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PREFACE

The work on ionization processes in High Speed Thyratrons is
part of a study carried on by the Electrical'Engineering Department of the
Carnegie Institute of Technology on analytical studies of elements of milli-

microsecond pulse systems. Previous work on hydrogen-thyratrbq pulse

| genérators has brought to light basic differences in ionization phenomena

between hydrogen thyrations and other types cf thyration. This report
is concerned with an experimental and analytic study of these differences,

Its text éomprises the doctorate thesis of Williém GC. Dean.

1, "The Initial Conduction Interval in High-Speed Thyratrons", J. B. Woodford,
and E, M, Williams, Jonrnal of Applied Physics, Vol. 23, Wo. 7, pp. 722-724,

July, 1952,
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INTRODUCTION -

Thyratrons are t.hi-oa or sometimes four olenont gas filled tubes de-

- signed to mdtch large anounts of power uickly. They find widé use as switches

in pulse forming circults for rudar, industrial control squipment, and other
systeans. For most applications the ionigation time of these tubes is shorter
than necessary and can be considered instuntaneous. Kethods of slowlng down
the pulse rise time have besn employed to reduce the peak power the thyratrons
wust handle in an effort to prolong their 1ife. Somo now applications, how-
ever, require high power pulleea with very short rise timss. The limito of raday
resolution ars dopenient upon the sharpness of tho trancmitted pulse. Short.,_
high power pulses are usod for exazpls ia benm deflsction systcas for cyclotrono.
| in all thyratrons the grid so complotely shitalds ﬁhe f:lat.: Lrox the
cathode that even with a large poositive plate potential applied conducticn doecs
not t;ako place until 1t 1s .’mitiat.e& Sy the grid. ‘han the potential oh’tho
;Ad of the .thymiron is riiscd surticicntly; o snall electron current flows £o
the grid and the positive anole. This space charpe limited currcnt causes ioniw
sation of neutfal §35 noleculss Ly electron cc;lli_aion, each fonising collisicn
forming a new fres eicctron snd a positive ion, As mors and more pooitiv.o 1ona.
are produced, they tend to neutralize the space charge caused by electrons per-
mitting more electrons and honce more current to flow., In steady state con-
duction a plasma is cotablishod, The mechaniem of & plas=a is sinilur to the
eondition of the electren gas in & metnl where a low field intensity gives rise
to a large eloctron current flowing through tho..poaiuvo notallic icn~. Cne
main difference 4s that the positive ions in the metal are fixoed in position by
the lattics structure whils the positive icns in & gas drift in the direction
of the electric fiald. In full conduction the voliage drop across the thyra-
tron is low 80 that Wdth the plasma ostabiished the grid and plate currents in

uoit spplications are ﬁrimurily deterzined by the external circultry.
A thyratron mry be uscd in many different circuits, but most of these
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can be reduced to the esuivalent circuit shown in figure 1, I

Th,to*un : e e

' load

== | =" Plate l
. — e e Volfu,lv
Tvusi.f _T:— Surr‘,
[ 4
anuﬂ‘! l.

The 1on1ution interval for a thyratron in such a circult cun be reuidily die
vided into two parte. The first part, definod in thls thesis as the delay
time, is the time interval Letween the a-plication of the trigcer pulse to the
grid and the instant \hon the plate Volt:;go st.nx;tn to fall fmpidl:,". Luring
the delay lntmax the plate voltupe of the tube doas not chunge upprec:iably.
The socond psrt. defined in this part as the commutstion time, {0 the tiue in-
tcrnl during which the plate voltuge starts to fall rapidly until cte«dy state
full eonduction 4s reached. The tctzl {onization time i3 the eum of the dola;r
tine and the commutation time 'and is the time required to form the plasua,

For thyratrons used in puvlse £ rming circuits, the comautation tinms
of the thyratron definee the shortest pulse rise time availoble. The study of
the dependence of the caxrrutation time on ras piesaun md tube geometry 1s
the prizary purpose of this thesis, but, in addition, a study of __t.ho deley
time must also be made in order to undsratand the commutation interval.

REVIEW OF GTHiR WORK IN THE FIFLD
Conaidorable attention has been riven in receat years to & atudy o?

the deionitation time in thyratrons,b’ 1,8

eince this 1inits the maxinum repsti-
tion rate of the tube., Leass attention, however, has bsen given to the fonlzae
tion time since conduction is fast encuch for most applic:tions.

As early as 1933 .‘?»nodn:!y2 investijated the deluy time of mercury thy-
ratrons. ‘The wave shape of the anode voltage. £A01 wna attrituted to the effect

of the external circuitry and interolectrode ccpacities of the tube,



e ol e

(— — Ercam v— —— ——— -—— L - L] .

3
In 1933 ihosteroft? did soro enalytical work on tge currontes during

the delay timo based on bushnun'e equauon". nanoly I=Ae
vhere T is the eaission tcmperﬁturo uf the cuthode in degreos

Kelvin

kX 48 the Doltzmunn constunt

K is the oiectron cnergy recuired Lo pass the work

function barrier of the cathode surface

A i on empiricul constent
wheateroftS, working with a type BT 1" thyratron whose ¢rid 4s a circular
disk with a concentric hole 1/40 th, ths grid arez, makes the planc electrode
assunption and states that the elactrons having sufficient encrgy to gat
past the potential well caused by space charge in the grid cathode region after
the grid is triggered givo riss to a cathode currcnt of

- Ve d
I.= Le =7

provided the hole is so largs thit all electrons vdth sufficient energy got

into the plate region. If not, the reclationship becomes
~Ven Q
R (G TR T |

where n 1s a geometrical constant based on the grid hole sise.

q is the elactronic charge

V..is the potcntial of the well below that of the cathode

I, 48 the cathode curront

15 is the totul emission of the cathode
lIonisations which occu} in the grid-ancds raglon chongs the 2025t of the
anode potential in the cathode regicn and thorefore increase the anocds cure

rent. At hreaakdown hheateroft states that %_‘.{ — C0

A similar spproach yielding tho anode curront rise during both the
delay apd the comnutation intervals is given by Mumnl‘. His explanation pr

'dehy time 1s baszed on the rate of ionization &n the grid-anode region and
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the rate at which the fositive ioas move btisck into the potentiel well nou-
tralicing 4t. bwhen tha potential of the well has been reduced to zero, ¥ullin
corcludes that the cithide ie emitiling its mexinmun curreat, and the initiation
of the discharge is complete. |

In 1940 Harrioons experimentally investigated the delay time of a ‘gon,
neon, and marcury thyratrcns. The delay timi wis found to bte inversely propor-
tional to the grid overwoltsge. Increasing the anod= voltapge also shortened
the délay time. No theoriss explaining these findings wore proposed.

| L. 1950 'ﬁoodfordl wearured the viriation of breakdown time om 5022
hydrogen thyra*rons with anode volt;sée, grid overvoltage loud impecdance, and
lead inductance. The 5C22 thyratrons ard sizilar types differ considersbly 4n
gecnetry from the mercury und other eyé.. vith regard to the .memm'g of the
plete by the grid.

To date the umlyucal'work cn thyratrons has been confined to tubn_
with the gecactry charactcristic of the sercury thyratron. P\xrthcraofc, no |
experimental data or :halyt.icul treatment of the variation vdth pressure of
either the delay time or the commtation time has been given in the literature.
In the first section of this thesie the very much shorter pulse rise times
available from the 5C22 hydrogen thyratron &s compared to those of the mercury
thyratron are shown to result largely from 1t.-.apoc1n gocmof.xdc construction.
The second ioot.ion of thie thesis descridbes a nevw approximate analysis of the
affect of pressurs on the commutaticn time of hydrogen thyratrons and compares .

—A =% Vae 4 e ok w;

the analytical results With experim-~ntally detsrminsd valuss. 4An operstional

by )
- . [ cows $ = L

eriterion for obtaining the minimum commutation time when using hydrogen thy-

utroui aintlér to the 5(22 is also given,
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GLOMITHICAL D1¥FLitiNCEI IN THYKRATHONS

Hydrogen thyratrons, such as the 3CL3, 4C3S, end 5C22 f.tqrat.rom,
developed during the last war differ significuntly in electrode guometry

from industirial mercury vapor thyratrons. In the mercury thyratron a direct

ey
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line-of-sight path for electron current flow exists betwsen the cathode and

:

the plate through a concentric hole in a disk-shaped grid. The plate current
e cutoff only by the potential barrier arising when one or more of the gride
are held at a negative potential. On the other hand, the grid and grid baffles

in the hydrogen thyr:ztron so complotely enclose the plate from the cathode tha}l
the grid acts as a physical as well as a potonual barrier for electron plate
current. This shielding in the hydrogen thyratrons, in sddition to permitting

higher anode working voltages, causes operational differences in the ioniza-

tion procnu'a.' 'I“or tho purposss of this comparison the hydrogen thyratren
construction just described will be knowa o3 the highly shielded type, and the
.-my thyratron type of .conat.ruction as the uno-oféa;ght type. Of course, |
the highly ohioidod type of gonut.ruction is not nocessarily limii_od to hydro-
gen-f1lled tubes nor are the line-of-aight tubes only mercury-filled. For a
eomparioon of the two types of construttion see figure 2. Thic section des-
oribes the effect of thess two geometries on the delay and commtation times.
In the line-of-sight tubes some of the initial electrons pulled
towzrd the grid by the grid overvoltage pase through the grid hole into the
| grid anode region 'and on the the anode. Thus plate curront flows as soon as
space charge limited current is set up in the tube, Ionizations can then take
plage in the grid-anods region with the plate current increasing u. the space
charge is neutralized and the plusma le formed. This mechanisa in the line-
of-sight tubes has boen handled analytically by sheatcroft’? and by Kullinb,
Wheatoroft described the cathode current l. ae a function of the grid over-
voltage V, timss the triode cupnncnt;ion factor . plus ths anode voltage V.|
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that is, the grid woltsye voit for voil hae p times a2 much effeot 2z the
anode voltoge in determining the cathode current during the delay interval,

Thie effect Lo the sawe as the effect of the grid voltuge in a normal triode

at all timen.

I, = fon(pVg+ Yl

wheatcroft’ and Harrison® found the delay time in line-6f-sight
Shyratrons tc decrease with incrsasine anode voltage. Mullin found the delay
tine relatively indepenizsat of the anode voltags showing that experimental
differances between investirators existed.

In the highly-shielded hyriropen thymtirons, on the othsr hamd,
initial electrons cannot find their wvay into the grid-anode region. Instead,
& two=step process is reculred to {nitiate the dischargs. In the first step,
& plasas is formad in the crid-cathode space under the action of the positive
grid. In the second, an appreciable nunter of alecirons from the grid-cethode
plicma find their way around the prid baffles to initisie 2 plasma in the g=id
snods region, completing ths formation of the discharpe. During the first .
thase two steps, essentially the deloy period, the cethodd current is inde-
pendent of anode voltage, and the cathode current is flowing almost entirsly

in ths grid cirouit.
I = fon(Vg) = few (W)

The distinciivi bebwesn ths ¢xo types of thyratrons is demonsirated

s ks AP sedd wm)d

by whe piviogiephs &8 Zrid voltagze and plate voltage waveforms for both &
highly shielded hydrogen tube and a line-of-sight mercury tube,

The grid voltage waveform shown was messured beiween the grid and
cathode terminals of the thyratron. 1The pulse generator eupplying this grid

voltage waintains a high grid over-voltage until the grid cethode region

jonizes. Then, beczuse of the voltage drop caused by tlie flow of grid curwent

sl

LT



Sinmne:

g 1o
sl P

o L [ e = i ]

-3

iB the intemal impedance of the pulose generstor, the grid woltage is redwneed
ts &2 valws néar the fonisation potential of the grs. This 4is shown in Figure
3, vhere the first drop in grid voltage ocours vhas the grid ioniser and the

second &t she vermination of the triggering pulsoe.

F;jurm 3.

The vaveforn shown is ith sero plate voltage., Tie photogrephe of figure b

o the paxt page show that with sero plste valtege the grid voltage vaveforms
of the hRighirv-shieided hydrogen tubses and Lic line-of-sisht mersury tubes

are very sixilar. Howerer, the plata woltage drop can occur in meroury tubes
before the grid-esathode region ioninas completely, whareas im the hydrogaa
tubes ths grid-cethode region must be ionised first. This effest is skosa Wy
the fact that if the triggsr pulse ie shortened to lesr than the $ime required
for the grid-cathode megion to ionise, tde line-cf-sight tabs san silll be
mede to Tire with sufficient anode voltegs, bui the highly shielded hydrogen
tube sammot.

pemeery Ui S5e v iypes
of-gaight tubes positivz ioms mest neuiralise the epeee sharge in ¢ie cathede-
&id regica before a largs plste ocurreat can flew, The time reguired for this
neutralisation is caloulated by Mullin®. The neutrelisation of this cpece
eharge is & gredual process, and xs it progresses, the plate ewrraat insrosses
gradually. During the delay time the dominant field dreving clestrous inte

e



Myresren Wii Curremt, (Gris Veltage, amd . luks Vsl ege Taveforms.

FG-172 Marsury Lise-of ~aight Thyretroa 8CR2 Hydrogen Highly-slhiielded
Shyratron

The wWper tracss are grid surread, ths Dottom trecssa grid vollegs, with
sare plats voltsge aspplisd. Hers ke waveforms of the $udes =56 Quits alm-
tla¥. ¥hen thé grid ionises, grid ocurrent riees sharply ené grid woltass
£2115. Tha iniiial gmall pulse of grié currsat or the hydrogen trege is
&59 %0 the cherszing of the grid-to-esthole sapesity. Besmums of She very
emel)l srid-d0-sathode erpesily is the FO-178, & sisilsr pulse doee 20t AP~
pear oa the grid eurren? trece of tae mareury tude.

ihe ssme 3Taces are shows hare with 7850 volta on She plats of eash tube.
The affsot of plate voltags on the maereury Sude is oaly %o shoriss hs de-
loy #ime until the zrid iomises iadisating taat the fez2izsiions in the plate-
gri2d region and the cathode-zrid regzioa oacur concurrenily. Ia Shs Rydwe~
@st thyratron as 3ae plate-grid region ionines, ¢ positive potendisl opike
a3d e negastive curreat spike appesr on the grid s the grid tries %0 rine
to the plate poteatial. This grid spike canact be made to ooocur shead of
the time waen the c¢athode-grid region just sterts to ionisse, and the grid
delay Sime 13 G0t shortensd. Hende, the higily shislded tube mmat fire iz
& %0 step Proecas;: ths cathode~grid region joaizes firet and she plate-~
arid regior sscond. All trace leagilis ares five mioxrvseconds.

Tho above Sracen show plute voltage %0 tho same time paale as the grid
surrezt and grid voltege traces. The repeatad pulses ars negative,from the
end of the transmissics lime plate load. ref’lzotione

Fiejuvt 4
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the plate-grid region 1e due to the grid voltage, since the plute voltags
has 80 1little o:ftoct. in the cathode~grid region, |
| In the highly ahioltied tubee positive ions must neoutrulize the

ap:nco charges in the caiho-*c-".rid region also, but no plate current flows
until the cathode-grid plasma is established. Thon vhen the plate-grid re-
gion starts to breakdown, the source of electrons is not a thermionis
cathod? Wdth a epace charge to neutralize but rather s plasma of positive fons
and electrone ncar the grid. The field drawing electrons into the plate-grid
region is the high anode fiold itself rather than the lower cathode~grid field,
Comequmf.]:, the highly-ehielded type of construction results in much shorter
comzutation times than the line-of-sipght ¢ pse.

The thyratrons of the highly-shielded gecmotﬁ also exhibit differ-

ent characteristice with rcgard ¢o delay time versus grid-overvoltage. If the

delay timm of both the highly shielded tubes and the line~of-aight tubes is
measured as the time to ionize the grid-cathode region vith zero or low values

of plate voltage, vhen tho delay time is inversely proportional to the grid

" overvoltage for the lins-of-sijht tubes. Both Harrison® and Kullin® verified

this relation for the line-of-sight tubes. However for the highly shielded -
hydrogezn tubes thie function of grid onmlmge. is nonflinm. The curves on
the following page of graph 1 illustrate this result. Besides the plate of
the hydrogen tubes being highly ehielded, the cathode is shielded by baffles
at eathode potential t;o‘ prevent positive ion boubardment of the oxide coating.
It is possible that this non-linearity is caused by the extra baffles in the

highly shielded thyratron which the line-ofe-sight tubes do not have.
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EFFECTS OF PRESSURE

3ince the gas with which a thyratron is filled permits the tube
$C carty 4ts chorecteristieally nigh currents campured with the curronts in
8 high vacuum tube, variation of the gas pressuro wuld be expected to have
oconsideradble effect upon the tube operation. This section describes the
eoffects of gas pressure upon the ionirvation processes of the thyratron.

In order for an electron to ionize a gas molecule by collision it

must have odtﬂeient energy, that is, it must fall froely through a suffici-

TS YL IO oy v

enily large potential difforence. ‘.iit.h a given field at very low pressures
the eloectrons may fall t.hrough a potential difference large enough to give it
the energy required for an ionising collision, but few colliajons take place
due to the low gas density so that the time rate of ionisaticn is low. In this

2 K DT RIRG, T YD WARI

instance the ionisution rate would be increased by increasing the gas preseurs.
At higher pressures, on the other hand, the ;as density may become 80 great.
that most electrons wWdll colide with gas molecules before they fall through a

T PN

Alwrﬂz‘fi'i £ é]!,. !“ g o )f {2

sufficiently large poctentlial difference. 1n this case, increasing the gas
- pressure further reduces the free paths of the electoons, reducing their ener-

¥

gles upon collisions, end so docn&uu the fonisation rate. Thess two effects
work against each other so that the maximm fonisation rats should be obtained
somevhers botween these low and high pressurs extrenes. With a few simplify- |
4ng assunpiticis thess two effecte can be illustroted analytically.

© e .

il

Assume that a uniform fixed ficld exists across a one gentimeter gap

241led with hydrogen at a variable pressure. Assume 2180 that one slectrode

A :;;_:’w,u,‘l v

is a thermionie cathode wdith ample electron emission and that the initial

velocitiss of the electrons are zero. Assune that on the average the net for-

ward velocity of all electrons after collision is 3zero.
Let the total number of elsctrons at any time flowing toward the

positive electrode be wn = mn(t)

BMW%!W&.- Lo b S B i ot R
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The wmber of electrons at « time t wvhose free puth is larger

- R

than the distance x 1-9 ne 2

Ths mcan froe path L is inversely proportionul to pressure so the
preeszure dependence may be added. — %y
ne %Lt
Here ?. is some stundard pressure, ut which L wis determined.
Ths field is E, the voltags across the gap 1s V, and ithe electrode

separeticn is D N,

The ionising ability of electrons is a function of the electron
on&a.

If of is defined us the ions formed per electron per centimeter of
path traveled by the electron, then to a good approximiation for electron en.
10 -

o = wp(Ex— Vi)
vhere & e a wnit.nnt dopmding upon the gas,
K 40 the electric field. :
x is the 'diAnt.anco traveled by the electron.
ﬁh the ionising potential of the gas, a constant
P is the gas pressure, o(. ie proportional to pressure
because the nurber of collisions per centimeber for a
given eleotron velocity is proportional to the gas deneity.

Curves of of versus electron ensrgy are shown in von Engsal and

St.ocnb-ck,n for eeveral gases.

The cuantity B is defined as

p - AV
whore B = 4ons formed per electrn per second
and v = - average velocity of eomding electrone in centimeters per

second.
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In « uniform field the force F on an electron of churge o is
F = clE' = m&
20 $hat the ac~aleration (a) is constunt.
Therefore the velocity is a linear function of tine and the uverage

velosity of the electron betwsen collisions is half its final velocity be-

cAuse it was assuned that the initial olootron velocities are szero.

Vave. = ¥ T i— v&.'ml
In these calculations, the very smmall relativistic effects at potentiale on
the order of 100 electron volts and less are negligible.
The final velocity is determined by the potential difference through
which the eleotron falle.

: 2
Kinetic energy = —;—_- N S <tEx

€x\/
o) ™ ( ?—JVV_\..E.) :

Q ;'_(3_15*"‘ (15*)
T2

| = b .
i = Ex ~ V) (1E*)* dcns formed
b B EPRE M ) (iz—,:‘) electron second

\dih the restriction (Ex - Vi) 20 or " [> 2o since negative ionisations

have no meaning.

Then
n (t) = pumber of electrons flowi..g at time (t)
n (i‘v'-a* /= numbsi of slscircos flowing at tima ’\t+.~t)

n (t4ad)-n(t) = increuse in the number of electrons in &l seconds.
The quantity B varies for electrons of differsnt enorgies, that is,
for elsctrons of different free pathe. Eut B is a function of X, sos

n (t) & ('%’ = nunber of electrone whose {res paths are

- e greuter than £.

_u.(g)'(- 2% = punber of electrons whose free paths ere
grester than X+ & X
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Then h@)le 2"‘( | — e TO )} ~ pumber cf electrons whoss free paths
are between £ wd X+ 6 X

‘ -A
Ixpanding (  — € £i) in a series,

\ - € ‘lf': = - j .‘,_'_. Af?.) = " Af—?—j 3‘(‘“-?)

‘| ILP. L?O
— ox
| — € Rﬁ —_ A% p neplecting hicher
T L? order tearms.

The increuse in clcctromns (or ions) is the numler of elvotrons with suffi-
cicnf enorgy to ionige times their ionicing effcot per second times the num=-

ber of sesonds they act At

Sos %« D —ff .
- nit) € " P—dx a
v\(f +At) - “(t) - 5 Wﬁ () 9-Po

The uppec limit 48 x 3 D since electrons with free paths greater
than D will strike the second electrode and hence not contribute to the ionie

sation. Secondary emission is not considered.

2= D :
: t) — w(t ~%
) ‘nm n(t+a ) “() = n&t) S ﬁé Iﬁ'.e- dx
at o at ARV A
€
x=D
dn ﬁ ExYz . "%
—— et ) E P V; el e " A*
At S w ? ( . )( Zm) i%:
x= 2
The sxprsssicn uader ihe inbagrsl sign ie new independeat of n and

t, but 15 a function of the pressure p and of the applied voltage singe the

voltage deteruines the unifora fieid k.

Let - x= D {
jw(u-vwc»«)e o
.(:Y.‘. ﬁ?e
(=]



=

o R

MEVRPTATI ] R T

A "”aﬂ“ ']}, PR

TP

P i awe
’l

TS TR T

AT S TP Tt RUGLIGR )

]

i

15
and C will be known as the ionizution rite.
Ths conditions in trigcering a 5C22 hydrogen thyratron vdll now be

simulated with regurd to gus pressure, trigger voltage on the grid, and grid-

- eathode separation to shown the correliution Lotween the delay tire of & hydro-

gen thyratron und pressure. y xe D , -%E
R S 5 " . ‘l .
c = < g (1 ')AJ (« - E)x" e 7T dx
QPQ 2 v E
V.
%= é‘

lettdng g Y2 (4 _)"“ = A

AV

and i = K
e
leb -"
Ya ”-ga
ez AR \(@-E)x ¢ = Ax
ILP. f

The dstalls of the integration of the ionizition rate C are carried

~out in the a;pecndix, wd the lonivation raie is piotted us a fundiion of

pressurs for two differant volues of (riggor voltagi on the 522 grid, These
curves are cunpsared with sxperinoental ourves of grid wvoltage delay times versus
pressure on graph 2.

Aécording to the thoory juct presented the ioniszation rate is fixed
at sonstant voltage and pressurs. It might appear therefore that ths current
buildup in the grid circuit as & function of time could bs found by intsgrating
ths differential equation |

Jdt and applying Oha's Law
to the ecternsil circuit. lidowovar the solulion wuuld bo quite limited Lo no
_Accau.nt. bas hoen :nda of lonizitlon by secondury ealssion, no consideration of
any loss of imns by diffusion cud other mschaniaoms, and the field is not linear
as assuzed but varies in time us the current builde up.

Nevertheless, for uny sigenble current increase over the space sharge
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'f l disasted curront 3 plusma nust to forumd. ilie time rate of formition of the
\ plasma dll depend upcn the rute of produetion of positive iong, lionce the
I grid voltoge dalay tisme of a thyratron should decrcass &u the rate of ionisa-
l tion incrcagses, und Lf tho gov.rning wachunisu in the tube is ioalsation Ly
; electron collisicn, tha dulny time should be ncarly inveraely proportional to
1 l the calculited ionization rate.
&
E An experinentul check on this theory was u«de using a special 5C22
; l b, regea thyratron o uippod wath o hyuregon ruwﬁir Luiit Ly Kuthe Laloratore
,% l 1”.12 The hyurvgca rogecvedr cadvs or elor ros iyuruaen depending upon the
g— temperature of an cucléscd fileant.‘ imidl:r resurvoirs are added te the larger
= l hydrogsn thyratrens to coxpensute for gas cleanup by the metal and glass sur=
zi faces with ace. In trils particular speciul 5C22 the tube pressure was culibrated
i_ I with reservoir filanent voituge apainnt & “cClood jauge Laefore the tuhe waa
;g; senled, Due to rnus cleanup with spe the ca)ibretion w411l prot rassin fixed, but
%; the r.lativn-calibrution shonld remayn the =ane, rmd 211 of the terts recorded
g in this paper wars done before the tube hsd 100 hours of nperation,
2- Pressure dopen@tgt curves comparing the analytiéul'ionizaticn rate

and the oxpérimmta’!.]y masured prid voltage delry time are shown on the next

page. The important point of these curves is the fact that thay ponsess one

maxirum in operationual pressure range of the hyiirogen thyratron. The absolute

. ] t L . .
(=T - AR [ ] F [ 13

value of the ionization rate in loa puirs formed per sccond is not important
5 since tne ionization rate is not used to derive the current waveform in the
j
grid circull inm this popore Lonsoiusitly the lonisction rute e plotted in ap-

bitrary units, ti.e scile being a constant times the true ionisation rute. For
ease of comparing the unalyticul and experimental curves the reciprocal of de-
lay tine is plotted g.ivi:;g two curves with maximums. 7The maximus ionisation
rate and the shortest delay occur at neurly the sane pressure. lurther, for

the higher grid triggcr voltage, the miximum doniz:tion rate "nd minimum delay

™ o 375 Avw 5
e, £ R, SO R AR
. ] '
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ocour at a higher pressure, and the ionisation rute is larger and the delay

T e AR BT G

shorter for all prouur&o. This result is to be expected since higher
trigger voltages give shorter delays,as is shown by the curves on graph 2 for

several different kinds of thyratrons.
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18
LIGITATIONS OF ANALYSIS

The maxima of the analytical and experimeatal curves do not occur
&t Just the saue prossure for a numbsr of renscns. First of all, the mean
free path ( £ ) of an electron in a gas is dependent upon the temperature of
13

the gas”~ &as follows:

£= Lo (T2
P 273
Where 1. is the mean fres path at a pressure P and a tuipcrature
of the gas, T\«ss, of 273 degrees Kelvin., The true tezperature of the gas in the
5C22 special thyratron is unknosn and must be approximated. iecondly, ths
electron free path is a function of alectron vs!.o::m,y.i"3 Hence the nuzber ef
alectrons having free paths greater than x is soancthing different than Siue

-

assuned number n(t) e £, Finally, the net forwurd velocity of all elee-

fter coallision 4smobably not zerc az assuxad bub rather scse s3all ecme

panent in the diroction of the field,

a1tk the major objective to leurn the limitations of the plate volt-
age pulse, perheps the more interesting probles would te to apply the snalysis
for ionigation rate to the plate circuit in order to predict the pressure of
minimm plate eommitation time. This problen is more difficult and less
accurate than the grid cathode breakdoun because of the higher volteges invoived.
The assumption that the iona formed per centimeter path per elsctron, ot , ia
proportional to the potantial the electron has upon collision less the icniss~
tion potential of the sas ( V = V3§ ) 1e very poor for electron energies ever
100 volts, The eurves of < for most gases reach a peak near 10C to 150
volts and fall off for highsr electron ancrg‘iosn. Scae other than linear
functionsl approximution or a graphical integraticn would be required. Further
the assuaption that the fres path of an electron inm the gas is not a function
of sloctron velccity is less valid because of the vider range of electron velo=
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cities. And lust of ali the asswsptica thut ths net forir.rd velocity of all
electrons after collision equuls cere 43 less valid since ths suny high energy
alectrons loose vnly u amv:ll fraction of thslr totnl caeryy upon collisiom,

To be sure other opproxinations thun theas could te mode, but at the hisher

voltagea just what asswintions o make becomes nors prodbleamatiesnl.



A)

CO-NUTATION TINE VERZUJ PREGIURE

In spite of the limitations of the enalytie work, the lanisation
rito theory can be used to emplain cqualitatively the changss in coavautation
time with pressure. This section first coneiders the particular probles of
obtaining the shortaat possible commutation time in a tube with fixed geometry,
eperating at a fixed anode supply voltage, with the gas preszure variable. The
mannsr in whieh the pressurs sust be varied tc obtain the shortest commutation
time a3 the voltage is increassd io thoen investigated.

At moderately lovw anode voltagas (leas thon 2000 volts for the thyre-

on u2ed in this investigation

P
e’
i
o
=i
(1]

tained as pressure is varied. Graph 3 indicates such a minimum, obtained with
the variabls pressure thyratron with an ancde supply volteoge of 1750 wolta,
This minimum occurs when the ioniiation rote has a maxizum value. The fonisa-
tion rate in hydrogen is » maxiamu= when most of ths slsotrons havs energl
between 50 and 200 electron volts upon collisian with gas aoioculen.n Since
the electron energies upon collision must be maintained in this range for aaxi-
sum ionisation rate for say conditiion of tube cperation, then changss in anoda
supply voltage muat be accompunied by proportional changss in pressure. For
exanple, if there is an increase in the anode-zrid field, the fres paths of
the electrons must be reducsed rroporticnally in order that the electron energy

distribution upon aollision remains at the same optimum value. The anode-grid

region in the highly suielded comatruchicn 1s well approximasesd by Swo parallial
clete alsstrodez agparated by o distonse 4. Fom thie seomater, the sonditisne
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where k; e an empirical conetant. This follows becauss the free paths will
be inversoly propertional to the pressuvrs.

\/ L !
Then, V = K Po.

This dndicates that to obiain a minimum eoamutation time, the pressure wust

%o increased proporticnally as the voltage is increased. By keeping pressurs
proportional te the fisld, tho free paths will be inversely proportional ts Che
field, the frae paths will be inversely proporiicnal to the field and the
emergy distributions of the electrons wiil be essentially unchanged,

Honoe E = N_ - k._,D
d A
and V = Ko ?d

Yoltage and pressure, however, cwinot be inoreased together indbfinitely.
Fyventuaily the forvward voltase rating iz exceaded and the tube will are {rem
plate %o grid wikhout tricger applied. The tube breakdown voltage ¥ is a
funotion P of the pressure times the electrods separation (pd) &s shown by
the graph &, (1) V, = F(pd)
Therefors, the contitione for the minimum sommutation time of a hydrogen
thyratron at any given voltase will exist vhen V = V), s ¥ (pd). Henss, for
the normally high rated voltagas of these hvdrogen thyrairons, the eommutaticn
time w1l decroone ss presnure inoreases up to ths operetional limits of the
Thia relutionship for the lowset commtatian time is §1lustrated
in Craph 4. In thas reglon of anode voltigee below sbout 200 volts, the
optimum operating parameter (pd) lies on the setraight line adb where a turs
minimun exists. For voltuges ebove 200 volts, use of this optimum eonditiom

would result in breakdown cf the gas independent of grid voltage, =0 that
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the shortest commutation time is achieved by operating #» near tc the break-
dowt curve bg as safcty considerations will allow,

These resuits have bsen verified expsiiamentully. Graph 3 shows that
a minimun comzutation time for the 5022 exists at a pressure of 700 microns of
meroury dth an anode potential of 1750 volts, but the tube will not suppoit
23500 volts on the anode at the same pressure. USince the pressure must rise
proportionally wdth ¢he field, the mininum cormmutation time cannot be obtained
at the higher voltaga.

3imilar results shown on graph 5 give the commutation time versus
pressure for a mercury thyratron. The mercury vapor prssszurs was detormined
froa neasurstents of the liruie moroury temperature aince the licuid zercury
and the mercury vapor are in ecuilibrium. iaie pressure-tesperature relation
is well imom.l‘s mven With @ therpocouple solcéwrcd Lo Lhe shell of ih; ner-
oury tlyrstron nesresl the lguld wercury pool o8 deterdned frow an x-ruy
photograph of the tubs, tuspurature and leiics pressure wsasure:ents ere in-
acourale. iisvertheless, tho curvee aliow clearly the trend of decrsasing comu-
tation tise with inoreasing pressure and & minlwum cousutatiocn time at a plate
potentiul of 500 wultis.

Thie development shows thubl preasure and elecirode separaiion are
not independent variableg, but thet ciinges in gus pressure havs the sume ¢ffects
toward aininising the coamutation time ue chunges in electrode separation in

s n i e el 2
Wi oé JATER &GGGS VeaTage ‘-‘-',‘}L‘l—!é:

the hirhly-shielded hyvrogst thyraises

n
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R FARTH ¢
Thie thesis has shown the advantage of usin;; & highly-shieldod
type of agonstruction to keep plate current from flowing until a cathode-
grid pl&\mn has boon established to mininiie the corzmulation time of thyratrons.

f construction the sam utatlon time and the tules brenkdown

Ee
]
v
=32
b
o
F
Q

voltags ere both functione of tho product of the gas pressure in the tube
and the plato-grid ssparation. Lffects of chan;;us in ono of these variables
ocan be prediated by the lmown offects of churngin; the other cne., Inoreasing
g£&8 pressure increasss the number of gas molecules to be ionited, but de=
crensen the enorgy electrons have at collisfions by reducing their free
pathe., Thess 9pnosing effects result in a maximum ioniration rate betwsen
the low and hirh pressure extrcmes. This maximum ionication rate is noted
by a minimum delay time in the grid circult, but for the fields normelly
enocountered in the plate~grid r¢;lon ef thyratrona, tho forward anode voltage
rating is exoeadud before the conditions for ths maximum joniecation rate san
be obtained, Hencs, the commutation tims nermally decrcases with increasing

pressure,



SOIRK GG BAINING TO DL Dube

Evidence that commutatien timos of hydrogen thyratrons are
shorter than thoss of argon thyratrone which in turn are shorter than
those of morcury thyratrons has been noted in a varloty of tubes with
widely differing geomestries. Along with this experimental evidence is
tha fact that with a glven snersy an electron hae a greater ionizing
ability in ergon and meroury than it does in hydrogen at the same proasuse.ll
It 39 recommended that the effescte of ioniratinon rate and positive ica
pobility upen the ionization progesses in thyratrons be investigated for
soveral differert gases, It would be desirable to eliminate gecmstry and
preassure ¢ffects by having several identical thyratrons of the highlye

shielded type fillad with sevoral different goases at the same pressure,
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BT BATECAL ACP DTS
- Tha ionication rate is oxprosscd as
D ’ -
¢ = AF (G-g)a R a
Lo Jg
7 .
whers A = KE%( 1gm.)z , & constant >
D " y -% 2, 2 a -J,‘Zﬁd
e A 3 ) "
5;&%_&#‘;&::’;{—&&.& €’ \+}3"3gg = Z
E c/ -Eg
The intesral Sx“e' dx can be expressed by using a sories

expansion for ¢ E% and intoyrated term by term.

._e—i&. = 1= %(ﬁ) +EL!(<E€)*" 3 \IF 4'(?&)— error

Because the stries is aitemrltihg, the crror 15 less than the

last term, . 3 /
o B () (e M g
g Ae‘#&( [%, T}({-f)é_;é%(f;&i“ fs'?({?.% +—.*({§)—;?- Kx

p:8
farple onloulation:
. p.='- 100 nierons of Hge
Py ® 1000 microns of Hs.

The mean frou path of electrons in gnses can be saiculated

approximately by tho relation L ® |
N b*

where ¥ ® tho number of gaos molecules per unit volumo which is 6,02 x 109
molecules por 22.4 liters st otandurd temperature (0% G) and pressurs

(762 mne of Hie)e



2

W

b 8 the diamcter of the hydrogen molecuise ® 1.36 x 1016 cnie At

1 rm oof lipe,

23 : 0
wa L0z X107 sy a Vb g g 00 ok
22.4 1. tew |°3 e 160 e
! . L [ ] J‘c\e‘,
LE s et 2= Q4TS m, ot OC

Nt T 3saxio® T (l}bxlo‘)

The mean free path of nn oleotron in a jas wurios with the gas
tenporature 80 assuning a gas temceraturs of 500° C.

L ot 4500€ = L of 0 *(I‘x_‘:f_-") = \rcm.

. 275 K

The mean free path is a function of cleetrun wlooity.n With
103 wolts on the grid L ® .1, or. as shown, but with 5) volis on the grid
the mnan free path is sorewhat less, assumed L = ,08 cue There was no
way to obtain ac~rate measurcmonta of some quantities such as hydrogen
gas temporature which has considersbie effeet on theo mewn free path Lo Howe
ever, the actual valus of the mein free path 42 not too importnnt since the
qualitative results of thsse caleulations are fully fllustrited by using a

value in the corrcct order of o~ -nitude.

‘e = L L
[« = [%N _ @) + Ho) 200~ 1 30+ (6E) %—\
43Y :

- \i 33'—(.05\ == T'; _z-s..x,ool."l)_{-. i.(m) (._37-_)(.000‘?)1

-2
(, x'/" e " dy = LL] - 250+.0]3 —. 013+ ,002 — 033 4 ,002= 40
/

Eopy e {1t R a0 R



TR TR Y s
Wi Dinid T il 0 Pl Qe

ERt.

T S e

» Srmrary
<

¢

==

t. »....am:

A

The intogral 6an also be oxpressed in terms of tha probability
intepral and evaluated direotlyc Iliowevsr, the valucs of sowu of the cone
stants sre not known too acocurately. Hence, precise methods of evaluation
ere unwarranted whon an eanlor approximiation methnd can be used, The approxie

mation used 4s the prisrocidal formulae

b . 3
([ oade = 222 e+ 45 (222) + o]
S:mple caleul-tion:

?..;,{ )’D=|Lm.‘X=-|3{m-
L]

‘:D.
S %—‘\‘C\-X = &L
X
D
%,—_ ?(fq:\)() S‘t\dx = )00( uq)(l ): 3.3

“p-
A

& b 4 Thg, - DX 3 Y
SK (,-L‘,c,\x ":Sty\-z)x € ar = TE.SCK -r‘*-SQ b %‘@r‘\
D

LI e A

RUITQES..
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TALL:, GF CALC . . TIuia
-
/. Epo
&(x)‘:: (» —X‘) x*e y?
o .
Prossure
inciorons & £(z4D)  £(D) S Leyde gy
Of “Eo p ] £
X
) 0 0 0 c
100 «870 AL «176 13.3
220 <5 218 o132 37.8
{ 3)\) a 1.10 . 102 0073‘3 ’0?: h
40O 257 «0iy73 «OLl 50.5
5‘)0 ll?h 00210 00?85 50.8
T +U757 2158 0117 L1.0
820 4051 2028 0775 35.5
930 34 00135 #0051 295

T T

i - ] T v
::::mu-m--_--mmmz—:r-ﬂr“m—ﬁ'

The saecond table of calculations is for a tri--er voltape of 50

volts instoad of 170 volts on the rride Ths eonstants changed aret
X = ‘:é_ = 2%.035 = .27 em.

E = yz ¥ 100 = S©o "/cw\.

A = .08 em.
Pressure ” (.,
in microns 4 f(7 4 D)  £(D) ) Hodn c/A
of Hge pd £
=0 0 0 0 I
150 o543 o219 ' o0G28 : 1.1
200 2254 00656 0390 18.7
309 o131 0197 «0185 20.0
L0 U546 «J060 RNy /N e
500 00256 +0I18S o334 10.0
600 o) VA OS5 00162 140
)3 X656 #0017 « 0070 hel
G0 U250 «TI25 R g b C 2.4
900 012 +000IL «00015 T 1k

The curves showiny those data of ionisation rate versus pressure

for two different tripgser voltaras are shown en rranh 2,
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