
LU 

ILLIMICROSECONB PULSE 

STUDIES 

Part I 
lonization Processes in High-Speed 

Thyratrons 

DEPARTMENT C? ELECTRICAL ENGINEERING 

CARNEGIE INSTITUTE OF TECHNOLOGY 
PITTSBURGH, PENNSYLVANIA 



•0*1 

i 

I ! 
IONIZATION PROCESSES IN HIGH SPEED THYRATRON3 

by 

William C. Dean 

Progress Report of Work Done Under 

Office of Naval Research Contract No. N7onr 30306 

James B.  Woodford, Jr, 
Caylord W. Penney 
Everard M. Williams 
William C. Dear. 

Department of Electrical Engineering 
Carnegie Institute of Technology 

Pittsburgh 13, Pennsylvania 



I 
i 
I 

I 

i - 

ACKNOWLEDGEMENT 

The assistance of Kuthe Laboratories, Incorporated, in 
providing an experimental hydrogen thyratron for use in this 
study is gratefully acknowledged. 

I r H 
I 
I p 
i I * 

I il 
1 I. i 

u 



I 
r 

H I 

li 

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-thyratron pulse 

generators has brought to light basic differences in ionization phenomena 

between hydrogen thyrations and other types of thyration. This report 

is concerned with an experimental and analytic study of these differences. 

Its text comprises the doctorate thesis of William G. Dean. 

1. "The Initial Conduction Interval in High-Speed Thyratrons", J. 3. Woodford, 
and E. M. Williams, Journal of Applied Physics, Vol. 23, No. 7, pp. 722-724, 
July, 1952. 
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I INTRODUCTION 

Thyratron* are thro* or eometimes four olemont gas filled tubes de- 

signed to switch large amounts of power quickly. They find wide use as switches 

In pulse forming circuits for radar, industrial control equipment* and other 

systems* For most applications the imitation time of these tubes is shorter 

than necessary and eon be considered instantaneous. Methods of slowing down 

the pules rise time have been employed to roduce the peak powor the thyratrons 

must handle in on effort to prolong their life. 3ono now applications! how- 

ever* require high power pulses with very short rise times. The Units of radar 

resolution are dopenaent upon the sharpness of tho transmitted pulse. Ghort, 

high power pulses are used for example in benm deflection systems for cyclotrons. 

In ell thyrutrons the grid so completely siilalis the plats frcru the 

cathode that even with a large positive plate potential applied conduction does 

not take place until it is initiated by the grid. When the potential on the 

grid of the thyratron is raised sufficiently, a snail electron current flov/s to 

the grid and the positive anoJe. This space charne limited current causes loni- 

sation of neutral gas molecules by electron collision, each ionising colliolcn 

forming a new tf electron and a positive ion. As more and more positive ions 

are produced, they tend to neutralize the space charge caused by electrons per* 

sitting more electrons and hence more current to flow. In steady state con- 

duction a plasma is established. The mechanism of a plasma is similar to the 

condition of the electron gas in a metal where a low field intensity £ives rise 

to a large eloctron current flowing through the posltivo metallic ion*. One 

main difference Is that the positive ions in the metal ore fixed in position by 

the lattice structure while the positive ions in a gas drift In the direction 

of the electric fisld. In full conduction the voltage drop across the thyra- 

tron is low so that with the plasma established the grid and plate currents in 

most applications are primarily determined by the external circuitry* 

A thyratron may be used in many different circuits, but most of these 



can be reduoed to tht equivalent clroult ehovn In tliym 1. 
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Tht ionisation interval for a thyratron in such a circuit cun ha readily di- 

vided into two parta. The first part, defined In this thssis an the delay 

tine, ia the tine interval between the replication of the trigcer pulae to tht 

grid and tht Instant vhen the plate voltage starts to f^U rapidly. Lmring 

tht delay interval the plate voltage of the tube does not change appreciably. 

Tht second part, defined in this p*rt ae the co-wutfltion time, ie tht tint In- 

terval during which the plate voltage stnrta to fall rapidly until steady state 

full conduction ia reached* The total loniiation tine is the eum of tht delay 

time and tht confutation time and is the tint required to font the plaaiaa. 

For thyratrons used in pulse f a-ming circuits, the confutation tint 

of tht thyratron defines the shortest pulae rise tine available* The study of 

the dependence of the commutation tine on ret pressure and tube geoca»try is 

tht prlsary purpost of this thesis, but, in addition, a otudy of the delay 

tint aust also be aadt in order to understand the commutation interval. 

REVIEW OP OTHER WORK IN BUS PiaD 

Considorablt attention has been riven in recent years to a study of 

6,7,8 
tht dtionisatlon time In thyratrons,   tinct this Units the ruxiuun repeti- 

tion rate of the tube. Ltst attention, however, has b*en given to the ionisa- 

tion time since conduction is fast enough for most applications. 

At early as 1933 "noddy* investigated the delay tine of mercury thy- 

ratrons. The wave shops of the anode voltage fall was attributed to the effect 

of tht external circuitry and lnterelcctrods capacities of the tube. 



3 
In 1933 Wheatcroft"5 did ooir.o analytical work on the current! during 

the delay tlir.o based on ttushi.ian'e equation?* nanoiy^/Hfc. 

where   T is the ealssion tcuperaturo ot the cathode in decrees 

Kelvin 

k is the Doltznunn constant 

K is tho electron energy required to pass the work 

function barrier of the cathode surface 

A Is on empirical constant 

Wheitcroft^, working with a type rBT 1" thyratron whose £rid is a circular 

disk with s concentric hole l/AO th. the grid area, makes the plane electrode 

assumption and states that the electrons bavins sufficient energy to got 

past the potential well cauocd by space charge in the grid cathode region after 

the grid is triggered givo rise to a cathode current of 

provided the hole is so large th-\t all electrons vith sufficient energy got 

into the plate region. If not, the relationship becomes 

Ic « . 1 Is * "T 

where \  is s geometrical constant based on the grid hole site. 

a  is the electronic charge 

V^is the potential of the well below that of the cathode 

Ic is the cathode currant 

T is the total omission of ths cathode 

lonisations which occur in the grid-anode region chimgs the effect of the 

•node potential in the cathode regies and thoreforc increase the Anode cur- 

rent. At breakdown 'Wh oat croft states that  4^ -* 00 
dl 

A similar approach yielding the anode current rise during both tho 

delay and the commutation intervals is given by Kullin . His explanation of 

delay time is based on the rate of ionicatlon in the grid-anode region end 
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the rate at vhleh the poaitite ions nova back Into the potential veil ncu- 

tralltlng it.    Whtn the potential of the veil has been reduced to eero, Kullin 

cor.cludte that the cith-le le emitting its raeximura current, ani the Initiation 

of the discharge le complete. 
5 

In 1940 Harrison experimentally investigated the delay time of a'gon, 

neon, and mercury thyratrons. Tho delay time tai found to he inversely propor- 

tional to the grid evcrvoltage. Increasing the anode voltage also shortened 

the delay time. No theories explaining these findings were proposed. 

Li 1950 Woodford1 teaeured tits variwtion of breakdown tine on 5C22 

hydrogen thyratTons with anode voltige, grid ovcrvoltage lotid impedance, end 

lead Inductance. The 5C22 thyratrons and similar types differ considerably in 

geometry from the mercury und other types with regard to the shielding of the 

plete by the grid. 

To date the analytical work en thyratrons has been confined to tubes 

with the geometry characteristic of the mercury thyrntron. Furthermore, no 

experimental data or analytical treatment of the variation with pressure of 

either the delay time or the commutation time has been given In the literature. 

In the first section of this thesis the very much shorter pulee riee times 

available from the 5C22 hydrogen thyretron ae compared to those of the mercury 

thyretron are shown to result largely from Ite special geometrie construction. 

The eeeond section of thle thesis describee a new approximate analysis of the 

effect of pressure on tbs commutation time of hydrogen thyratrons and compares 

the analytical results with experimentally detsrmlssd values* As operational 

criterion for obtaining the minimum commutation time wnen using hydrogsn thy- 

ratrons similar to the 5C22 is also given. 



I 

i > 

GliOMhTKICAL DlFFljlt.NCFJ IN T11XKATU0H3 

Hydrogen thyratrons, such as the 3C/»5, AC.35, *nd 5C22 thyratrons, 

dsvelopad during the last war differ significantly in electrode goomatry 

from industrial mercury vapor thyratrons.    In tha mercury thyratron a diraet 

line-of-sight path for aleetron currant flow exists between the eathode and 

the plate through a concentric hole in a disk-shaped grid.    The plate current 

it cutoff only by the potential barrier arising when one or core of the gride 

ere held at a negative potential.    On the other hand, the grid end grid baffles 

In the hydrogen thyratron eo completely enclose the plate from the cathode that 

the grid acte aa a physical as wsll aa a potential barrier for eleotron plate 

current.    This shielding in the hydrogen thyratrons, in addition to permitting 

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

tion processes.    For the purposes of this comparison the hydrogen thyratron 

construction just described will be known as the highly shielded type, and the 

mercury thyratron type of construction as the line-of-sight type*   Of course, 

the highly shielded type of construction is not necessarily limited to hydro- 

gen-filled tubes nor are the line-of-eight tubee only mercury-filled.    For a 

comparison of the two types of construction sse figure 2.   This section des- 

cribes the effect of these two geometries on the delay and commutation times. 

la the line-of-sight tubes some of the initial electrons pulled 

toward the grid by the grid overvoltage past through the grid hole into the 

grid anode region and on the the anode.   Thue plate current flows ae soon as 

spaes charge limited current ie set up in ths tube.    Ionications can then take 

placs in the grid-anode regies with the plate current increasing as ths specs 

charge is neutralized and ths plasma is formed.    Thie mechanism in the liae- 

] of-sight tubee has boen handled analytically by nhoateroft? end by Kullin*. 

Wheateroft described the eathode current   Ic    »• » function of the grid over- 

voltage   V.  timse the triede amplification factor yw  plus ths anode voltage Vft| 

• 

I 
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Figure 2:    The heary arrows indicate the path of electron plate current. 
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that is,  Ui* grid voltage volt for volt has  t»  times as much %ttset a?, the 

anode voitAge in determining th« cathode current during the delay interval. 

This elf act ia the sum* aa the affect of tha grid voltage in a normal triode 

Wheatcroft^ and Harrison' found tha delay tiroe in line-6f-eight 

ihyr&trona to decrease with increasing anode voltage.    Mul.lin found the d*l«j 

tine relatively independent of the anode voltage shoving that experimental 

differences between investigators existed. 

In the highly-ehielded hydrogen thymtrons„ on the other hard, 

initial electrons cannot find their way into the grid-anode region,    instead? 

a two-step process is required to initiate the discharge.    In the first step. 

& plasms is fcreed in the prid-cathode space under the action of the positive 

grid,    la the second, an appreciable nuraber of eleotrons froa the grid-cathode 

plicti find their way around the (?rid baffles to initiate a plasma in the grid 

anode region, completing the formation of the discharge*    During the first w*' 

these two steps, essentially the delay period, the cathode current la inde- 

pendent of anode voltage, and the cathode current is flowing almost entirely 

in the grid circuit. 

The distinction b«tw«en ths t*e types of thyratrone is danonsiratei 

by ins phwvCei»phs of grid voltage and pi*ta voltage waveforms for both ft 

highly shielded hydrogen tube and a line-oi-eight mercury tube. 

The grid voltage waveform shown was measured between the grid and 

cathode terminals of the thyr-atron.    The pulse generator supplying this grid 

voltage maintains a high grid over-voltage until the grid cathode region 

ionises*    Then? because of the voltage drop ca-usod by the flow of grid current 
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in ifee lat*raal inpodanee of the p&loe generator, fcfee grid vsltsge is. s»«a«ee£ 

t* & Taltvt near the lonisatioe potential ox tho £**.    This is shove is Figure 

3, where the first drop la grid voltage ©ecurs whs: tho grid Ionise* sad the 

seeond at the toroinatian of tho triggering polso. 

F i ou'%    "3 • 

The wavefora show is tdth soro plate voltage,   Ths phatogrephe of flgnre 4 

3S tho next page show that *iih soro plate voltage the grid Tsli^ege w&refome 

of tho highljr-ehieided hydrogen tabes sad tag line-of-eispt gsarteyy tubee 

sro vorj similar.    However, tho plate voltage drop eaa eeear in neromry tubee 

before tho grld-eathode region iemitoo completely, whereas in th*s hydrogen 

taboo the grld-eathode region wtt bo ionisod first.    This effoot is sfe^a fcjy 

| tho foot that if tho trigger pulee is shortonod to lest then tho tin* required 

for the grid^sftthodo r*gi«m to ionise, tho line---« insight Vsbo son still bo 

nsdo to firo idth sufficient anode voltage, but tho highly ehlelds£ hyd>eg«a 

tub* cannot, 

fbO  OffOOt   MfKM*   OQfiBwW«iw» tiSO ©f tht  %&$&<&?* 41?!epaaO*«  lift  4bO 

j g*y-*»s7 s* tas i*s type* — ratf«B is saoIaAncd AS fallawoi    *» «*• ii%*~ 

of-elgat tabes positive ions cost neutralise tho space charge in the eathed$- 

grid region before a largo plate current eon flow.   The ti**> r^aired for tax* 

asatralisaticn is calculated by Mullia*.   Tho neutralisation of this epeee 

charge is e gradual preeece, end aa it progresses, the plate emrront ineroeeee 

gradually.   Daring the delay tine tho dotslnent field drawing eleetroae into 



tayratraB OEris aarraaij Qfris f&ltaga, sad ?lata vslt »§* Bavafonts* 

m-17t Hvrfisry Uas-«f-slfM Tayrst^aa fict£ nydr©g*a Hi£bly~sbialdsd 
tbyratron 

appar trasss ara grid aarrsat, tba betto* tressa grift Twlte^s, wits 
asr© plats voltsga sppliod.    Hers tfe« waraf arsis of tba tvbas w» cpd%* sia- 
ilar.    Whoa tb© grid ioaiaaa, grid currant rlaaa sharply sue grid ?«l««gs 
falls*    Ska iaifelal aaall jmlaa of gpr*&« oarrsat oa tba bydrogaa trass is 
Asa to tba ahargiag of tesa ,fprti«.t#~#«%feoda espaaity.   Basaasa of tba **ry 
amll grid-to-sataada a«pa«i«F *s tbe PO* i?t, a si-ilsr paJlaa dose set *p- 
paar oa DM #?iS stirrsat trsoa of tba ntraary tabs. 

iiiM trasss ara cbovm Mara wita 700 volts oa tba plats of aaaa tube. 
Tba affect of plata volta®* on tba narsary tuba ia oaly to wdr*ii tba da- 
isy ties uatil tba grid ioaiaaa iadisatlag t&at tba ioais&tioaa ia taa piata- 
grid ragioa aad taa oatboda-grid ragioa oaear ooaoarraatly.    la tbs iyire- 
gas tefratroa aa aba plata«grid ragioa ioaiaaa, a poaitiva potaatial spika 
aad a sedative osrrsat apika appaar oa taa grid as taa grid triaa to riaa 
to taa plata pot^atial.    Ifcia grid apika aaaaot b« aada to oooar abaad of 
taa tins wkaa taa sstbeda-grid ragioa just starts te tools* s aad taa grid 
daisy tiaa is set sbortsasd.   Haaos, taa bigbly shisidsd tuba smst fira ia 
a tao stop prosasat    tbs satbsda-grid ragioa ioaisas first aad taa plata- 
grid ragioa sseoad.    All traoe iaagths ara firm aiaraoaseads. 

Taa abona traaaa sbew plats voltsgs to tha same tias aaala as tbs $rid 
awrraat sad grid voltaga traoae*   fba rapaatad palaas ara aagstira^from tba 
aad of tba tranaaissioa Has plata load* raflasiioas 

Ft « v t* 
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the plate-grid region Is due to the grid voltage, sine* the plat* voltage 

hat »o little effoct in the cathode-grid region. 

In the hi&hly shielded tubes positive ions must neutralise the 

spaoe charges In the citho <<t~~rid region also, but no plate current flow* 

until the cathode-grid plasma is established.    Then when the plate-grid re- 

gion starts to breakdown, the source of electrons is not a thermionic 

cathode with a space charge to neutralise but rather a plasma of positive lone 

and eleotrons near the grid.    The field drawing electrons into the plate-grid 

region is the high anode field itself rather than the lover cathode-grid field. 

Consequently, the highly-shielded type of construction results in much shorter 

commutation tines than the line-of-eight type. 

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

ent characteristics with regard to delay time versus ^rid-overvoltage.    If the 

delay tlmn of both the highly shielded tubes and the line-of-slgbt tubes is 

measured as the time to ionise the grid-cathode region with zero or low values 

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

overvoltage for the line-of-slight tubes.    Both Harrison* and Kullln* verified 

this relation for the Une-of-sight tubes.    However for the highly shielded 

hydrogen tubes this function of grid overvoltage is non-linear.    The curves; en 

the following page of graph 1- illustrate this result.    Beside* the plate of 

I the hydrogen tubas being highly shielded, the cathode is shielded by baffle* 

at cathode potential to prevent positive ion bombardment of the oxide coating. 

• It le possible that this non-linearity is caused by the extra baffles in the 

highly shielded thyratron which the line-of-sight tubes do not have. 

I 
I 
I 
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Since the gat with which a thyratron la filled permits tha tuba 

tc carry its characteristically high eyrrmte compered with the currents in 

a high vacuum tuba, variation of tha gas pressure would ba expected to have 

considerable effect upon tha tuba operation. Thia section describes tha 

effects of gas pressure upon tha ionlsation processes of the thyratron. 

In order for an electron to ionise a gas Molecule by collision It 

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

ently large potential difference. With a given field at very low pressures 

tha electrons may fall through a potential difference large enough to give it 

the energy required for on ionising collision, but few collisions take place 

due to the low gsa density so that the time rate of ionlsation la low. In thia 

Instance the ionlsation rate would be increased by increasing tha gaa pressure. 

At higher pressures, on the other hand, the t.as density nay become so great 

that most electrons td.ll colirie with gas molecules before they fall through s 

sufficiently large potential difference. In thie caae, increasing the gas 

pressure further reduces the free paths of the elect sons, reducing their ener- 

gies upon collisions, and so decreases the ionlsation rats. These tso effects 

work against each other so that the noxious ionlsation rats should be obtained 

somewhere between these low and high pressure extretnee. With s few simplify* 

lag assumptions thess two affects can be illustrated analytically. 

Assume that a uniform fixed field exists across a one centimeter gap 

filled with hydrogen at a variable pressure. Assume also that- «•»• «!ectrode 

is a thermionie cathode with aapls electron emission and that tha initial 

velocities of the electrons are sero. Assume that on the average the net for- 

ward velocity of all electrons after collision la sero. 

Let the total number of electrons at any time flowing toward the 

positive electrode be  v» = *(t) 
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Ths  lumber of electron* *t < time    t    whose free path 1* larger 

than the distance x is? v^ *    * 

Ths a«an fro* path JL  Is Inversely proportional to pressure eo the 

pressure dependence raiiy bo added. 

r\ t 

H«r»   P,  is SOBS standard pressure, at whieh jL   tai dct»rained. 

Ths field is E, the voltage acrose ths gap is V, and the electrod* 

separation is Dt v/ 

Ths ionising ability of electrons is a function of the electron 

energy. 

If   o<   ia defined as the ions fcr-ied per electron per centimeter of 

path traTaled by the electron, then to a good approximation for electron en- 

ergies of ICO volte and less} 

i*iere S is a constant depending upon the gas, 

I is the electric field. 

X is the distance traveled by the electron. 

T^is ths ionising potential of the gas, a constant 

P is the gas pressure.    o<   is proportional to pressure 

because the number of collisions per centimeter for a 

given electron velocity is proportional to the gas density. 
I 
I Curves of o<   versus slsetron energy are show in von Ehgsl and 

Steenbeck,     for several gases. 

Ths quantity B is defined as 

whore B   «   ions formed per electro) per second 

and     T   S   average velocity of colliding electrons in centimeters p«r 

second. 
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In » uniforra field the foroe F on on electron of charge o it 

F" = a £' — • c*. 

so thnt the acceleration (a) la constant. 

Therefore the velocity la a linear function of tine and the average 

velocity of the electron between collision* la half ita final velocity be- 

cause it was assumed that the Initial electron velocities are aero. 

In these calculations, the riry  small rolativietlc effects at potentials on 

the order of 100 electron volts and less are negligible. 

The final velocity la determined by the potential difference through 

which the electron falls. 

Kinetic energy •  -^ M  » =• <t^* 

Thsn    /3 - k p ( £* - V.) ( 4 b * ) z   tSBI frl»«l  
' v      l x £«« '  electron aecond 

with the restriction  (tn-V^o  or  /i > « sines negative lenisstioos 

have no neaning. 

Then 

n (t)   *   number of electrons flowi .g at time (t) 

n {t-s--.t   )    s   number of elsctrsas flowing at iia* (t + »-*) 

n (t4ai)-h(t)   s   increase in the number of electrons in   tX   seconds. 

Ths quantity B varies for electrons of different energies* that is, 

for electrons of different free paths.    But B la a function of X, sot 

n (t) fc       t3*       :   number of electrons whose free paths are 

n (t) €     * ?•       s   number of electrons whose fres paths are 
greater than X + 6. X 
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Then v^(t)l e *" ( » — *-  ** ) I = nu-nber of electrons whose free paths 

L * are between i.  and X-v- & X 
-hr 

landing    ( t  — fe.      f•;    in a aeries, 

-«  *TT(^)  - 

\  - e     *?• 
A P. 

neglecting hirher 
order tents. 

Tht increase In electrons (or ions) is ths number of electrons with suffi- 

cient snorgy to ionise timoo their ionising off cot par second times ths mm- 

hw of seconds they act  At. 

|       Sot « ' *> 

I v. =   — 

Ths upper limit is x s B sines sleotrons with frss paths greatsr 

than D will strike ths second slsotrods and hence not contribute to the ioni- 

satlon. Secondary mission is not conoidsrsd. 

liv*  -I ! =  r^t)  \ |3 €: *h _e_ dx 

I 
X 

6 
Ths ixprsssior. under the i=i--r-.*I sign is now independent of n and 

t« but is a function of the pressure p end of the applied voltage since the 

voltegs determine* the unlforu field E. 

I is *(* 1 e 
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and C will be known at the imitation nte. 

The conditions in triggering * 5C22 hydrog on thyratron will now bo 

simulated with regard to gas pressure, trigger voltage on the grid, and grid- 

cathode ssparatian to shown the correlation botween the delay tine of a hydro- 

gen thyratron and pressure. *«D -*£. 

c   * 

E 

luting       K g-^ (  H\*   ^    A 

and vi.   =    X 

* T> 

c   =     A -£ 
*P. 

The details of the integration of the ionization rate C are carried 

out in the appendix, and the ionluation rate ie plotted as a function of 

pressure for tvo different values of trigger voltage oh the 5C22 grid. These 

curves ore compared with vxperlr-«ntal ourvee of grid voltage delay times versus 

pressure on graph 2* 

According to the theory Juet presented the lonisatlen rate is fixed 

at constant voltage and preaeure. It might appear therefore that the current 

buildup in the grid circuit ae a function of tine could be found by integrating 

the differential equation 

tit" und applying Ohm's lav 

to the external circuit. Ibwovur t5*j solution would bo quite limited for no 

account bus been r.rvia of Ionization by secondary eaission, no consideration of 

any loss of ions by diffusion and other aechaniaaa, aud the field is not linear 

as assumed but varie* in tiao as the current builds up. 

Nevertheless, for any sic«able current increase over the space charge 
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limited currant a piusawi iuuut to foriaod.    mr. time rate of formation of ths 

plum* will depuna upon the rate of production of pojiiive ionj*    Hence the 

gri£ voltage del;sy ti:i.e of a tltyrctron should decrease au tl<« r.itu of ioniac- 

tion increases, and if tho governing Mechanism in the tube it ionltatlon by 

electron oollxaicn,  tha doL.y time should be nearly inversely proportional to 

the calculated ionixation rate. 

An experimental check on this theory waa urade using a special 5C22 

h^-'.regta Ihyx&tron w^uippud with i. hydro *,£!» r«**rvoir &iui.t b> Kuthe L*.Lorfc.tor» 

12 lea*        Thj hytiro,;ca .rosorvwir L^IUO or *«.*<" rou hyur^gon defending upon the 

temperature of an cie'losed filament.    JiniLir rtiorvoire arc added to the larger 

hydrog*n thyrttrena to coxpenaate for gas cleanup by the metal and glass sur- 

face* with a°e.    In tr.lt p<»iticular special 5C22 tho tube pressure was calibrated 

with reservoir fllanont vojLa£« /\puin*t * i'cClood gaupe before the tube was 

sealed*    Due to raa cleanup vlth r.£>e tho rsjlbrvtlon wi.'l rot r^-sln fixrd, but 

the relative calibration should remain the sane,  *nd all'"of the tepto recorded 

in this paper were done before the tube br<d 100 hours of operation* 

Preosure dependent curvas comparing the analytical ionifcition rate 

end the experimentally mortsufed grid voltage riolry timo «re nhown on the next 

pap.e.    The important point of these curves is the fact that th*y possess one 

maximum in operational prmnnur* range of the hydrogen thyrotron.    The absolute 

value of the ionixation rate in ion pairs formed per second is not important 

since tne ionisation rate is not used to derive the current waveform in the 

grid circuit In tula pop«r«    tonscijuaiitiy the ionisation rate is plotted in ar- 

bitrary units, t.e scale being a constant tines the true ionisation rate.    For 

ease of comparing; the analytical and experimental curves the reciprocal of de- 

lay time is plotted giving two curves with maximums.    The maximum ionisation 

rats and the shortest delay occur at nearly the same pressure,    further, for 

J the higher grid trigger voltage, the maximum Ionisation rate -md. minimum delay 

I 
I 

I 
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occur at * higher pressure, and the ionisAtion rate 1* larger and the delay 

ehorter for mil preaeuree. Thia result is to be expected eince higher 

trigger voltagee give ehorter delays, ae is ahoun by the curvet en graph 2 far 

aeveral different kinda of thyratrone. 
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HIO.TATIU2;3 OK ANid.XSI3 

The maxima of the analytical and experimental eurv#e do not occur 

At Just the same pressure for a number of reasons* First of  all; the aeon 

.free path ( %  ) of an eleotron in a gas is dependent upcm the temperature of 

|      the gas13 as followsi 

X - *zb ( -5=2-) 
p      V     2.73 / 

Where   Jt, is the mean free path at a pressure   p,   and a temperature 

of the gas, T^«.t(of 273 degrees Kelvin.    The true temperature of the gas in the 

5C22 special thyratron is unknown and must be approximated.    3eeondlyA the 

113 electros free path is a function of eleotron velocity.        Hence the number mt 

electrons having ir— paths greater tnan x le something different than the 

assumed number      n(t) fc  *     .    Finally, the net forward velocity of all elee- 

tFOSS after anlllalnn ian*9hably not  s&ro &s assussd but rather sas* g^^i   w*w» 

ponent In the direction of the field. 

I aitfc the major objective to learn the limitations of the plate volt- 

age pulse, perhaps the more interesting problem would be to apply the analysis 

for locisation rate to the plate circuit in order to predict the pressure of 

minima plate eassuiation time. This problem is more difficult and less 

accurate than the grid cathode breakdown because of the higher voltages involved. 

p      The assumption that the ions formed per centimeter path per electron, «£  , is 

proportional to the potential the eleotron has upon collision less the ionise- 

i      tion potential of the gas ( V - v^ ) is very poor for electron energies ever 

100 volts. The curves of «*  for most gases reach a peak near 100 to 150 

volts and fall off for higher electron energies . 3ome other than linear 

functional approximation or a graphical integration would be required. Further 

the assumption that the free peth of an electron in the gas is not a function 

of electron velocity is less valid because of the wider range of eleotron velc- 
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citiss.    And luot of *li tha asumspticn Uut tlw n»t forward rdocitjr of all 

aloctrons after eolliuion oquuls sere la less valid eiuco Uvs suiny high anargjr 

oleotrons loooe only u acv.'.ll trua'Aon of thrir total energy upon collision. 

To bo sure other approximations than thast cculd bo n»A; but at too higher 

voltsgaa Just what assumptions to naks bacowas norti problematical. 
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CGKMJTAT1QH TIME VEK3U3 P?Ju33URE 

In spite cf the Utaitations of the analytic work, the lamisatien 

r*.to theory can be used to explain qualitatively the change! In co&rcutatlon 

time with pressure.    This section fir»t eonsidere the particular prabiets of 

obtaining the shortest possible commutation time in a tube with fixed geometry, 

operating at a fixed anode supply voltage, with the gas pressure variable.    The 

manner in which the pressure oust be varied to obtain the shortest eomniutatleo 

time as the voltage is increased is then investigated. 

At moderately low anode voltages (less than 2000 volts for the thyrsv- 

innfi   ii-aa.4   4 *>   +Vi4»    4n**ct'4iiiif4Mi\    *    ft AAf   falwl MMM   mwjiiitiflMi   • ''•»•»    ft»ft   1*£   HVW. WB -^a»     w.9*>     an     w*»4Mw     a»M v VSM|J.M«U|      *•»     V*<VM4      • ••.••• *it%M    wwiuww w« v*w»     «*•• •      W •'••     «^^     »•?»— 

tained as pressure is varied. Graph 3 indicates such a minimus, obtained with 

the variable pressure thyratron with an anode supply voltage of 1?50 volts* 

This minimal occurs when the ioni%ation rate has a maxianss value. The ionisa- 

iion rate in hydrogen is a maxima when most cf the elect-ross have energies 

11 
bstveen 50 and 200 electron volts upon collision with gas molecules.        Since 

the electron energies upon collision must bs maintained in this range for aasd* 

mum lonisation rate for any condition of tube operation, then changss in am*!* 

supply voltage muat be accompanied by proportional changes in pressure.    *sr 

example* if there is an increase in the anode-grid field, the free paths of 

%h® electrons Bust be reduced proportionally in order that the electrss energy 

distribution upon collision remains at the earns optimum value.    The mode-grid 

rvfivun  J»-H  *u» iugiu./   «uuuw  e«i>»ru»»iw Z»   W»JU appTOXUMi S9Q  HJ  «»» parSU>«,m* 

ni a^.*fc sHjsstrodsjS ^*>^MtAX K» ^ H4.fuiiAA *#_    !?*««• #w4. seottotry   ^^*» eondj 11 on * 

for maintaining optimum ionis&tlon rate can be tarltten as 
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whsr« k^ is an empirical «onet*nt. This follows because the free peihti will 

bs inversely properUonal to the preeswre. 

men,       v •—  K.0 P« 

This indicates that to obtain a ainiaua ee«srautation time, the pressure nast 

bs Increased proportionally ae the voltage is increased. By keepinf pressure 

proportional to the field, the free paths will be inversely proportion! ts the 

field j, the free path* will be inversely proportional to the field and the 

energy distributions of the electrons will be eeeentially unchanged* 

H*>!10e P~ — *)[_     —   ir    h 
d 1 

and        V = K P d 

j Yoltag* and pressure, however, cxnnot be increased together indefinitely. 

Eventually the forward voltage rating is exceeded and the tube will are, freji 

plats to grid wihhout tri^Ker applied.    The tube breakdown voltage v* is a 

function   F   of the pressure times the electrode separation (pd) as shewn by 

ths graph*. (U) yb    =   P Cp^) 

therefore, the conditions for the ninlsus oomsutation tine of s hydrogen 

thyratron at any given voltage will exist when V : V|, • f (pd)*    Henas, tar 

ths normally high rated velt»g*s of these hydrogen thyratrons. ths aamstttfttlegt 

| time will decrease as pressure increases up to the operational Halts of ths 

VMW»» 

This relationship for ths lowest ccosoutaktiAo tiss i* illustrated 

in Graph 4. In the region of anode volt.'-go* below about 2100 volts, ths 

optimum operating parameter (pd) lies on the straight line ab where s turs 

•inlmuu exists. For volt"«<ss above 2100 volte, use of this optimum condition 

would result in breakdown of the gas independent of grid voltage, so that 
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the shortest commutation time ip achieved by oparatins *e near to th« break- 

down curve bg, -a safety considerations will allow. 

These reauita have bnen verified expsr'mentally.    Graph 3 shows that 

* aininius commutation time for the 5C22 exlets at a pressure of 700 aiaron* of 

mercury with an anode potential of 175U volts, but the tuba will not support 

3500 voltv on tha anoda at tha aana pressure.    3inee tha praasura must rise 

proportionally with the field, tha minimua commutation time cannot ba obtained 

at th* hisher voltage. 

Similar reeults snown on graph 5 give the commutation tiae versus 

pressure for a mercury thyratron.    The aercury vapor pressure WHS determined 

fr«a aeaauraments of tha lii*uia mercury temperature since the liquid mercury 

and the mercury vapor are in equilibrium.    iiuLa j.rcssurs-tfcaper.iture relation 

is well known* '     Kven with a ther.uocouplu solutreu to ikv shell of ths aeiv 

oury thyratron near eat the lii-jUiU uarcurj' pool as det emitted frou an x-ray- 

photograph of the tuba, tuaparature and hence pre*»sur« jiujasurseients are in- 

accurate*   nevertheless, the curves show clearly the trend of decr*asing commu- 

tation tiae with inoreasing pressure *uvj a minimum commutation time at a plate 

potential of 500 volts. 

This development ahows that pressure       and electrode separation ar« 

not independent- variables, but th*t cis»n&e* in gas pressure have the saae effects 

toward minimising the oousutatioii time as changes in eleetreda serration in 

the hichly-ehielded hyurogsc thyraiirsss with a giv«g. anode vslts^e s.^piisd= 
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Thlt thesis has shown the advantAj:e of Wiinr,  a highly-ahieldod 

iyp« of construction to keep plate current from flowing until a cathode- 

grid planma hatt been established to minimi: e the eor.jutation time of ih/ratrotti. 

Xn viu* ^ype OA construction the coo;, utatlon tlrr* And the tuoe breakdown 

voltage are both function* of the product of the gno pressure in the tub? 

and the plate-grid separation* Effects of changes in ono of these rarlables 

can be predicted by the know* affects of changing tho other one. Increasing 

gas pressure increases the number of gas molecules to be ionized, but do* 

creases the energy electrons hive at collisions by  reducing their free 

paths. These opposing effects result in a maximum ionisation rate between 

the low and hlrh pressure oxtrtr.es. This maximum ionination rate is noted 

by a minimum delay time in th« grid oirouits but for the fields normally 

encountered in the plate-prid region of thyratrona, tho forward anode voltage 

rating is exo<redud before the conditions for tho maximum ionisatioo rate can 

be obtained. Hence, the commutation time normally decreases with Increasing 

pressure. 
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l.\)«K U,JiAININ<i TO Hi- DOKi 

Evidence that eowrsutation ii»ce of hydrogen thyrairons are 

)i'hort«if than those of argon ihyratrons which in turn are shorter than 

those of »oreury thyratrons has been noted in a varioty of tubas with 

widely differing geometries* Along with thin experimental evidence is 

th* feet that with a given enerrj an electron has a greater ionizing 

11 ability in argon and Mercury than it does in hydrogen at the sane pressure* 

It is reoe&ssndod that the effects of ionieation rate and positive loo 

nobility upon the ionizatlon processes in thyratrons be investigated fo? 

•everal different gases. It would be desirable to eliminate geoaetry and 

pressure offsets by hftvinfi sererai identical t)\yratrons of the highly* 

shielded type filled with several different gaaos %t the s&ae pressure* 
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HATH KATIvAl. A.KJIDJ;; 

The* iontration rato la expreaoed ae 

*P- 4 
where     .    _  fcp^c  _9    ^& t a eonatant. 

The Integral   \Vlfe ^pdU can bo expressed by using a aortas 

expansion for      fc ^   and into prated term by torra. 

arror 

Because the atriea la alternating, the error la laaa than the 

laat tarn, •    >y 4 9/ 

(V** ai [if- ^/ ^^-i^^V! 
E Sample calculations 

I p s 100 microns of Hg« 

P0 • 1000 microns of H.f> 

ii X •   .135 ea. 

ii D • 1 cm* 

tha mean free path of electron* In gases can be ealculaivu 

aozroxliaately by tho relation     L »         ' 

where K • tho number of gaa molecules per unit volumo which la 6*02 x 10^ 

molecules per 22.4 litore at otandurd temperature (0° C) and preaaura 

<76) rcra. of »£•)• 
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b • the diorcuter of the hydrogen molecule • 1.36 x lU1^ cm.    At 

1 irm of NY># 

L:   —-'   ~       -   - -—« — " • — 2=    042^^' e*^0^ 

Tbe moan free path of an ©lectron In a /am vurioa with the gas 

temperature so assuming a gas temperature of 500° C* 

L <fr  roo°C = L^o't *(3^-£) = .\4-<  

The nean free path Is a function of electron velocity.^ With 

1G3 volts on the grid L • ,lh  er. as shown, but with }•)  volts on the grid 

the stean tree  path ia sor.ewhat loss, aasurr.ed L s •«.)# CLI. There was no 

way to obtain accurate neasurcr^nta of a ace quantities such as hjdrofcsn 

eas tentpcrature which ban considerable •fleet- on the mom  free path L. How* 

ever, the actual value of the ne^n free path la not too ini;>ortint since the 

qualitative results of thsoo calculations are fully illustrated by using a 

value in tho correct order of m^nitude. 

• I3JT 
.|^C.os)^m.oo,^i(-)^)(-H] 

[    3 V-w-' |.H 

(*>«  ^*   ^ ,U7 -. 2ft-*-.£>?3 —.013 + .oo2-^?33 -r.002.= ,4u5 
i 

.13 k" 

i. ip , ([ -^,V*j\(^-^ [•*•"** 



i 
1 

[ 

c 

31 

4 - .*.* 

Thn Integral oan aloo be «xpr«sitecl in terns of tha probability 

Integral and av-iluatod directly. Howov*rf tho values of soeu of tha eon* 

etanta era not known too accurate!/, hence, praci.io mothods of avaluation 

nts  unwarranted when an eaaior approximation aotind can b* used* the approxi- 

nation used i» the ludamoidal forctula. 

b 

I Sample calcviltioni 
I 

L 
i.iii" 

1 
I 
I \ V* 4* = Lli2f(o + 4- / Hir _.„# tilA\"** 

~D 

f -x 
(    ^ cW      ^      .\gt, 

~t) 

--^    T(^(  W\^*  =   ioo(.ii«f)(.i*<.) =   la.; 
| A rV<jJ ) * ' ^ 

I 
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TSDV, Gt  CALC'^'TIuUd I 
j(K)*= (* -s)***1 T° 

Pressure 
3> 

In clorona * f(fltp) f(l» <VA 
of Hg. 2 

0 0 0 0 0 
100 .870 .4?5 .186 13.3 
200 .705 .208 .132 37.8 
300 .410 .102 .073-3 47.4 
400 .257 .0493 .04/* 50.5 
500 .174 .024 .02*55 50.8 
600 .113 .012 .018 47.5 
70.5 .0757 .t»58 .0117 41.0 
GOO .051 .0028 .00775 35.5 
900 .034 .00135 .0051 29.5 
1000 .0225 .00067 .03334 24.0 

The aeeond table of calculations is for « tri : or roltife of 50 

volt* instond of 100 volte on the fTld. TVJ eonattnte changed aret 

X - £ ^ 2 * .135" = .27 C>v^ • 
£• 

E* = /2 * »oo -. = *To 
vAm. 

^  =  .Off Cm. 

T> . 

Pressure /" /  1 
In microns 4 t{r. 4 n) f(n) C/A 
of H*« 2 

"0 0 0 0 0 
100 .543 .219 •0*728 11.1 
200 •254 •0656 .0390 18.7 
3O0 .131 .0197 •0185 20.0 
4» .0546 .0060 .0074 14.2 
500 .0256 .00185 .00334 10»0 
600 •0140 ,00055 •00162 7.0 
TOO •oor-6 •01)17 .00070 4.1 
**•••*» /•% ^**r/ SVVYVf; Aj \tV% *5 O f. ISKAJ tV^/<vu « \*\J*tx* J iwwvy* •% **V 

900 .0012 .00001 .00015 1.4 

Tha curves ahowinp: theas data of lonlutlon rate vereue pressure, 

for two diffarent tri/^or voltages ere show en rraph 2, 
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