlanerParallel Electrodes 

. (temperature =.zoo· C) 

1 . . 
. J .· D. Cob1ne. Gaseous Conductors Dover Publications, Inc. , 

New York 1941, p. 163 · 

Z, Ibid. , p.· .164 
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A study of_the curves in.figure 15 brings out these interesting_ and 

.ilr.).portant facts: 

: J1) ~ There is a minim.um spar:k-breakdown voltage at a certain 

. yal"\le of pd . 

. ~(2), :J:Lthe.pre~.sure is lowerec1 to put.tube operation.to the left of 

the. minimum break-down point on.the Paschen curve,. then 

spark discharge will occur over .the loil.ger of two possible 

paths sl.nce the curve indicates. a lower breakdown voltage 

for the longer p~th . 

. These minimum spark-breakdo_wn voltages are. shown in.table 4 ~ong 

with the appropriate pd. 
1 

. TABLE 4 
Minim~-Spark· Breakdown: Voltages 

_Gas 

Air 
A 

. Hz 
·He 
COz­
Nz 
N20 

- Oz 
Na.(Vapor) 
SOz 
_Hzs 

Vs minim-um 

327 
137 

.. 2'13 
.156 
-420 

.• 251 
418 

·- 450 
335 

·457 
·414 

• pd:m.m. Hg-_x em 

0 .. 567 
().9· 
l. l!j 

. 4.0 
().51 
0:.67 
0.~ 5 '· 
0 .. 7 

. 0.04-
0.33 
0.6 

Tabl~ 5 2 gives an indication of the compar~thte. !'>park-break9.own strengths 

of .sevt:ral gases. 

1 
Ibid.' p. 165 

~.Ibid.' p. 1.66 
~ 
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.TABLE 5 
Relative Spark-Breakdown Strength of Gases 

Gas Nz Air .. NH3 COz HzS Oz. Cl Hz -· so .. 2. . . 

V/VAIR :1. 15 1 1 :0.95 0 .. 9 . 0.·85 0 .. 85 .. 0 .. 65 .: 0 .. 30 

'rhe.tabie ~hows that N 2 has.:the highe!;t breakdown With air· and NH3 

_closely following H 2 .. and S0
2 

po:sSess th~ lowest -breakdown-strengths of 
. . 

· the gases listed. 

Thirty kv/cm is: a ·co:rrUnon.fig\J,re given in engineering literature for the 

. breakdown strength of air. · Experimental data taken by Schu,m.anri she>ws 

.. that the apparel;lt air· breakdown- strength is n()t a fiXed value but appears 

to vary with separ.~tion di.stance·~of two plane-parallel electrodes.. The 

:word apparent is inserted before -the phrase. breakdown strength.because 

-the·.values: for.the.: field,were.-·calculatedby dividing th¢ breakdown voltage 

. by. ~e gap .. separ.ation ... This . .fail$. to. take intQ:·.~ccq$t. the high lof:al 

fields, a:Q.d .effects of space- ·¢barges iri the gap •. S~um.~'s _data is: _sh(2)WJ1 · 

in.the fQrm of the curve .in figure .. 161 . 

1 
Thid. J p. 1.73 ------
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. Fig. 16 Apparent Spark-breakdown Gradient of Air for 
Plane-Parallel Electrodes (760 rnm Hg, ~0°C) 

The· 30 kv I em figure mentioned above for air field strength appears 

valid only for a gap of Z em a.ccording to the curve .. LOnger gaps 

result in lower· field strengths while. shorter gaps give much greater 

air field. strengths .. 

Surge Breakdown 

48 

When .there.is a departure .from the conditions studied.previously, i.e. , 

the application. of a short-time-impulse potential to a gap instead of the 

gradually-rising d. c. yoltage, then a deviatio~ from the previous 

results can also be expected .. As stated by Cobine 

For an impulse the breakdown voltage :may be 
. considerably above the static breakdown voltage 
because of the finite time required to produce 
electrons and to establish the cumulative ion­
ization processes. Thus a rapidly rising surge 
wave may reach.a potential considerably above 
the normal breakdown voltage 9f the gap before 
the breakdown can occur·. 1 

1 Ibid.' pp. 186 - 187 
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Mechanism of Spark Breakdown 

A single electron leaving an electrode will produce a great number. of 

free electrons by collision with gas molecules on its way to the other 

electrode. This large buildup of electrons, each of which also adds 

new free electrons during its travel to the positive electrode, would 

appear to be the complete breakdown mechanism occurring in the gas; 

howeyer, this is not. always the case. Breakdown tiine measurements. 

made on gaps at high gas pressures are substantially smaller than 

those to be expected if electron avalanche were the only factor involved 

in the breakdown. Breakdown times resulting from electron action 

alone would be longer than the measured data because 

(1) The observed mobilities of electrons are too low and thus 

would prevent electron traverse of the gap in such short 

times, 

(Z) the large positive-ion space charge Ueft behind by the 

growing electron avalanche) would create a high field which 

would slow down the advancing electrons. 

Under certain applied set of cQnditions, an electron avalanche will re~ 

qui~e 1. 5 x 10-? seconds for its front to reach the ;.l.node~ The new 

positive ions which are required for cumulativ~ ionization take 1. Z :x 10 ~6 

seconds to arrive at the cathode from the instant the first electron 

originated the avalanche. Several electron avalanches startirig fro:m the 

cathode are required to produce· a lUn1i.nws streamer; so the tUne 

.. • 
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inv:olved in the first appearance of such a streamer would appe~r to be 

at least. greater than the times list.ed above. Yet exper~mental data taken. 

by Beams in 192.8 and .o~ers at later dates indicate that definit.e lutnittous 

streamers are created ~the middle· of the gap in times. of the· order of-

10-8 seconds_. -Cobine offers a possible explanation for the apparent 

contradiction between experimental data and theory~ 

Thus it is evident ,that th~ simple me cha.nj.sm of. 
electron iop.ization and emission at the cathode by 
positive~ion bombardmeh,t is too slow to .acco~t · 
for the observed spee~s of spark formation •. Loeb 
has proposed that the process can be brought up to the 
necessary speecl by assum~g photons formed ip the 
avalanche iopize the. gas well ~ advance of the :head of 
the str~ame'r a~ thus start new avalanches along the 
breakdoWn. path.· These avalanche -irii.tiating photons 
bridge considerable dist~c'es at the. speed of ligllts and 
thus high:..speed propagatl.o~ is possib.l~ by, a succession 
of short: avalanches. Of c"ourse, these new avalanches. 
w~ll not'b~ ~·exactly the same path a's the origi~l ·~~e · 
so that ·when t~e space~charge field betWeen the head o~ 
one avalanche and the tail of a new one, somewhat ahead 
of it and to one side_, becomes great enough, the' inter~ 
vening space is bridged a~d the irregular path observed 
in sparks is produced. The electrons formed near the 
an~de are reinoved as soon as formed;.the positive-ion 
field distortion, therefor.e·, Will be even greater at this 
point than it is at the· head of a mid ... gap avalancpe. This 
f~vors the formation of a luminou(J ·atr9"amor from the 
$ode before the ga·p is bridged by the st.reanl.er s f:rom 
the cathode. The formation of an anode streamer is 
favored by high pressures and overvoltages where the 
positive· ... ion space charge Slows down the advance of the 
cathode and mid~gap streamer·s. 1 . · 

The ar:Qo~t of resist~ce in_ the external circuit can greatly influence 

the nature and degree of gap breakdpwn. A high resistance in series 

with the gap may hinder the complete breakdown of the gap. If a 4igh 

1 Ibid., pp.l94-195 
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series resistance is present, the first streamer can be produced only 

by the partial disc~arge of the cathode electrode capacitance. The 

streamer's progress is stopped if the serie.s resistance drops the 

voltage enough during the recharging of the cathode capacitance. During 

this recharging9 the streamer column is losing the initial degree of 

' 
ionization due to diffusion and recombination. The new streamer 9 

sta,rting when the voltage has been built up again, is likely to tr.avel 

down the partly~ionized path of the old streamer and to extend it an 

additional amount. The presence of a high resistance therefore causes 

the breakdown to be comprised of a number of starts and stops, each· 

start lengthening the conducting ionized· column until the entire gap is 

traversed. 

Self~Sustained Discharges 

When a gap breaks down in an atmosphere of gas, the type of discharge 

re suiting d_epends on 

(1) gas pressure 

(Z) gap length and shape 

·(3) nature of applied voltage 

(4) constants of the external circuit. 

The static characteristics of these discharges Will be discussed at this 

tirrie .. Repeated in figure 17 
1 

are the volt-ampere characteristics of a 

discharge tUbe but with some additions such as resistance or "load'' 

lines. This curv:e is obtained by using the circuit of figu:re 13 in which 

1 .. 
. lbtd.; p .. Z05 
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t.he discharge tube is in .series with a resistance Rand battery V.. 

Fig. 17 Dis«;:harge Characteristics 

Conditions for Existence and Stability of Discha~ges 

-An analysis will be made .of the discharge resulting \mder certain 

external circuit. conditioll:s of d. c. ~oitage V and series resistance- R. 

1 
Figure 18 shows a hypothetical segment of a discharge curve with., a 

resistance lille draWn thrc>ugh it. 

i 
Ibid. 11 P• 208 
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·Fig. 18 [Hypothetical Segment of a Discharge Curve] 

Point A. the intersection of the resistance or "load'' line wl.th the 

characteristic curve shows the following division relationship of 

yoltages 

P. J. iR 

where e is discharge voltage 

and vb· is applied voltage. 
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A check wiU now be made to see if point A is a stable operating point. 

This will be done by supposing that in some manner a reduction in 

current is brought about. so. that the new operating .Point is at B. Thep. 

the voltage equation wi:U. be 

v = i.R = e b (31) 
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where .o.e is the difference in voltage between the resistance 

line and the discharge characteristic. 

It is seen that the applied voltage Vb• fonne rly equal to the quantity 

«e ~ iRL has now in equation (31) become Ae amount larger than the 

new discharge~voltage~pl~s-resistance-drop total (e 1- iR). There­

fore, with. the condition that no inductance is present in the circuit, 

Ae will cause the current i to grow larger until it becomes equalt9 

i of equation (30). With that current increase tube operation will have 

returned to point A. Conversely, if current is increased beyond the 

point A value (to point C), ( i R ~ e ) becomes greater than the applied 

voltage Vb• The current i must decrease until equation (30) again 

becomes the governing relation. Point A is thus a stable point of 

operation. A preliminary look at point D might result in the initial, 

premise that it is a stable .operating point since equation (30) is ·satisfied. 

A closer study however makes evident that increasing the current a 

small amount will result in a positive Ae and an accompanying con­

tinued·increas.e in cu,rrent until the tube operation reaches point A. 

The decreasing of current at point D causes Ae to become negative 

which results in further reduction of current. Therefore it is evident 

that point D is not a stable operating point. Since equation (30) is not 

sufficient in itself to determine stability of an operating point, some 

other standard must be found. A mathematical expression, sometimes 

called Kaufman's criterion for stability of a discharge, is a complete 
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and accurate stability criterion. It is 

de 
di' + R > 0 (3Z) 

.where de 
.di 

h the slope of the discharge 
characteristic at the point of its 
intersection with the resistance line. 
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In words~ this may be restated that if de is thought of as a resistanc.e 
di 

then the net circuit resistance :must be positive for stable operation. 

If the above stability criterion is applied to the full discharge charac~ 

teristic shown in figure 17, it is apparent that, with a load resistance 

R 1 and a voltage V 1 , poirit A will give stahl~ ope;ration. Si:rnilar 

consideration of series resistance Rz and applied voltage V 1 will lead· · 

t.o the conclusion that of the three intersection points B, C,. and D., ()DJ.y 

B and Dare stable. With two stable points of opera~ion available,. the, 

tube will probably select. B if.it is ionized in a gradual manner by a slow 

reduction of series resistance. Point D operation will result if the 

discharge is initiated abruptly such as the bringing together ·of the 

electrodes in contact or by the opening of a fuse. Point. D operation 

·may also occur if the cathode of the tube operating at point B is heated 

sufficiently to supply a large num.ber of electrons.· Cha;nging to a new· 
~ . -

applied voltage V z while keepilig series resistance R 2 will :rnov.e tUbe 

operation to two new stable points E and F. 

Low ~ressure ~Discharge 

lf the pressure of a discharge tube in in the range of a few centi:rne~ers 

of mercury, a unifor:rn glow e:rnanates fro:rn the entire tube during 
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electrical operation. However, when the pressure is reduced to approxi-

mately one millimeter or so, (according to the gas), the continuous glow 

has changed to alternate dark and light regions. This is shown in figure 

. 1 
19a. These Hght and dark areas -of discharge operation are described 

as follows: 

· 0) The first space immediately adjacent to the cathode is a very 

short dark region known as the "Aston dark space". 

(2) The "cathode glow" is the following space. The type of gas and 

the gas pressure determine the length of the cathode glow. The cathode 

glow seems to originate from the cathode surface and th~s makes the. 

Aston dark space practically unnoticeable. 

(3) Next after the .cathode glow is a dark space again. It has had 

several titles, among them "the cathode dark space", ''the Crookes 

dark space". and "the Hittorf dark space". 

(4) The brightest of all glow spaces succeeds the cathode dark space. 

It is identified as the "negative glow" and is relatively long. 

(5) The dark space after negative glow has been called "the Faraday 

dark space". 

(6). The next bright region, the "positive column" is a long one and 

occupies most of the discharge path length. 

(7) With certain gases and certain values of discharge currents, an 

additional glow may exht, described as the "anode glow". 

1 J. D. Cobine, GaseOus Conductors, Dover Publications, Inc., 
New·York, 1941, p. 213. 
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Figure 19 Approximate Characteristics of Glow Discharge 
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(8) The region of item (7) is accompanied by the last dark space 

adjacent to anode and appropriately titled "anode dark space". 

Figure 19b 
1 

gives the relative light intensities of the regions d~scrib.ed 

in the previous paragraph and in figure· l9a. 

,It is apparent from the curve of figure 19b that the so~called dark 

spaces are not fully dark but only in comparison with the ''bright'' 

regions wher.e considerably more ionization and excitation exist. 

The manner in which these regions are affected by various conditions 

are described by Cobi.lie. 

As the gas pressure is reduced, the negative glow and the 
Faraday Dark Space appear to expand at the expense. of the 
positive column until at a sufficiently low pressure the 
positive column disappears completely. A similar effect·· 
is· observed if the electrodes are moved together at con~ 
st~nt gas pressure and constant current, when the region 
from the cathode to and including the Faraday dark space 
moves as a body and is unaltered in length, whereas the 
positive column decreases in length and finally disap­
pears. This indicates that the phenomena at and near the 
cathode are es.sential to the discharge and that the positive 
column merely serves to maint.ain a conducting path for 
the current. This is further emphasized by the fact that if 
the electrodes are placed in a very large vessel instead 
of in a tube, the positive column disappears, and the 
current io carried throughout the entire volume by a rel~ 
atively low density of ionization. The colors of the 
various glowing regio~s are different and vary with the 
gas. In air the negative glow is bluish and the positive 
column is a salmon pink. 1 

Figure 19 shows some of the relationships observed in the discharge 

tube. They may be summarized as follows: 

1 . 
Ibid .• p. 2.15 



59 

Chapter II 

1. The major portion of the applied voltage is expended across 

the cathode dark space, as illustrated in figure 19c. 

2. Figure 19d presents the voltage gradient across the .discharge 

tube. It is interesting to note that the gradient may actually 

become negative in the negative glow side of the Faraday dar.k 

space. 

3. Figures 19e, 19f, 19 g, and 19h portray the distribution along 

the discharge tube axis of the net charge-density, positive-. 

charge~density, negative~charge-density, and electron~current-

density. Cobine elucidates on the foregoing phenomena: 

Just at the cathode there is a net negative charge 
produced by the electrons being emitted. Since 

· their initial velocities are low, the electron 
current density at the cathode is relatively small 
so that the c9-rrent is carried almost entirely by 
positive ions' arriving at the cathode from the 
cathode dark space. The cathode dark space is 
a region .of high positive~ion density. This high 
density of slow~moving positive ions produces the 
high value of cathode drop. Near the anode side 
of the cathode dark space, most of the current is 
carried by the electrons that have been accelerated 
by the cathode drop. 

The electron concentration increases to such 
an entent that in the negative glow the net 
charge dens.ity is nearly zero and the potential 
reaches a maximum value with a very low 
field. The electron and ion concentration 
may each be as high as 10" per cubic centimeter 
which is 10 to 100 times that of the positive 
column, In the Faraday dark space the field 
again increases with resulting acceleration 
of the electrons. The positive column is a 
region of almost equal concentrations of positive 
ions and electrons and is characterized by a very 
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low voltage gradient. At the anode, there is a 
decrease in the positive -ion density and an· 
increase in electron density such that the 
entire current at the anode is carried by· 
electrons. There is an increase in the field 
strength ~t this point. The anode dark space 
is of the order of a mean free path; and the 
anode drop, when present. is of the order of 
the least ionization potential of the gas 0 1 

Cathode Phenomena 
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The normal cathode drop is directly related to both the kind of·gas a.n4 

electrode material used. The range in drop extends from 64 volts for .. 

potassium on an electrode in argon to 490 volts for a platinum cathode 

in carbon monoxide. 

It is logical that the cathode drop varies almost directly .with the work 

function of the cathode material since the discharge is maintained by 

emission of electrons from the cathode. This emission is caused 

primarily by bombardment of the cathode by positive-ions. 

The ionization potential of the gas will affect the normal cathode drop. 

Cathode Sputtering 

H a .discharge tube is operated in the glow region, positive· ions bombard 

the cathode heavily enough to cause a knocking off or sloughing off of. 

cathode surface.material. This electrode disintegration is known as 

sputtering. Material removed from the cathode settles on all adjacent 

surfaces. When glass surfaces of the discharge tube are also included 

in the path of the· sputtered electrode material, the typical darke$g 

1 Ibid •. 
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of the glass results. 

Corona. 

Corona is generally define.d as breakdown in the form of glow discharge 

at atmospheric pressure. This breakdown occurs between sharply-

curved surfaces such as wires or points as the gap length between 

these surfaces is gradually increased. 

The voltage at breakdown is less than the spark-breakdown voltage for 

the given gap length. 

Corona: on transmission lines causes damage to insulation by ion 

bombardment of. insulation surfaces and by· the chemical activity of 

certain substances created by the corona discharge. These substances . . 
illclude Ozone, oxides of nitrogen and when moisture is present, 

· nitric acid. 

Corona has a distinctive appearance on parallel electrical conductors 

and is described by Cobine. 

The corona on a positive wire has the appearance of a 
uniform bluish-white sheath over the entire surface of 
the wire. The corona on a negative wire is concentrated 
as reddish tufts of glowing gas as points along the wire. 
On the polished conductor, these glowing points are quite 
uniformly spaced along the wire, and their number in­
creases with the current. 1 

General Properties of Arcs 

The electric arc can be said in general to possess the following 

properties: 

l Ibid. , . p. ZSZ 
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( 1) It is a self-maintaining discharge of high current capacity 

and low voltage drop. 

(2) Its volt-ampere characteristic is usually represented with 

a negative slope • 

(3) Arc operation is initiated by the pulling apart of contacts or 

by change from a higher voltage discharge. 

(4) At atmospheric pressure and above, the arc consists of a 

small very bright center enveloped by a cooler region of 

incandescent gases sometimes known as the aureole.· Under 
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these conditions, the intense activity and energy involved in''· 

an arc discharge are easily great enough to bring the elec-

trodes to their boiling temperatures. 

(5) ·At low pressures, while some change is evident in the visual 

appear~ce of arc, the primary difference between low- and 

high~pressure arcs is the temperature of the positive column. 
. . 0 

A comparison of these temperatures shows a range of 5000 K 

to 6000 °K for the high pressure column whereas the gas 

temperature of the low pressure arc has a maximum of a few 

hundred degrees centigrade. 

Cathode Phenomena 

C~rrent density at the cathode of an arc is £ar greater than that of the 

glow discharge. An indication of the. tremendously high current 

densities can be obtained from T~ble 6
1 

which gives probable values 
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of the arc=~t:athode current density. 

Table 6 

Probable Values of the Arc=Cathode Current Density 

Cathode Mate rial Gas Electron amp 
z em 

Positive ion . z 
am/em 

Cur rent Range 
amp 

Carbon Air 470 65 1. 5~ 10 
Carb.on N2 500 70 4 =10 
Iron N2 7000 < 20 
Copper Air 3000 600 < 20 
Copper Vacuum 14000 15- 30 
Mercury Vacuum 4000 5- 40 

An investigation into the cathode mechanism causing high arc-current 

densities has been an ever continuing one by many workers. in the field. 

Some have contended that thermionic emission is the primary sourc.e 

while others propo.se field emis.sion as the principal process. StUl 

others declare that a combination of both thermionic emission and field 

emission as the responsible agents for the observed high current 

densities. 

A detailed acc~unt of the various cathode phenomena involved in an arc 

discharge is described by Cobine. 

Compton has used a heat-balance method to investigate 
the conditions at the cathode of an arc. The condition of 
thermal equilibrium is expressed by setting equal to 
zero the net rate of generation of heat at the cathode. 
The fraction of the current at :the cathode carried by, the 
electrons is taken as f, and the fraction carried by 
positive ions is (l ~f). The various processes involved 
at the cathode are shown in figure 9. 1Z. [Note: This· is· 
figure (ZO) in this the sis J ln ( 1) positive ions fall through 
the cathode potential drop Vc and give up the fraction~ of 
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their energy to the cathode. The fraction (l~a) is the 
average proportion of the i.llcident ene~gy that i.s carried 
away by the neutralized atoms. This may be one source 
of the hlgh~speed pa.rticles found in vapor arcs. The 
quantity a is knOwn ~s the accomodati.on coefficient. 
The heat~of ne.utra!ization tJ7 of the positive ions is 

r/J~ e Vi ~ r/Jo ~ L 

where Vi is the ionization potential of the gas 
:molecul.e 0 ~ is. the normal work function Of the 
·cathode. surface, and Lis the heat of condensation 
of the neutral molecule on the cathode surface. · 
L is zero if the ion does not actually condense on 
the surface. The presence of a strong elect:dc . 
field which reduc.es the effective -wOrk funCtion of the 
surface for electron emission,• does not affect the 
value of tp~ •. 
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The individual contributions and affects of various physical processes 

and mechanisms at the cathode are illustrated in figure 2.0. 2. 

c' F 

(l) (2) (3) (4) {5) 

C H 

·Fig. ZO Processes occurring at· an arc cathode 

1 
J. D ~ Cobine Gaseous Conductors Dover Publications 9 Inc. 9 

New York 1941, p. 308. · 

2. Ibid. 
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These pheno:mena might be described in detaH as follows: 

Process (l) shows the net heating caused by arrival of the positive 

ion and may be expressed in equation form·as H(l)::: (l=f) 

(a V c ~ Vi = rp 0 ) 

Process (2) represents electron emission which results in cooling 

of the cathode. Its mathematical relationship is H(2) ::;: =fl{>- where 

rp- is the effective work function of the cathode surface. (An electric 

field drops the work function of the surface from rp0 to r/J=) Thus, each 

electron possesses an energy V c = rp 0 ~ rp= when it leaves the cathode­

fall space. 

Process (3) illustrates the radiation emanating from the cathode. 

This energy loss from radiation is presented in the form H(3) ::: =R, 

where R is the energy radiated per ampere=second. 

Process (4) accounts for the heat loss resulting·from evaporation of 

material from the cathode surface. In the mathematical equivalent 

expression for the foregoing statement H{4) "' =E. the term E is · 

the product of the mass of material lost by evaporation per ampere­

second multiplied by its latent heat of evaporation. 

Process (5) provides for the heat H(5) ""' =C' lost by gas conduction 

and convection. 

Process (6) pictures the amount of heat H(6) ~ =C drained away 

from the cathode by direct heat conduction through the cathode and 

its supports. 
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Process (7) diagrams the heat the cathode may possibly gain through 

some external source. 

Finally Process (8) is an attempt to portray the energy given up to 

the cathode by such unelectrified carriers as radiation, metastable 

. at.oms, excited atoms and high velocity neutral at.oms which r.each the 

cathode. 

Glow-Arc Transition 
. . . 

Cathode current density is relatively low under glow discharge conditions 

and is accompanied by the characteristic high voltage. The arc discharge 

has high current density flow while its voltage drop decreases to com~ 

paratively low values. It can thus be .seen that. radical changes in the 

cathode enii.ssion mechanism must take place when transition from glow/ 

to arc discharge occurs. It is thought that in the higher current portion 

of abnormal glow, positive ions gain enough extra energy to raise the. 

cathode temperature suffiCiently (by positive ion bombardmeirt of the 

cathode} to produce thermionic emission. This is the case when the 

cathode is made of refractory materials as carbon and tUn.gsten. 

Cobine observes 

1 

The increased current produced by thermionic .emission 
increases the nUinber of pc)sitive ions formed in the. cathode~ 
drop space which further increases the cathode heating so 
that a lower voltage will maintain a given current. than 
were emission by positive~ion bombardment alone. Under 
these conditions th.e fa.ll.ing volt~ampere characteristic of 
the arc is established. I . · . 

.Ibid., pp 311-31Z 
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Where the cathode is composed of low melting material, Cobine indicates 

that the cathode emission increases as a result of localized increase 

of vapor pressure. He declares:· 

For cathodes of materials of low melting point 
the transition from the glow to the arc is sudden 
1nstead of continuous as for the ther.mionic arc. 
Since for arcs with these materials the current 
density at the cathode is very high, the sudden 
transition from the low-current glow to the arc 
represents a high rate of change in the emission 
process. For the mercury arc, v. Engel and 
Steenbeck suggest that the transition from the 
abnormal glow to the arc is induced by localized 
increases in vapor density. By the similarity law, 
an increase in vapor density must be accompanied 
by an increase in the current density. A local 
increase in current density will result in increased 
heating and consequent further increase of vapor 
pressure; thus, the process could quickly become 
cumulative for a material that is easily vaporized 
and result in the formation of an arc cathode spot. 
Plesse found that if the metals are arranged ac­
cording to their heat of sublimation, the order of 
the metals is the same as then arranged according 
to the least current at which the glow is observed 
to change to the arc. The metal having the lowest 
heat of sublimation, mercury, has the lowest 
current at which the glow changes to the arc. This 
series is Hg, Cd, Zn, Ca, Mg, Pb, Al, Ag, Cu, 
Sn. Ni. Fe, Pt, W, c.1 

Anode Phenomena 

The conditions existing at the anode of a. low pressure glow discharge 

are repeated at the anode of a low pressure arc. The range of values 

to be expected for anode drop of potential is presented in Table 7 
2

. 

1 

2 

Ibid ..•. p. 314 

Ibid., p. 300 
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Table 7 
Arc Cathode and Anode Voltage Drops 

Current Range Cathode Drop Anode Voltage 
Electrodes Gas Amp. volts volts 

Cu Air 1 - 20 8 - 9 2 - 6 
c Air 2 ~ 20 9 = 11 11 - 12 
Fe Air 10 - 300 8 = 12 2 10 
Hg Vacuum 1 = 1000 7 - 10 0 10 
Na Vacuum 5 4 - 5 10 

.Just as the cathode-drop region is one .of very high positive~ion space 

charge so the anode drop region has a similar counterpart, i.e., a 

high electron space charge. The electron space charge is created by 

the action of the anode in collecting electrons. The concentr.ation 

gradient of positive-ions increases in the direction of the cathode so 

that the electron space charge existing at the anode end of the· anode-

drop region is nearly neutralized at the cathode end of the a.liode-drop 

region by the increasing positive-ion concentration. It is at this 

nearly neutral point that the plasma of the positive column begins. 

Oscillations in DC Arcs 

When an alternating current is super-imposed on a d-e arc, the total 

arc current can be .expressed as 

• 
"' I J 1m sin wt 

where I is the normal value of d-e arc current 
and Im is the peak alternating component of arc 
current. 

With this type of current flow, the characteristics exhibit a dynamic 

behavlor that is different from that of the static characteristics resulting 
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from d-e current flow alone. It is evident that with the frequency w 

close to or equal. to zero, the dynamic operation of the discharge 

tube is -substantially the same as its static operation. This is illus­

trated by trace 1 in figure 21 . 
1 

t 
v 

IW"i"'......._ 
I ........._ 
I 
I 
I 

• 
&--~ 

Imsin wt 

Fig •. ~1 D,yn:amic Characteristic of d-e Arc 
( W1 < W2 < w3 < W4) 

As w iS gradually increased, tube· operation is denoted by elliptic 

6.9 

trace 2 which shows an increasing voltage with a decreasing cur~ent. 

A further increase in W results in tube operation tracing out ellipse 

3. -In this case an increase of voltage is accompanied by a corresponding· 

increase in current. The reason for higher voltages witb.increa~ing 

1 
:~id. , p. 345 
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current at .these higher frequencies is given by Cobine 

The higher voltage with increasing current is due 
due to the fact that ionization of the column is 
less than normal so that a higher voltage gradient· 
is required to increase the ionization and supply 
the required current. Similarly, on decreasing 
current the ionization lags behind .the current 
and the arc has a greater ionization than is re­
quired so that. the current flows with a lower 
voltage gradient. I · 
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When the frequency w · is made quite high, the cha,racteristic .. pattern 

made by tube .operation possesses a positive slope and is practically 
. . ; 

a straight line. This can be interpreted as saying that at high frequen­

cies the arc volt~ampere characteristic are practically identical to 

that of pure resistance. 

Adsorption, Absorption, Occlusion and Sorption 

Gas molecules may leave their free state and become "imprisoned" 

in a solid by at least three processes: 

(1) The gas and the solid may react chemically. An example of 

·chemical "cleanup" of gases by solids iS the removal of water vapor 

by phosphorus pentoxide (Pz Os) in a chemical reaction to form 

phosphoric acid (H3 P04) ~ 

(2.) Gas molecules may also be "lost" in the p,resence of an evacu-

ated solid by two physi~.~l processes. One of these is adsorpt~on which 
r 

is defined as the condensing of the gas as a layer (having a thickness 

1 
Ibid. 
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of one or more molecules) on the surface of the solid .. 

(3) Another physical cleanup method is absorption. This is the case 

in which the gas molecule moves into the interior of the solid just as 

gas molecules dissolve in a liquid. The term occlusion has been used 

to describe the same general process but has fallen in disuse, having 

been supplanted by absorption. 

For those instances where both adsorption and absorption actions are 

taking place, a combination term sorption was. introduced by J. W. 

McBai.il in 1909. 

Several definitions on this general subject. will be helpful. 

Adsorbent ~ The solid which takes up the ga~:~. 

Adsorbate - The gas or vapor removed from the gas phase. 

Desorption = The process of removing gas from an absorbent. 

An absorbent possesses a sorptive capacity that is essentially pro­

portional to its surface per unit mass. Therefore porous adsorbents 

such as charcoal, silica gel, etc. are much more efficient at clea.riing 

up gasses than such substances as glass, mica, metal surfaces. which 

are composed of smooth plane surfaces. It should be noted that 

adsorption increases with decrease in temperature. In contrast 

absorption or true solution of gases in metals increases with increase 

in ternpe:ratu.:re. 

lt has been found by researchers that, in general, adsorption is greater 

at any given temperature for those gases which condense more readily 
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or have the higher boiling point.s .. Table 81. illustrates this relationship. 

Table 8 
Adsorption of Gases by Charcoal 

15°C (Volume per gram adsorb~nt, teniperat,ure 

Volume 3 Boilin~ Critical 
Ga.s ·Adsorbed, em ?oint, , C Tempe~ature * 
CQClz 440 ~ 8.3°C 18Z°C 

SOz 380 -10.0 157. 2. . 

CH3Cl ·Z77 . -Z3. 7 143.1 

NH3 181 -33.35 13Z.4 

HzS 99. -61.8 100.4. 

HCl 72. -83.7 51.4 

NzO 54 -89.5· 36.5 

CzHz 49 -88.5 36 

COz 48 -78.5 31.1 

CH4 16 -161. 5 -8Z.5 

co 9 -192. -139 

oz 8 ~183 --118. 8· 

Nz 8 -195.8 -147 • .1 

Hz 5 -ZSZ.8 -Z·39. 9 

* Values given in Handbook of Physics and Chemistry, 1945 Edition 

A theory on the nature of adsorption phenomena was developed by Langmuir 

in which he attempts to describe the nature of the forces existing at the 

surfaces of solids and liquids. Duslunan quotes from Langmuir's 

1 
Saul Dushman Scientific Foundations of Vacuum Technique. 

John Wiley ·8t Sons~ New York 1949, p. 389."" 
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original paper "Surface Chemistry'' p published in 1933. 

During the year 1914p in connection with studies of 
electron emission and chemical reactions at low 
pressures, !,became much interested in the 
phenomena of adsorption, and developed a theory 
which has been strikingly verified by a large 
number of experiments carried out since· that 
time. According to this theory there is an 
abrupt change in properties in passing through 
the surface of any -solid or liquid. The at.oms 
forming the .surface of a solid are held to the 
underlying atoms by forces similar to those 
acting between the atoms inside the solid. From 
BraggJs work on crystal structure and from many 
other considerations we know that these forces 
are of the type that have usually been classed as 
chemical. In the surface layer. because of the 
asymmetry of the conditions. the arrangement of 
the atoms must always be slightly different from 
that in the interior. These atoms will be un= . . 
saturated ch.emically and thus they are surrounded 
by an intense field of force. 

From other considerations. I was led to believe that 
when gas molecules· impinge against any solid or . 
liquid surface they do not in general rebound 
elastically p but condense on the surface. being 
held by the field of force of the surface atoms. 
'T'hP.RP. Tnnlf)r.uiP.s Tna.y subsP.quP.ntly evapor.-ate from 
the surface. The length of time that elapses 
between the condensation of a molecule ·and its 
subsequent evaporation depend.s on the intensity 
of the surface forces. Adsorption is the direct 
result of this time lag. If the surface forces are 
relatively intense, evaporation will take place at 
only a negligible rate. so that the surface of the 
solid becomes completely covered with a layer of 
molecules. In cases of true adsorption this layer 
will usually be not more than one molecule deep. 
for as soon as the surface becomes covered by a 
single layer the surface forces are chemically 
saturated. Where. on the other hand~ the ourface 
forces are weak the evaporation may occur so soon 
after condensation that only a small fraction of the 
surface becomes covered by a single layer of 
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adsorbed molecules. In agreement with the chemical 
nature of the surface forces. the range of these 
forces has been found to be extremely small. of 
the order of 10~8 em. That is .• the effective range 
of the forces is usuaUy·much less than the dia~ 
meter of the molecules. The molecules thus· 
usually orient themselves in definite ways in 
the surface layer since they are held to the 
surface by forces acting between the surface and 
particular atoms or groups of atoms in the ad~ 
sorbed molecule. I 

Evolution of Gases~ Glass 
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A number of investigators have come to the same conclusions. namely, 

that products liberated below 300°C from varipus kinds of glasses are 

adsorbed gases whereas at greater temperatures. actual chemical 

decomposition of the glass itself supplies the gaseous substances. 

Further study in this direction led to the following interpretation of· 

the results 

1 

2 

It is seen (the investigators state) that the ad,sorbed 
gases for the lim.e and lead glasses gre practically 
all given up at a temperature of 2.00 C. while 
3000C is required in the case of the borosilicate 
gll.asses. The absorbed gases begin to come off 
at the softening points of the various glasses. 
400°C for the lead and lime glasses. and 600°C 
fo.r the bui.'usllicate gla.s se s. Ill. tb.ls co1mectl01l 11 

it should be stated that the amount of absorbed 
gases found in the above experiments represents 
only that portion of the dissolved gases 'Yhich 
lies. nearest the surface of the glass. Owing to 
the great viscosity of the glass at the temperatures 
used~~ the rate of diffusion of the gas would be al~ 
together too slow to '2.errnit any considerable portion 
to reach the surface. 

Ibid .• p. 402 

Ibid. 11 p. 520 
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Hydrogen Thyratrons 

History 

:r'he hydrogen thyratron was developed p:dmarily t.o satisfy the need for 

a switch with.certain: prepe.rties. This swit.ch was to. be used in pul.s~ 

generators capable .of pr.:odu:cin:g a train 6f high pow-er and high v.oltag.e 

pulses of v.ery sh,ort. time duration. ·Radar sys;tems utiU.ze thes;e 

pulse generators to modu,late the transmi,tter and9 as a result 9 such. 

generators have been variously referred tp as ·"modulators", ''pulsers '' 

and "keyers". Rotary spark gaps were used in radar modulators in 

the early periods of radar development and were generally satisfactor~, 

h.Owever, several. disad:v.a.ntages were· present in these s-witching 

devices: 

(1) They were not well suited for high recurrence 

frequenc'ie s. 

(Z) A :variation in time of firing as hjgh as 50 psec was . 

an inherent charact.eristic. 

0) They could not be easily used in: designs inv.ol,v,ing 

air~tight enclosures. 

Therefore, studies w.ere begun on the feasibi.li.ty of using oUter devic.es 

as pulse generator switches. One of the general. ar.eas in which 

investigations· were carried out was that of thyratrons. Extensive 

experimentation at. the Radiation Laboratory resulted in the sue~ 

cessful. design of the hydr.ogen thyratron, which.had been proven 

75 
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more satif;factor-y than .other :types of thyratrons. The hydrogen thyra­

tron is ·the principal ty-pe modulator. switch used in pr.esent day radar 

design. 

Gene :r;al Requirements 

It was noted in the previous paragraph that hydrog.en thyratrons were 

successfully developed to function as switches in radar pulse gene'r~ 

· a.tors or modulators. The sped.fi,e type of modulator for whi~h the 

thyratron was best suit.ed was the "line-t.ype" puiser, s.o-called 

because the energy ... s:torage device in the pulser is essentially a 

lumped-constan.t·transmission line. This energy ... storage device is 

not only a sourc.e of electrical, energy· but also is the pulse-·shaping. 

component. Acc.ordingly, i,~: is known·a:s a pUlse-forming network, 

PFN, and is made up of inductance:; and capacitQrs .in a variety of 

connections •. 

A line-type pulser with the power supply and an isolating e~men,t are 

shown in schematic form in: figure 22 1 

"I'£ the capacitive porti,on of the PFN is charged up by the pOwer supply, 

the. ene'rgy thus stored can be· transferre.d to the load by closing the 

switch.· The switching aCtion mvolved imposes certain strict require­

ments on the switch. itself. The switch must have the fol.lowing 

.chara~te ristic s: 

1 
.-Glasoe and Lebacqz, .Pulse Generat.ol's, Mc.Graw ... Hi.ll, lnc., 

New York, 1948, p. 11. 
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PFN. 

Load 
.. 

.. 

Fig. ZZ Charging and Discharging Circuit for a 
Voltage-fed Network~. 

·(1) highc.curr.ent·-.carrying capacity 

s witch 

(z·) lowe$t. possible resistance during discharge of network 

(3) capability of closing very rapidly at predetermined ti.nles 

(4) ability to regain a .nonconduc'tblg state rapidly after the end 

of the pulse 

(S) retain that non-conducting state during the entire c:har~ 

periodo 

7,7 

In addition to meeting the above re.quireinents 0 the thyratron possesses · 

such advantages as~ 

.. ( 1) r.elative small size 
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(2) relative little weight 

(3) · high efficiency 

(4) ability to operate over wide range of plate voltages 

(5) accurate triggering with low voltage pulses to the grid. 

Comparison of Gas Fills 

Several readily~avaUable gases icould b.e used for the thyratron fill. 

Their various advantages and disadvantages are listed in table 9. 

Table 9 

Comparison of Gas Fills for Thyrat:rons 

Gas 

Mercury Vapor 

Zenon 

Arg.on . 

Helium 

Hydrogen 

Relative Advantages Relative Disadvantages 

1. Temperature~sensitive 
z. Long deionization time 
3. Low destruction voltage'* 

(30v) 

1. Long deionization time 
2~ Low destruction voltage* 

(in 30 volt range) 

1. Long deionization time 
2.. Low destruction voltage~~ 

~in 30 volt range) 

1. Sho11: deionization time 1. Low destruction voltage* . 
1in 30 volt .range) 

1 . Short deio~zation time 1. Gas cleanup 
1/10 that of Me rcu:ry, 
Argon or Zenon 

2. High Pestruction Voltage 
(600v) ' 

3. High voltage bTeakdown 
strength 

*Destruction voltage is the voltage corresponding to the ion velocity at 

which destruction of an oxide cathode sets in. 
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The advantages. listed in the above table for hydrogen appear to result 

from its low molecular weight. This low weight aUows more· rapid ion 

movement ·and the accompanying short recovery time .. Another benefit 

accruing from hydrogen's lightness is the comparatively slight harm 

to cathode surfaces resulting from positive ion bombardment. 

Structural Features of the Hydrogen Thyratron 

A cross~section of a type of hydrogen thyrat1;'ori is shown in figure 2.3. 
1 

.~Anode Lead 

Fig. 23 Structur~ of Hyd:rugen Thyratron 

The .qrawi.ng makes the following facts evident. 

1 

( 1) · The plate at all points is approximateiy equi~distant from 

the enclosing grid structure. The purpose of this con~ 

structional feature is twofold. 

Ibid. ' p. 338 
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(a) Thyratron gas pressures and electrode spacing design 

place the operating point on the lefthand part of the 

Paschen curve shown in figure 24
1 

In this region, 

the breakdown voltage is increasing rapidly as the 

product of pressure and spacing is reduced; there­

fore a design incorporating unlike gap distances· 

wC:ruld sustain gaseous discharge breakdown at lower 

v·oltages across the longer gap distances. 

(b) The shorter gap distances on the other hand allow 

breakdown to occur by the field emission process. 

It must be noted however that field· emission break.-

down does· not depend on gap dimensions alone but 

is also affected by electrode surface conditions. 

Conducive to field .emission breakdownis. the lower-

ing of surface work function (by deposit of evaporated 

cathode emitting material, for example) as welll as 

the concentration of electric fields at sharp surface 

irregUlarities. 

Ibid •• p. 337 



2000 

0 

Chapter IXI 

- . 

\ 

\ 
~ 

...... '"""- . 

0 4 8 !2. 16 20 

ProdiAct of Pressure in mm. and 
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~ 

Fig. Z4 ·Plot of Breakdown Voltage in Hydrogen as a Function: 
of the Product of Spacing and Pressure. 

It can thus be seen that dimensions froirn the thyratron anode to other 

electrOdes are determined by compromising.between long path lengthss 

to prevent field emission breakdownp and short path lengthss needed 

to· prev:ent gaseous electrical. breakdown. 

'(Z) Extensive baffBing surrounds the cathode. This accom.plis.h~s 

the following: 

(a) blocks a direct path from cathode~to~anode so that 

breakdown be~een·these two ele~~::trodes is unll.ike.ll.y 

to o.ccur spontaneously (L e. without initiation: by 

grid.) 

(b) miniinize s heat loss from ·the cathode by reducing 

radiation losses o 
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(c) decreases possibility of sputtered emissive mateda.ll. 

from the. cathode depositing upon surfaces in the 

. grid~anode region where high electric fields might 

bring about field emission breakdown. 

Because gas cleanup (permanent or temporary removal of gas mole= 

cules from their "free" gaseous state by chemical combination. 

adsorption or absorption} is accelerated by such reducing agents as 

carbon, silicon, etc .• materials free of these substances must be used 

in hydrogen thyratron cathodes. Electrolytk nickel is a material 

meeting these specifications and is commonly used for hydrogen 

thyratron cathodes. Grade A nickel is used for most of the other tube 

parts except for the anode. Molybdenum is used for anode construction 

to minimize anode sputtering. 

Some additional constructional features of hydrogen thyratrons are 

illustrated in figures 25 and 26. 1 

Figure 25a shows the typical plane parallel electrode arrangement of 

. 2 . 
hydrogen thyratrons in gen·eral. Mr •. Goldberg enlarges on this 

matter. 

In this design the anode, grid, and cathode are 
essentially coplanar,=.=~. The essential features 
of this design, and in fact of any thyratron design, 
are: 

1 
Seymour Goldberg, Research Study on Hydrogen Thyratrons 

Vol II. Edgerton·. Germeshausen, k Grierp hie., Boston, 1956, 
pp. V ~4 and V ~5, 

2 
Ibid •• p. v ~3 
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Cathode 

I cath~e I 

(al (b) 

Grid Grid 

Cathode 
1'\\ // 

·~ 

(C) ~ Cathode (d) 

Fig. 25 Plane Parallel Thyratron Structures with Different 
Cathode. Arrangements 

1. Anode surrounded by close ~fitting shield (in this 
case the grid) to prevent long path breakdown. 
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Z. Grid~cathode spacing about five times anode spacing 
to allow breakdown ·in grid~cathode space. 

However figure Z5a is the idealized electrode arrangement which must · 

be modified to the practical configuration of figure Z5b. This cathode 

designp used on the 4C35 and 5CZZP provides greater emitting cathode 
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area and lessens the possibility of cathode emissive deposit on grid 

.surfaces. The cathodes ot figures 25c ~d 2.5d are exampl~s of inc. 

creased cathode area design accomplished by the addition of cathode 

vanes. These cathode structures are ;used in the 1907 and larger. 

thyratrons. An evident common geometrical feature of the tube 

structures shown in fig. 2.5 is the placement of the anode lead at one 

end of the envelope while the griq .and cath~de leads come out at the 

other e'nd. ! This double .. ended arrangement is used for the larger 

higher~voltage tubes to provide large external leakage paths from 

anode to cathode. On smal~er low-voltage tubes this requirement 

is not necessary and· results in the single-ended structure shown in 

figure 2.6. In this instance all electrode leads are brought out through 

the base. 

Top View 

Grid 

Side View 
Anode 

cathode 
Gtid 

Fig. 2.6 Single Ended Thyratron Structure 
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Hydrogen Thyratron Operation 

It has been previously mentioned that hydrogen thyratrons were well 

suited to ope ration in ·voltage ~fed line ~type pulse rs. An example of 

this type of circuit is reproduced in figure 27. D.C. resonant 

charging is used in this instance to provide the necessary energy 

Charging 
Choke 

I-r-_r-:1--.:r PFN 

Hydrogen 
• Thyratron 

Fig. Z7 Line Type PuLser 
. . 

to the PFN capacity. This permits the selection of a lower voltage 

anode supply since D •. c. resonant charging will supply nearly twice 

this power supply voltage to the PFN capacitors. The voltage and 

current waveforms encountered at various points in the circuitare 

presented in figure Z8. 
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T!AbeOro~ 

O~~~~A~N~O~D~E~VO~~~~~A~G~E~~~*---+-~~~--------------~--~-

-V 

+I 

Inverse Voltage 

f .. 
~Pulse Period 
(~panded Scale) 

O-T~C~A~T~H~O~D~E~C~U~R~R~E~N~T~----~~~~~~~~~--------~--~~ 
· Wfdth o Pulse 

+V 

tp ~determined by 
I ~he PFN. 

Unloaded Grid Pulse 
Grid Pulse after grid­

cathod~ space brea~s 
down w•th al'locle-vfd 
breakdown ~ 

~"-'""':;r--without anode-9rid 
O-+-'TR~I~G~G~E_R~P~U~L~S~E~----~~~--~--~b~r~ea~kd~o~w~n~·~----~~----~-

Fig. 28 Voltage and Current Waveforms of Line Type 
Pulser in Figure 27. 

A complete cycle of the wave forms in figure 28 will now b.e s~i.ed · 
. .· . 1 

in greater detail. Such a study niade by Goldberg proposed that the 

. :; .. 

complete pulse :cyde be divided. into four portions which were defined 

by him as follows: 
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1.. ·triggering 

2.. ·commut~tion 

3.. steady state cor.1.duction 

4.. r.ecov.ery. 

These fpur dist~ct .operat,ion modes a·re sh.own. in figure' 2.9
1 ill the 

order of times .. in whl,ch they :occur.. 
. STEADY 

TRIGGERING COMMUTATION CONDUCTION DEIONIZATION & RECOVERY 

~OOOt-----...:.-&. 

WRRENT 0.7 
AMP. 

. ' 

'Fig. ~9· ·Typical Events in: the :pulsed Operation of a 
Hydrog~~ Thyratr9n. 

1 Ibid. 
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Goldberg .describe~?' tube a«:tion tak;ing place dur~g each of these intervals. . . . 

. . . • • • • The voltages an:d curreut show.n are typical 
for the 4C35 thyratron. 

The triggering interval is initiated by the application 
of the posi~ve grid trigger pulse. Follow.ing a 
d~lay in the order of tenth.s pf a irrl.,cr.osecond · 
££om the application of voltage. :grid current is 
observe.d to increase exponentially with t;ime. 
After the grid current· reaches a certain critical 
value.' conduction is transferred to the anode 
region and the commutation: interval starts. The 
anode voJ!.tage then falls rapidly with a time constant 
of a few hundredths of·a microse~~::ond. The cathode 
current rises at a rate determined by the modulator 
circuit tim.e constant and the rate of fall of anode 
potential. 

The course of the grid voltage during the commu~ 
tatiton interval is somewhat erratic. prindpalll.y 
because of seltf and mutual inductive effects of the 
rapidly rising current in the cathode circuit. Under 
certain· conditions :these indu~~::tiv.e effects can give 
rise to a voltage spike on the grid in the order of 
kilovolts. During ·the steady conduction interval 
which follows. the current is substantially :constant 
and the anode voltage is at some low value equal . 
to the. steady state tube drop. At the end of this 
time the pulse network has delivered the charge 
it received and the current falls to zero. 

Next. a negative or inver.se voltage appears at the 
anode because of the normal mismatch in impedance 
between th.e load resistance and the pulse network. 
This starts the deionization or recovery interval. 
during which the plasma remaining in the tub~e as 
a result of the discharge decays to the tube walls 
by means of a diffusion pro.cess. The anode 
voltage slowly increases from its inverse value 
l.o the peak forward voltage. Oscillations are 
superimposed on this because of transients re ~ 
fleeted back and forth along the pulse line. Because 
.of losses in the transmission line. these normally 
decay to a negligibly small value after some tens 
of microseconds. At the end of 360 mic.roseconds. 
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which corresponds to a repetition rate of 2, 800 
cycles per second for the example shown. the 
anode voltage reaches its full peak forward 
voltage called epy. If the grid is maintained 
negative during the deionization period, a current 
made up of positive ions will flow to it. Diffusion 
los~es of the plasma cause the current to decay 
exponentially with time as the plasma decays .1 
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The following paragraphs will expand in detail on the four arbitrary· 

divisions of pulsed tube operation. 

Tri~gering 

The triggering action occurring in most hydrogen thyr~trons may be 

divide.d into three steps: 

(1) Positive pulse voltage is applied to the grid. 

(2) · Electr.o;n:s. £rpm the catJiode are accelerated to the grid, 

colliding with gas molecuies enroute and ionizing them. 

Thus.a build..:up of grid current_.ensues and, in the process, 

a plasma is. created in th.e grid=cathode region~ 

(3) El~ctrons from t:h.e newly=fo.rmed plasma.diffus.e to.the 

·grid ·regions penetrated by the anode field (at the grid 

openings or beyond th:e anode=field nshadow" cast by 

a solid gdd). 

'In the next step, these electrons, diffusing to regions within· .the in= 

fluence of the anode field, are accelerated by the field toward the 

anode. The resultant ionization and breakdown of the grid=anode 

region is defined as commutation and is expanded upon more fully 

1 
Ibid., pp. Il=3 and fl .. 4 
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in the next paragraph. 

A definite time interval is required between the initial application of 

a positive pulse to the grid and the occurrence of commutation. . This 

time interval appears to be affected by the initial location of the gr~d-

to-cathode discharge. The location of the grid=to=cathode discharge 

path is shown in figure 30 
1 

for a 4C35 type tube .. 

Anode~ 

Fig. 30 Equi-potential lines in the grid-cathode space and in the 
space between the grid baffle and anode of 4C35. Lines are identi­
fied in percentage of grid voltage (in grid space) and in percentage 
of anode voltage (in anode space). 
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Goldberg enumerates some of the various factors af~ecting time of 

commutation: 

The focusing action is. indicated by the shaded 
paths shown in figure II~6. [our figure 30]. 

Since the initial. eleCtrons flow in this pathp 
we might expect the plasma to be initially 
located her.e also. Because of the high degree. 
of shielding of the anodeP. electrons mustp in 
order to contribute to anode breakdown, appear 
at the annular opening leading to the anode. 
We must rely on diffusion or some other mech·.., .. 
ab.ism. to a]lo~.-.electr.,P.;n.S.·;to move here, · 

~~ • • • • • • 0 • 0 • • 0 • 0 0 • 0 0 0 0 0 • 

Since the time of commutation is affected by 
the initial location of the grid~cathode dis­
charge, we might expect factors that influence 
the initial course of the electrons to be of 
importance in determining this time. The 
presence. of magnetic fields originating from 
the fifament windings has been shown to have 
an effect on the commutation time and to 
introduce a .source of jitter whic::h corresponds 
in frequency to the alternating filament voltage. 
Magnetic fields of this nature wouldp of course, 
affect the initial path of electrons as well as 
the manner in which they ciiffuse. 1 . 

· Commutation 
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. 2 
In his attempt to explain the mechanism of anode breakdown, Goldberg 

. ' . dis.carded as not agreeing with the known experimental facts both a 

plasma front theory developed by Langmuir and·a diffusion process. 

1 
Ibid., pp. II-10 and 11-13 

2 
Ibid., pp. 11-15 to ll~4Z 
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Instead a picture has been developed in which. an increasing apparent 

area of the ariode and accQmpanying potential change in the grid~anode 

apace continue to the point where breakdoWn. takes place. This may be· 

described in detail as .fQij.Ows. When the an:O,de ~:oll.t~ge is raised to 

th,e leyel where the anode· space potentia,! is greater than that of lhe 

tr~ggering plasma by an a.tnoun,t at Jeast .equal, to the ionizatio~ potent~a1. 

then some ionization ()cCU:rs in the space between the anQd~ and pl~sma. 

The resulting po:.si,tive .spac.e charge in the. anode region leads to~ 
. .. -

rai.sing. of space pptenti~ at aU points in the grid .... anode re·gion..- ·Thus 

the ~qui.,.pote·ntialUne representing the ionization potential moves 

clps~r to the grid, and the apparent electron collectlng area·of the 

anode is enlarged. Thi.s: proc.ess is cumulative, for more ei¢ct.rons 

. . ' . . . . 

are gathered in: by the a:o.Qdes gr~ater col.l,ect,illg a,.xea. This increased 
: . - -

electron current in turn multiplies the formation of positive i,ons whi~~ 

again elevate anode space potentials. The accompanying anode area· 

enlargement starts the process all over again~· and the. cycle is repea~ed. 

unti~ breakdown i,s acc.omplished. 

1'he Steady. State Discharge 

T~e steady state d!scharge, occurring immediately after commutation, 

~sts for a period of time as determined by the PFN. The.~yratron:. 
' . 

. passes the required cu.rrent by the folloWing tube action. 

Figure 31
1 ~hows the exist.ence in the tube ot two plasmas separated 

by a double sheath. The cathode plasma is the one estabij.shed during 

1 
~· p • .IIo;-44 
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the triggering phase and has been previously referred to as a triggering 

plasma, The anode plasma (six t.imes the density of the cathode plasma) 

Anode 
Plasma 

N2. 

Double -.-M~ 
Sheath , 
connectmg 
Anode and 
Cathode 
Plasmas 

Cathode 
Plasma 

NL 

Anode 

Grid 
. Space 

Grid Baffle 

!::::;;;:======~r cathode 
Space 

Fig. 31 Double Sheath BoWlding Anode and Cathode Plasmas 
during Steady Discharge. 

is formed during commutation and is surrotmded by a double sheath 

which is also designated as the anode. collecting area. This double 

sheath may be considered to be the anode itself projected out to the 

cathode plasma since nearly all ·electrons arriving at the double 

sheath also reach the anode itself. 



i 
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Deionization and ~covery 

The steady=state. dis~harge phase is .completed with the depletion of 

the ener·gy in the PFN capacitance. At this time the discharge region 

in the tube .still possesses. a substantially large nUIIlber of free 

electrons and positive ions. It has been shown (in figure za) that. 

the anode voltage· at this point of the cycle is negative due to mis ~ 

match in impedance between the pulse forming .network and·· the 

resistance load. The anode voltage then: slowly becomes more positive 

as ~e PFN charges up. If the plasma in th.e thyratron has not reduced 

. to a sufficiently low level by the time the anode voltage reaches a 

critical value of positive voltage, tube breakdown may occur without 

application of trigger voltage. With regard to this, the term.''re.covery 

time" has been used to denote the interval between the end of the current 

pulse and the time at which positive voltage may be reapplied without 

<;a using breakdown. 

Recovery times are influenced by: 

(1) negative bias on the gr!d. (Recovery time is a 

logarithmic fu.nction of negative bias.) 

(2)' peak current during the discharge. (The amoUn.t 

of ionized particles present in the discharge path 

at the ;;tart of the deionization period is proportional 

to the peak currents ·passed by the tub.e. 
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Whiie inverse voltage at the anode will quickly sweep positive ions in 

the grid..;anode region to the anode, the cathode plasma requires a 

relatively long time to disappear since th.e grid~cathode region is 
. ' 

shielded from the anode· fiel!i. Therefore inverse voltage at the 

an,Dde does not measurably change recovery time. 

The primary manner in which the plasma is removed from the dis'= 

charge region. appears. to b;e diffusion of the charged particles t.o 

wall and electrode surfaces. Go!db.er.g discusses this subject more 

fully. 

1 

The diffusion is termed ambipolart meaning that 
both the ions and electrons leave the plasma at· 
an equal rat~. If the ions and the electrons were 
to. leave at' their free diffusion rates, the 
electron loss w.ould predominate, leaving the plasma 
charged positive. This pc;;sitive charge, in turn, 
would restrain the free loss ·of el.e.Ctrons. An 
equilibrl.u:m state then results wherein a small 
field is set up in the plasma to hold back the .. ·faster 
electrons so that the loss of ions and electrons 
proce.eds at an equal rate. Ion loss by recombination 
of ions: and electrons in the gas volume is highly 
improbable because of the improbability of an ion 
and an eie·ctron colliding and be.cause of the tendency, 
even when collision occurs, of the electron to enter 
a diverging or.bit around the ion without radiating 
or entering into an orbit of the ion . 

• ••.• 1 • • lit 0 • • Cl 0 0 0 0 • 0 0 • 0 0 0 0 0 0 0 0 Cl 0 • 

The theory of ambipolar diffusion to the walls th~ 
. appears to account fairly well for the rate of disap~ 
pearan:ce of the plasma. Accordingly, shortening 
the diffusion distances would be a mea.nS of reducing 
the deionization and recovery times. 1 

.Ibid., PI>• U-75 and n~79 
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Hydrogen Thyratron Ope ration Lbnits 

Thyratron .operation lirirl.ts are c:leterinined principally by the degree 

o.f dissipation o~curring hi the various. parts of the tube. This 

dissipation is encounterec:l mainly at the anode, grid, .and cathode. 

Anod,e Dissipation · 

Anode dissipation takes place during two portions of the .operating 

cycle: 

(1) An energy loss results during commutation when the 

anode voltage; thOugh dropping, is still relati~ely. 

high while th~ anode current i~ riSing .. Figure 32 1 · 

illustrates the time relationship of these parameters·. 

This condition of initial high anOde -voltage and s.:hnul~ 

taneous .exis.tence of anode curr.ent produces a spike of 

dissipation which accounts for the major portion of 
. I 

energy given up at the anode. The ~iti.al spike is clearly 

dentonst~at~d in figu:x:e 33. 
2

· 

Another cause 9f energy loss at the anode ·appears shortly 

after t~e end of the st~ady discharge .or at· the beginning 

of the de ionization and recovery period.. At this. time 

inverse yoltage on the an()de bri,rigs· on ancxle bombardntent 

1 Glasoe and Lebac:qz, O.p. Cit.·, p. 344 

z 
Glasoe and I,-ebacqz, Op. Cit. , p. 345 
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by positive ions which are still present in the grid=ahode 

region at the end of the steady discharge intei:rvaL The 

positive =ion current flow exhibits the following 

characteristics: 

{a) lt lasts for only a few tenths of a microsecond but 

can produce serious damage to the anode by the 

sputtering of the electrode •s' s.urfaces. 

(b) The peak amplitude of this inverse current is 

directly proportional to the value of the coinCident 

inverse voltage on the anode. The latter voltage 

value is directly affect.ed by the degree of impedance 

' 
mismatch between the PFN· and its load. 

(c) The peak amplitude of this inverse current is also 

directly affected by the amplitude of the main 
; 

forward current pulse. since the latter establishes 

the multiplicity of ions in the anode region. 

{dl The inverse current remains unchanged with change 

in ~be pressure. 

97 

(3) Anode ·dissipation can also be brought about by the emission 

of electron.s from the grid to the anode during. the interpulse 

period when the anode potential is increasing to higb voltage 

levels. 

( 
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Grid dissipation takes place during the steady~state discharge. The 

electrons gain energy f:rom acceleration across the cathode sheath and 

across the d_ouble sheath existing in the grid region. ~ecause of large 

grid electrode area ~d the constrictipn of the main discharge at the 
' 

grid apertures. a large amount of the gas energy is transferred to 

the grid electrode surfaces. 
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Cathode Dissipation · 

Concerning cathode dissipation, Goldberg provides the following 

explanation. 

Cathode dissipation also occurs during the steady 
state discharge because of i2R losses resulting 
from the resistive nature of the cathode coating. 

• 0 0 0 • -. 0 0 0 c Cl 0 0 0 0 0 0 0 0 0 0 0 .. 0 • 0 0 

Dissipation in the cathode results primarily from 
pas.sage of the emitted electron current through the 
resistive cathode coating. The principal effect 
of cathode dissipation is to heat the cathode which 
increases the rate of evaporation of cathode coating 
and depletes the active emitting surface. The 
dissipation ,resulting from ion bombardment of 
the cathode is generally negligible, since the 
cathode sheath through which the ions are acceler­
ated is only about 2.0 volts compared to resistive 
voltages in the order of 100 volts in the cathode 
coating. due to primary electron current. In 
addition, the ion currents are only about Z% of 
the electron current .. It is only in cases where 
the cathode has become considerably deactivated 
and sheath voltages far in excess of ZO volts 
develop that ion bombardment becomes an 
appreciable source of dissipation·. 1 
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Goldberg's analysis led to the conc.D.usion that generally cathode dissi­

pation is proportional to th.e RMS cathode cu:r:reni squared.· 

Hydrogen Thyratron OperationaJ Parameters 

Typical characteristics of hydrogen thyratrons will be enumerated in an 

attempt to provid~ a general background on practical thyratron oper= 

ation. 

1 
Goldberg, Qp. Cit .• pp. 111=4 and III-23 
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Cathbqe T~mpe:t:~'t.ures 

Thyrat~ron ~·ath.Q:c:k te'mperat)ir~ s .mu,st be ke.pt. ~~ a reJ.a,t_iy:~l.y 

narro,w r:an.~e fu ;orclex ~o S,'{bid und.esirapJ2· reSlilt,so Ori .. ~ oli;e ha.mi, 

· catb,o.~ temperat:ur.:e~ ~ 900°C and hl~r lead to, ~r.mat e#PQra.t'i;on 

of .cath,od.e ¢oa~g p~ ;t.,ts p:ossible ch,emi;9,a). re~n wi,th hydrdgen 

a~ ~s.e ili_crea~:d ~empe~atures. Too lo~ cath,b:de t;empetat:ur.e$, . 

b'e~g at s.o_o~c, P,rmg abo:t¢ ~hed cath,ode emis~ioli, ~ 

fu_rt;her dl'OP in ca~ \elnperatux'e i,s ac:companied by rapidly·­

d.ecreasing catb,ode ~mission, high tube. d,rop an;d high tube db~si~tion. 

Therefore, cath,ode t~peratures of 8.00°C to. S50°C are t;he app;r_o­

priate temperature bounda_ries withinwhi,ch proper ~e operatiOJt 

lies. 

~atian ·Time 

Ionization time may be defin:e.d as the tim:e taken for anod,e xoltage to. 

fall from ~axim.'um a~e y-oltage before .c:ond.~ti,on to the start of 

the steady.~state d:i,sc-eharge. This process appears to requ_ire 0. oz· to · 

0. 07 p.s.ec to b~ c.ompJe~ed and is affected primarily by bv.o factp~s, 

ps pressure~ ~cl tube g.ebmetry.· Gas.pre.ssur.e·is a mea.sure {at· 

const~ t~~peralur(!ts) a( the ~bel' p~ gas m.olecul.es. pres;ent hi tJw 

em:Ios.ed v~l~e; therefore higher pr.ess~e,s mean: greater nU:mb~;rs · 

of gas mpl,ecules, and g~e~er probabi.J.i:~e's of electron coll:i,sl.on \1d,* 
~J~e molecUles~- H;ighe;( ps press~_res are 'Ums co:ndlici.~e tc;l. ~ter 

rate ot ion bu:ij.cfup-o~ s.b.O.:rte r ionization tjm.es o lQnizati,on thne 'J,s ~lso· 

ii 
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approxi:mately proportional.to tube dimensions ~cording to 

Germesha:usen. 
1 

The larger tubes 9 such as the 5C22s have longer 

ionization times (approximately 0. 07 p,sec) while the smaller 3C45 

and 4C35 require times· ·t.o ionize of 0. 03 p;sec and 0. 045 psec re= 

spectively. Such factors on the other hand as anode current9 rate 

of rise of anode current 9 and initial plate voltage fail to influence 

the time of gas ionization. In addition» Krulik.oski found among .other 

things that ionization.time was unchanging for different pulse lengths»·. 

. l' 2, repetition rates 9 anq operating power evels •. 

Tube Drop 

Tube drop of a hydrogen thyratron can be cQnsidered to exhibit· two 

distinct aspects. The first portion of each pulse or the ionization 

interval of commutation is one of relatively high tube drop. This 

initial phase of tube conduction is ill~strated in the first 0. 05 p.sec of 

the voltage. curve in figur.e· 32,. The tube drop values generally listed 

in hydrogen thyratron specifications are those measured during th.e 

steady=state dis;eharge part of the pulse. In figure 32 this is repre= 

s.ented b.y the part of the voltage curve to the right of the 0. 05 p.sec 

tjlne. During this period~ the amount of tube drop is influenced ·by 
..... 

the emissiye qUality of the cathode and by the value of peak cathode 

c.U:rrent conducted through the tube. The· latter relationship is. 

1 
GJ.a.so.e and Lebacqz» Op. Cit.» p .. 345 

2 S. J. Krulikosk.i9 Jr. 9 Hydrogen Thyratrons in Pulse Generator 
Circuits 9 Radiation Laboratory Report No. 953» March» .1946. · 
p~. 953=4 & 953-16. • 

.· 
I 



shown in figure 34. 
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The dissipation .occurring in a hydrogen: thyratron durin~ a puls.e is 

shown, in figure 33 and aga~ in figure 35. 
2 

The peak of dissipation at the beginning .of. the power dissipation curve 

.in figure 35B r.esults from. a product of rising anode .current.and 

comparatively~high ,anode voltage. A smaller but substantilll spjJt.e 

of dis,sipatj.on is eVidenced at th.e end of the pulse, and is caused by 

a high inverse an~e voltage in conjunction with the inverse current 

flowing at that time-. The portion of the curve be~een these two peaks 

1 Glasoe and Lebacqz, Op. C;it., p. 345 

Z R. S. Whitlock, Techniques for A~lication of Electron Tubes 
iil. Military Egui.pment, Vol. 1, W_right-att.erson Air Force Base·, Ohio, 
December 19 8, p. 3-15. 
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Fig. 35 Power Dissipation at the Anode of a Type JAN-5C22/HT 415 
Hydrogen Thyratron. (A) Anode Vol1.:age and Anode 
Current vs. Time. (B) Product of Anode Voltage and 
Anode· Current vs. ,Time. 

is the amount of energy dissipated in the tube during the steady-state 

conduction. Tube dissipation per pulse will i~ general change with 

change in such circuit parameters as pulse current, pulse duration, 

anode voltage, and rate of rise of anode current. 

The variations in average power dissipation with a number of operating 

conditions were measured by Kruliskoski. 
1 

He found that average 

power dissipation~ 

(1) varies approximately linearly with pulse repetition 

frequency 

1 
Kruliskoski • ..QE: Cit., pp. 953-32 to 953=46. 
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. (2) decreases with decrease in operating power leyel. 

Triggering Ti:me 

Triggering Time might. b:e considered to be that inter~al of time from 

the attainment of 6. yo~ts by th,e grid to the instant of anode breakdown. 

As has been mentioned before, one of th:e requ:ir.ement s for moduiator 

.switches i.s the .capabi,lity of closing very rapidly at predetermined 

times. EXtremely short trigger time or capabi.li,ty of closing very 

rapidly is a hydrogen thyratron characteristic. To this performance 

capability must be added the advantage of low ''jitter" or variation 

· in triggering tim.e from pulse to pulse. Some external operatirig 

conditions that would t.end to modify triggering times are the amplitude 

and rate of rise of the trigger pulse and the thyratron anode voltage. 

T~ relatioD:ship of rate of rise of grid.,.voltage vs grid-to-cathode 

. . 6 1 
breakdown voltage is graphically illustrated in figure 3 • 

. 150 

Volts/fsec. 
406 

I 

.. I 
/; 
I; / 

I / ....­Y/ ................ 
/""' 

oo~--------~--------~~--------~5 0.5 1.0 I. 

·Time in JAS6C. 

Fig. 36 Grid.,;to-Cathode·Break.down Voltage as a Function of 
the Rate of· Rise of Grid Voltage for a 4C 35 Thyratron. 

1 
Glasoe and Lebacqzp Qp. Cit. p p. 350 

.. ; 
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Goldberg investigated triggering phenomena and obtained results shown 

in fig. 37. 
1 

In this case the point of anode breakdown is observed for 

·various values of applied grid voltages. It is readily apparent fr.om 

. this figure that higher grid voltages bring about shorter triggering 

times. 

A ~od~ Condu ~ion Start ~ 
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Grid - --
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Fig. 37 Grid Current During Breakdown of the Cathode~Grid 
Spaee and Com.m.utation to the Anode as Functions of 
Tim.e at Various Voltages. Anode Voltage 3 KV. 

Within the broader classification of Triggering Time will be included 

the subject of Anode Delay time. ·Anode delay time as discussed by 

Gerrneshausen
2 

is described as the period of time measured between 

1 
Goldberg, Qp. Cit., p. ll=6 

z 
Glasoe and Lebacqz~ .Qp. Cit .• pp. 350 to 352. 
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grid=cathode breakdown and the breakdown of grid=anode. Anode delay· 

tiine's variation with several fa.ctors may be summarized as follows: 

1 

(1) An:ode delay tiriie increases slightly with decrease in 

anode voltage. (A representative measurement is a 

0. 07 J!SeC increase in delay time With a change of anode . 

voltage from full to 1/4 maximum anode voltage. ) 

(2.) Anode delay time decreases with decrease in tr!gger 

i.m_pedance. The time reduction amounted to 0. 1 p.sec 

with a 2.00.0 ohm to 2.00 ohm change in trigger impedance. 

For gene~ally=used trigger circuits~ the internal 

impedances Ue in a 300 to. 500 ohm range. 

(3) · Anode delay time decreases with. an incre~se in rate 

of rise of trigger voltage. The manner in which the. 

two are interrelated is presented in figure 38. 
1 

The 

· curves 'indicate that rate of rise of trigger voltage· 

affect.s delay time a lesser amount beyond trigger 

voltage rise rates of 2.00 to 300 volts/p..sec. 

Glasoe and Lebacqz, Op. Cit.~ p. 35Z 
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VN = 8 Kv. trigger amplitude - 150v) 

Summa·ry of Thyratron Operation 

In the interest of providing a single compact source of information 

on operation characteristics. the preceding four sections will be 

summarized in table 10. 
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PARAMETER 

1. ][onization Time 

2.~ Tube Drop 

3. ·Tube Dissipation 
Per Pu[se 

4. Triggering Time 

5. Anode Delay Time 

TABLE 10 

SUMMARY OF THYRATRON OPERATION CHARACT~RlSTICS 

DEFJ[NIT][ON 

Tllne We rval from start of 
anode voltage f~U (from 
maximum volltoige before 
conduction) to start of steady~ 
state conduction 

Anode =to=cathode drop 

Produd of tube drop and 
tube cur re :mt 

Interval of time from 
attainment of 6 volts 
by the g:dd to the 
instant of anode break­
down 

Period of time from grid= 
cathode breakdown and 
breakdown of grid-.anode 

VARIES WITH 

«a) Tube geometry 
{b) Gas pres.sure 

(a~ Cathode emission 
(b) Cathode current 
{c) Gas pressure (slightly} 

{a} Pulse current 
«b» Pulse duration 
(c) Anode voltage 
(d) Rate of rise of 

anode current 

{a) Amplitude of trigger 
(b) Rate of rise of trigger 
(c) Anode voltage 

(a) Anode voltage 
(b) Anode delay time 
(c) Rate of rise of trigger 

voltage 

. R.EM.A,RKS 

'F ypical value ~~of 
ionization times: 
• 02. to· . 01 p.sec 

Typical va-lues: 
80 to 12.0 volts 

Typical values are 
de,pendemt:E:m anode 
current s~ee tube drop 
is near! y the saxne ·.f.or ·. 
most hydrogen thyratr.ons. 

.. 
...... 
0 
00 
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Some Specific Att.ributes of Type 1258 Hydrogen Thyratron 

Introduction 

A study of several characteristics of a reliable version of the type 1258 

hydrogen thy~atron was initiated. It was expec~ed that a fuller knowledge 

of the tube's operating parameters would be gained through a number of· 

inv.estigative tests. To that end, the following relationships were 

sought: 

( 1) filament current vs. time 

· (2) tube drop vs. filament v.oltage 

(3) tube drop vs. time 

General Description: 

The type 1258 thyratron has a single ~ended structure ~- that is, the 

tube leads exit through one end of the glass envelope. The glass 

envelope is the standard T 6j. miniature size and is composed of a 

hard glass, Corning 7720 or similar. The hard glass is necessary as 

a res\Jlt of the hi,gh bUlb temperatures encountered in regular operation 

of the thyratron. To Yllatch the te_mperature coefficient of hard glass, 

tungsten is used for the tube base pins. Since tungsten is a hard and 

relatively unbending material, the insertion of a tube with base pins 

Yllade of this metal into a tube socket with slight misalignment of socket 

receptacles can result in glas·s base cracks or breakage. The tungsten 

pins, instead of bending to fit the misaligned socket receptacle, remain 

rigid and transmit. nearly the full side forces to the glass base~ To 

109 
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minimize the possibility of glass base damage, sockets with "floatingi• 

receptacles ~-that is, receptadesl> alll.owing a limited amount of 

lateral mbvement, should be employed. The usual jigs for straightenillg 

tube base pins should also be avoided to reduce glass. base dam.age. 
l ~ . 

The general constructional features o( ~he type 1Z58 reliable 'version 

are illustrated in figure 39. 

cathod~ Baffle 
Perforations 
in Shield in 
18Q0 Arc 

Cprn ing '172.0 
Borosilicate 
Glass or 
Equiwlent 

Glass 
Thickness 
0.030 Inches 
Average 

~~H:--Hydrogen 
Gas Pressure­
Approxi!'"ately 
1500 Macrons 

.Tun9Sten 
Pins 

Fig, 39. General Constructional Features of the Type 1Z58 
Hydrogen Thyratron. 
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Filament Current vs •. Time 

The initial peak of filament cu.rrent through cold tube filaments can 

pnpose sever.e starling loads .on the heater power. supplie's and also 

place considerable electricai and :mechanical strains on the tube fila~ 

ments themselves. In the latter case, life tests can: be performed 

utUizing the worst c.ombination of conditions in which filaments are 

c_old-started in regular cycles with appropriately selected high 

filament voltages. The results of this type of life testing will indicate 

the extent to which the tube may be affected in similar actual circuit 

use. 

It is the intent in this instance, however, to investigate only the char­

acteristic affecting filament power supply loading _ .. i.e., the i.n!tial 

surge value of filament current through cold tube filaments. This 

was accomplished by employing the circuit and procedure _shown in 

·Appendix A. 
o• 

Photographs of oscilloscope traces were obtained of va~ious filament 

surge current values under different conditions of applied voltages wj.th 

respect to the latter's amplitude, rise time, and frequen~y. These are 

shown in figures 40 and 41. 

Figure 40{A) to 40(C) show the effect of the application of a controll~d 

rate of rise of filament voltage on a cold tube and a warm tube. The 

surge current rises to764- amperes on the cold tube. 
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Th~ initial. surge of RMS curre;nt ~ figure 40 (D) to. 40 (F) appears t,o 

be app~mcim.ately 7 amperes i;n ~alue. The A.C. filament v(>ltage used 

in this instance was th~ s.tandard 6 o 3 volts. . . . . ; ~ . . . 

. . . . . 
.hi figure 41 (A) through 41 (F), the filament current surges were obtained 

. . 

us~g a ''sUff'' filament power s;upply --i.e~, one with low internal 

imp.edance and good regulation. With an,: internalfmpedaftce of 0. 0.01 

oluns, fil~ent voltage ri,~e times of appx:oximately 8 to lO mi@econds . . . 

were obtained With the filaments 'of one ·Type 1258 thyra,tron as'~ load. 

The surge currents under these conditions of applied voltage are shown 

a~ approximately 9 amperes and 10 amperes for filame~t voltages '·of . 

6._3 and 7. 1 volts respective~y o The steady state value of filament. 

current .generally measured in a Type 1258 after one minute oper~tion · 

will Ue in the. range pf 1. 70 to 1. 95 amperes. 

Tube Drop!:!..:. Fil~ent Voltage 
. . . . 

l 

'. 

Since filament voltages ma,y vary during thyrat_ron operation, a know-

ledge of the degree .9f accomp·anying tube drop change·w()ul~ be us·efu:J..~ 

The measurements were made with the plate voltage and trigger v:o~tage 

set at the normal values and With the' f]J~ent ·voltage .only being variedo 

The details of the procedure, circuit schematic, and graphical results 
. . 

are. shown in Appendix B. 

The cuj:ve s for this relationship emphasize how much tUbe drop depends. 

on cathode emission. The low filament voltages,. which produce. low 

temperatures and subsequent poor emission from the cathodes, resui~ 
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in high tube drop. High filament voltages bring about the opposite 

result. It is interesting to note that tubes with the higher tube drops 

1!-13 

at l~w filament voltages are improved a gr~ater amount with increase in 

filament voltage· than the remaining tubes. This suggests that high tube 
' 

drop thyratrons at low or normal filament v:oltages may have relatively 

poor low temperature cathode activity. 

Tube Drop vs. Time 

It will be recalled that ~ previous discussion on tube drop took place in 

Chapter III. In that discussion tube drop was described as possessing 

two distinct portions, the first consisting of a relatively high but 

rapidly decreasing voltage value occurring during the co:mmutation 

period of operation, and the second part being of relativ~ly long duration 

and low constant voltage level. The latter division is present during 

and is part of the steady-state discharge; . It: is this latter portion of the. 

tube drop that will be elaborated upon with regard to the change of its 

level with time. More specifically, the change in tube drop level with 

time will be investigated during intervals immediately after application 

of voltages to thyratron electrodes. 

The rate of gas ionization affects the voltage :values observed in the 

initial or commutation portion of the tube drop waveform; however 

cathode emission is the principal parameter influencing the steady-

state portion of tube drop. Additional factors causing change in 

steady=state tube drop are cathode current levels and tube~ gas pressure. 
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Preliminary Test Attempt,s 

Means by which tube drop could be measured with respect to time to.ok 

several directions of inyestigation. One of the methods tried involved 

the use of the line-type pulser circuit shown in figure 44 of Appendix B. 

In place of the voltmeter v 1• an X~Y recorder was connected across 

the variable power supply which serves as a bias source for the 

oscilloscope lower deflection plate. Immediately after anode voltage 

is applied to the TUT (tub,e under test), a waveform similar to that 

illustrated in figure 45(A) is noted on the oscilloscope tube face~ The 

operator attempts to vary the bias power supply so that the tube drop 
( 

porch section is positioned on the zero reference line previously 

located on the oscilloscope tube face. As the thyratron under test 

warms up, the tube drop decreases in value, so the operator must 

vary the· bias ~upply in .an appropriate manner to keep the porch at 

the zero referenc~ line. This changing bias supply voltage is applied 

to the X-Y recorder, and a plot of tube drop vs. time results. While 

this method proved satisfactory for the later portions of the plot, the 

initial portions were not only ragged and erratic but in the case of the 

first five seconds after anode voltage turn~on were practically im~ 

possible to rec.ord. The operator was physically incapable of reacting 

quickly or smoothly enough to get correct representations of the initial 

levels of steady~state tube drop. This test procedure was therefore 

abandoned for others showing more promise. 
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Description of Test Method Used 

Another method with an entirely different approach was analyzed. A 

high power pulse generator was used to apply a pulse voltage to the 

Type 1258 thyratron sufficient to cause cathode pulse currents of 

approximately 13 amperes peak value. Several variations of this 

method were tried before a satisf~ctory version was obtained. 

A description of the circuit and procedures used can be ~ound at the 

end of Appendix C. The circuit is shown in figure 49. ~ pulse gen= 

erator utilizing a 4C35 hydrogen thyratron serves as the high power ·. 

pulse voltage source for the anode· circ~it of the Type 1258 thyratron 

under test. A blocking oscillator, desi~ned with a Type 5814A twin 

triode, t:dggers a small line-type pulser which in turn triggers the 

4C35 pulse ·generator. A similar block~ng oscillator applies a trigger 

pulse to the grid of the Type 1258 TUT. This trigger pulse and the 

plate pulse to the TUT delivered by the 4C35 pulse generator are held 

in proper phase relationship by a synchronizing signal from 1)le 1258 

trigger generator to the TUT 's trigger source. The 4C35 pulse gen= 

erator was left operating constantly during the tests, so that its initial 

warmup and corresponding initial changing output would not affectthe 

measurements taken. Instead, a relay (with mercury contacts to 

eliminate circuit interruptions due to contact bounce) was used to switch 

on pulse voltages to the TUT. The tube drop was simultaneously 

recorded on the x ... Y recorder and viewed on an oscilloscope through a 

voltage divider circuit across TUT anode-to-ground. 
I 

( 

\_ 
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· Test Results 

Appendix C includes .some of the X= Y recordings made with the fore= 

going circuitry. 

Figures '46(A) through 46(C) portray for three tubes the tube drop 

vs, time curves obtained at various recorder speeds. In each 

instance the tube was allowed to cool to normal room temperature 

before proceeding with the next measurement. Procedure 1 described 

at the end of Appendix G was the test method proViding the results of 

figure 46. It can be seen that initial peak tube drops as high as 265 

voltswere obtained on tubes that normally measure in the 100 to 120 

volt range after several minutes operation. This occurred at a time 

of five seconds after fi~ament voltage had been applied so that cathode 

emission was understapdably low with a cathode warmup time of only 

.five seconds. 

Figures 47(A) through 47(C) represent tube drop vs time measurements 

similar to those of figure 46 except that -filament warmup times of 10 

seconds were provided to the tube unqer test in this instance. The 

lower initial tube drop~ are evident and resulted from the higher 

temperature and subsequent better emission of the cathodes. Although 

great care had been taken in calibrating the entire equipment at the 

beginning of these tests, an additional check was made to compare 

tube drop vs time readings by two methods. At the same time that 

the X-Y recording was being traced out, a photographic print was made 

of the initial tube drop waveform present at 10 seconds on the oscilloscope. 
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Visual oscilloscope readings at the noted times were also read. These 

have been added to the X~ Y recordings for comparison purposes. In 

addition, tube drop readings of these tubes after three minutes operation 

were obtained using the oscilloscope deflection plate method described 

in Appendix B. In all instances comparison of the data showed that 

correlation was satisfactory. 

Figures 48(A) through 48(C) include the effect of cold temperature on 

initial tube drop values. The three tubes were stored in an environ-

mental chamber in which the ambient temperature (TA) was decreased 

0 
to =62 C. Mter a waiting period sufficient to bring the entire inner 

structure of the tube to this low temperature, each tube was in turn 

removed from the chamber, inserted in the test socket, and meas-. . 

urcd for its tube drop data. The results were not unforeseen. It' 

was to be expected that colder initial temperatures would slow cathode 

warm=up and produce the subsequently higher tube drops. 

Summary 

The results of the tube drop vs. time tests may be summarized in the 

form of table 11. This affords easy comparison of the drop values 

obtained under various conditions of operation time, ambient temperature~ 

and warm=up time. 

/ 



118 

Chapter IV 

Table ·11 

Tube Droe vs Time for Severa,l Test Conditions 

Time after TA:;: 25°C TA::: 25°C TA::: -62°G 
Filament W/U Time :;:: 5 sec. W/U Time g 10 sec. W /U Time:.~ 10 sec. 
Voltage Tube No. Tube No. Tube No. 
Turn-on 

(sec.) SA 9A 29A 24A 336 340 24A 336 340 

5 256 170 265 --
10 188 99 205 210 180 165 230 205 175 
60 98 79 116 132 98 87 183 96 90 

300 103 78 102 

Conclusions 

A review of the tests described in Chapter IV and their results lead to a 

few general and some specific conclusions regarding the Type 1258 

hydrogen thyratron. 

(1) The peak filament current at first turn=oil of filament voltage: 

(a) for controlled rate .. of~rise D.C. filament voltage equals 

7.4 amperes, (Vf:;: 8~ 0 volts; 0=90o/o value in 400 msec. ). 

(b) for 60 cps A. C. filament voltage equals 7. 0 amperes, 

(V£ ::: 6. 3 volts) 

(c) for a. "stiff" source of D.C. filament voltage (Zint ""0. 001 

ohms) equals 9 and 10 amperes at Vf ::::: 6. 3 and 1. 1 volts 

respectively. 

Since for Type 1258 hydrogen thyratrons normal filament currents 

range from 1. 70 to 1. 95.amperes at Vf = 6. 3 volts, peak currents 

four to six times the usual measured values can be expected at first 
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turn':"'on; therefore design considerations should take this fact in account. 

(2) Tube drop varies inversely with filament voltage and: 

(a) is more noticeable in high tube drop tubes possibly indicc;t.ting 

in these tubes poor low=temperamre cathode activity 

which is strongly improved during high filament voltage 

operation, 

(b) may differ, in the range of filament voltages of 6. 2 to 6. 4 

volts, from two volts (Tube #ZOA) to 10 volts (Tube #28A). 

If tube drop must be closely controlled in a particular circuit appli-. 

cation, filament voltages should be well regulated. 

(3) Tube drop at initial times immediately after anode voltage turn-on: 

(a) varies inversely with warm-up time, 

(b) varies inversely with ambient temperature, 

(c) may have values at first turn=on approximately two to 

three times greater than that after. one minute operation. 

To minimize initially high tube drops. longer warmu-p times and controlled 

ambient temperatures would appear to be two-.factors helping to achieve 

this goaL 
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Appendix A 

Fig. Jnitial urge Values of Filament Current at First Turn-on 
of Filament Voltages 

I tt27~ 
12 ~:ts 

em. 

-O 200 ms~m. 

v ~.27~~ 
I -~2 volt...s. 

em. 

-0 200 msecjcm. 

V Jt Z'71J"j 
2.~ I em. 

-o 2oo msecjcm. 

-ots~ em . 

1 secfcm. 

soo msec:/cm. 

samR. _0 em. 

(A.} Application to Cold Tube of D. C. 
Fi lament Voltage with C~,trolled ) 
Rate of Rise (0 to ~0«7o an 400msec. 

Initial lf ~ 7.4- Arrtp. 

(B.} Same as(A) except tube is warm. 

C.) Same as (B). 

(0.) Filament Current Waveform 
(Peak-to-Peak) of Cold Tube 
with 60 cps A. C. Voltage Applied . 
Initial RMS If= 7 Amp approx. 

(E.) Same as (D) . 

(F.) Same as (D.). 
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Fig. 41. Initial Surge Values of Filament Current at First Turn-on 
of Filament Volta9es . 

t2~ em 

~ J 20 msec1crn 

1
2 .!!!!P-cm 

lO msec/cm 
~ soo msee/crn 

-o 

12~ 
4--_.;..;;1 o_m sec. em 

~ ms cjcm 

l .AmR. c,.,.. 

~ 10 "1'Utt.t.tC,; 

5~ .,~c:. ... , ... .., 
-0 

(A.) Waveform of Applied Fila­
ment Voltage to Cold Fi Ia -
ments of Tube. 

{B.) Same as(A) Showing Uniform­
ity and Repeatability of Ap­
plied Voltag Rise Time. 

(C.) Waveforms of Initial filament 
Current through Cold Tube with 
Applied Voltage V-F = 6.3v. as 
in (A). 

CD.) Same a C) Showi ng Uniform ­
ity and Repeatability o Fila­
ment Current Wa orm. 

(E) Same as (C) except Vf-=- 1.1 v. 

F. ) Sam a E). 
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12.58 

APPENDIX A 

Filament Power 
Sl Supply 

c 
To 

0 sci i ~cscope 

Soreoson Model 
Q6-30A 

or· 
12 Amp. A. C, Filament 

Transformer 
• .or 

Transistcr Pwr. Supply 

Fig. 42. Circuit for Measuring Filament Current vs. Time 

Procedure· 

127 

(1) hnm.ediately before closing switch 51, the shutter on the oscillo-

scope camera is opened. (The shutter setting is on "Bulb" 

position.) 

(2) Switch 51 is closed. 

(3) The shutt~r il:f dosed after the appropriate interval, dependmg on 

the oscilloscope sweep speed being used. 

· (a) The Sorenson power supply was used to obtain the 20 milli­

second rise tirne in filament voltage shown in figures 4l(A) 

through 4l(F). 

(b) The AC filament .current wav-eforms in figures 40(0) through 

40(F) were photographed when the AC filament transformer 

was selected for the heater power supply. 
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(c) A transistor power supply provided the controlled rate -of~rise 

waveforms illustrated in figures 40{A) through 40(C). 
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APPENDIX B 

A 
~----------------------------------~~-l 

PFN oscilloscope 
Vert1cal 
Deflection 
Plates 

- Voltmeter. 
L-----.. 

Fig. 44~ Circuit for Measuring Tube Drop vs. Filament Voltage 

Procedure . 

(1) Before turning on any voltages, point A should be temporarily . 

connected to point B in order to place the upper-and lower 

deflection plates at the same potential. This establishes the 

zero voltage reference line since the electron stream sweeps 

the oscilloscope tube face at a line approximately midway 

between the•two deflection plates. 

I 
I 
I 

(2) With point A disconnected from point B, voltages are applied to the 

tube, i.e., normal plate, trigger, and filament voltages. 

(3) ·With the tube stabilized, the trace illustrated in figure 45A is 

observed. 

{4) Tube drop is measured by applying sufficient positive voltage to the 

oscilloscope's lower deflection plate to move the tube drop "porch", 
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i.e. , the horizontal flat portion down to the. zero reference line. 

(This is shown in figure 45B. ) The tube drop value is that amount 

read on the meter Vl. 

(A) 

zero 
Reference 

Li n~e~~-+--

(B> 

Fig. 45. Oscilloscope Traces of Anode Voltage during Commutation, 
· Steady State Conduction, and Portion of Recovery. 

(5) The filament voltage only is adjusted to a new value and the tube is 

allowed to stabilize. Steps (3) and (4) are repeated. This procedure 

is repeated until the readings at all the desired filament voltages 

are obtained. 
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Fig. 49. Test Circuit for Measuring Tube Drop v:s. Time 
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. X-Y Recorder r -+Turned on. 

I 
t-.:....,...;---'--+--f Vf 

X-Y Recorder 
~-~Turned on. 

B+ on ..._V~...::;_..;..&......;:;.;;.;:_-1-~ Vf BT on 

4 ---Tfme (sec) 

(A) 

Fig. 50. Sequence of Electrode Voltage Turn-On 

Procedure 1 (Figure SOA) 

9 10 Ttme (sec) 

(BJ 

(1) Filament voltage Vf to tube under test turned on at time t 0 "' 0. 

(Z) X~ Y recorder turned on at time t1 "' 4 seconds. 

(3) Mercury relay contacts, applying pulse voltage to plate of tube 

under test turned on at time tz ::: 5 seconds. (Pulse voltage is 
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pre-set to value giving ib IS 13. 5 amperes after 3 minute operation.) 

(4) Tube. drop vs time curves obtained for time~recording speeds of 

1 sec/inch. 10 sec/inch, and 100 sec/inch. 

Procedure 2 (Fig. SOB) 

( 1) Same as step { 1) in Procedure 1. 

(2) Same as step {2) in Procedure 1 except t1 = 9 seconds. 

(3) Same as step (3) in Procedure 1 except t2 .. 10 seconds. 

(4) Same as step (4) in Procedure 1 except only the tilne-recording 

speed of 10 sec/inch was utilized. 




