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CHAPTER 1

Introduction .

An attempt will be made to develop a logical series of discussions
leading to and de;cribing the type 1258 miniature hydrogen thyratrons. .
Various parameters of this tube will be shown in graph and oscilloscop;a
trace forms. |
Preceding the final discussion will be the following in the order state.d:
I. Fundamental Theory of Electrical Conduction in Gases
A. This will consist of a basic- and elementary '
discussion on the phyéical nature of gases and
the processes by which electrical coﬁduction
takes place.
II. A General De scriptionAof the Fundamental Properties of
Hydrogen Thyratrons
A. Some properties and advaﬁtages will be listed of
hfdr‘og‘en over other gases in switches for line
- type modulators.
B. Hydrogen th;'ratron,s and their characteristic
behavior will be _del.ingated..
INl. Some Specific Attributes of the Type 1258 Miniature
Hydrogen Thyratron
A. As pointed out in the open.ing paragraph, the
type 1258 hydrogen thyratron w111 be investigated

1



with an aim toward discovering some of its
specific properties. These will be shown in '
the form of data, graphs and oscilloscope

traces.



Chapter II

Fundamental Theory of Electrical Conduction in Gases

Kinetic Theory of a Gas

In the development of thé classical kinetic theory of gases, a perfect.
gas will be assumed. -Thisv perfecf_'gas would have the following |
properties:
1. It would c’o"n"sist' of a great number of tiny el_ést,ié séheres_
in continual random motion co‘llidi,xig with one another and with
the walls of the container. |
2. Inits normal stable state, its tiny spheres or rmolecules
would all-be of the same size, weight, elasticity, etc. |
3. These molecules would move and behave in accordance
with Newton's laws of motion. |
4. The sizes of the spheres are small compared with the
average distances they travel between collisions; therefore
their volumes may be neglected. _
5. Gravitational attraction between indiv;id'ual spheres and
between the spheres and the walls is so small that it can be
eliminated from f_u’rt,h-e‘r con’si.dgr.ation"., .
In_ an elastic collision of gas molecules, the unpact of the collision
changes only the velocities of the molecules in acc';ordance with the
laws bf conservation of energy and of momentum. o
A molecule, having a lar_ge number of impacts in an additive direction,
could reach a very high velocity. While such a series of opportune

3



Chapter II 4
collisions appears unlikely, it will be shown later that such occurrences
de take place for a small number of gas molecules.-

In an actual gas, collisi‘orisf of molecules are not always elastic. The in-.
elastic cellisiOn is oneé in which the internal energy of one or both of the
molecules is chauiged° ‘This results in the e:ec'itation or ipnizatiox'l' ef that
molecule. - ' | |

An atom can receive energy internally only in discrete amounts. In an‘
energy exchange between colliding particles, that energy port1on avail-
able for 1nternal absorption by one or both of the partlcles must be
equel to or more than the mmlm_um discrete amount either partmle cae:
absorb, or the collision will be elastic. |

Molecular Velocity Distribution

In the random motion of gas 'mole'cules_, many collisions between these
particles will occur prod,ucing changes in their velocities in both direc-
tion end magnitude. It is evident that a few of these collisions will result
in leaving one of the particles with zero Av.evL_ocity. Conversely, some
‘par'tieles will, with a fortuitous number of collisions .reach a cozﬂpara=-
tively high velecity, Most particles will ha§e velocities between these
extremes. The distribution of velocities of gas molecules under equi-

" librium cond1tions was derived by both Boltzmann and Maxwell, though
by very dlf.ferent methods.

The derivation of the Maxwell-Boltzmann distribution func:f:il".on1 , 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. Theory of Gases''.



Chapter I
is §ft_eﬁ called, will not be performed here. Only the re s:ults‘ of Maxwell's
derivation will be stated. (The reader is invited to follow the step by
step derivatibgs in the _references listed below in the footno-te‘ if he is
interested.) The maxwellian distributibﬁ function can thex; be written

in the form of the following expression:

2 .
. 2 -E_ :
dNe _ _4 C e % de (1)
N = Aw c : (

where c is the vel-.‘ocity of any gas molecule

dNc is the number of molécules haﬁng velocities between c.
and ¢ {£dc , R _

N is the number of gas molecules under consideration and
Co is the most probable velocity

The quantity dNc may be thought of as the probat;ility of a velocity between
N . .

c and ¢ # dc. A useful form of the distribution function is given by

the curve in fig. 1 2°

2 J. D. Cobine. Gaseous Conductors. Dover Publications Inc.,
NeW York. 194_19 P 1_5= ’
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0‘4 - /
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/ 5
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- > $ a o
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Fig. 1 Maxwellian
Velocity Distribution
Function.

The number of molecﬂes having velocities within a given range, as
between c; and cj, is found by determining the area under the distri-
bution curve between points C}/Co and ©2¢ as indicated by the shaded
portion of the graph.
It can be shown that the most probable .vel_ocity Co is proportional only
to the mass of the gas molecules and to the temperature of the ‘ga's.,
o = M- (2)

where k is Boltzmann's gas constant | ’

T is absolute temperature in degrees Kelvin

m is the mass of a molecule of gas

Using this ne§v relationship for c,, the distributioh equation (1) becomes:

2

dNe __ e—% de (3)

== ()
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Mean Free Pét_h of ~Electr.on5 and Molecules

The distance jthat’an electron movés between successive coll.isibns with.
atoms in a gas is called the free path. Taking the average of a greé,t
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, Qith N molecules per cubic
.céntimeter,n the mean free path of an'_electrpn can be found from the

exp'ression:. ' 1
MER = —pan— (4)

Avogadro's : number, 2. 69x 1019 molecules pér cubic centimeter at 0°C
and 760"mi11i1netérs of mercury pressure will give the value of N under
theé conditions of pressure and temperaf:ure specified. However, as

: pressuré and temperature values depart from these standard conditions,

a modified form of the gas laws must be used to calculate N.
) ' '
(2.69 x 10 9) —E:.L molecules/cm3 (5)
>

where Po & T are standard pressure and temperature conditions
spemﬁed above with temperatures being expressed
in degreeq Kelyin,
Data on the molecular radius and the mean free path of an electron in

various gases at several pressures are given in Table 1.

1 J. D. Ryder. Electronic 7l_’.lll_gi’.lzxeering Principles, Prentice
Hall, Inc., New York, 1947, p. 272. o

R]



Chapter II
Table 1
Theoretlcal Mean Free Paths of Electrons in Gases at. 25°C
‘ M.F.P.{cm) M.F.P.{cm) Molecular
Gas P=0,00lmm '~ P=lmm radius
’ : ' : (cm) -
Mercury 12.5 - .0.0149 1.82 x 1072
Argon 7.1 0.0450 1.43x 1078
Neon 23.0 0.0787 1.17 x 102
Hydrogen o 77.0 0.0187 1.09 x 1078

Dist,ribut’igﬁ of Free Paths

The length Aof the free paths of gas particles is determined by collisions
 which are random occurrences. Therefore some of these lengths will
be long and some will be short. An expression will be -so‘ught for the
"length distribution’] of molecular free paths. |

Consider a single gas molecule havixig an éverage velocity v, and an
average of p collisions per éecond, Then the averaée number of colli-
sions in one c’,en'tixhe.te_r of travel 1 will be a = p/¥ and the probéble ,
number of collisions made by this molecule in traveling a distance dx
ﬁill‘be adx. If 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 from partlcle to particle

and also with tune.
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amount of n molecules tilat will collide is proportional to the number
entering this interval and the length of the interval.
That is, the change in n is |
dn . - aﬁ; dx
Integrating the above gives

. -axX
n = Ae

At x=0, (at the slit), n=N; therefore
- n s Ne 2% - (6)
To relate the constant a to the molecular m.f.p., l.ét dN be the

number of molecules with a free path of length between x and
x # dx. The equation for the m.f.p. is

N dN _ A :
L= j; *N | (7)
Since dN = |dn] = andx = aNe * dx ’

-ax
— X e dx _ 1
L ,O(“ aNN = = 2

From which the distribution of free paths can be expressed as
3 .

n = Net ‘ - (8)
It can be seen from this equation that the number of free paths of lengtﬂ
greater than a giveri distance is a decréasing exponential function of the

distance. In figure 2, 1 it is evident that only 37% of the initial number

Cobinc. op. cit., p.25
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of molecules ha'.yé free paths of length greater tha.n p'rieﬁ.iﬁ‘f‘f;’-, P

0.8 \
n 0.6 ' '
-N- ’ \(———Daaeaﬁ
04 N
1) ' \
0.2} \ : -
s T
. . \
° 1 | 2 3

Fig. 2  Distribution of Free Paths |

:’Mbbility’ t_)£ Gaseous lons

The dimensions of a high vacuum device are usuavl;_lyl inut_:h smaller.
 than the mf p. of ions. quever;» it is evident that the presence of
gas will retard the motion of ions in an electric field, prima'.ri;,l;yi be-
cause of the many collisions Wlth the gas molecules. After eaéh’_
gdl.iisiong the ions are accelerated by the electric field and gain some -
velocity in the ;iire,.ction’ of the field before the next impact. 'Th,e
average Yeigci’tﬁy component, in t_hé‘ direction of the field of this stop and
go motion is defined as the ion average drift velocity. This average
drift velocity is directly proportional to the strength of the electric
field and m an inyerse manner upon the density of the gas under dis-

cussion. When the average drift velocity of an ion is determined for
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a unit electric field, it is called the mobility K of the ion. The"
mobility K is mainly influenced by the type of gas through which the

ion travels. Table 2. sh*'ows'jvalues of K obtained experimentally.

Table 2

Mdbility of Singly Charged Gaseous lons at 0°C and at 760 mm hg..

Gas - K- K{
Air (dry) 2.1 1.36
Air (very pure) 2.5 . 1.8
A 1.7 1,37
A (very pure) . 206.0 1.31
Cl, - 0.74 0.74
cA, 0.31 0.30
C,H> 0.83 0.78
C2H5C1 0.38 0.36
C,Hg OH 0.37 0.36
CcoO 1.14 1.10
COy (dry) 0.98 0.84
Hp - 8.15. 5.90
H2 (very pure) - .7900.0 : -
HC1 0.62 0.53
H20 (at 100°C) , 0.95 1.10
H3S ‘ 0.56 0.62
He . 6.30 5.09
He (very pure) . 500.0 5.09
N2 1.84 1.27
N, (very pure) 145.0 ‘ 1.28
nfi3 | 0.66 0.56
N20 0.90 0.82
Ne - 9.9
03 ' 1.80 1.31
SO . 0.41 0.41

Ibid., p.15
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These experimental values are estimates ;>f the most‘probéble values "

. 'fdr K since experimental measurements indicate a drift velocity
distribution for ions. The table shows that, generally, the mobility
of the ne g;ti&,e ion is greater than that of the positive ion. Aj._so evident
in the table is the ﬁr ge difference in K values for pure and impure qu_ani;_i=
ties of a éiv_ejn‘ gas. The K~ value for ordinary hydrogen equals 8.15
while pure hydrogen possesses a K~ of 7900. It is thought that impuris’
.ties lower K by tending to attach themselves to'ions and forming -
clusters. The subsequent increase in efflec‘tiye'ma;ss andbctros‘s=
section of such ions greatly reduces the average drift X{elb'city, ‘There-
fore great care must be taken in proper selection of K for engineering
calculations consistent with purities of gases used.
'i'he’oretiqa_l considerations would lead to the conclusion that K should
decrease with an increase. in atomic or molecular weight of the gas..

. This is borne out by the results obtained experimentally and shown in '

figure 3. 1

T T T 1 ] ] 1 [| ] [ 1
44 3 ’ ~ -
4.0F -
F 3\6 o -1
:—l 3-2 - A
'g 28l e ' In Y 7
S 24} % Ba . Ho, T

2.0 b1 L 1 h i L Cs i 1 i 1 |

(o} 20 40 60 80 100 120 140 160 180 200 220

MOLECULAR WEIGHT OF IONS

Fig. 3- Mobility of Pdsit_ive Ions in 'NAi,tqrogen (K in %ﬁ%m)

1 1hid., p. 37.



13

Chapter II

. Circuit Current Produced by Charge Motion

’

The creation of circuit current due to ion movement in &aigas may be :'
explained ‘By studying the imafg_e 'charge‘s, in At-he,e,lectrodeAs ;_ As a;x'1
eleciric-‘chafge‘ ’ 4q, leaves op:'e of the two 'e’i_ectrbde‘s shown connected
in fi'gure 4, r it induces an image charge of the opposite sign on the
electrode from which it departed. Momg out further bet.v&'l_e e“'n the two
electrddés, the ..charge,_, ;!q, has now shifte'-_d some of its lines of force
f,ré,m electrode A to e}.gct,rp_de B, and co‘rrefspondi_ngly some portion ofl
the ofiginal. induced image cha‘r'ge on electrode A has flowed g;h;bugh |
the connecting conducj‘t,or to ele;c_trode B.. The proportion of i;egativei‘
charges induced on electrodes A and B at this time are =-O(g _and
-(I-a)q respectively. B

Contmlung to move, the cha'_rfge, !'q‘, arrives at electrode B. The
total image charge, -q, ‘also has reache,d .él_e:c;trode B simultaneously,

travelifig through the metallic conductors.

©
c+
1
o
<

(@

: F1g 4. Circuit Electron:
‘Current. Praduced
by Charge Motion

(c)

1 1hid., p. 55.
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. The Bohr Atom

';‘It will b‘e' recalled that an.assumption was made at.the beginning of-thi__s
. »p:ha;pter:'thét, gas: molecules: and atoms were.tiny elastic sphe_réa. This

- picture of gas particles was useful in explaining:.the phenomena. of
. elastic collisions but is inadequate for de-sc:ibing;»the_‘_in,ela‘s.tic collision
~.and its r.e;,suli:s; Therefore.to better under__sl'tand,the- concept of gaseous
- ‘conduction, a full_er-knfj)'_wl__edgea of the atom and.its: structure is needed.

- Early theories of the: atom were proposed by Thompson and Rutherford.

- 8ir J. J. Thompson's picture of.the atom (shown in figure 5a 1) consisted
of a .sph,e-z;e,. positively ,_cvhérged_in;.whiich. néigati‘ve: charges were scattered
:.at random much like raisins in a muffin.. Rutherford's experiments

a ghé@Wéd.:thé’t such a prq_pgs,ed. model was incen,si.,_s't,e_x;t; W1ththe data known

at:that ﬁme»- B80: he\sgg‘ge §ted a new mc_a.glel. fm--_,th;—:,: atom.. (figure 5b ’-1) .

In: this -éenfiguration, a-core of pesitive: charge (nucleus) was. surrounded
by a ;;__‘ulff;i_ciex_l_t».numbe r of fixed negative: charges to make:.the.atom neuntral.
. Bohr extended ‘Rutherfoi:d“‘is; régnpebtion. of the atom and.,prgpqée.d a .'

- dynamig¢ ,médel much: like: the solar ?y‘stemf (figure '5._8:: 51) dn whi;¢h~,theﬁf- |

:A zie gagtiive_'; -;;,har.g_e‘s: r.evolve} around a nuéléus_- of positiv.e.- charge. - Certain

- other: condluons and propert1es were reqmred for this: proposed model

. .and will be descmbed later

J D. Ryder, Electromc Engineering Principles ~ Prentlce
_Hall JInc., New York, 1947, P- 3 ,
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Bohr Atom
. (c)

Thomson. Atem .. Rutherford Atom
s {a) (b)

. Fig. 5. Early Models of the Atom

Recent experimental results have led to some modification of the Bohr
atom model in that negative chargeé have been given wave properties,
orbits have given way t:o enér-gy levels, and positions of eL.ect.roxi‘s

are expressed in terms of probabilities rather than in definite co- A
ordinates. However the definite phygicall' picture of the atom proposed
by Bohr will be useful for explaining gas conduction, so its special,'
properties and condition,s will be studied.

Max Planck ’esté.blishe‘d the quantum theory in attempting to find a
séj:igfactory explanation for certain exp’erimental_._ results he obtained

in the study of black box radiation. He th‘eoriied, in coﬂtradi.’ction to
classical mechanics that., energy is rédiated in a discrete quantities, .

e = hy (The quantum of energy for light of frequency ‘V ) Tizis qua.nturn
of radiant energy is called a photon. With this initial premise, he

went on to develop a theory to fit. the experimental data resulting from
his black box radiation study. .Tﬁu,s the quanturn theory was evolved.

Bohr applied Planck's quantum concept to his own problem and
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proposed that atoms could radiate light only in these same discrete
bundles of energy. |
In add'it‘ion; Bbhf *speAc‘ified tha.t.el;ectron,s could révoi‘#e‘aroun,d the
nucleus only in certain fixed orbits. An el,ectron‘revjol‘.ving about: the
nucleus ﬁ)_ll,ows r_‘é_tifghly a circular path which necessitates a balance
.between the force.df attraction of the nucleus and the out\iafd centri-
fugal fo_r‘c,e due to rotation; but the continuoiis acc‘el'ératio,n toward the
center which is an i.nhe'rentl characteristic of circular motion must
also be aéc’ompanied by rz;diation of energy from the accelerated
particle acé.ordin‘g to classic electrodynamic theory, However,
continued loss of energy from the e€lectron due to the theoretically-
required radiation would re sult in progressively smaller and smaller
orbits around the nu.cIéus with the eventual drop of the e;eétroﬁ into.
the nucleus. Such an event would have long since occurred 1n all atoms,
and matter would have ceased to exist in the form we know it today.
It was apparent tha‘tAclassical. el‘ect'rodyriamics gave answers inconsistent
with observed r:esu.lts and Bohr, ignoring it, arbitrarily set up his
first post,u‘l.at,eﬁ

1. An electron does not radiate or give up energy when it is
in a stable orbit. | . |
Bohr postulated two other basic requiremen;ts':

2. The angular momentum of the. electron in the orbit could
ﬁz‘n{e only certain discrete values given by nh/2%w where h is-Planck"s

constant and n may have only integer values, 1, 2, 3.......



17"

Chapter II .

3. An e,l‘e'ci'-i:ron ju.mpin-g»to«'-;n o:rbit. of lower energy radiates
the ex?:ess energy only in ce:ta’ih'discrete quanta of light. (photons)
These three proposed properties gax},e Bohr a satisfactory atom rn‘:o,del'.‘,'
that agreed with .expe;rimentai results and exphined the existence of line

spectra.

The First Bohr Postulate - Energy of an Orbit

To calculate the energy required by an electron to remain in a given,- |
orbit about the nncle,ﬁs, let the simple case of the hy’droge.n atom be
considered. With the single electron's mass equaling m, and the mass
of the nucleus equaling M, the outward centrifugal force ;)n' the_elec’t_ron

can be described in the following relationship:
o myv
fc - r

(M >> m therefore the affect of the electron's motion
_on the nucleus is negligible and can be ignored) -

: Fig. 6. Model of
- Hydrogen
Atom

Coulomb's inverse square laW gi&e‘s the opposite and in.,\ir,a_rd force on
the electron resulting from the attraction force of the positively -

charged nucleus.
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4mweonr? 4re re

f‘a'= e('é) = e?

The net force on the electron is the algebraic sum of these ﬁwo forces

and since it is in equilibrium, this net force is zero.

: _nf‘.ﬁ — e? = 0
1.€. r 4w €o re =
. 2
or 2 _ e .
mv. = Iwrer (9

'~ The rotating electron can be said to have a kinetic enérgy equal to

KE s mvl
z.-

(10)

Combining equations (9) and (10) gives the relatibnship
- e .
K-E. = grer » | (11)
'The .potential of any point in a field is: defined as the work necessary
to move a unit positive charge from infinity to the given point. To
find the potential of point B (in fig. 6) due to the positive charge on

the nucleus, we integrate

S Al - - e
V'—'.[f"" —[;‘meorzdp = T4awegr (12)

where V is the potential from infinity to the orbit.
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The energy gained by any electron moved through a potential V is
v (=€) joules; therefore the potential energy acquired by the electron

in moving from infinity to the -orbit.of radius r is

4w Er 4meE,r (13)
(The negative sign shows that the electron has lost energy in moving
from infinity to the orbit, hairing moved there under the attraé.ti_dn .of
a positive charge,)
The :potent‘ial. energy (equation (13)) and the kinetic energs' (equation (il)) <

added together give the total energy of the ‘electron in orbit.

2 2
-———c e
w = ATEr -+  8weE r
a .
: e
W =~ grer—
8mwe,r . (14)

(The negative sign rhe,rely indicates an enei’gy less than the zero
reference energy possessed by the electron at zero.)

Second Bohr Postulate

" In 1913, using Planck's earlier study of thermal radiation f;rom' hot ‘
bodies as a springboard, Bohr concluded that the angular momentum
of an electron in orbit could possess only certain values as determined

by the relation nh/2W .
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DeBroglie reached the same c.onclﬁ‘sion in 1924 by an entireljdifferen"t
line of reasoning. He contended fha‘t’ eie‘gthns, though exhibifi;ig
corpuscular properties iﬁf,many.of the inx{estigati’ohs made on these
fupdamenta_l, particles, also possessed wave properties -Shﬁilar to
those of light. His equé.tion de‘fininé the wavelength associated with

the electron is
AT v ‘ as)

where h is Planck's constant _

v is velocity of the electron

m is the relativistic mass of the electron
| This relationship states that electrons will have shorter wavé‘_l_éngths at
hxgher speeds. In 1_928, Davisgon and Germer _substanﬁiated BeBroéLi_,eﬁ_s
hyéo’t-he‘_éi;s in an experiment involving e_lect,r:oﬁ beams and their dif-. .
fraction from crystals. V | |
- The Ihamie'r in which an electron might present wav_.eél_ike ch’arécté'r=-
istics o‘rbiting around a nucleus can be explained by considering the
circumference of a given orbit. The circumference of the orbit must
~‘be exactly an integral number of wiveléﬁgthS'.-lbng, - i.e., if an electron
exhibits a positive wave iralue at a given point in its orbit, it must
possess that saime positive value at that point for every revolution
made. The wa"ve‘ properties described can be clearly seeﬁ in figure

7a B 1'

1 I‘bi,d'," P- ‘262 .
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. Figure 7151 shows the cancelling effect of a wave pattern in which the
- circumference is not _an_int;égra,l number of wavelengths.. It is eyvident

.-that with.this kind of wave pattern, succeeding superimposed revolutions

Pattern

- Fig. 7.. Effect of Electron Patterns (a)' Circumference of Orbit =n};,
(b): Circumference of Orbit not an Integral Number of
Wavelengths. _ . '

will produce waye amplitudes. of opposite polarity which will totally
¢cancel out any electron wave effect. Therefore, 'if an-.electron wave
-length is_ to be realized, it must be ‘as.sumed;that_.t.he; circumference
of an orbit (éan,‘be only an integral number of wavelengths in: 1eng1;h.
Stated mathematically, this relation would be
~ nx= 2mr (16)
: where r is radius of the electron's orbit
A is wavelength associated with the electron
and N  is anyinteger value

_If the value of A given by equation (15).is substituted in equation’ (16) the

result may be written

2n (17)

! Ibid., p. 262
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The linear velocity of a revolving particle can be used to obtain its
~angular velocity @ by using |
v= wr 4 - (18)
Substituting (18) into.(17) gives

- mfzw =Iw .= nh -.(19)
VA g

" This relation statés--tha.t,.the angular momentum of an electron (Iw
is angular momentum) equals‘tl.le- quantity nh/aTr—so DeBroglie,

. having proposed wavelength properties for the electron, was able

by this initial hypothesis to come to the same: conclusions as Bohr
in his 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 reéuirements- stipulated above.  If equations (10)
and (11) are: combined, the following relation results

2

v = e
2 8T €

The substitution of (18) into the above modifies it to

. N .2
mae?r? = et
2 8we,r

. Finally, if 0)2 in.the above equation is replaced by its equivalent value

shown in equation (19), the resulting expression is

- phe . (20)
'n = Tme?
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; The orbits allowed by the above expression have radii that are pro-

- portional to the squares of integers, 1, 2, 3..... These integers
...are known as the '"quan " numbers of the several orbits. The first

orbit for hydrogen has a radius of 0.53 x 10~ 10

meters; its second
,ofbit is four-times as great, the third nine times as great, etc.

- Equivalent solutions involving héavier atoms are not obtainable, but
-.the Bohr theory provides a gqualitative picture -o_f‘..th'ese-more complex
particles.

- Equation (14) describes the energy possessed by an electron in any

. given orbit about hydrogen nucleus. If the permitted radii of equation

" (20) are inserted in the lenergy equation, .the energy level of an electron

in any permitted orbit may be expresset}.as:

:Wn= _ -1 me4 (21)
nZ ghze€z

. A hydrogen atom is in its normal and most stable state when its electron

occupies.the lowest energy orbit, that is, the first orbit.  Likewise any
- atom is in its normal state when the electrons are in.their lowest energy
. condition.

- Inc all previous discussgions, circular orbits haye been: considered but the
_general path an electron follows around a heavy nucleus_.ié known to be ‘
.elliptical. - However this departure from actual Bohr:theory and other

- details ignored in the forming of a qualitative picture of the Bohr atom

. are not important from an engineering standpoint.
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A method of defining or:desc_ribing' an electron in any particular energy
::level hag been developed and used by-the: ‘spe,ctro:sc'opists. This. relates
..-quantum properties. of the atom with.its: spectroscopic data.  The
' various effects or forces asgociated with.the electron‘:in}m atom may
-be stated as follows: |
(1) : An electron reyvolving in an orbit is an electric-¢éurrent and
. thus. i_s;‘ac(:Ompa,fnied by .the necessary mgg_neti_c: fieId}‘with_ its
: ;iire.ction determined by the electron: direction of motion.
,.(2) The electron, as a negative charge, produces an additional
. magnetic field due to its rotation about its own axis.
. These magnetic fields .as well as.the i)hysic_al aspects of the electron
" .in motion - i.e., its radial momentum and angular momentum are
- vectorial and quantal _iﬁ. nature.
- The: yector quantum numbers: assigned to any electron in aﬁ-.atom are
-obtained from the following rules:

:/(1) : The total quantum number n .as determined in equation:(16),

(2. The orbital angular momentum,. described-.by.t;h_e orbital

- quantum nnmb_er.-l, whose valug-fcan be integers from o to n-1,

(3) .. The spin quantum number s, resulting from the spin.of an
" electron about:its own axis;(Its magnitude.bisatalwaya' equal
- to 1/2) -

- '{4). The total angular momentum quantum number j of an electron -

- which is.the vector sum of the orbital and spin quantum numbers

. Land 8.
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When a magn'etié;.field is present; two additional quantum numbers. are
.necessary for complete description of an electron energy state in an
- atom: |

: {5) . The magnetic spin quantum number m which is.the projection.

.of s on the magnetic axis, (The number m equals either 1/2
or -1/2 and is determined by the direction: of spin. of the
electron. )

(6). The .factor my which-is. the magnetic orbital quantum number.

.{(This- factor is the projection of}: on.the ma‘gngtic: axis and
can assume.the integral val_ues;(?.f, + 1) between. -1 and +1
including zero.)

; W. Pauli declared in his: welloknown Exclusion Principle that no two

. electrons in an atom can have the same. values for each of the five

. quantum numbers n,L > 8, m_, and my. - Stated_in a.nother- manner,.

. electrons: returning to a completely stripped nucleus drop. to the lowest
-.allowed energy state, but.at no time: can any two of these electrons in
-the atom exist with exactly identical enér_gy states as defined by the

same five quantum numbers.

. The Third Bohr Postulate -~ Radiation
~ It has been stated that electromagnetic radiation (light) emanates from
. an atom when an electron drops to an. orbit of Iower- energy and that. thig
radiating energy is released in discrete. a.mounts,.or:qua.nta- (photons).
. An explanation of -thig phenomenon. in terms of quantum mechanics theory

- will be attempted.
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Ac‘cord.iné to equa;tionz (21), the energy Wn of an electron is greater with
-larger values: of quantum number, - i.e, with greater values of n. - There-
.fore an electron in orbit of energy W2 falling to an inner orbit of energy '
/ W1 will lose energy of the amount
W=W,-W, | (22)
. The principle of conservation of energy leads to the inescapable con-+

- clusion. that the energy W has either been radiated or converted to mass

~gince energy can neither be created or destroyed. Some earlier work

.. by Max: Planck had resulted in the: establishment of quantum size of

energy versus frequency of the radiation.relationship:

- w = hf joules . (23)

. Concerning this equation John D. Ryder makes the following comment:

. This states that a quantum, or single bundle of radiant energy, has
a definite size for every frequency, or color, of the radiation - that
.is, a quantum is not a fixed unit but varies with the frequency of the
radiation. The name. given to the bundle or particle of radiant 1

- energy is.the "photon'.. All photons, therefore, are not alike.

" Bohr-applied Planck's results to the initial premise he made on .atomig¢

; - .

:radiation (equation (22)) and obtained

- hf = W, -W

]
N
[

or - f cycles per sec. (24)

1. John D. Ryder, Electromc Eng1neer1ng Principles, Prentice Hall,

Inc., New York 1947, p. 265
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An electron falling from an outer orbit of energy W2 to an inner orbit
. of energy W1 will emit radiation in the frequency described by equation

.{24). . The corresponding wave: length expression for (24) is

A .= hc
'iWZ ,.,4w1 m

A = 100 ne o
W, - W, A (25)

. The foregoing equation gives the wavelengths of the photons radiated
when electrons jump from higher energy orbits to lower energy orbits
.in.the hydrogen atom. The complexity of the heavier atoms prevents
the easy calculations of .the ezﬂitted radiation frequencies. but much can
.- be learned through analogy'with,the simple hydrogen atom.

. Metastable States

Experimental results have revealed the existence of certain energy levels
"from which orbital jumps in a lower direction occur very rarely. These

levels have been named metastable levels or states. Electrons can leave
these metastable levels only by gaining enough energy to leap to:a higher
-energy level.

From.this new position, the electron is then able to make any mo’_vé;to
.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 is longer in that state.than in a normal state. A comparison of

average lives of the.two classes shows a length of ‘10=4 seconds for the

mé_tastabl_e level as compared to 10“'? seconds for the normal excited level.
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Excitation and Ionization Potentials

28

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

more easily discussed by the use of an energy level diagram for.the

- given gas: atom. An energy level diagram consists of a number: of

. horizontal lines spaced on an appropriate energy scale to represent the

energy levels. of the atom. Such an energy level diagraml_(arranged

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

. elements in figure 8. These are gases and vapors commonly used in

. discharge tubes.

25
20= .
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. Fig. 8 Energy Level Diagram.
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 at the bottom and, in the cas.e 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

- eleetron. . This is the ionization potential of the atom and is the: amount

of energy the normal atom must absorb to become ionized. Where an
-electrical discharge is; concerned, this energy is provided in some
manner: by the. glectric_;.ﬁeld. One of the ways electric field energy is

~ supplied to the atom is by .the energy transfer, complete or partial
from an electron.,to‘thg atom in an inelastic collision between the two
particles. - The colliding electron had previously obtained its energy
by ﬁeing" accelerated i.,n,it.he: electric field. . When.the atom absorbs less

. ené;:gy-than: the: amount required for ionization, it must.accept.an appro-
- priate amount to raise it to- one of that atom's: excited levels. These |
excitation leyels are shown as dotted lines on the energy diagram of

¢ figure 8 and.are named resonance potentials. These shown in.the. figure

- are.the lowest energy states from which the:atom can.-quickly returnto
its normal unexcited state by releasing radiation. - Of course this radiated
energy must be equal to the energy absorbed by the atom previously when
it was raised from the zero level to the levels under discussion. The
.lower solid lines in each atom's energy diagram are the lowest so-called
forbidden energy sté.tes, i.e., those from which an electron.is very
"rarely able to drop.to a lower energy level. . These are called metastable

- gtates.
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. Ionization
- If an atom gains: enough energy.through some process, one of its
. electrons may jump from a normal or excited,qrbit to a. point beyond
.the influence of the ﬁucle'us, This process of electron removal from
_ an atom. is called ionization. Electrons: in the outermost orbit are
_held the most loosely 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 ét,ate in a neutral atom to a point not affected by the
nucleus-attractive field, is called the first ionization potential Vj of
the:atom. - Adding sufficiently more energy results in the remowval of
additional electrons from the atom; howe‘Ver. in this: case a negative
: ele,étron must be removed from a positive ion. Therefore.the forces
required for electron re:nox}al are much greater. Although ions of
more than one: electrical charge are rare, mercury ions have been
. observed with as many as eight positive charges.

Some- of the: more common. gases: and their ionization. potentials are

:Hsted in table 3.1
: " TABLE 3
‘JIONIZATION POTENTIALS OF CERTAIN COMMON GASES AND VAPORS
ELEMENT IONIZATION POTENT e-v
Argon 15.69
Helium .. 24.48
- Hydrogen 13.6
- Krypton -13.3
Mercury . 10.39
Neon -21. 47
- Sodium 5.1
+ Xenon 11.5

1 Ryder. op. cit., p. 268
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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 enérgy
."{3) 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 lo_z 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 sf;i'xere of influence to dislodge an electron. A plot

is shown in fig. 9.1 of the number: s of ion pairs (equal amounts of positive
and negative charges appear as"i”orlls) produced by an electron in traveling

"

1 cm. 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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Fig. 9 Differential Ionization Coefficient for Electrons
in Air {1 mm Hg 0°C)

Ionization Ey Radiation

It was stated earlier that an atom became ionized by absorbing the

- appropriate amount of energy provided by some outsidé source. - This
o énergy may be in the form of radiation (photons); however the quantum

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

. photon must be of greater magnitude than the: eVi of the atom.

. Unlike ionization by electrons, ionization by photons becomes rapidly
less frequent with increase of photon energy beyond that required for
ionization. Photoionization drops to zero at frequencies less than
resonance. It is the general concensus of opinion..that the amount of
photoionization in gas discharges is considerably less than that of

ionization by electron colligions.
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Ionization _t_:y Positive-ion Collision
!

If positive ions possess great energies, they are effective ionizers.

-‘ These energy levels are those which ions would have when their
velocities are equal to those of electrons falling through the minimum
.ionization potential. Their kinetic energies are in.the order of thou-
- sands of volts.

Thermal Iorﬁzation

”It was. stated earlier that neutral atoms or molecules could absorb- sb
much: thermal energy that collisions with one another-at these thermally-
-induced high velocities would result in ionization.. High temperature
.flames are a source of the required thermal énergie 8. and heat up the
gases to produce the ioniging action of molecular: coilisions, radiation,
. and electron collisions. Wit;h increase in temperature, ionization.is
increased for the following reasons: |
- 1. Many more ionizing collisions will occur .as a result of an
‘increase in high velocity ‘a_toms‘. |
2. Greater photoionization takes place as. a result of the higher
radiation from the increasingly hot walls of the container.
3. The electrons freed from the: molecules in.the ionization process
, cpllide randomly with the increasingly-faster molecule and thus
may gain enough energy to ionize anotht.ar‘particle in a succeeding

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

. shoewn in fig. 10. 1-
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- Fig. 10 Effect of Temperature on Degree of Thermal Ionization, x.
(p = 760 mm. Hg, V = 7.5v.)

Deionization

‘Deionization.takes place by two main processes:
. 1.. ion diffusion. to the walls of the container-and
-2. yvolume recombination of the positive and negative ions.

Deionization :q_}_r Diffusion

The first process, ion diffusion to.the walls consists of the moyement
of negative ions (or electrons) and positive ions to the walls as. a

result of concentration gradients. Stating this more generally, in any

! bid., p. 92
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region containing.a nonsun'iform density of ioné, a migration of ions
will take place from portions of the region with high ion density to
. other portions. W1th lc'),w‘e'r-..densities. In this manner, diffusion prdduces
- a deionizing effect in the more: v_de‘n'se».a.'x'-eas- and an ionizing effect in the
-areas of low ion density. At the wall, the positive ion.is neutralized

-and leaves; as: a neutral atom. - {(See fig. 1_11 .)' Since ions lose their
-charges upon reaching the container walls, the concentration gradient.
. drops from a high point in.the dlscharge to a low at the walls.. Thus the
direction .of diffusion.is generally occurring from the discharge to the
walls and results in eventual -gomplet'e- deionization of the entire yvolume

.if the source of ionization is removed.  Since surfaces act as a vehicle

. in aiding neutraligation.of ions, certain tubes. requiring rapid‘dei_onizatio,n. :
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1 Ibid., p. 96
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are designed to have large electrode areas for greater récombining
speed. - While decreasing wall separation results. in more rapid
deionization, .this change is not §vithout some disadvantages.. There
will be an accompanying increase of ion loss. from:the steady discharge
in a gas discharge device, and this represents a power loss.

. Deionization By Recombination
2Y

The second process, yolume recombination of ions, ggne,ra,.lly“ takes
place inm two steps. First, the electrons: attach.themselyes to neutral
atoms to form negative ions. Secondly these negative ions recombine
with positive ions to produce two neutral atoms as shown in figure 12‘.1
The fornﬁng of negative ions (by electron attachment to neutral atoms)
. does not occur in.the noble gases ~or;in.. pure hydrogen and nitrogen. On
.the other hand, the addition of imimrities_, such.as chlorine and its
compounds, enables relatively easy formation of negative ions. . Other
- factors. influencing forrﬁation of negative ions by electron attachment are:
. (a) . An electric field by speeding up the electrons makes their
attachment to atoems more difficult and thus less likely .tq; happen.
.:(b) . High temperatures. also increase electron velocities and thus
reduce probability of electron.attachment. |
{c) . Lower pressures mean fewer atoms (for a given temperature) and
less likelihood of‘ an electron meeting and attaching to an étom.
Under these conditions, eléctrons- are generally lost to the con-

tainer walls.

! hid., p. 95
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Electron and Positive Jon Emission From Solids

Emigsion of electrons: from solids is a necessary requirement in any.
. practical device involving electrié¢al conduction.through gas.. Therefore
-the study of electron and ion emission shall be undertaken. Electron
~emission may be produce d by the following means:
. 1.. Thermionig¢ - that is by heating the emitting surfact to high

-temperature
. - Electron: bembardment of emitting surface
- Positive ion:bombardment of emitting surface

Bombardment of emitting surface by metagtable .atems

High electric fields. at the emitting surface

N T S SR TOR Y

. Photoemission.

. Thermionic¢ Emissgion

One of the earlier equations for thermionic: emission of e‘ie:ctr;im's-, was
: derived by Richardson. - ’In-'h,i_;s- derivation he: agsumed that the electrons

.in a metal were governed by:the laws of a perfect gas. His equation.is:

R :
J = aT2e ¥ :(26)

where j.is the saturation current density
"~ T is.the absolute temperature of the emitter
a & b-are constants of the material.
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- Dushman prdp‘o“se d a thermionic-emigsion equation which has' somewhat.

.the same general for.fn.
2 _2{2_?__
J.=-AT € kT {(27)

. where ' j & T are as described above
e is electronic charge »
#o . is the thermionic work function.
Kk is Boltzmann's constant- . 2
and A  is universal congtant = 21rehr;\ k
. .for which:m is the mass of the electrons
and h is Planck's constant.

Because of their small work. functions, electropositive metals provide
.considerably greater electron emission at any temperature than do the
electronegative metg,ls, Electronegative metals such as tungsten can-
~can-be covered ﬁvith a layer, a single atom thick of such electropositive
metals: as thorium and .ca;asium. : Thesge structures are emitters in the

form of filamernts.. The thorium film is creatéd by the high temperature
- heating of tungsten which causes thorium atom diffusio‘n to.the surface
nf the tungsten. - When positive ion bombardment dam‘a,..ge;s_;-the,»thoztigm
_film, a new layer of thorium can be formed on.the surface by operating
the filament at higher-than-normal. te.mpe_rature. with no anode voltage
present.
‘The emission of electrons from a surface represents a loss of energy
. much .ag molecules evaporating from a liquid surface represent an
energy loss in'the form of heat of vaporization. This energy or heat
. llo,sjs, as well as other heat losses are listed below. Included is the

manner: in which they vary.
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l.. . The emission of electrons from a filament under saturation

conditions results in a heat loss which varies exponentially.
with:the filament temperature.
. 2. - Heat losses from conduction are directly proportional to.the
temperature.
. 3. . Losses resulting from radiation are. related as the fourth
power of the absolute temperature.
- Thermionic emission .is 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 generally reduces erniésion.
. b. - The gas moleciules may become ionized and form positive ions
" which. bombard and sputter the emitt:_'mg surface. (Sputtering
is the ejection of some of the metal surface by positive ion
. bombardment and W111 eventually lead tif)"disintegration of the
surface).
- Plasma
- Plasma is a dense concentration of pesitive and negative ions in nearly
‘equal numbers existing in a gas discharge. This region of plasma has
- high -conductivity so. it has the corresponding low average. voltage grad-
.ient.- Because a. plasma has generally equal nﬁmberS'of electrons and
positive ions (';f a large enough region is considered) it is electrically
‘neutral; however high electric:fields can exist -at-.local,. points. . The
.plasma is kept in existence mainly by-the. ionization: cansed by electron

‘collision, but photoionization contributes a portion of the .ionization. also.
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Gas Discharge Between: Cold Electrodes

‘I,f a gas or vapor: contained no ions, it Wouldbe a perfect insulator.

As a result, no-current could flow in the: case where two non-emitting

- electrodes, with a voltage applied bétween them, were surrounded by

. such:an ion-free gas. However, all actual gases have some ions

present due to.the .action of cosmic rays, rédioa-ctive materials. in the
walls. e‘f.tli;ea(:onta'ine_rs, i:hog:glectri-c eJ‘:nis‘sig“n and other ionizing: .agentg.

. In:-this ga;_;_, current would 'ﬂo‘w if a voltage were: applied to two electrodes
: since the.ions pregent would-travel to.the appropriate electrode.

. The nature Ao’f such: .cur’rent flow with. a. changé in wvoltage will be. -studie,d.v-

- Consider .the case of a gas discharge between cold electrodes as shown:

.in.the: ~-C:irtcv11_it of figure 13. 1

FHW p
S 7@
4 : A

- § |+

Fig. 13 Circuit for Obtaining the Volt-Ampere Curve of a Gas
- Digcharge. "

1 J. D. Ryder - Electronic Engineering Principles - Prentice Hall,
Inc- IS New YO.Ik,; 1947 » P- _274 .
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The gas within.the envelope is at low pressure and there will be a few
ions present between-i the fwo electrodes of the tube as a result of |
_ .COs‘rnic rays and applied ultra-violet light.
. With:the a.pplied,voltage slowly raised from zero value, a yery small
current will be noted on the current 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 ien and electron pairs being formed
continuously by radiation reach the tube electrodes, the remaining pairs
recombining to become neutr#l gas atoms a;gain.' This is the portion of

..the - curve from O to A in figure. 14; 1

Townsend | Normal | Abnormal |F Arc
low | Glow v :
[

| 1
G

‘ H

i L 1 A 1 [ ] X i [

106 10°% 102 10° 102

Amperes '

- Fig. 14 Volt- Ampere Characteristic of a Gas Discharge Tube.
As . the yoltage source is increased, a point is rea._ched__where essentially
all eléct_rons and ions creatéd by radiation are drawn to _the electrodes
rapidly before they can»_recor;lb,ine. This saturation portion where an

.increase of voltage is not accompanied by a related increase in. currenf

is portion A to B.

! bid., p. 274
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- Increasing.the voltage still further and thus.the strength of the elgctric
-field, the accompanying greater forces on the elecfron,s‘:,speed,them up
. sufficiently to cause. ionization of gas molecules when collisions between
-the-two pa;rti-g:l_e;g; occur.. The secondary electrons and ions produced by
, ,ionigationi constitutes an increase in current. . The -current continues to
. become: la;ger as the voltage is increased as ,éhown in the B to-C part
of the: curve. - Thou;ghihis portion. is also non-self- sﬁstainin_g, _amplifi-
’ca,t'ién of the: ra.diétion-induced current is provided by the gas ionization
: p:cgur,ring in the B to C portion. of tube operation.
. The area O to C is called.the Townsend discharge .as a result of invest-
-igations into this relationship made by J. S. Townsend in 1901.
. At some point C, .the electric field imparts enough energy to the positive
_ions: go that ion bombardment of the cathode: causes secondary electron
.emission. - These emitted or secondary electrons are in turn .accelerated
sufficiently to produce ions upon colliding with gas molecules. . The ions
thus formed bombard the: cathode and dislbdge-.additional electrons.. The
process thus continues and repeats itselﬁ .- The gas conduction then be-
comes. self-maintaining and the gas is said to “break down'.. The voltage
at which this og:éurs is described as the '"breakdown potential''. |
At the breakdown éoi,nt, the voltage drop:across. the tube decréases
suddenly to point D. A visible glow emanates from the gas and from
part 'o_f the-cathode. The voltage drop rei_'na‘ins substantially constant
- while the current inc:r.e“__as‘,e,safrom point D to E. The increase in current

is accompanied by a spreading of the .glo'w on. the cathode until the entire
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. «¢athode: surface is ¢overed, maintaining during.this increase an approx-
-.imdtely constant cathode: f_(;‘:urr,eng.f density. This portion of the curve, D
.te: E, -is called the "normal glow' region and is the range where voltage
.re gul_,a;_t.gr,- tubes.are uéua.l_ly operated.
- Continuing increase in -current can be obtained only by an increase in
. €athode current density. . The voltage drop also increases and a brighter
,glgﬁ'is'eﬁdeﬁﬁ Acgﬁcu_rren'tly.,. ‘This range of ope’ration, E to F, is called
‘ 'f'abnq'rn;;al glow''.
Eu‘zther- in‘c:e_.ase- of current in.the abnormal gl‘c}ﬁv region results in
.inéreasiﬁgly' hegvier ion bombardment of the cathode, producing heayy
- secondary emission currents and heating of cathode. Finally, at point
. F, a sudden changé--takes plaée. in ‘which the: cathode current &ensity jumps
to new high levéls and the flow of 'cﬁrrent tends to concentrate at some
point on the -‘(’:athode. . At that instant, the tube drop decreases and the
:abnormal glow operation changes to Marc operation (shown as region
G to H in figure 14). The heavily-concentrated current conduction may
-‘’cause sputtering of the cathode surface by ionic bomba.rdrnerit, . If oper-
ation. in:_;th’is-,r_egion is -gllQWed,to" continue, m_elt.ing,ofthe gathode.may
_Qccur.

. Law of Similitude

The law. of gsimilitude has great value in the study of gas discharge, espe-
.cially in the spark phase of discharge.. Its significant details may be
. described in.the following manner. If a uniform field is assumed between

plane-parallel plates, then when the gas pressure in.this region is
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multiplied by a constant K, and the linear dimensions are: divided by

_-the same-constant,

"PZA, = Kp1 and dZ = --d1 :
X
. where P2 . is.the new gas pressure
P1 is the old gas pressure
: ‘.12' is the new dimension
‘.il is the old dimension

Then with.the applied voltages between the plates kept.the same,. i.e.,

- V,= VZf' the respective electric fields .El’ and EZ’ have the relationship

1
P = KE,
. This set of conditions result in the currents remaining the same, j1 ='Aj2.. ’
Thus_the. law of similitude, states that _with.,:thexa‘}')plied voltage kept the same,
_.the: current also will remain the same if in multipl,yrin_g‘.i;he gas pressure
.-by a factor K, all_the linear dir'nens.ions: are divided by K at the same:time.

Spark Breakdown Potential

An equation for the si:a.rk breakdown potential of a gap in a uniform field
. may he written.
Vy = __Bpd _ (28)
In &i“]
In i/

where p is gas pressure in the gap region
.d .is gap separation
*and A, B, & ¥ are constants
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~Paschen.discovered in 1889 that the épark breakdown potential :.is
relat'e‘d’only to' the prbdu;'tl of the pressure: an;i‘ga;p separation, pd.
. To.be mb.re' figéigou_'s, one. should'. substitute gas density § , for

pres_sure.p; in-Paschen's Law. This would then include: the: effect

- of temperature at constant pressure on the mean.free path in the gas.

. The spark breakdown potential for: aii"l,a;t .atmospheric pressure:and

uniform field. is

V = 30d +1.35 - (kw) ::(29)
+ The: Paschen breakdown gu:_:vefsz; for-pla.ne-pa,r_all,el plates are shown
figure 15. |
’ 1806 b-ﬂ
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260 i~ ===
0G24 6 B 16 12 14 16 18 20 22 34 26 26 ®

pd (mrh,. Hg. mm.)

F1g 15- Spark Breakdown Voltage for PlanerPara.llel Electrodes
. (temperature = 209 C)

1 J. D. Cobine. Gaseous Conductors Dover Publications, Inc.,

New York 1941, p. 163

2 bid., p. 164

in
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A study of the curvés in figure 15 brings out these interesting and
important facts:
(1) * There is: 2 minimum spark-breakdown voltage at a-certain
. value of pd.
- {2) : If the pressure is lowered to put.tube operation to the left of
. the. minimum bre;,a_k«- down point on the Paschen curve, then
spark discharge will occuf over the longer of two possible
paths since the curve indicates a lower breakdown voltage
for the longer paﬁh. |
- These minimum spark-breakdown voltages are. sho'w’ﬁ in table 4 along

with the appropriate pd. 1

"TABLE 4 .
Minimum.Spark Breakdown Voltages
Gas ' Vs minimum -pd mm. Hg.x cm
Air 327 . 0.567
A 137 . 0.9 .
- Hy WAK 1.15
"He S .156 - 4.0
- €Oz 420 0.51
N2 . 251 0.67
NS 418 - 0.5"
. O2 .. 450 0.7
Na (Vapor) . 335 . 0.04
SO2 457 . 0.33
0.6

‘H2s 414

Table 52 gives an indication of the comparative. spark-breakdown strengths

of several gases.

! bid., p. 165

2 bid., p. 166
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TABLE 5 .
Relative Spark-Breakdown Strength of Gases

'~ Gas N,  Air -NH3 COp H,S .0p. Cl H, -S50,

. V/Vamg :1.15 1 .1 0.95 0.9 0.85 0.85 .0.650.30

The: table shows that N, hasg Lth‘e,highe;st breakdown with air-and NH3

2
) c10‘se1y follo‘wing HZ‘ and SOZ_p‘o:ssess the lowest -br"ea.kdbwnstrengths of
"the .ga;se-‘s;.listed. |

- Thirty kv/cm is a 'cornino_n.fi-gure‘ given in engineering literature for the
. breakdown strength of air.. Experimental data taken by Schumann shows

_ .that the apéa.rejnt air- br.e#lcdownv strength is not a.ﬁXed value but appears
to vary‘witl}lplsepara;ti‘on. distance-of two plane-parallel electrodes.. The

:wo-rd'appa'rent is inserted before the phrase breakdown 's'tren_gtj:h,beca.use
: the  values: for the field were: calculdted by dividing the breakdown voltage

- by .the gap separation. . This fdils to take into-account.the lugh 'l'o::cal

fields, and effects of space charges in the gap- - _Siﬁhumé.nn's _data is shown "

in-_the' form of tl_le‘ curve in figure. ,16,1.

! mid., p. 173
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Fig. 16 Apparent Spark-breakdown Gradient of Air for

' Plane-Parallel Electrodes (760 mm Hg, 20°C)
The 30 kV/cm figure mentioned above for air field strength appears
valid only for a gap of 2 cm according to the curve.. Longer géps
result in lower field strengths while: shorter gaps give much greater
air field strengths..

. Surge Breakdown

- When there is a departure from the conditions studied previously, i.e.,
the appiication. of a short-time.impulse potential to a gap instead of the
gradually-rising d. c. voltage, then a deviation from the previous

: re‘su}lt_s 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 of the gap before

the breakdown can occur. *

1 bid., 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 o'f electrons, each of which also adds
new free electrons during ifs travel to the positive electrode, Wou‘ld
appear to be the complete breakdown mec};aﬁism occur;’ing in the gas;
however, this is not always the case. Breakdown time measufements
made on gaps at high gas pressures are substantially smaller than
those to be expected if electron avalanche were the only facto.r involved
in the breakdqwn. 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 #revent electron traverse of the gap in such short
times,
(2) the large positive«ioh space charge (left behind by the
growing electron avalanche) would create a .high field whicﬂ
would slow déwn the advancing electrons. |
Under certain applied set of conditions, an electron avalanche will re-
quife 1.5x 10.==7 seconds for its front to reach the a.node; The new.
positive ions which are required for cumulativé ionization take 1.2 x 1.056
seconds to arrive at the cathode from the instant the first electron
originated the avalanche. Several electron avalanches starfin'g from the

cathode are required to produce a luminous streamer; so the time
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involved in the first alppeafance of -such a et,re;mer woﬁld eppeg‘.r to be
at least greater than the times listed above. Yet expe;imental data taken .
by Beams in 1928 and others at later dates indicate that definite luminous
streamers are created in the middle of fpe gap in times of th‘e'ofder of
16'8 seconds. Cobine offerls a possible explana.fion for the appax;’ent
contradiction between experi'ment'aAl data aﬁd fheory- |

Thus it is evident that the sunple me chamsm of
electron ionization and emission at the cathode by
positive-ion bombardment is too slow to.account

for the observed speeds of spark formation. Loeb

has proposed that the process can be brought up to the
necessary speed by assuming photons formed in the
avalanche ionize the gas well in advance of the head of
the streamer and thus start new avalanches al.ong the
breakdown path. These avalanche-initiating photons
bridge considerable dnstances at the speed of light, and
thus h1gh speed propagation is possible by a succession
of short avalanches. Of course, these new avalanches
will not be in exactly the same path as the original one
so that when the space-charge field between the head of -
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 and the irregular path observed
in sparks is produced. The electrons formed near the
anode are removed as soon as formed; the positive-ion
field distortion, therefore, will be even greater at this
point than it is at the head of a mid- -gap avalanche. This
favors the forma.tion of a luminous streamer from the
anode before the gap is bridged by the streamers from
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 streamers..1 ~

The ameupt of re sxsta_nce in the exter"nal. eireuit can greatly influence
the nature and degree of gap breakdown. A high resistance in series

with the gap may hinder the complete breakdown of the gap. If a high

Ibid., pp.194-195
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series resistance is present, the first streamer can be produced only
by the partial dischar‘ge of thé cathode electrode capacitance. The
streamer's progress is stopped if the serie,é resistance drops the
voltage enough during the rechar'ging of the cathode capacitance. During
this recharging, the streamer column is losing the initial de.grée‘ of
ionization due to diffusion and recombina.ti’on. The new streamer,
starting when the voltage has been built up again, is likely to travel
down the partly-ionized path of the old streamer and to extend it an
addifional 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 Dischar ges.

When a gap breaks down in an atmosphere of gas, the type of discharge
resulting depends on |

(1) gas pressure

(2) 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
time. Repeated in figure 17 1 are fhe volt-ampere ;iharaéteristics of a
diéchaxfge tube but with some additions such as resistance or 'load" .

lines. This curve is obtained by using the circuit of figure 13 in which

! pid., p. 205
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the di__schax"ge tube is in series with a resistance R and battery V.

A3
' R
Vi 2
: Ra
T Vgr—— —_—— E
B
o A
3 | ; S
J ] | .
Ia Ip Ig 1¢ is Ig
Current —_—
Fig. 17 - Discharge Characteristics

Conditions for Existence and Stability of Discharges

‘An analysis will be made of the diséharge resulting under certain
external c1rcu1t condntions of d.c. voltage V and series reslstance R,
Figure 181 shows a hypothetmal segment of a discharge curve with a

resxstance line drawn through it.

Ibid., p. 208
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‘Fig. 18 [Hypothetical Segment of a Discharge Curve]
Point A, the intersection of the resistance or ";oad" line with the
characteristic curve shows the following division relationship of
voltages

Vp = e 4 iR  (a0)

where e is discharge voltage ' .

and V, is applicd voltagec.
A check will now be made to see if point A is a stable operating pointo'.
This will be done by supposing that in some manner a r_’eduction-in |
@:urrent is brought.abou{t, so. that the- new operating point is at _BoA Then

the voltage equation will be

Vb“ iR “”é = AE (31)
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where A€ is the difference in voltage between the resistance

line and the discharge characteristic.
It is seen that the applied voltage Vi, formerly equal to the quantity
(e ¢ iR), has nov? in equation (31) become A€ amount larger than the
new 'discharge=volta_ge-pl_us-=resistance=drop total (e # 1R). There-
fore, with the condition that no inductance is present in the circuit,
Ae will cause the current 1 to grow larger until it becomes equal'to
1 of 'equa.tion (30). With that current increase tube ope 1;ation will have
returned to point A. Conversely, if current is increased beyond the
point A value (to point C), ( 1R £ e ) becomes greater than the appliéd ‘
voltage V. The current i must decrease until equation {30) again
becomes the governing 'relati_o'n. 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 A€ and an accompanying con-~
tinued-increase in cuyrrent until the tube dpe ration reaches point A.
The decreasing of current at point D causes A€ to 5ecome negative
which results in further reduction of current. Therefore it is evident
that poih_t D is not a stable operating point. Since equation (30) is not A
sufficient in itself to determine stai)ility of an operating point, some
otheAr standard must be found. A mathematical expressiop, sometimés

called Kaufman's criterion for stability of a discharge, is a complete



. 55

Chapter II
. and accurate stability criterion. It is

%%-&»R > 0 ‘ (32)

where de is the sl;ope of the discharge
‘ .di characteristic at the point of its
intersection with the resistance line.

In words, this may be reétated that if _d?e is thought of as a resistance
then the net circuit resistance must bedlpogitive for stable operation.
If the above s.tability criterion is a.ppl.ied‘ to the full'discharge charac-
teristic shown in figure 17, it is apparent that, with a load resistanceﬁ‘
Rl and a voltage Vi, point A will give stable operation. Similar
consideration of series r'esistance R2 and applied :volta.ge V-l will lead
1;,0, the conclusion that of the three intersection points B, C, and D, only
B and D are stable. With two stable points of operation available,. thq
tuﬁ‘e will probably select B if it is ionized in a gradual manner by a s.l_,ov;r
reduction of series resistaqcé. Point D operation will result if the
discharge is initiated abruptly such as the bringiné 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 péint B is’ heated
isufficiently to supply a large number of electrons. Changing to a x;v.a\uzj
applied voltage Vz while keeping series resistance RZ will move tube'. e
operation to two new stable points E and F.

Low Prés sure Glow Di_scharge_

If the pressure of a discharge tube in in the range of a few centimeters-

of mercury, a uniform glow emanates from 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 alterna.te dark and light regions. This is shown in figu;e
19a. ! These light and dark areas of discharge operation are described
as follows:

(1) 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 thus makes the .
Aston dark space practically unnoticeable.

(3) Next after the cathode glow is a dark space again. It has had
several titlesA, 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, aﬁ’ :

additional glow may exist, described as the "'anode glow'.

1 -J. D. Cobine, Gaseous Conductors, Dover Publications, Inc.,
New York, 1941, p. 213.
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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 described
in the previous paragraph and in figure 19a. |
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 where considerably more ionization and excitation exist.
The manner in which- these regions are affected bsr various conditions
are describe& by Cobine.

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-
stant 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 essential to the discharge and that the positive
column merely serves to maintain 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 ioc carricd throughout the entire volume by a rel-
atively low density of ionization. The colors of the
various glowing regions 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:

! pid., p. 215
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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 .di.sc}iargé
tube. It is interesting to note that the gradient mayA actually

become negative in the negative glow side of the Faraday dark

. space. |

3. FiAgures 19¢, 19f, lég, and 19h portray the distribution along '
the discharge tube axis of.the net charge-density, positiv-e«- :
charge-density, negative-charge-density, and electron-current-
density. Cobine e'lucidates on the foregoing phe;nomena:

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 current 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 density 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 at 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. !

Cathode Pher_;omena

The normal ééthod_e drop is directly relai‘:ed ti; both the kind of 'éas and
electrode material used. The range in drop extends from 64 volts for. -
potassium on an electrode in argori to 490 volts for a platinum cathode
in c'a'rb,On monoxide. |

. It is lﬁgical that the cathode drop varies almost 'directly Awith_ the work
function of the cathode material since the discharge is maintained by
emission of electrons from the cathode. This erhission 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

If a' discharge tube is operated in the glow region, positive ions bomi:ard
the cathode heavily enéugh to cause a knocking off or sloughing off of
cathode surface material. This electrode disintegration is known as

| gmti:ering. Material removed from the cathode settles on all adjacent
surfé.ces. When glass surfaces of the discharge tube are also included

in the path of the sputtered electrode material, the typical darkening

Ibid.
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of the glass results.
Corona.
Corona is generally defined 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-brea.kdown voltage for
the given gap length.
Corona‘ on transrniseion 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
include Ozone, oxides of nitrogen and when moisture is present,
E nifric acid.
Corona has a distinctive appearance on parallel electrical conductors
and is described by Cobine.

The corona on a positive w.u'e 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 wirc.

On the polished conductor, these glowing points are quite

uniformly spaced along the wire, and their number in-

creases with the current.

General Properties of Arcs

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

properties:

1 mid., p. 252
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It is a self-maintaining discharge of high current c#pacity
and low voltage drop.
Its volt-a;mpefe cha;racteristic is usually represented with
a negative slope. |
Arc operation is initiated by the pulling apart of contacts or
by change from a higher volté,ge discharge. -
At atmospheric pressure and above, the arc consists of a;
small very bright center enveloped by a cooler region of
incandescent gases sometimes knpr as the aureole. Undgr' |
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.
At low pressures, while some change is eyident in the visual
appearance of arc, the primary difference between low- and
high-pressure arcs is the t'emperature'of the positive c;.olumn-.
A comparisofl of these temperatures shows a range of 5000 °k
to 6000 °K fér the high pressure column whereas the gas
temperature of the low pressure arc has a maximum of a few

hundred degrees centigrade.

Cathode Phenomena

Current density at the cathode of an arc is far greater than that of the

‘glow discharge. An indication of the tremendously high current

densities can be obtained from Table 61 which gives probable values

1

Ibid., p. 301 .
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.- of the arc-cathode current density.
Table 6

Probable Values of the Arc-Cathode Current Density

Cathode Material Gas Electron amp Positive ion Current Range

cm® am/ cm® amp
~ Carbon Air 470 65 1.5- 10
Carbon 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 source
while others propose field emission as the principal process. Still
others declare that a combination of both - thermionic emission and field
emission as the responsible agents for the observed high current
densities.

A detailed account 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 (1-f). The various processes involved

at the cathode are shown in figure 9.12. [Note: This is

figure (20) in this thesis] 1In (1) positive ions fall through
the cathode potential drop Vc and give up the fraction a of
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their energy to the cathode. The fraction (1-a) is the
average proportion of the mcident energy that is carried
away by the neutralized atoms. This may be one source
of the high-speed particles found in vapor arcs. The
quantity a is known as the accomodation coefficient.

The heat of neutralization 7 of the positive ions is

¢4EVg = ¢o # L

where Vi is the ionization botential of the gas
molecule, ¢y is. the normal work function of the

‘cathode. surface, and L is 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 electric -
field which reduces the effective work function of the
surface for electron emission, does not affect the
value of ¢#.1

64

The individual contributions and affects of various physical processes

and mechanisms at the cathode are illustrated in figure 20;2’

. R E C -
6% 0 0
O 1 O
e (1) ]
m @ @ @ (S) | (@

Fig. 20 Processes occurring at an arc cathode

1 5. D. Cobine

New York 1941, p 308,

2

Ibid.

Gaseous Conductors Dover Publications, Inc.,
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These phenomena might be described in detail as follows:

Process (1) shows the net heating caused by arrival of the positive
ion and may be expressed in equation form as H(l) = (1-f)

(aVe £ Vi - ¢o) |

Process (2) represents electron emission which results in cooling
of the cat};ode. Its mathematical relatibnship is H(2) = -f¢- where
b= is the effective work function of the cathode surface. {An electric
field drops the work function of the surface from ¢g to ¢-) Thus. each
electron poésesses an energy Vo - ¢ # ¢- when it léaves 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,
whgfe R is the energy radiated per ampere-second.

Process (4) a,ccounts.for the heat loss resulting from evaporation of
méterial from the cathode surjfacéu 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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P‘roce‘ss (7) diagrams the ‘A_he'a't the cathode rﬁay possibly gain through
some extefnal source.
Finally Process (8) is an attempt to portray the energy given up to
the cathode by such unelectrified carriers as radiation, metastable
- atoms, excited atoms and high velocity neutral atoms which reach the

cathode.

Glow-Arc Transition
Cathode current dl'exisity 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 voltége drop decreases to com-
parafively low values. It can thus be seen that radical changes in the
cathode emission mechanism must take place when transition from glow”
to arc discharge occurs. It'is thought that in the higher curl;ent portion
of abnormal glow, positive ions gain enough extra energ}? to raise the .
cathode temperature sufficiently (by positive ion bombardment of the |
cathode-) to produce thermionic emission. This is the case when the
cathode is made of refractory materials as carbon and tungsten.
Cobine observes

The increased current produced by thermionic emission

increases the number of pontnve jons 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 the falling volt-ampere characteristic of
the arc is established. 1 :

! Ibid., pp 311-312
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Where the cathode is composé& of low melting matérial, Cobi1;1e 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
instead of continuous as for the thermionic 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.

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

4 -5 - =10

Na Vacuum 5

Just a;s the cathode =>drop region is one of very high posif‘i\}eeion space
charge so the anode drop region has a similar counterpart, i.e., a
high electron space charge. The electron space chafge is created by
the action of the anode in collecting electrons. The concenfration
gradient of positive-ions increases in the direction of the cathode so
that the electron space ch#rge existing at the anode end of the anode-
drop region is nearly neutralized at the cathode énd of the anode-drop
region by the increasing positive-ion concentration. It is at this
nearly neutral point that the plasma of the positive column begips.

Oscillations in DC Arcs

When an alternating current is super-imposed on a d-c arc, the total
arc current can be expressed as
1 = 145, sin wt

where I is the normal value of d-¢c arc current

and I, is the peak alternating component of arc
current. :

With this type of current flow, the characteristics exhibit a dynamic

behavior that is different from that of the static characteristics resulting
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from d-c 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. !

<

Fig. 21 Dynamic Characteristic of d-c Arc
(w1 < W € Wy < wy)

As w is gradually increased, tube operation is. denoted b‘y' eiliptic

trace 2 which shows an incréa";sixig voltage with a decreasing current.

A further increase in W results in tube operation tracing out e.U.ipse‘

3. In this case an increase of voltage is accompanied by a corresponding

increase in current. The reason for higher voltages with. increaéing

! mid., 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.l '

When the frequency w is made quité high, the ch;racterisfi;c..péttém
made by tube ope ra.tion'p'os sesses a positive slope and is p'r.actiically

a straight line. This can be interi:reted as Sayihg t_ha.t at high freq:ﬁen-
éies the arc volt=;mpe’r’e characteris:t'ic are practic:élly identica.l to

that of pure resistance.

Adsorption, Absorption, Occlusion and Sorption
Gas molecules may leave theif free state and become "impfisoﬁed"
in a solid by at least three procés‘sesi: |
(1) The gas and the solid may react chemically. An example of
‘chemical ''cleanup" of gases by solids is the rexﬁoval of water vapor
by phosphorus pentoxide (P2 Os) in a chemical reaction to form |
phosphoric acid (H3 POg4). |
. (2). Gas molecules may also be '""lost" in tile presence of an evacu-

ated solid by two physical processes. One of these is adéorpt_ion which

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 fhe solid.

(3) Another physical cleanup method is absorption. This is the ca;_se
in which the gas molecule moves into the interior of the solid just as
gas mél_'ecules dissolve in a liquid. The term occlusion has been used
to describe the same general pfocess 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.
McBain in 1909,
Several definitions on this general subject will be helpful.

Adsorbent - The solid which takes up the gas.

Adsorbate - The gas or vapor removed frﬁm the gasv phase.

Desofption - The process of removing gé.s from an absorbent.
An absorbent péssesses a sorptive capacity that is essentially pro-
portional to if:s surface ‘pex;_ unit mass. Therefore porous adsorbents
such as charcoal, silica gel, etc. are much more efficient at cleaning
up gasses than such substances as glass, mica, metal surfaces which
are composed of smooth plane surfacés, It should be noted that
adsorption increases with decrease in temperature. In contrast
absorption or tfue solution of gases in metals increases with increase
in temperalure.
It 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 points. Table gl illustrates this relat1onsh1p
Table 8

Adsorption of Gases by Charcoal ,
(Volume per gram adsorbent, temperature 15 °c

: Volume Boxhn% C_ntical
Gas " Adsorbed, cm Point, . Temperature *
cCoCl, - 440 | ¢ 8.3°%C 182°C
SO, - 380 ~ -10.0 ©157.2 -
CH,C1 271 - -23.7 143.1
NHj - 181 - -33.35 132.4 o
H,S S99 - -61.8 - 100.4.
HCl 72 -83.7 51.4
N,O 7 54 7 -89.5. ' 36.5
C,Hp - 49 -88.5 36
co, 48 , -78.5 31.1
CH, 16 . -161.5 -82.5
co 9 -192 -139
(7] 8 -183 ~118.8
N, 8 -195.8 -147.1
H, 5 -252.8 - -239.9

¥ 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. Dushman quotes from Langmuir's

1 Saul Dushman Scientific Foundations of Vacuum Technique.
John Wiley & Sons; New York 1949, p. 389,
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original paper ""Surface Chemistry', published in 1933,

During the year 1914, in connection with studies of
electron emission and chemical reactions at low
pressures, Il 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 atoms
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
Bragg's 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 chemically and thus they are surrounded
by an intense field of force.

. From other considerations, I was led to believe that
when gas molecules: 1mp1nge against any solid or.
liquid surface they do not in general rebound
elastically, but condense on the surface, being
held by the field of force of the surface .atoms.
These molecules may suhsequently evaporate from
the surface. The length of time that elapses
between the condensation of a molecule andits
subsequent evaporation depends 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
saturatcd. Whcrc, on thc other hand, the surface
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 cm. That is, the effective range
of the forces is usually 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.

Evolution iGases by Glass

A number of investigators have come to the same conclusions, namely,
that products liberated below 300°C from varjous kinds éf glasses are
adsorbed gases whereas at greater temperatures, actual ghemical
decomposition of the glass itself supplies fhé gaseous substances.
Further study in this direction led to the following interpretation of -
the results |

It is seen (the investigators state) that the adsorbed
gases for the lime and lead glasses are practically
all g1ven up at a temperature of 200°C, while
3009C is required in the case of the borosilicate

- glasses. The absorbed gases begin to come off
at the softening points of the various g!.asses,
400°C for the lead and lime glasses, and 600°C
for the borosilicale glasses. In this connection,
it should be stated that the amount of absorbed
gases found in the above experiments represents
only that portion of the dissolved gases which
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 %errnit any considerable portion
to reach the surface.

Ibid., p. 402

Ibid., p. 520
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Hydrogen Thyratrons

- History
The hy‘d:rogefn th‘y‘ra:trcm was. developed primarily to satisfy the need for

a switch w‘i‘tha certain preperties. This sw.itch was to be used in pulse
generators capable of producing a tra’;izi‘.éf high power and high v.dlt‘a;g.e
pulses of very shoft time duration. Radar Sys;tgms utilize these
pﬁls.e generators to modulate the transmitter and, as a result, vsuchA
generators have been variously referred to as ."'modulat,ors", "pulsers"
and "keyers". Rotary spark gaps were used in radar modulators in
the early periods of radar development and were generally satisfactory,
however, sever'a;l_. disadvantages were pr;esent'in these switching
devices: |

(1) They were not well suited for high recurrence

frequencies.
(2) A variation in time of firing as high as 50 psec was
an inherent characteristic, ' .
(3) They could not be easily used in designs involying
' air-tight enclosures.
Therefore, studies were begun on the feé,sibilig;y of using other devices
as pulse generator switches. One of the general areas in which
investigations - were carried out was that of thyratrons. Extensive
experimentation at the Radiation La.b.ératory resulted in the suc-
cessful design-of the hydrogen thyratron, which had been proven -
75
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more satisfactory than other types of thyratrons. Thé hydfoge‘n thyra-
tron is the principal type modul-at.or‘ switch used m present day radar
. design.

General Requirements

It was noted in the previous paragraph that hydrogen thyratrons were
successfully developed to function as switches in radar pulse Vgene;;z'--‘
“ators or modulators. The specific type of modulator for wﬁi,ch the
thyratron was best suited was the ''line~type'' pu‘lser, so=-called
because the energy-storage device in the pulser is essentially a
1mnped=consta;n‘t;-trahsnﬂssio’n’ line. This energy-storage device is
not only a source of electrical energy but a1s6 is the pulse=’shaping'
component. Accordingly, it is knownas a pulse-forming network,
PFN, and ;‘is made up of inductances and capacitors in a variety of
_éonnectiOns., ‘

A line-type pulser with the powef supply and an ispl_atirig element are
- shown in schematic form in figure 22 1

.'If the capacitive portion of the PFN is charged up by the power supply,
the energy thus stored can-be.- transferred to the load by c]iosi.né the
‘sw’itch.,- The swit,ching action involved iquses certain stri.c_t require-
ments on the switch itself. The sw';vitch must have the following

characteristics:

1 -Glasoe and Lebacqz, Pulse Generators, McGraw-Hill, Inc.,
New York, 1948, p. 11. ' o
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__Char in Dsschargm

Clrcu%t I — - Cireuit i’
Isolatin
Element

PFN

" gg:;; ?-:-E (;Mtch
.‘ = Load .

Fig. 22 Chargmg and Discharging ercuit for a
: Voltage-fed Network.

(1) highecnrrent'-c;r:ying capacity | |
(2) lowest. possible resistance durix;g diséharge of netwﬁrk :
- (3) -capability of closing very rapidly at prédetermined times
(4) ability to regain a nonconducting state rapidly after the end
of the pulse |
(5) retain that non-éonducting state during the entire charging
period.
- In addition to meeting the above requirements, the thyratron possesses -
such advantages as 3

{1) . relative sman size
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(2) relative little weight

(3) - high efficiency

78

(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-available gases could be used for the thyratron fill.

Their various advantages and disadvantages are listed in table 9.

Table 9

Comparison of Gas Fills for Thyratrons

Relative Disadvantages

Gas Relative Advantages
Mercury Vapor

Zenon

Argon

Helium 1. Short deionization time

Hydrogen 1. Short deionization time
. 1/10 that of Mercury,
Argon or Zenon

2. High Destruction Voltage

(600v)

3. High voltage breakdown

strength

Temperature-sensitive
Long deionization time
Low destruction voltage®
{(30v)

Long deionization time
Low destruction voltage*
{in 30 volt range)

Long deionization time
Low destruction voltage¥
(in 30 volt range)

Low destruction voltage*
(in 30 volt range)

Gas cleanup

* Destruction voltage is the voltage corresponding to the ion velocity at

which destruction of an o:éide cathode sets in.
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The advantages.listed in the above table for hydrogen appeaf to resuit
from its low molecular weight. This low weight allows more rapid ion
movement and the accompan.ying short recovery time. Another b:enefit
accruing from hydrogen's liéhtness is the comparatively slight harm
to cathode suffaces resulting from positive ion bombardment.

Structural Features of the Hydrogen Thyratron

A cross-section of a type of hydrogen thyratron is shown in figuré 23,

a—2— Anode Lead

Bulb Glass Sleeve
Grid | —Anode
Grid ‘
Baffle o e
Grid :
Structure : %a;f}ﬁge

: ' Cathode
Cathode / A
Shielding “

F ig.,‘ 23 Structure of Hydrogen Thyr.a,tro_nj.
The drawing makes the following facts evident.
(1) The plate. at all points is approximately equi-distant from
the enclosing grid stméture, The p\fxr‘pose of this con-

As'truc':tion’a,l feature is twofold.

1 mid., p. 338
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(a) Thyratron gas pressures and electrode épacing design
place the operating point on the lefthand part of the
. Paschen curve shown in figure 241 . In this region,
the breakdown voltage is increasing rapidly as the
product of pressure and spacing is reduced; there-
fotre a design incorporating unlike gap distances’
would sustain gaseous discharge breakdown at lower
voltages across the longer gap distances. |
(b) The shortér gap distances on the other hand allow
| breakdown to.occur by the field.emission proc.'e‘ss°
It must be noted however that field emission break-
down does not depend én gap dimensions alone bﬁt
is also affected by electrode surface conditions.
Conducive to field emission breakdown is. the lower- -
ing of surface work function (by deposit of éva;porated
cathode emitting material, for exa,m.ple) as well as
the concentration of electric fields at sharp surface

irre gularities.

1 mia., p. 337
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2000 7
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Breakdown Voltage (Voits)
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o ‘ _—
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Product of Pressure in mm. and
Spacing in mm.

Fig. 24 Plot of Bfeakdown Voitage in Hydrogen as -a Function
of the Product of Spacing and Pressure.

It cé,n thus be seen that dimensions from the thyratron anode to other
electrodes are determined by compromising between long path lengths,
to prevent field emission breakdown, and short path lengths, needed
tdpievent gaseous ele;trical.breakdown, | |
| '(Z-)_ Extensive bafﬂing surrounds the cathede. This accomplish@é
 the following: '
{a) blocks a direct path from c'afiaode =to-anode so that
}br'e'a.k'down between these two electrodes is ._unllikelly
to occ;tlr sponta;ne.c;usly (i._é. without initiation _by '
orid.) . .
{b) minimizes heat loss from the cathode by reducing

radiation losses.
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(c) decreases possibility of sputtered émissive material

from the,'éathode depositing upon surfaces in the

. grid-anode region where high electric fields might

bring aboﬁt field emission breakdown.
Because gas cleanup (permanent or temporary removal of gas mole-
cules from their "free'' gaseous state by. chemical combination,
adsorption or abs;orp'tion) is aécelerated by such reducing agents as
carbon, silicon, etc., ma,tez‘;ia,l,s free of these substaﬁces must be used
in hydrogen thyratron @:amthocilés° Electrolytic 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 Atube
parts except for the anode. Molybdenum is used for anode construction
to minimize anode sputtering.
Some additional constructionai features of hydrogen thyra,t-réns are
illustrated in figures 25 and 26. 1
Figure 25a shows the typical plane parallel eléctrode arrangement of
hydrogen thyratrons in general. Mr. Cioldberg2 ehlarges on this
matter. |

m this design the anode, grid, and cathode are
essentially coplanar, ===, The essential features

of this design, and in fact of any thyratron design,
are: _

Seymour Goldberg, Research Study on Hydrogen Thyratrons
Vol II, Edgerton, Germeshausen, & Grier, Inc., Boston, 1956,
pp- V-4 and V-5,

2 Ibid., p. V-3
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iy /—Anode oy /—-Anode

— | = ——/—-Cathod
e
Cathode
(a) (b)
i /—Anode

| GF‘Id

|_—Cathode

Al

(¢) \— Cathode ' d)

Fig. 25 Plane Parallel Thyratron Structures with Different
Cathode Arrangements .

1. Anode surrounded by dose=fitting éhield'(in this
case the grid) to prevent long path breakdown.

2. Grid-cathode spacing about five times anode spacing
to allow breakdown in grid-cathode space.

However figure 25a is the idealized electrode arrangement which must
be modified to the practical configuration of figure 25b. This cathode

design, used on the 4C35 and 5C22, provides greater emitting cathode
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area and léssens the possibility of cathode emissive deposit on grid
surfaces. The catl;.odés of figures 25¢ and 25d are examples of in-
crease.§ cathode area design accorﬁplished 5y the addition of catli‘qde
vanes. These cathode structurés are used in thfc;.'l907 and larger
thyratrons. ' An evident common geometrical féature of the tube
structures shown in fig. 25 is the placement of the anode lead at one
end of the ‘e:nv’elope while the grid and cathode leads come out at the
other end. 'This double-ended arrangement is used for thek larger
higher-voltage tubes to provide large external leakage paths from
anode to cathode. On small.:er low-voltage tubes this requir_efnent .
is not necessary and results in the single-ended structure shown in‘
figu_ré 26. In this instance all elc‘ectrode leads are brought out through

the base.

Top View

Side View

cathode /—

Fig. 26 Single Ended Thyratron Structure
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Hydrogen Thyratron Operation

It has been previously mentioned that hydrogen thyratrons were well
suited to operation in voltage-fed line-type pulsers. 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
’ B+ Choke

Fig. Z? Line Type Pulser
to the PFN capacity. This permits the selection of a lower volfa.ge
anode supply since D.C. resonant charging will supply nearl& twice
this power supply voltage to the PFN capacitors. The voltage and
current waveformé encountered at various poin;;s in the cifcu.it,é.re

presented in figure 28.
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Ebb

“Tube Dropl-

ANODE VOLTAGE

o 1\ 1\
-V / - T f Vlnverse Voitage - }/

Lo

~——Interpulse Period —3-  |e—Pulse Period
. (Expanded Scale)

+I '
CATHODE CURRENT -\ ﬁ

tp e ool Dulse

—5 rm

Pl the PF'r?. Y
Unloaded Grid Pulse

Grid Pulse after grid-
cathod¢g space breaks

+Vv down with anode-grid
breakdown — .
without anode-grid
0 .TRIGGER PULSE breakdown.

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' studied -
in greater detail. Such a study made By G,o!.dberg1 proposed that the
complete pulse cycle be divided into four portidns which were defined

by him as follows:

1“ Ibido’ p°H=3



87

Chapter IIL
1. -triggering
2@1, . c Bmmut'a,tion
3. s‘tea,dy; ,sta,'_t;e conduction
4, r.élcovery.
Th;é's,e four distinct operation ;'nodes are shown in figure’ 29'1 in the

order of times-in which they occur.
- " STEADY » :
TRIGGERING _ COMMUTATION CONDUCTION DEIONIZATION & RECOVERY

VOLTAGE i
.160] - 7 1{,
al - f0:8AMP. ‘
5 CURREN
h<— O.iSpsec—| -4-(‘5'{05;4
CURRENY O-7 = S/%
‘ - AmB 18
8000 :!  GRID BIAS
' )
w
.0f
(o]
z ° .
« il ‘VOLTAGE
4 ? 14 ‘
a;b.lsfasec.-sp -0.054S€C -3 ke 0, Tpsecs {e o.tpsec — [«— 2 MS€C —> |<-360pseC,—>

Fig. 29° Typical Evenis in the Pulsed Ope'ration of a
Hydrogen Thyratron. o

-1 mhid.
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Goldberg describes: tube action taking place during each of these intervals.

E

see0s00.The voltages and current show*n are typical
for the 4C35 thyratron.

The triggering interval is initiated by the application
of the positive grid trigger pulse. Following a
délay in the order of tenths of a microsecond

from the a,ppl_icatlon of voltage, ‘grid current is
observed to increase exponentially with time.

After the grid current reaches a certain critical

‘value, conduction is transferred to the anode

region and the commutation interval starts. The -
anode voltage then falls rapidly with a time constant
of a few hundredths of a microsecond. The cathode
current rises at a rate determined by the modulator
circuit time constant and the rate of fall of anode
potential.

The course of the grid voltage during the commu-
tation interval is somewhat erratic, principally
because of self and mutual inductive effects of the
rapidly rising current in the cathode circuit. Under
certain conditions these inductive 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 inverse voltage appears at the
anode because of the normal mismatch in impedance
between the load resistance and the pulse network.
This starts the deionization or recovery interval,
during which the plasma remaining in the tube as

a result of the discharge decays to the tube walls

by means of a diffusion process. The anode

voltage slowly increases from its inverse value

Lo the peak forward voltage. Oscillations are
superimposed on this because of transients re-
flected 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 microseconds,
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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
losses of the plasma cause the current to decay
exponentially with time as the plasma decays.
The following paragfa‘phs will expand in detail on the four arbitrary
divisions of pulsed tube operation. -
Triggering
The triggering action occurring in most hydrogen thyratrons may be
divided into three steps:
(1) Positive pulse voltage is applied to the grid.
(2) Electrons. frjom the cat__h,o.de are accelerated to the grid,
coliiding with gas molecules .ér_xroute and ionizing them.
Thus a build-up of grid éurré‘nt_.ensués and, .in the process,
_a plasma is created in the gridecatﬁode re gibn,
(3) Electrons from the newly-formed plasma diffuse to the
' grid regions penetrated by the anode field (at the grid
openings or beyond the anode-field ''shadow' cast by
- a solid grid). |
In the next step, these electrons, diffusing to regions within the in-
ﬂﬁence 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

! id., pp. 1-3 and I-4 . 4
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in the next paragraph.
A definite time interval is required between the initial application of
a positwe pulse to the grid and the occurrence of commutation. This
time interval appears to be affected by the initial location of the grid-
to-ca.thode discharge. The loca;‘tion of the grid-to-cathode discharge

path is shown in figure 30'1 for a 4C35 type tube..

Anode

/SIS IISA IS 'II'IIIIIIIIIIIIIIIIIIIIIIIII

AR

50
/_7I/IIIIIIIIA > W28\, %’3 l ¥ZZ4
| 0‘7/ \65 +:)
4"’;6 e potentnal in Yo of
99\ L Anode. Po“f-ﬂtlaa

95~°““ g— " Grid
v — Baffle

Electrons from Cathode
Space follow this approx.

~ Path before Breakdown.

Potential in

Jo of Grid
Potentia)

|11

cathode
Heat
Shield

Cathode
Baffle

_\\\\\_\\\\\\\\\_\\\\\\\\\\\\\\\\\\‘\\\\\.\\\\\\\\\\.\..

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).

1 mbid., pu-12
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Goldberg enumerates some of the various factors affecting time of
commutation:

The focusing action is.indicated by the shaded
paths shown in figure 1I1-6. [our figure 301,

Since the initial electrons flow in this path,

we might expect the plasma to be initially
located here also. Because of the high degree .
of shielding of the anode, electrons must, 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--
ahism to allow.electrons:to move here.

e« ¢+ ¢ e © e o e o o ® © o e © o © o © e © o° © ©

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 filament windings has been shown to have
an. effect on the commutation time and to
introduce a source of jitter which corresponds
in frequency to the alternating filament voltage.
Magnetic fields of this nature would, of course, .
affect the initial path of electrons as well as
the manner in which they diffuse.l '

-Commutation

In his attempt to explain the mechanism of anode breakdown, Goldberg
discarded as not igreeing with the known experimental facts both a

plasma front theory developed by Langmuir and a diffusion process.

Ibid., pp. II-10 and 1I-13

2 mbid., pp. 1I-15 to H-42



92
Chapter II

Instead a picture has been developed in'whioh. an inoreasing eobar,ent
area of the anode and accompanying potential change in the grid=anode
epe;C'e continue to the point where break'doWn takes place. This "ma.y be
described in detail as £'ol;l'ovrs, When the anode vo]lta,ge is 'rfaised.to |
the level where the a.node space potential is grea,ter than tha.t of the
triggering plasma by an a:nmmt at least equal to. the iomzatzon potential,
then some ionization bccurs in the space between the ano_de a.nd pl.asma,.
The resulting positive space charge in the anode region leads to the
raismg of space potentials at all points in the gnd»a.node re g10n "Thus
the equi-potential line represen‘tmg the ionization potential moves
'closer to the grid, and the apparent electron coue‘c'tin'g are’.a-of _the
anode is enlar‘ged.i This process is cumulative, for more electrons
are gathered in by the enode‘.e greater collecting area. This _ifm‘:reased
electron current in turn rnul_tipl.ies the formation of positixie ions which
again elevate anode space potentials. The accompanying anode area -
enlargement starts the process all over agam, "and the cycle is’ repeated.
until breakdown is accomplished. o

The Steady State Discharge

The steady state discharge, occurring irnmedia,tely‘ after 'coxnrnn’_ta..tion,
lasts for a period of time as derermine.d by the PFN.' Thehli-ﬁ.l‘xyratron;
passes the required current by the follow;_’;ng tube action. o
Figure 311 shows the existence in the tube of two pIasma)s s.epa.ra“ted‘

by a double sheath. The cathode plasma is the one establishéd during

1 mid., p. H-44
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the triggering phase and has been previously referred to as a triggering

plasma. The anode plasma (six times the density of the cathode plasma)-

Double ———HIRX
Sheath .,
Connecting
Anode and
Cathode
Plasmas

Cathode -
Plasma

N1

Fig. 31 Double Sheath Bounding Anode and Cathode Plasmas
during Steady Discharge. '

is formed during commutation and is surrounded by a double sheath
which is also designated as the anode.collecting area;. This double
sheath may be cdnsidered to be the anode itself projected out to the
cathéde plasma since nearly all electrons arriving at the double

sheath also reach the anode itself.
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Deionization and Recovery

The steady-state discharge phase is ciompl.et.ed ‘with the dépletioﬁ of
the energy in the PFN capacitance. At this time the discharge region
in the tube still possesses a subé'ta_ntia.l.ly large number of free
electrons and positive ions. It has been shown (in figu_re.ZSS_) 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 the PFN charges up. If the plasma in the 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

' appliéation’ of trigger voltage. With regard to this, the term "recovery

time' has been used to denote the interval between the end of the current
pulse and the time at which pﬁsitiv‘e voltage may be reappliéd without
causing breakdown. |
Recovery times are influenced by:
(1) negative bias on the grid. (Recovery time is a
logarithmic function of ne gafive bias.)
(2) peak current'd\iring the discharge. (The amount
of ionized particles present in the dischaf ge path
at the §tart of the déionization period is proportional

to the peak currents passed by the tube.
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While inverse voltage at the anode will quickly sweep positive ions in
the grid-anode region to the anode, the cathode plasma requires a
rela.ti_&:ely long time to disappear since the grid-cathode region is
shielded from the anode field. Therefore inverse voltage at the
anode does not rnea‘.s‘ura;bly change recovery time.
" The primary manner in which the -pla.Sma. is removed from the dis-
cha;rgej region 'appe,ars; f;o be diffusion of the charged particles to
wall and electrode surfaces. Goldberg discusses this subject more
fully.

The diffusion is termed ambipolar, meaning that
both the ions and electrons leave the plasma at

an equal rate. If the ions and the electrons were

to leave at their free diffusion rates, the

electron loss would predominate, leaving the plasma
charged positive. This positive charge, in turn,
would restrain the free loss of electrons. An
equilibrium 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
proceeds 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 electron colliding and because of the tendency,
even when collision occurs, of the electron to enter
a diverging orbit around the ion without radiating

or entering into an orbit of the ion.

The theory of ambipolar diffusion to the walls thus
.appears to account fairly well for the rate of disap-
pearance of the plasma. Accordingly, shortening
the diffusion distances would be a means of reducing
the deionization and recovery times. 1

! mid., pp. I-75 and TI-79
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Hydrogén.Thyratron_ Ope ration Limits

Thyratron operation limits are determined principally by the de gree
of dissipation occurring in the various parts of the tube. This
dissipation is encouhtefed mainly at the anode, grid, and cathode.

Anode Dissipation

Anode dissipation takes place during two portions of the operating
cycle: »
(1) An eﬁergy loss results during commu’té’tion when the
anode voltage; though dropping, is st’ill relatively .
high while the anode current is riSing. - Figure :32'1‘
il_lustrates@-h?_é vtime relationship of these paramete'r'sj.
This coﬁqitibﬁ of initial high andde-voltage and simul-
taneous .éxis’i:ex;ée of anode current produces a spike of
dis sipﬁtion w}uch accounts fOr.the_major portion of
energy given up at the anode. The initial spiice is clearly
demonstrated in figure 33. 2 -'
(2) Another cause of energy loss at the a.ﬁode'appears shortly
after the end of the stg_e'ad); discharge or at the b.egigﬁng
of the deionization and re cov.éry- period.-. At th-is.‘time |

inverse voltage on the anode brings on anode bombardment

Glasoe and Lebacqz, Op. Cit.;, p. 344

Glasoe and Lebacqz, Op. Cit., p. 345
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by positive ions which are still present in the grid-anode

region at the end of the steady discharge interval. The

‘positive-ion current flow exhibits the following

characteristics:
(a) It lasts for only a few tenths of a microsecond but
can produce serious damage to the anode by the

sputtering of the electrode's’ surfaces.

(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 affected by the degree of impedance

mismatch between the PFN and its load.

(c) The peak amplitude of this inverse current is also

di;ectly affected by the amplitude of the main
forward current pulse, since the latter establishes
the multiplicity of ions in the anode region.

(d) The inverse. current remains unchanged with qhange

in tube pressure.

97

Anode dissipation can also be brought about by the emission

of electrons from the grid to the anode during the interpulse

period when the anode potential is increasing to high voltage

levels.
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Fig. 32 Tube Drop, Current, " Fig. 33 Plot of Tube Dissipation
" and Impedance as a Function . vs. Time for a Single Pulse"
of Time for a 4C35 Hydrogen (4C35, VN = 8kv, Ip = 90 amp,
Thyratron (VN = 8kv, , = 1.1 usec) '
Ip =90 amp., : = 1.1 usec) . ‘

. Grid Dissipation

Grid dissipation takes place during the steady-state dis;:harge, The
electrons gain energy from acceleration across the cathode sheath and :
across the double sheath existing in the grid region. Because of large |
- grid electrode area and the conétricti_on of the main discharge at the
grid apertures, a large amount'clof the gas energy is tx;ansferred to

- the grid electrode surfaces.
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Cathode Dis sipation

Concerning cathode dissipation, Goldberg provides the following
explanation.

Cathode dissipation also occurs durihg the steady
state discharge because of iR losses resulting
- from the resistive nature of the cathode coating.

Dissipation in the cathode results primarily from
passage 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 20 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 2% of

the electron current.. It is only in cases where

the cathode has become considerably deactivated
and sheath voltages far in excess of 20 volts
develop that ion bormbardment becomes an
appreciable source of dissipation. l

Goldberg"s analysis led to the conclusion that generally cathode dissi-
pation is proportional to the RMS cathode current squared.

Hydrogen Thyratron Operational Parameters

Typical characteristics of hydrogen thyratrons will be enumerated in an
attempt to provide a general background on practical thyratron oper-

ation.

Goldberg, Op. Cit., pp. IlI-4 and III-23
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'. Catlmde Temperatures

Th&’ratrﬁn x:athode teiﬁf:e;amres must be kept within a relafiggly
narrow range in Srder to axbi& undesirable resulis. On the one hand,
cathode temperatures of 900°C and higher lead to thermal eyaporation
of cathode coating pl;is its possible chemigcal reaction with hydrogen
at these increased temperatures. Too low cathode temperatures, .
beginmng at 800°c, bring about é_indniahed cathode emission, and
further dr,’ép’ in ca.thpde tempe‘r.ai:ure.'is accompanied by ra,pidiya A
decreasing cathode emission, high tube drop and high tube dissipation.
Therefore, cathode fe:nperatures of 8..000(‘2 to 850,°C are the appro-
priate temperature B.Ounda_ries within which proper tube opexea;tio;n :
lies. |

| 10;1.{231:1@ Time

Ipni;afio; tiiné ma.y Be’ defined as the time taken for anode gol't.a“ge to.

- fal]l from maximum anode voltage before conduction to the start o_f

the steady-state discharge. This process appears to require 0.02 to
0.07 psec to be completed and is affected primarily by two hctb?ég
gas pr_éssur‘ei.? and tube g‘ebmmry.' Gas.pz:e.ssuite-i,s, a measure {at’
” ,c‘onstant.t.emperﬁfures)' of the number of gas molecules present in the
gjn:ios_ed'vblmne;-the'fefore higher pressures mean greater numbers
of gas xhpLe‘,t;uLes, and greater probab_ili?iés of eIé.c’fr‘on collision with
these mol.et:iu!._eag: H.igher gas pressures are thits conducive ‘t_o,_ faster
rate of ion buildup-or shorter ionization times. Ionization fifneis also
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approximately proportional to tube dimensions according to
: .G.e'rmesh_a‘useno 1_ The larger tubes, such as the 5C22, have longer
ionization times (approximately O. O7~}u_sec) while the smaller 3C45
and 4C35 require times to ionize of 0,03 psec and 0.045 psec re-
spectively. Such fa:c'tofs on the other hand as anode current, rate
of rise of anode current, and initial plate voltage fail to influence
the time of gas ionization. In addition, Krulikoski found among other
things that jonization time was unchanging for different pulse lengths, "
repetition rates, and operating power I.eVels.,.z
Tube Drop
Tube drop of a hydrogen thyratron can be considered to exhibit two
di‘sti,.nét aspect§° The firét portion of each pulse or the ionization
-interval of commutation is one of relatively high tube drop. This
initial phase of tube conduction is illustrated in the first 0.05 psec of
the voltage curve in figure 32. The tube drop values generally listed
in hydrogen thyratron specifications are those measured during the
steady-state discharge part of the pulse. In figure‘ 32 this is repre-
éen’t,ed by the part of the voltage cuse to the right of the 0.05 psec
time. During thls period, the amount of tube drop is influenced- ‘by
the emissive quality of the cathode and by the value of peak cathode

current conducted through the tube. The Jatter relationship is

1 Glasoe and Lebacgz, Op; Cit., p..345

2 S. J. Krulikoski, Jr., Hydrogen Thyratrons in Pulse Generator
Circuits, Radiation Laboratory Report No. 953, March, 1946 '
PP- 953-4 & 953-16.
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shown in figure 34. !
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>Fig, 34. Variation in Tube Drop during the Pulse with
Anode Current. '

Tube Dissipation

The di_séipation-oé,curring in a hydrogen thyratron during a pﬁls‘e is
shown in figure 33 and again in figure 3502

The peak of diqsipa’j;ion at the begiming of the power dissipation curve
in figure 35B results from a product of rising anode current and |
comparatively-high anode voltage. A smaller but substantial spike

of dis,sipati_on is evidenced at the end of the pulse, and is cauéed' by

a high i.ﬁ_ve rse anode voltage in conjunction with the inverse current

flowing at that time. The portion of the curve betwéen these two peaks

Glasoe and Lebacqz, Op. Cit., p.345
2 R. S. Whitlock, Techniques for Application of Electron; Tubes

" in Military Equipment, Vol. 1, Wright-Patterson Air F orce Base, Ohio,
December 1958, 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 Voltage 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 in 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, Op. Cit., pp. 953-32 to 953-46.
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-(2) decreases with decrease in operating power level.

Triggering Time

Triggering Time might be considered to be that interval of time from
the attainment of 6 volts by the grid to the instant of anode breakdown.
As has been mentioned before, one of the requirements for modulator
switches i,s the capability of closing very rapidly at predetermined
times. Extremely short trigger time or capability of closing very
rapidly is a hydrogen ‘thyra'tron characteristic. To this performance
capability must be added the advantage of low "jitter'" or variation

' in triggering time from pulse to pulse. Some external operating
conditions that would tend to modify triggering times are the amplitude
and rate of rise of the trigger pulse and the thyratron anode voltage.
The rel,a_tidh’ship of rate of rise 'of grid-voltage vs grid-to-cathode

breakdown voltage is graphically illustrated in figure 36. 1 ,

150 A
_ Volts/usec.
g 400
%E /
27 100t
< >
e
m~ .
o ® /
bR
28 sof / / _-50
&~ o
s> / /
[]
(U] X

L
0.5 1.0 1.5
Time In psec.

Fig. 36 Grid-to-Cathode Breakdown Voltage as a Function of
the Rate of Rise of Grid Voltage for a 4C35 Thyratron.

Glasoe and Lebacqz, Op. Cit., p. 350
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iGoldb.erg investigated triggering phenomena and obtained results showﬁ
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 from

.this figure that higher grid voltagés bring about shorter triggering

times.

1.8 180 A||1ode condulctnon StartE

6 160 endeon % \ \ -

: —— $-->Y-’ S

1.4 140 // f@-——«—\J\ - /_‘\ e
1.2 |zo__7%é /,@—ag??’;":;};\,

1.0 100 //r it S
5 0.8 80 l/ : — =Y
SR e 12 = s i B
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§ 0.4 z 40 / : Current : / pad
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Time (Millimicrosecond&) ‘

Fig. 37 Grid Current During Breakdown of the Cathode-Grid
Space and Commutation to the Anode as Functions of
Time 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

Germeshausenz is described as the period of time measured between

1 Goldberg, Op. Cit., p. II-6

Glasoe and Lebacqz, Op. Cit., pp. 350 to 352
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grid-cathode breakdown and the breakdown of grid-anode. Anode delay
time's variation with several factors may be surﬁmarized’ as follows:
(1) Anode delay timie increases slightly with decrease in
anode voltage. (A representative measurement is a
0.07 psec increase in delay time with a change of anode
voltage from full to 1/4 maximum anode voltage,)
(2) Anode delay time decreases Wwith decr.ea.se in trigger
impedance, The time reduction amounted to 0.1 psec
- with a 2000 ohm to 200 ohm change in trigger impedance.
For generally-used trigger circuits, the internal
impedances lie in'a 300 to 500 ohm range.
(3) Anode delay time decreases with an increase 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
affects delay tizﬁg'a lesser amount beyond trigger

voltage rise rates of 200 to 300 volts/p.sec.

Glasoe and Lebacqz, Op. Cit., p. 352
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Fig. 38 Effect of the Rate of Rise of Trigger Voltage on the
Apnode Delay Time. Curve A is for the shortest delay,
curve C is for the longest delay and curve B is an
average based on A and C and statistical data. (4C35
Vy = 8 Kv, trigger amplitude - 150v)

Summary 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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TABLE 10 | -
SUMMARY OF THYRATRON OPERATION CHARACTERISTICS

PARAMETER

DEFINITION

VARIES WITH

REMARKS

1. Iomization Time

2 Tube Drop.
3. 'Tube Dissipation

Per Pulse

4. Triggering Time

5. Anode Delay Time

‘Time interval from start of

anode voltage fall {from

. maximum voltage before
conduction) to start of steady-

state conduction

Anode-to-cathode drop

Product of tube drop and

~ tube current

Interval of time from
attainment of 6 volts
by the grid to the
instant of anode break-
down

Period of time from grid-

- cathode breakdown and

breakdown of grid-anode

(a) Tube geometry
(b) Gas pressure

(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

{2a) Anode voltage

(b) Anode delay time

(c) Rate of rise of trigger
voltage

Typical values of

- ionization times:

.02 to .07 psec .

Typical values:
80 to 120 volts

Typical values are
dependent-en anode
current sirce tube drop
is nearly the same for

‘most hydrogen thyratraons.

80T



. Chapter IV
Some Specific Attributes of Type 1258 Hydrogen Thyratron

Introduction

- A study of several characteristics of a reliable version of the type 1258
- hydxiogen thyratron was initiated. It was expected that -a‘ fullér knowledge -
~ of ;he tube's operating parameters would be gained through a number of
investigative tests. To that end, the fc;llowing relationships were
sought:

(1) filament current vs. time

(2) tube drop vs. filament voltage

(3) tube drop vs. time

General Description

| The type 1258 thyr‘atron has a single-ended structure -- that is, the
tube leads exit thrbugh one end of the glass envelope. The glass
envelope is the standard T 6% miniature size and is composed of a
hard glass, Corning 7720 or simiiar. The hard gl#ss is necessary as
a result of the high bulb temperatures encountéred in regular operation
of the thyratron. To match the temperature coefficient of hard glass,
tungsten is used for the tube base pins. Since tungsten is a hard a.ﬁd
rélatively unbending material, the insertion of a tube with base pins
made of this met;al into a tube socket with sli.ght misalignment of socket
receptacles can result in glass base cracks or breakage. The tungsten
~ pins, instead of bending to fit tile mi-saligned socket r;eceptacle, re‘méi'n
rigid and transmit nearly the full side forces to the glass base. To

109
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minimize the possibifi’ty of glass base d.amage,? sockets with ''floating'"
receptacles == that is, recepta;‘cles, allowing a limited amount of
lateral mé:_o‘ve:;'nen_t, should be employed. The usual jigs for straightenirfg
tube base pins should also be avoided to reduce glass base damage. '

The general constructional features off:the type 1258 reliable version

Perforations
A in Shield in
‘ 180° Arc

are illustrated in figure 39.

- Grid

Cathode Baffle
Cathode

ANODE

N\

= \'
/ \“ /W o"ﬁ _
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= \ 00 orning
) ?E \\\ . Borosilicate
Bulb ture ) é! o Glass or
TemPe{OaO% ‘ éi\\\\ o " Equivalent
|50°c° = ) Y
/\\ s =
g:\\\\ . ' Thiackness
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(

—Hydrogen
Gas Pressure-—

Approximately
1500 Microns

Fig, 39. General Constructional Features of the Type 1258
Hydrogen Thyratron. _
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F‘il'a'ment Current Vvs. -Tixne

The initial pea.k of filament current through cold tube fllaments can
impose severe startmg loads on the heater power supplies and also
pla.ce cons1derab1e electncal and mechanical strains on the tube fila- .
" ments themselves. In the latter case, life tes_ts can be perforjmed
utilizing the Worst cornbma.tion of cond1tions in wh1ch f1la.ments are
cold- started in re gular cycles with. appropriately selected high
filament voltages. The results of this type of life testmg w1Ll mdlcate
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 'initial.
sui”ge value of filament current through cold tube filaments. This

was accomplished by employing the circuit and procetlure shown in
~Ai>p,endix A,

Photographs of oscilloscope traces were obtained of vaijiious filament
surgev current values under diﬁ'erent conditions of appli,e'd voltages with
i‘é'spéc.t to the latter's amplitude, rise time, and frequency. These are
" shown in figures 40 and 41. | | |

F 1gure 40(A) to 40(C) show the effect of the application of a controlled
rate of rise ot filament voltage on a cold tube and a warm tube. The

surge current rises to 74 amperes on the cold tube.
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: ‘ 'Chapié’r v
The 'i.'nitial, surge _of RMS current in figﬁr,e 40 (D) to 40 (F) appears to -
be app,foécim’atély 7 amperes in ;xralue. The A.C. filament vb}tag'e used
in this instance w;zs the sté.;ndaxjd 6.3 volts. ‘ o
In ﬁgﬁre 41 (A) through 41 (F), t'lie.filament; current surges v&efe obtained
uéiﬁg é Ngtiff filament power supply -- i.e., one with lowAinterl'lv_a‘I.
impgdﬁnce and good regulation.’ With an infern‘_al. impedéﬂc‘e of ‘IO.AO‘OI
ohms, filament voltage rise times of a.'p'pr;‘oxi;ma'te'ly 8 to 10 mi@éefcbnds
were obtained with the ,filja‘xhénté ‘of ne Type 1258 thyratron as ‘a load.
The su‘fge currents unde1:° these conditioﬁs oanpplied voltage are -shown
as approximately 9 émp.eré‘s and 10 amﬁeres for filament voltages of -
| 63 and 7.1 volté respectively. Tiie ;ste'ady state value of filament
éu‘rrent generally mea:sﬁred in a Type 1258 after c‘;ne' minute operation
willhe in the range of 1.70 to 1.95 amperes. | N

Tube Drop vs. Filament Voltage

Since filament w_ioltages may vary during fhyra_.t_i’on bpera"tion, a know-
ledge of the degree Atl)f accompanying tube drop change would be n‘.s‘ef.u;l.f° o
Thé measurements were made with the plate voltage and trigger v_b'lta.ge‘
set at the normal values. énd W1th the fi_liamentvoltage only being varied.
The details of the éroce&ure, | ciréuit s::hematic, and graphical results
are,léhbwAn in Appendix B. |

The cuifves forl this relationship emphasize how much tube drop depeﬁ_ds,
‘on c;thod; emission. The low filament voltages, which produce low

temperatures and subsequent poor emission from the cathodes, result
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in high tube drop. High filament voltages bring about the opposite
resultt.,. It is interesting to note that tubes with the higher tube drops
at low filament voltages are im#roved a greater amount with increase in
filament voi_tage’than the remaining tubes. This sugge sts that high tube
drop thyrafrons at low or normal filament voltages rﬁay have relatively

poor low temperature cathode activity.

Tube Drog vs. Time

It will be recalled that a 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 commutation
period of operation, and the second part being of relative).y 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. elabérated upon with regard to the change of its
level with time. AMore 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 wavéform; however
cathode emission is the principal parameter influencing the steady-

state portion of tube drop. Additional fa,ctbrs causing ch#nge in

steady-state tube drop are cathode current levels and tube gas pressure.
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.Preliminary Test Attempts

Means by which tube drop could be measured with respect to time took
several directions of inye:stigatiqn. One of the methods tried involved
the use of the line -type pulser ci'rcuit' shbwn in figure 44 of Appendix B.
In place of the voltmeter Vy,: an-X=Y recorder was connected across
the variable power supply which serves as a bias sourée for the
oscilloscope lower deflection plate. Immediately after anode voltage
is applied to the TUT (tube under test), a waveform similar to that
iilustrated in figure 45(A) is noted on the oscilloscope 'tubej face. The
operator attempts to vary the bias power supply so that the tube dr.;;p
porch section is position_.ed on the zero reference line (prev‘iously
located on the oscilloscope tube face. As the 4thyratron under test
warms up, the tube drop decreages in value, so the operator must
vary the bias supply in an appropriate manner to keep the porch at

the zero reference 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 provéd satisfactory for the later éo’rtidns 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 record. 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 procedur;e was therefore

abandoned for others showing more promise.
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.Descrigtion&f 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 satiéfactory version was obtained.

A description of the circuit and procedures used can be found at the
end of Appendix C. The circuit is shown in figure 49. A pulse gen-
erator utilizing a 4C35 hydrogen thyratron serves as the high power "
pulse voltage source for the anode'circﬁit of the Type 1258 thyratron
under test. A blocking oscillator, designed with a Type 5814A twin
triode, triggers a smail line -typé pﬁlser which in turn triggérs 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 the 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 affect the
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 simuitaneously
recorded on the X-Y recorder and viewed on an oscilloscope through a

voltage divider circuit across TUT anode -to-ground.
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- Test Results

Appendix C includes some of the X-Y recordings made with the fore-
going circuitr.y. :

Figures 46(A) through 46(C) portray for three tubes the tube drop

vs. time curves obtained at vérious recorder speeds. In each
instance the tube was allowed to cool to normal room temperature
before éro‘ceéding with the next measurement. Procedure 1 described
'at the end of Appendix C was the test method providing the results of
figure 46. It can be sleien that initial peak tube drops as high aé 265

" volts were obtained on tubes that normally measure in tﬁe 100 to 120
volt range after several minutes operation. This occurred at a time
of five sec‘onds after filament voltage had been applied so that cathode
emission was understa?dably low with a‘ cathode warmup time of only
.five seconds.

Figures 47(A) through 47(C) represent tube drop vs time 'measurements
sixnilaf to those of figure 46 except that filament §varmup times of 10
seconds were p'rovid_ed to the tube undér test in this instance. The
lower initial tube drops are evident and re sultéd 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 notgd times were also read. These
have been added to the X-Y recordings for,coniparison purposes. In
addition, tube drop readings of theée tubes after three minutes operation
were obtained ﬁsing the oscilloscope deflection plate method described
in Appendix B. In all instances corrif;arison of the data showed that
correlation was satisfactory.
Figures 48(A) tﬁrough 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
to -62°C. After a Qaiting 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-
u;fed 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 test.s 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.
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Table 11

Tube Drop vs Time for Several Test Conditions

Time after TA = 25°C TA = 25°C TA = -62°C
Filament W/U Time = 5 sec. W/U Time =10 sec. W/U Time = 10 sec.
Voltage Tube No. Tube No. Tube No. '
Turn-on . ‘ ‘ , .
(sec.) 8A 9A 29A 24A 336 340 24A 336 340
5 256 170 265 == -e == == == -
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 thyratroﬁ,
(1) The peak filament current at first turn-on of filament; voltage:
{(a) for controlled rate-of-rise D.C. filament voltage equals
7.4 amperes, (Vg = 8.0 volts; 0-90% value in 400 msec.).
" (b) for 60 cps A.C. filament voltage equals 7.0 amperes, o
(Vg = 6.3 volts) . |
(c) : for a "stiff" source of D.C. filament voltage (Z;,; = 0.001
ohms) equals 9 and. 10 amperes at V¢ = 6.3 and 7', 1 volts
respectively.
Since for Type 1258 hydrogen thyratrons normal filament currenfs
range from 1.70 to 1.95 amperes at Vg = 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 \'roltage and:
(a) is more noticeable in high tube drop fubes possibly indicating
in these tubes poor low-temperature cathode a.cti%rity
- which is strongly improved during high filament voltage
operation;
(b) méy differ, in the range of filament voltages of 6.2 to 6.4
volts, from two volts (Tube #20A) to 10 volts (Tube #28A).
If tube drob must be closely controlled in a particu_lar 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 warrﬂup times and controlled
ambient temperatures would appear to be two.factors helping to achieve

this goal.
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Filament Current vs. Time



Appendix A

Fig.40. Initial Surge Values of Filament Current at First Turn-on
of Filament Voltages

(A.) Application to Cold Tube of D.C.
Filament Voltage with Controlled

\I, { 2'1?2!’513 Rate of Rise (O to 907 in 400 msec).
2 volts Initial If =74 Amp.

cm.

-0 200 mseckm.
(B.) Same as(A) except tube 1s warm.
v 1.27%’9,&
olt

i !i:'ﬁ\j

—_—
-0 200msec/em.
(C.) Same as (B).

V jl.2737k
L ot

—
-0 200 msec/cm.

(D.) Filament Current Waveform
(Peak-to-Peak) of Cold Tube

-0 TS amp with 60 cps A.C. Voltage Applied.
= Initial RMS I¢=7 Amp approx.
1 sec/cm
(E.) Same as (D).
o
—

500 msec/cm.

(F.) Same as (D).

cm.

Tséﬂm
-0

P —
200 msec/cm.
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Fig. 41.

of Filament Voltages.

e
20m SeC/Cm
volts
Tz cm

————— P
20 msec/cm

2 Az

|0 msec/cm
500 msec/cm

2 A?ﬂE
cm

io t"!at'(‘.,«.m
— ———— 2
-0 300 msec/cm

10 msegem

:,’\’\ "n.)t‘-/‘-"‘

Initial Surge Values of Filament Current at First Turn-on

(A) Waveform of Applied Fila-
ment Voltage to Cold Fila-
ments of Tube.

(B) Same as(A) Showing Uniform-
ity and Repeatability of Ap-

plied Voltage Rise Time.

(C) Waveforms of Initial Filament
Current through Cold Tube with
Applied Voltage V¢ =6.3v. as

in (A).

(D) Same as (C) Showing Uniform-

ity and Repeatability of Fila -
ment Current Waveform.

(E) Same as (C) except VF=T.lw.

(F) Same as (E).
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Filament Power
Si Supply

o o] Sorensoen Mode}

: Q6 - 3CA

R = 0003& or

12 Amp. A.C. Filament
Transg;ormer

. f—is (T N .
To ransistcer Pwnr Supply

Oscillescope

-
C o

Fig. 42. Circuit for Measuring Filament Current vs. Time

Procedure-

(1) hﬁmediately before closing switch S1, the shutter on the oscillo-
scope camera is opened. (The shutter setting is on '"Bulb"
po;ition.)

(2) Switch S1 is closed.

(3) The shutter is cloused after the appropriate intcrval, dep_endihg on
the oscillosvcope sweep speed being used.

' (é.) The Sorenson power supply was used to obtain the 20 milli-
second rise time in filafnent voltage shown in figures 41(A)
through 4i(F).

(b) Th_e‘ AC filament current waveforms in figures 40(D) 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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Tube Drop vs. Filament Voltage
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A

. D
Charging .

B+ choxe : L PEN - Oscilloscope l
AR A AR AR Vertical I
Defiection i
Plates e |
By———

Inductive
Resistor

Fig. 44. Circuit for Measuring Tube Drop vs. Filament Voltage

" Procedure | o

‘(1) Before turning on any voltages, point A sh‘ould‘be temporarily
connected to point B in order to place the ubper.and lower
deflection plates at the same pdtential. This establishes the
zero voltage reference line since the electron stre-am sweeps -
the oscilloscope tube face' at a line approximately midway
between the-two deflection plates.

(2) With point A disconnected from point B, voltages are applied to the ‘
tube, i.e., normal pl.ate,i‘:rigger, and filament voltages.

(3) With the tube stabilized,ﬂ 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 V1.

Perch &

Zero
Reference
‘Line

(A) - (B

Fig. 45. Oscilloscope Traces of Anode Voltage during Commutation,
Steady State Conduction, and Portion of Recovery.

{5) The filament voltagel 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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< Synchronizing Pulse

© AMercury
Rela
20n Contgcts ;A
| . 4C35
J;%bei - Pulse 9
Test /= Generator | j
1258
5814 A X-Y g 1
|| 1 in . Gen.
cen. g Gathode Recgrder 5814A
v?’é‘&?ﬁé Oscillosep| GTZ ;l-?‘ |
1
e
Fig. 49. Test Circuit for Measuring Tube Drop vs. Time
, X-Y Recorder | : X-Y Recorder
[——->Turned on, i“" —->Turned on.
: l
V¥ only on : Ve ¢ B+ on Vg onlyon Vr & Bt on
» . ' T
| I
| *& |
4 5 Time(sec) - 9 10 Time (Sec)
(A) ~ (8)

Fig. 50. Sequence of Electrode Voltage Turn-On

Procedure 1 (Figure 50A)

" (1) Filament voltage V¢ to tube under test turned on at time tg = 0.
(2) X-Y recorder turned on at time t] = 4 seconds.
(3) Mercury relay contacts, applying pulse voltage to plate of tube

under test turned on at time t) = 5 seconds. (Pulse voltage is
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pre-sét to value giving i, = 13.5 alinperes after 3 minute operation.)
(4) Tube drop vs time curves obtained for time -recording speeds of
1 seq/inch, 10 sec/inch, and 100 sec/inch.

Procedure 2 (Fig. 50B)

(1) Same as step (1) in Procedure 1.

{(2) Sé.me as step (2) in Procedure 1 except t] = 9 seconds.

(3) Same as step (3) in 'Proceduxfe 1 except t2 = 10 seconds.

(4) Same as step (4) in Procedure 1 except only the time-recording

speed of 10 sec/inch was utilized.





