
ANALYSIS OF HIGH REPETITION RATE THYRATRONS 

by 

GREGORY ALAN HILL, B.S. in E.E. 

A THESIS 

IN 

ELECTRICAL ENGINEERING 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 

MASTER OF SCIENCE 

IN 

ELECTRICAL ENGINEERING 

AcDroved 

December, 197 8 



7: 

ACKNOWLEDGMENTS 

I would like to sincerely thank Dr. T. R. Burkes for 

his helpful advice and guidance during the course of this 

research. I am also indebted to Drs. R. H. Seacat and L. D 

Clements for their cooperation in the preparation of this 

thesis. My special thanks go to my wife, Brenda, for her 

many hours of support and assistance in assembling this 

paper. 

11 



TABLE OF CONTENTS 

Page 

ACKNOWLEDGMENTS ii 

LIST OF FIGURES iv 

LIST OF TABLES vii 

I. INTRODUCTION 1 

II. THYRATRON GEOMETRIES AND OPERATION 9 

III. THE TRIPLE GRID THYRATRON 27 

IV. TESTING APPARATUS AND PROCEDURE 40 

V. RESULTS AND ANALYSIS 53 

VI. CONCLUSION 92 

REFERENCES 97 

111 



LIST OF FIGURES 

FIGURES PAGE 

I-l. Ceramic-metal hydrogen thyratron 2 

1-2. Typical pulse modulator with thyratron switch . 4 

II-l. Negative-grid thyratrons. (a) Triode config
uration (b) Tetrode configuration 9 

II-2. Positive-grid thyratron 10 

II-3. Successive potential distributions in grid-
cathode region during breakdown (5) 12 

II-4. (a) Pulse forming circuit and (b) its equiva
lent circuit used to calculate anode commu
tation dissipation 17 

III-l. Triple grid thyratron 28 

II1-2. Maximum output power allowed by rated anode 
heating factor 31 

III-3. Maximum value of /idt allowed by maximum 
average current rating 32 

III-4. (a) Maximum peak current and (b) correspond
ing minimum pulse width of sawtooth pulse cal
culated from the maximum average current and 

J T 

maximum -r̂  ratings, (c) Maximum anode voltage 
allowed by anode heating factor for pulse cur
rent in (a) 36 

III-5. Grid current during recovery for triple grid 
and tetrode thyratrons (8) 38 

III-6. Recovery time of triple grid and tetrode 

thyratrons (8) 39 

IV-1. Thyratron test circuit 42 

IV-2. Load impedance characteristics (al magnitude 
(b) phase 43 

IV-3. Triple grid thyratron testing assembly 4 5 

IV 



FIGURE PAGE 

IV-4. Control grid bias and trigger circuit 4 6 

IV-5. Auxiliary grid bias circuit 47 

IV-6. Reservoir and cathode heater power supplies and 
meters 48 

V-1. Auxiliary grid volt-ampere characteristics . . . 55 

V-2. Open circuit trigger voltage 56 

V-3. Control grid voltage and current with no 

applied anode voltage 56 

V-4. Grid voltage and load pulse voltage 57 

V-5. Anode current and load voltage 57 

V-6. Control grid recovery current 58 

V-7. Grid #1 interpulse voltage 58 

V-8. Deionization time of cathode space 61 
V-9. Anode voltage waveforms for (a) resonant charg

ing (b) slower than resonant operation 63 

V-10. Maximum anode voltage as a function of charging 
period for resonant charging 64 

V-11. Maximum anode voltage as a function of repe
tition frequency for resonant and 20% slower 
than resonant operation 65 

V-12. Anode current and voltage 67 

V-13. Superimposed anode voltage and current (a) with 
anode inductor and (b) without anode inductor. . 68 

V-14. Maximum temperature rise of anode at 100 KHz . . 70 

V-15. Maximum anode temperature rise at 3 KV oper
ation 71 

V-16. Location of thermocouple probes in anode cup . . 72 

V-17. Measured temperatures at 40 KHz oil temperature 
= 35°C 73 

V 



FIGURE PAGE 

V-18. Maximum anode temperature for various fre
quencies (1st data set) 74 

V-19. Maximum anode temperature rise at various 
anode voltage levels (1st data set) 75 

V-20. Maximum anode temperature rise for various 
repetition rates (2nd data set) 76 

V-21. Maximum anode temperature rise at various anode 
voltages (2nd data set) 77 

V-22. (a) Location of hot spots on anode and original 
temperature probe placement, (b) Location of 
thermocouple probes for 3rd data set 79 

V-23. Anode temperature distribution at 70 KHz . . . 80 

V-24. Comparison of anode heating for operation in 
resonant and 20% slower than resonant modes 
at 70 KHz 81 

V-25. Comparison of anode heating at 3 KV for the 2nd 
and 3rd data sets 8 3 

V-26. Comparison of anode heating at 100 KHz from the 
2nd and 3rd data sets 84 

V-21. Pulse characteristics and anode heating at 
2.8 KHz for different reservoir voltages . . . 85 

V-28. Anode heating for different reservoir voltages 
at 100 KHz 86 

V-29. Grid temperature rise as a function of average 
current:^ (a) Grid #1, (b) Grid #2, (c) Grid 
#3) 88 

V-3 0. Composite curve predicting limitations of 
triple grid thyratron 90 

VI 



LIST OF TABLES 

TABLE PAGE 

III-l. Maximum ratings of the CX1535 thyratron. . . . 30 

IV-1. Characteristics of measuring instruments 

and probes 50 

V-1. Heater and bias voltages and currents 54 

V-2. Output pulse characteristics 54 

Vll 



CHAPTER I 

INTRODUCTION 

The development of pulsed power systems has reached 

the point where it is clear that advances in switching 

technology are vital to the continued growth and develop

ment of the associated technologies. Existing spark gap 

switches have good voltage, current and rise time capa

bilities, but do not have the repetition rate capability 

or long lifetime required by some proposed commercial photo

chemistry applications and fusion reactors. Thyratrons 

are excellent high repetition rate switches with high vol

tage capabilities, but lack the current and fa.st rise time 

capabilities required by many high power lasers. At the 

present, solid-state switches fall far short of the capa

bilities of either spark gaps or thyratrons. 

Hydrogen thyratrons are distinguished by their high 

repetition rate capability—typically hundreds or thousands 
4 

of pulses per second without adversely affecting their 10 

hour lifetimes (1). Thus they are better suited for con

tinuous duty, high repetition rate applications than spark 

gaps, whose lifetimes are generally expressed in terms of 

total charge transferred. 

The hydrogen thyratron, shown schematically in Figure 

I-l, is a hydrogen filled unidirectional switch with a 
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Figure I-l. Ceramic-metal hydrogen thyratron, 



heated thermionic cathode. In typical modulator circuits, 

as shown in Figure 1-2, the cathode is at ground potential 

and high voltage is applied to the anode. The thyratron 

is in the nonconducting state when the grid is held at 

zero potential. The grid-anode spacing is less than one 

mean free path of an electron in the hydrogen at operat

ing pressure. Therefore, the "holdoff^ voltage is field 

emission limited and ranges up to 50 KV for single-gap 
/ 

thyratrons. ̂ Higher voltage standoff is achieved by adding 

grids between the control grid and the anode (1). 

A positive pulse applied to the control grid initiates 

a discharge between the grid and the cathode. The product 

of the grid-cathode spacing and gas pressure is such that 

tha breakdown voltage is at or near a Paschen type minimum.. 

After a short delay, the discharge is transferred through 

the grid apertures to the anode, allowing current to flow 

fromi anode to cathode. The rate of voltage fall is a func

tion primarily of the gas pressure in the thyratron and 

/bf the tube's geometry. The rate of current rise is gen

erally much slower than the voltage fall time and is con

trolled by the external circuit. 
I- •' 

The anode voltage during conduction is on the order 

of 100 volts. The maximum allowable peak_current_is_cae-

^rmined by its heating__effeet..on the cathode during the 
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Figure 1-2. Typical pulse modulator with 
thyratron switch. 



pulse. Exceeding the peak current capability may cause 

'the formation of a vapor arc (2). 

Once anode conduction has commenced, the control grid 

is surrounded by a plasma sheath and it loses control of 

^ h e tube. After conduction ceases, the plasma must decay 

>(̂ before jthe grid regains control and the thyratron can hold 

off vcltage_jr/ithout breaking down_. The time required for 

ythis to occur is called the recovery time. The recovery 

time determines the^maximum pulse^repetition rate at which 

a tube may operate. 

The rms current through the thyratron is an important 

param.eter in that it determines the resistive heating of 

the cathode. /̂Too much rms current results in excessive 

heating and thus deterioration of the cathode. Anode 

heating results from two primary factors. One is asso

ciated with heat generation during the leading edge of the 

current pulse. The am.ount of heating is greater for fast 

rising current pulses, since tiie_heat̂ _is generated when 

the falling voltage overlaps the rising current; i.e. the 

time when the thyratron experiences both high voltage and 

high current. This "comjnutation dissipation" is propor

tional to the anode heating factor, P, , whicli__i_s the pro-

/duct^of the peak tube voltage, peak current, and p,ul_se_ 

î jejoetition frequency. Anode heating also occurs when, 

becauî e of an impedance mismatch, an inverse voltage appears 
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across the tube at the end of a pulse. This voltage sweeps 

ions from the plasma in the grid-anode region into the anode. 

This mechanism is referred to as inverse anode dissipation. ^ 

Excessive anode heating causes damage to the anode and in

creases the rate of gas cleanup, shortening the life of the 

thyratron (3). 

Thyratron manufacturers rate their products according 

to these and other considerations. Some ratings apply to 

the tube's capabilities, such as peak voltage, peak cur

rent, and pulse repetition rate. These are generally con

servative rating and may be exceeded or improved under 

certain conditions. Other ratings apply to factors that 

affect the lifetime of the tube such as rate of rise of 

current, rms current, and the anode heating factor. Al

though the maximum ratings may be marked "absolute," they 

often represent the limits to which the devices have been 

tested rather than to their actual limitations. It is 

important to observe that some of the maximum ratings 

are nonsimultaneous. Under some conditions, one of the 

maximum ratings may be exceeded although all other para

meters are within specifications. For example, operation 

at rated voltage and rated current at the rated pulse 

repetition frequency may require exceeding the maximum 

anode heating factor. 



A new type of thyratron, the CX1535', is now being pro

duced by the English Electric Valve Co. Ltd. This is a 

triple grid thyratron, rated to operate at a pulse repeti

tion frequency of 100 KHz, several times that of conven-

tional thyratrons. Compared to many thyratrons currently 

being marketed the CX1535 is relatively small, being 

rated for 25 KV^and 1000 amps. However, it sports an 

unusually large anode heating factor, 500 x 10 V.A.p.p.s. 

The maximum rms current is not given, but the maximum 

average current is rated at 1.25 amps. The maximum rate 

of current rise is limited by the manufacturer to 5000 

\^ amps per microsecond. 

i ^ 
^ J ' Close examination of the ratings reveals that the anode 

^ V heating factor, though large, is still too small to permit 

^ 

^ operation at 25 KV, 1000 amps, and 100 KHz. Similarly, 

the maximum average current and rate of curren-c rise rat

ings indicate the thyratron could deliver current pulses 

vof about 100 amps amplitude and_100 ns duration at_100 

KHz. This represents an effective derating at 100 KHz 

from the thyratron's peak capabilities. Thus the ratings 

do not appear as promising as they did at the first glance. 

However, the CX1535 has not been tested to the limit 

of its capabilities and may be able to perform well beyond 

these expectations under certain conditions. It is the 

object of this investigation to test these limitations, to 



CHAPTER II 

THYRATRON GEOMETRIES Al-̂D OPERATION 

Historically, hydrogen thyratrons have been designed 

with a parallel-plane electrode arrangement. This con

figuration is characterized by a close grid-anode spacing 

with a grid-cathode spacing several times as long. At 

thyratron operating pressures, the pressure-distance (pd) 

product of the grid-anode region is on the left hand por

tion of the Paschen breakdown curve. This pd product is 

low enough that the breakdown voltage is determined by 

the field emission characteristics of the electrode 

materials (4). 

Thyratrons may be grouped into two catagories depend

ing on their grid configurations. Negative-grid thyratrons 

have unbaffled control grids as shown in Figure II-l (a). 

This configuration requires a negative bias on the grid 

to prevent the anode field from penetrating into the 

cathode region and initiating breakdown (3). Removal 

of the bias voltage allows anode conduction to commence. 

The most common form of the negative-grid thyratron is 

the tetrode thyratron, having an auxiliary electrode or 

priming grid placed in the grid-cathode region near the 

control grid (Figure Il-l(b)). This electrode is used 

to generate a plasma prior to triggering the control 

grid (4). 
8 
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J. J. 

Positive-grid thyratrons have a baffled grid struc

ture as shown in Figure II-2. This completely shields 

the cathode from the anode field. To trigger this type 

of tube it is necessary to apply a positive voltage to 

the grid. The plasma from this discharge must then dif

fuse into the grid aperture to reach the anode field (4). 

In the negative-grid thyratron, the strong negative 

bias causes a potential minimum or well in the grid region 

The current density through this potential well is regu

lated by the Boltzmann relation: 

eV /kT 
J = JR^ "̂  ^ (2-1) 

where j^ ~ random electron current density 

e = electron charge 

V = minimum potential in grid region 

k = Boltzmann constant 

T = electron temperature e 

The minimum potential is a function of the electrode 

geometry, the electrode voltages, and the current through 

the potential well, i . Although this voltage is not 

easily calculated, it has been shown by Goldberg (4) to 

have the form: 

/M 
V^ = - / 2e [VZ3g(V^,V.) + C^V^ + C^V ] (2-2) 
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Figure II-3. Successive potential distributions 
in grid-cathode region during 
breakdown (5). 
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where M = ion rest mass 

p = gas pressure 

Z^ = distance from grid to anode 

•^^^a'^i^ ^ ^ function of anode potential and ionization 
potential 

V^ = anode potential 

V^ = ionization potential 

V = grid potential 

^l'^2 ~ constants determined by the electrode geometry 

Substituting Equation (2-2) into Equation (2-1) and re

placing the current densities with the corresponding total 

currents. 

o 
ke 

ij, ̂  / 2e [i^pZ^g(V^,V^) + C^V^ + C2V ] . (2-3) 

Breakdown occurs when the magnitude of the tube's impedance 

goes to zero: , 

dl^=0- (2-4) 

o 

The application of this condition to Equation (2-3) reveals 

that breakdown occurs at a critical value of anode current: 

kT /li 1 
i = ^^ / M —= ,,, ,, , . (2-5) 
o e pZ g(V ,V. ) 

Experiments have shown gCV ,V.) to be a constant (4). Thus 
a 1 

the critical breakdown current is a function only of the 

tube pressure and grid-anode spacing. 
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In the positive-grid thyratron, the positive voltage 

at the grid must break down the grid-cathode space and 

establish a plasma before commutation (transfer__of QQH^ 

duction from the grid to the anode) can occur. Martin 

and Allis have derived an expression for the initial grid-

cathode electron current density when voltage is applied 

to the grid (at t = 0) (5) . 

Q £^e V^ 

'̂ a - 8 ST" ~3~ (2-6) 
C 2\, 

a 
where J = grid current density 

V^ = applied grid potential a 

X = grid-cathode spacing a 

v^ = collision frequency. 

This current causes ionization in the grid-cathode space 

due to collisions. The resulting ions accumulate in the 

space, enhancing the field near the cathode. This re

sults in increased electron current, causing more ioniza

tion and ion accumulation. Eventually, the positive space 

charge near the grid is dense enough to trap electrons 

and form a plasma. This zero field region causes the field 

at the cathode to increase further, continuing the process. 

Thus a plasma forms at the grid and propagates to the 

cathode as shown in Figure II-3. The grid breakdown cur

rent has been observed to rise exponentially: 
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where J = grid current density 

JQ = initial electron current density 

T = current-rise time constant. 

Based on this assumption, Martin and Allis (5) have cal

culated the time constant: 

i = 21.2 X 10^ pV̂ -̂ /̂ f (Y) (2-8) 

V 
where y = ( T ^ ) ^ 

i 

p = pressure in mm of Hg 

V. = ionization potential 

V = grid voltage 

f(y) = Y^ 10 "" ^ 6 ^ 7^^ 9 ^ 4 6 ^ 
2Y^ - 1 

Once breakdown has occurred, the grid current is deter

mined by the external circuit. 

Because of the shielding effect of the baffled grid 

structure, the plasma will not be immediately subjected 

to the anode field. In order for commutation to occur, 

electrons from the plasma m.ust diffuse through the grid 

aperture to be accelerated by the anode field. This is 

a source of delay time between grid breakdown and commu

tation (4) . 
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The mechanism of commutation is not well understood. 

However, the events occurring after the triggering plasma 

is exposed to the anode field result in the formation of 

a grid-anode plasma connected by a double sheath to the 

triggering plasma. This allows the anode field to reach 

the cathode resulting in an increased rate of ionization 

in the grid-cathode space. The rate of increase of ioni

zation determines the switching speed of the tube, or the 

rate of fall of anode voltage. 

The anode voltage has been observed to fall accord

ing to the relationship (5) 

e^ = e - Ae'̂ /̂ a (2-9) 
b py 

where e, = anode potential 

e = peak anode voltage py 

T = anode fall time constant 
a 

A = constant. 

The time constant has been found to be independent of 

the rate of anode current rise and. is weakly .̂ affected by 

peak anode jvQltage, decreasing^slightly with_increasing 

voitsge. The anode fall time constant varies inversely 

as the square of the hydrogen gas density, and since the 

density is proportional to pressure and inversely propor

tional to temperature (4), 
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F i g u r e I I - 4 (a) Pulse forming circuit and (b) its 
equivalent circuit used to calculate 
anode commutation dissipation. 
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T^a(|)2 (2-10) 

where p = gas pressure 

T = gas temperature. 

The energy dissipated by the current flowing during 

the anode fall time is the commutation dissipation. The 

magnitude of this dissipation may be easily calculated 

with knowledge of the external circuit. Consider the 

.ser circuit of Figure II-4(a). If the transmission line 

is charged to an initial voltage, e , the circuit may be 

modeled as in Figure II-4(b). When e, is defined as in 

Equation (2-9), the circuit equation is 

-t/T di 
e - Ae ^ + L -ri^ + (R̂  + Ẑ ) i^ = ê ^ . py dt L o a py 

(2-11) 

This yields the current 

t/T -t/T 

i = -4 . [e ^ -e ""l (2-12) 
a l^(L- + L-) 

T T 

c a 
where T = — = circuit time constant. When this 

^ \ "" ̂ o 
current is multiplied by the anode potential and inte-

a^ated over the commutation interval, the energy dissi-f 

pated is seen to be approximately (5): ^d 
\ Ml-

2 
S It- T x̂  

W = py ^ % (2-13) 
2(T^ + T^) 
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where W = energy dissipated, and 
/ 

e / 
py 

•̂b ~ R + Z ~ P®^^ anode current. 
L ' o 

This average commutation dissipation is the energy multi

plied by the pulse repetition rate: 

2 -——"^ 2 
a „ a 

P y %y \ % 2(T^ + T^) = ^ 2(T^+ T̂ ) (2-14) 

where P = commutation power dissipated 

f = pulse repetition frequency 

P, = e_ , i, f = anode heating factor. D py b p ^ 

During the steady-state current pulse the voltage 

drop through the tube is on the~brder of 50 to 100 volts. 

Except for the resistive drop through the cathode coating, 

this voltage is independent of the anode current. Thus ̂  

the power dissipated in the flat portion of the current""" 

pulse is determined by the average anode current. This 

energy is delivered to the electrodes and to the gas it

self. The energy delivered to the gas is eventually de

posited on the walls confining the gas. Since in many 

thyratrons the bulk of the gas is surrounded by the grid 

(Fi^re II-2) , the grid will absorb most of the energy 

-Slivered to the gas (4) . The^ resistive power dissipated 

in the cathode is_obviously determined by_the rms current 

through the cathode. 
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At the completion of the anode current pulse, a dense 

plasma exists along the discharge channel. The short 

Debye shielding length associated with the dense plasma 

prevents the control grid from establishing an electric 

field in the tube. In order for the grid to reestablish 

control and the thyratron to recover, the grid field must 

extend across the grid aperture. This allows a potential 

minimum to be established to prevent electrons from pene

trating to the grid-anode region. If positive anode vol

tage is applied before this occurs, the discharge may be 

reestablished and the thyratron will "fire through." Thus 

the plasma must decay until the Debye length is comparable 

to the width of the grid aperture. 

The most probable plasma decay mechanism is ambipolar 

diffusion accompanied by ion-electron recombination at the 

walls. For a plasma confined in a geometrically simple 

container, such as between two parallel plates, the ion 

density is given by (6) 

-t/T 
N = N^ £ "̂  (2-15) 

where N = initial ion density at a point 
° .2 
T , = — - deionization time constant 
^ °a 
D = ambipolar diffusion coefficient 

A = characteristic diffusion length of the container 
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In a baffled-grid thyratron there are three regions of im

portance to recovery. These are the grid-anode space, the 

grid baffle space, and the cathode-grid space. The grid-

anode space and the grid baffle space both have small dimen

sions and thus short deionization time constants. The 

cathode-grid space has dimensions several times as large 

as the grid baffle space. Thus its time constant is one to 

two orders of magnitude longer. Thus the plasma in the grid 

baffle space quickly decays, and the ion density is then 

determined by the flow of ions into the grid baffle space 

from the slowly decaying cathode-grid space. The ion density 

in the grid aperture region is therefore given by 

-t/T -t/T^ 

N = Ae -̂  + Be ^ (2-16) 

where T, = grid baffle space deionization time constant 

T^ = cathode-grid space deionization time constant 

A = initial ion density in grid baffle region 

B = a fraction of the initial ion density in the 
cathode space. 

The deionization time constants have been shown to be un

affected by the grid bias voltage (4). 

Since the recovery of the tube is dependent on the 

estaj^ishment of a potential minimum in the grid aperture 

^gion, it is instructive to consider the factors affect

ing the potential in this space. The potential near the 

grid is clearly a more or less linear function of the grid 
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potential. Its magnitude is controlled by the Debye shield

ing length, and thus the ion density. A low ion density 

corresponds to highly negative minimum potential. Thus 

the minimum potential should have a form similar to 

^M = V ^ N ) (2-17) 

where 0 < f(N) <_ 1, N > 0 

and ^ < 1, N > 0. 

Substituting for N from equation (2-16) 

-t/T -t/T 
M̂ = V^^^ ^ + Be ^ ) . (2-18) 

The achievement of a critical grid density means that at 

recovery, 

-1 ̂M "V'̂ l -V''2 f '•(^) = Ae "" ^ + Be- ^ ^ (2-19) 

G 

It has been shown that the ratio A/B is about 10 or 

greater (5). Thus, initially the fast decaying exponential 

dominates. Equation (2-19) may then be simplified to 
_, V -t /T 
f ^i^) = Ae "" -̂. (2-20) 

G 

Solving for the recovery time, noting that the initial 

ion density is proportional to the peak anode current 
(N = ki ), yields a 

-1 ̂ M t^ = T, ln[ki^f -̂  (.—)]. (2-21) 
r 1 ^ ^G 
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This general form is comparable in form to the experi

mentally derived relationship (5) 

(2-22) 

^r " '̂ô-'-'̂  ̂ a " ^'^ ^^ ̂ G + In K] . 

The constants of Equation (2-22) are not expected^to 

reach the same for different thyratrons. Thus, 

it appears that a general form for the recovery time is 

^r ^ ĉ'-̂ l ^^ ^a ~ ^2 •^^ ̂ G "*" ^3^ where k̂ , k^, and k. are 

constants of the tube, and T is an increasing function of 

gas pressure. 

Since recovery depends upon the establishment of a 

potential minimum in the grid aperture, the recovery time 

is a function of the ion density in the grid aperture re

gion and the grid voltage at the time recovery is estab

lished. The deionization time constant, and therefore the 

ion density, is independent of the grid bias voltage. Thus 

whether or not the tube_recovers is dependent_on the grid 

voltage at the time recovery is desired, and not on-the 

grid voltage before recovery. Since the grid borders on 
_ _ , , _ . , « - » ' > » ' " • • " - " 

the cathode'^Tasma,.^a-substantial current may be required 
^ ' - ' " • " ' " 

in order to maintain the grid at the desired voltage. 

Therefore, a low-impedance bias supply is desirable for 

fast recovery. \ 
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The course of the anode voltage during recovery is of 

importance for several reasons. First, the anode voltage 

must go to zero in order for anode conduction to cease. 

Even a few milliamperes of anode current will prevent re

covery (3). Second, a slightly negative anode voltage may 
r] 

be useful in high repetition rate applications. If a re-
/ . 

sistive or inductive charging scheme is employed, a nega

tive voltage at the anode will cause a delay before the 

anode .g5>es positive, allowing the thyratron to recover. 
* * * - • 

If al^ommand charging scheme is employed, or if the repe

tition rate is low enough, a negative anode voltage is un-

essary and should be avoided since it has the undesir-

e effect of increasing anode dissipation. 

An inverse voltage on the anode immediately following 

the main current pulse will sweep ions from the anode space 

into the anode. The energy gained by the ions as they 

are accelerated towards the anode is delivered to the anode 

and must be dissipated. The duration of this ion current 

is on the order of 0.1 ys. If the anode voltage is nega

tive enough during this time, the energy dissipated may be 

quite high. 

The inverse current has been found to be proportional 

to the inverse voltage and to the current in the main cur

rent pulse, and it is independent of tube pressure (4). 

Since the inverse energy is the integral of the product of 
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the inverse.!voltage and current, the inverse pov/er dis

sipation may be easily formulated: 

where e = inverse voltage px 

i^ = inverse current 

f = pulse repetition rate 
p 

i^ = forward anode current a 

k,k. = constants of the thyratron. 

Several factors affect the life of a thyratron. The 

most important is cathode life. Evaporation of the oxide 

coating is the controlling factor of the cathode's lifetime 

Evaporation is a nearly exponential function of cathode 

temperature, thus cathode dissipation is a controlling 

factor of tube lifetime (5). Operating the thyratron at 

reduced filament voltages will reduce the cathode tempera

ture and increase life under appropriate conditions. 

Cathode evaporation has another undesirable effect. 

Evaporated material may condense on the grid surfaces in 

certain situations. The presence of this highly emissive 

material on the grid leads to grid emission. Electrons 

emitted from the grid flow directly to the anode when the 

tube is in the nonconducting state. Because of the high 

anode potential during this period, grid emission current 
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y 

may cause significant anode dissipation as well as the pro

duction of X-radiation. 

Excessive grid or anode dissipation results in a high 

eiectrode or envelope temperature. Obviously this may lead 

to mechanical failure of the tube structure. High tempera

tures reduce the gas density in the region of the hot elec

trode, which may lead to increased anode dissipation. 

Another factor affecting thyratron lifetime is gas 

cleanup or loss of pressure. The only operational factor 

known to increase gas ̂ cleanup is the formation of cathode 

arcs duê _jto excessive_pejakj:urrents. Although gas cleanup 

is not fully understood (7), it has been controlled and/or 

compensated for by careful cathode processing and by the 

use of hydrogen reservoirs. 

The hydrogen reservoir is a device incorporated into 

a thyratron in order to maintain a constant gas pressure 

over the tube's lifetime. Reservoirs contain an electric

ally heated hydride material with a known pressure vs. 

temperature relationship. For any given tem.perature, the 

reservoir is in equilibrium with the hydrogen at a known 

pressure. The gas pressure is thereby controlled by the 

reservoir temperature. Thus any gas lost from the tube 

will be replaced by the reservoir as it maintains the 

initial gas pressure. Therefore, the effects of gas clean

up are negated by the restorative action of the hydrogen 

reservoir. 



CHAPTER III 

THE TRIPLE GRID THYRATRON 

The triple grid, or pentode, thyratron is shown 

schematically in Figure III-l. Its operation is like that 

of a tetrode thyratron. The first grid is the primer, or 

auxiliary electrode. The second grid is the control grid, 

with negative control characteristics. The third grid is 

a shield grid. This grid, along with grid #1, completely 

^^^ields the control grid from the rest of the tube. 

This shielding has two positive effects on recovery. 

Since the grids are closely spaced, the volume of the 

grid aperture region is small. Thus this space has a small 

chaafacteristic dimension, A. Equation (2-15) indicates 

:hat a small value of A results in very fast deionization. 

Therefore, the shielding reduces the recovery time. 

The second effect is due primarily to the shielding 

of the control grid by the auxiliary grid. Since the con

trol grid is effectively isolated from the slowly decaying 

cathode plasma, the density of this plasma will not appre-
/ 

ciably affect the control grid current during recovery. 

Thus a higher impedance bias supply may be used to achieve 

recovery with a pentode thyratron than is necessary with a 

single grid thyratron. 

The English Electric Valve Company is now producing 

a triple grid thyratron, designated type CX1535. This thyra

tron is designed to switch high power pulses at high 

27 
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Figure III-l. Triple grid thyratron. 
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repetition rates. It features massive grids with large 

external cooling fins and is designed to be operated totally 

immersed in coolant. Thus any heat generated in the tube 

should be quickly removed. The published maximum ratings 

for the CX1535 are given in Table III-l. That the rat

ings are nonsimultaneous is readily apparent upon close 

examination. Although the tube is rated to switch 12.5 

MW, this may only be achieved at pulse repetition frequencies 

up to 2 0 KHz without exceeding the anode heating factor. 

At the rated frequency of 100 KHz, the maximum output is 

limited to 2.5 MWi The relationship between peak output 

power and repetition frequency is shown in Figure III-2. 

The maximum average current rating imposes other limi

tations on the performance of the CX1535. The average cur

rent is given by 

i = f /idt (3-1) 
ave p'' 

where i = average anode current ave 

i = pulse current 

f = pulse repetition frequency. 

The integral may be taken over any interval containing 

one complete pulse. Rearranging Equation (3-1) gives, 

/.,dt = ^ . (3-2) 
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Anode Voltage 

Peak Anode Current 

Rate of Anode Current 
Rise 

Anode Heating Factor 

Peak Output Power 

Pulse Repetition Fre
quency 

Envelope^ Temperature 

Average Anode Current 

Table III-l. Maximum ratings of the CX153 5 thyratron. 
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The maximum value of this integral as a function of the 

pulse repetition frequency, assuming i , = 1.25, is shown 

in Figure III-3. At 100 KHz, 

/idt = 1.25 X 10"^. 

This corresponds to a 125 amp, 100 ns square pulse; or a 

1000 am.p, 12.5 ns square pulse. However, the CX1535 cannot 

switch arbitrarily short, high j:urr;ent pulses. If the 
J T 

maximum rate of rise of current {-=—) is not to be exceeded, 
dt 

at least 200 nanoseconds must be allowed for the current 

to rise to 1000 amps. 
J T 

With the maximum -=-r- as a limiting factor, a current 

waveform may be imagijied which will minimize the average 

current or maximize the peak current. This waveform is 

triang\ilar_in shape, having a leading edge rising, at the_ 

maximum —T' The trailing edge drops instantaneously to 

zero. If the pulse begins at t = 0 and ends at t = T, 

the current is given by 
/ " ' 

i = (||)t. (3-3) 

Evaluating^the integral of Equation (3-2), 

/idt = |I /\dt = 4 il- 3̂-4) 
0 

Solving for T and substituting into Equation (3-2), 
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2f±dt ^/2 2 1 1/2 
^ dl ^ - L-^j ] . C3-5 
dt ^ f dt p 

The peak current is given by 

dl 
^n = ^ H T • (3-6) •p dt • 

Substituting from Equation (3-5) yields 

2 i -̂  1/2 
•i - r ave dl, ^ . ^^ 
ip - f-f dt^ . (3-7) 

When the maximum values of the average anode current 

J dl 
and ^ are inserted. Equations (3-7) and (3-5) reduce to: 

(3-8) i 
P 

T 

1.118 
/f~ 

P 

2 .236 
/ f" 

P 

X 

X 

10^ 

10 " 
(3-9) 

These relationships are plotted in Figure III-4(a) and (b) 

At 100 KHz i = 354 amps, and T = 70.7 nanoseconds. If a 

peak current of 1000 amps is desired, the minimum pulse 

duration is 200 ns, and the maximum pulse repetition fre

quency is 12.5 KHz, 

The maximum voltage at high frequencies is limited 

by the frequency, anode heating factor, and the desired 

current by 
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. . ^b 
-py - I—f- (3-10) 

P P 

where e^^ = maximum forward plate voltage. If the maximum 

current from Equation (3-7) is used, 

dl -1/2 
%Y = ^b f2ip fp fi] . (3-11) 

When the appropriate maximum values are substituted into 

Equation (3-11), the maximum voltage is expressed as 

e = ^'^72 X 10^ 
py /f- ' 

P 

This curve is plotted in Figure III-4 (c). At 100 KHz, 

e = 14.12 KV, and is 25 KV at 32 KHz. It is important 

to realize that the maximum voltage just derived repre

sents the worst case corresponding to the maximum allowable 

p̂eak current. The maximum voltage corresponding to a 

lower current will, of course, be higher. It is also im

portant to realize that the current waveform was chosen in 

order to maximize the peak current. Realistic or useful 

pulses will have lower peak currents. Thus, the curves 

of Figure III-4 define the maximum recommended operating 

conditions for the CX1535 thyratron. 

The reliable operation of this pentode thyratron has 

been established. The recovery characteristics of the 
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(a) Maximum peak current and (b) correspond
ing minimum pulse width of sawtooth pulse 
calculated from the maximum average current 

and maximum ^ ratings, (c) Maximum anode 

voltage allowed by anode heating factor for 

pulse current in (a). 
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CX1535 have been compared with those of the CX1180, a 

conventional tetrode thyratron with similar maximum rat

ings (8), as shown in Figures III-5 and III-6. Addi

tionally, the CX1535 has operated reliably at 80 KHz 

within specifications. This was with a conventional line-

type pulse modulator switching 13.5 KV, producing a sym

metrical triangular current pulse 100 ns in duration and 

270 amps peak amplitude. Therefore, the average current 

was 1.08 amps and the anode heating factor equalled 292 x 

10 V.A.p.p.s. 

Although the CX1535 operates reliably within the pub

lished limitations, the true limits of its capabilities 

have not been explored. It is unknown how far the tube's *̂  
n 

limits may be extended by clever modulator design. There- < 

fore, a testing program has been devised and implemented . 

to test this thyratron's capabilities. 2 
6 
«• 

«• 

n 
a 
a 
Q 
4 
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CHAPTER IV 

TESTING APPARATUS AND PROCEDURE 

To test the limits of a thyratron, such as the CX1535, 

requires the integration of an extensive measurement scheme 

into a suitable test circuit (pulser). The pulser must 
/ 

yhe capable of driving the thyratron beyond its published 

limitations. The grid drive circuit should be able to 

adequately trigger the thyratron over a broad range of 

pulse repetition frequencies. The pulser must have an 

/^adequate power source and a^load with sufficient power 

dissipation capabilities. It is necessary that the pulser 

provide well controlled, reproducible operating conditions. 

Since the thyratron is an integral part of the pulser, the 

measurement system must be built into the pulser. It is 

important to sense all the inputs to the thyratron as v/ell 

as the tube's response, not only the electrical response, . 

but the physical state of the thyratron, too. j 

The object of the testing program is to test the high- J 

frequency performance of the CX1535, primarily beyond som.e 

of the tube's published limitations. Since the absolute 

maximum voltage holdoff and peak current are not of primary 

interest to this study, their published maximums of 25 KV and 

1000 amps will not be exceeded. The true maximum, anode 

. ,, ^ . . . dl 
heating factor is of interest, especially when nign ^ 

40 
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0 pulses are being switched. Thus tfie maximum pulse power__at 

the ^^-y^atron's maximum switchinQ_j£equency will be deter-

mmed, along withjmaximum powers at lower frequencies down 

^̂ _Ĥ i_il:̂ -̂ '̂̂ ŷ̂  ̂ ^^^^^^cy at which full_power may be 

switched. Also of interestis the^ximum average current ^ 

the tube will stand. The ̂ t^imum pulse repetition fre-/ 

quency is also an important parameter. Other factors to 

be measured are the effects on the tube's capabilities of 

such things as more effective cooling of the tube, varying 

the cathode heater and reservoir voltages, and different 

methods of reapplying anode voltage after recovery. 

The pulser used to test the CX1535 thyratron is shown 

schematically in Figure IV-1. The main power supply is 

variable from 0 to 50 KV, and rated to deliver 2.1 amps < 

continuously. The dummy load is a(^6 iT" ohm video load bank^ 

< 

3 

» 

consisting ̂ of^68 noninductive resistors. "̂  Each of the 697 ) 

ohm resistors is rated at 100 watts in free air. Thus the 

load bank is rated for 17 KW in air, and can dissipate sev

eral times that much when immersed in oil. The magnitude 

of the load impedance versus frequency is plotted in Figure 

IV-2. The thyratron, being designed to operate totally 

immersed in oil, is mounted directly above the load bank, 

and the complete assembly is in an oil-filled tank. The 

pulse forming line (PFL) consists of three lengths cf RG-8A/'U 

cable connected in parallel^. The line impedance is 17.3 otmis, 
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^^^^^^^:^^tl'^]:SlJ:~^ capacitance of the PFL 

is 3000 pf.^ '"---̂ .̂--̂  
""" "* ~-^'-r Ti-imi^r-ni wTiii. IPIMIIW 

The PFL enters the oil tank through an opening in the 

top and is connected to the thyratron's anode through a .2 

yH inductor. The complete assembly is shown in Figure IV-3. 

The inductance of tĥ eJjoad is calculated from the data of 

Figure IV-2 to be .14 y£. J Thus the total inductance of the 

circuit is . 34 yH. _^hj.s inductance, together with the 16.6 

ohm load and the 17.3 ohm PFL, gives the circuit a time 

constant of 10 nanoseconds."^^ 

/^ The control grid bias and triggering circuit is shown 

schematically in Figure IV-4. The open circuited pulse out

put is variable up to 1 KV, and the forward source impedance 

is about 50 ohms. The pulse width and pulse repetition < 
* 

frequency as well as the bias voltage are variable. Thus 

the trigger pulse may be adjusted to optimize the thyratron's ) 

performance. 

The primdng grid bias circuit is shown in Figure IV-5. J 

This circuit is designed to act as a zero to 150 milliamp J 

constant current source. The cathode heater and reservoir 

are both powered by variable regulated dc power supplies 

and metered as shown in Figure IV-6. 

In order to measure the various currents experienced 

by the thyratron, Pearson current transformers are employed. 
,y 

A mod^l 1010 current transformer is placed around the 

yratron in order to sense the anode current, and the 

A 
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"^To Auxiliary Grid 

400V 
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Cathode 

Figure 
IV-5. Auxiliary grid bias circuit. 
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currents to the control grid and screen grid are sensed 

by models llOA and 411 current transformers respectively. 

Easy access is provided for measurement of the anode 
v.^.-i?'-""^^"''**^''*' 

voltage, load voltage7"and all grid ""voltages. Two Tek

tronix P6015 high voltage probes are available to sense 

these potentials. Oscilloscopes are used to observe the 

desired waveforms. Both a Tektronix 464 storage oscillo

scope and a Tektronix 7904 oscilloscope are used. Impor

tant characteristics of these probes and instruments are 

given in Table IV-1. 1̂ ie_thy..ratron'.s temperature is moni

tored by four thermpcquple pyrometers. The thermocouple 

probes may be attached to the thyratron's envelope or elec-

trodes. Since pulsed high voltages are present at the elec

trodes, the pyrometers must be isolated from ground and pro

tected from high frequencies. The filtering consists of 

capacitors shunting the pyrom.eters and ferrite core induc

tors in series with the probes. 

The thyratron is cooled by the surrounding oil. Two 

different rates of cooling may be provided. The oil may 

be left stagnant, in which case cooling occurs by natural 

convection. For maximum cooling, a stream of oil having a 

velocity of 5 feet per second may be directed at the anode. 

There are four types of tests to determine the thyra

tron ' s capabilities and the factors influencing them under 

different conditions. The first test is to determine the 
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20 
20 
20 

ns 
ns 
ns 

0.15%/ys 
0.0005%/ys 
0.0005%/ys 

Ratio Bandwidth Rise Time Droop 
Pearson Current Probes: 

1010 0.1 V/A 
llOA 0.1 V/A 
411 0.1 V/A 

Tektronix Voltage Probe: 

P6015 1000:1 75 MHz 4.67 ns 

Tektronix Oscilloscopes: 

464 100 MHz 3.5 ns 
6904 with 7A16A 225 MHz 1.6 ns 
1904 with 7A18 80 MHz 4.4 ns 

Thermocouple Range Accuracy Probe Resistance Probe 
Pyrometers Material 

API Model Iron/Con-
7045 0°-150°C +2%FS lOŜ  stantum 

Table IV-1. Characteristics of measuring instruments 
and probes. 



J|*jinode dissipation limitations. This is done by measuring 

the anode voltage fall time and the anode current rise time, 

and calculating the energy dissipated for various anode 

voltages. Then anode temperature data is taken with the 

thyratron operating at various pulse power levels and repe

tition frequencies. The effect of the different methods 

of cooling on the temperatures is measured. Data sets 

are taken for different reservoir voltages to determine 

the effect of pressure on the anode dissipation. 

^^^nother test is to determine the extent of tube heat

ing at various average currents. This test is performed 

by measuring grid and envelope temperatures under various 

conditions as described for the anode dissipation test. 

The data should be examined to ascertain that the observed 

temperatures are a function of the average current and not 

of the rms current or some other factor. 

|')AA third factor to test is the limitation on the 

repetition frequency imposed by the thyratron's recovery j 

time. This test is to determine how rapidly the PFL may [ 
< ^ — . • — . 

be charged to a given voltage following a current pulse. 

The effects of tube pressure, control grid bias, trigger 

pulse characteristics, primer grid current, and the tube 

pressure on the recovery time are measured. A method for 

increasing the pulse repetition frequency is to be tested. 

This method, used by Kettle and Wheldon, is to operate 
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without a charging diode, and slightly slower than resonance 

(8) . This should allow the tube more time to recover before 

the anode voltage becomes positive. 

Another factor limiting thyratron performance is cathode 

heating. Although cathode heating and its effects are not 

easily measured externally, excessive cathode heating dras

tically reduces tube lifetime. Cathode heating by the 

pulse current can be compensated for by appropriate re

duction of the heater voltage in order to keep the cathode 

temperature constant. Thus at high rms current levels, 

the thyratron's lifetime may be extended greatly if the 

heater power is reduced slightly. Too much reduction of 

heater power will make the cathode susceptible to arcing. 

Therefore, a test of cathode heating is to find the vol

tage at which arcing occurs for different rms currents. I 

This test will not be performed at this time because of the , 

damaging effects of cathode arcing, such as gas cleanup 

and cathode sputtering, but the heater current will be 

reduced a few percent during high average and rms anode 

current conditions. 



CHAPTER V 

RESULTS AND ANALYSIS 

A test circuit and procedure for testing tfie triple 

grid thyratron were presented in the preceding chapter. 

The performance of this pulser and the results of the test

ing program will now be summarized. The deionization and 

recovery characteristics of the tube are presented and dis

cussed as well as the results of anode and grid temperature 

measurements. The significance of these results is eval-

uated. Finally an assessment of the triple grid thyratron's 

performance is given. 

Throughout the test program, the CX1535 thyratron was 

operated with bias and heater voltages and currents as 

given in Table V-1. The auxiliary grid (grid #1) volt-
I 

ampere characteristics were measured and are plotted in j 
> 

Figure V-1. The drive circuit for the control grid proved 

adequate to trigger the thyratron at all repetition rates 

investigated. The open-circuit trigger output is shown I 

in Figure V-2. The control grid voltage and current wave

forms of Figure V-3 resulted when the trigger pulse was 

applied to grid #2. With anode voltage applied, the 

thyratron was found to fire without measurable jitter. The 

time relationship of the load voltage pulse and the trigger 

voltage pulse is evident in Figure V-4. The delay time 

53 
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Control Grid Bias Voltage -200 V 

Auxiliary Grid Current loo mA 

Cathode Heater Voltage 6.3V 

Reservoir Heater Voltage 6.3 v 

Table V-1. Heater and bias voltages and currents 

Anode Voltage 

1,000 V 

5,000 V 

10,000 V 

15,000 V 

20,000 V 

25,000 V 

Pul se 

1, 

..-^U"" 
(M^'' 
Current 

32 A 

200 A 

400 A 

600 A 

800 A 

,000 A 

1 V#"^' " 

Pulse Voltage 

400 V 

2,500 V 

5,000 V 

7,500 V 

10,000 V 

12,500 V 

Table V-2. Output pulse characteristics. • 



55 

25 • 
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15 
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0.1 1 10 

Current (ma) 

100 

Figure V-1. Auxiliary grid volt-ampere 
characteristics. 
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Figure V-2. Open circuit trigger voltage 

Fiaure V-3. Control grid voltage (top) and 
current (bottom) with no applied 
anode voltage. 
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Figure V-4. Grid voltage (top) and load pulse 
voltage (bottom). 

Figure V-5. Anode current (top) and load 
voltage (bottom). 
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Figure V-6. Control grid recovery current 

Figure V-7. Grid #1 interpulse voltage. 
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between the beginning of thejtrigg_er pulse and tjie begin-

ning of anode conduction is 200 ns. Therefore, a 300 ns 

pulse is adequate for reliabla_-trigge£ing. 

The anode current and load voltage pulses are pic

tured in Figure V-5. The measured peak anode current and 

load voltage are listed in Table V-2 for various anode vol

tages. These voltages and currents are characteristic of a 

matched 12.5 ohm PFL and load. The reason for this appar-

,̂.,ent performance of a 17 ohm system has not been discov-

f ered. Calibration checks showed the instruments and probes 

to be accurate. It may be that electromagnetic interfer

ence (EMI) is responsible for the discrepancy. Since the 

peak anode voltage was measured in the interval immediately 

before the anode current pulse when EMI levels were low, 

the anode voltage measurements should be more reliable 

than the current measurements. Average current measure

ments indicated that the measured peak currents were in

accurate and that the peak currents have the values appro

priate to a 17 ohm matched pulser. 

The control grid current during the recovery interval 

is shown in Figure V-6. The 0.7 ys time constant of this 

decaying exponential indicates that the control grid region 

deionizes very rapidly. The course of control grid voltage 

gives an indication as to the plasma density in the cathode 

region. This interpulse voltage is shown in Figure V-7. 
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The low voltage immediately following the anode current 

pulse indicates that the plasma is more dense than is 

necessary to sustain the 100 ma discharge. When the den

sity drops below a critical level, the grid #1 voltage 

increases to the steady-state value given by the curve of 

Figure V-1. The time required for this deionization is 

plotted in Figure V-8 for various peak anode currents. 

The rapid decay of the control grid current, as com

pared to the cathode deionization time, indicates that the 

control grid is very effectively shielded from the cathode 

plasma. This greatly facilitates recovery, since after 

a few microseconds a negative bias voltage may be main

tained at the control grid by a relatively high impedance 

source. As a consequence of the slow deionization of the 

cathode space, exitation of grid #1 was found to be un

necessary during high repetition rate operation. Preioni-

zation in the cathode space is necessary for the thyratron 

to trigger. Applying a positive voltage to grid #1 pro

vides this ionization for low repetition rate operation. 

In high repetition frequency operation, the residual plasma 

in the cathode region is adequate for proper triggering of 

the thyratron, and exitation of the priming grid does not 

appear to be necessary. 

The recovery time of a thyratron cannot be adequately 

measured without some kind of command charge system. How

ever, recovery characteristics may be measured when indue-
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Figure V-8. Deionization time of cathode space 
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tive charging is used. The critical parameters of this 

measurement are the length of the charging period and the 

anode voltage. The charging period is the interval dur-

î g ^jJ;3£^y^e_anode^jr^^ a minimum value 

to^ajnax^rfmam-value.^ If resonant charging is used the 

charging period is equal to the time between pulses, as 

shown in Figure V-9. The thyratron is fired when the anode 

voltage is at the maximum and the charging current is zero. 

For any given charging period there is a maximum anode vol

tage at which the thyratron will operate and reliably re

cover. This data is plotted in Figure V-10 for the CX1535. 

If the pulser is operated slightly slower than resonance, 

the thyratron will fire when the anode voltage is decreas

ing. /The negative current through the inductor at this 

time will cause the anode voltage to swing negative after 

the main current pulse as shown in Figure V-9(a). The 

application of positive voltage is therefore delayed, and 

a higher anode voltage is possible. Figure V-11 shows the 

relationship between maximum anode voltage and pulse re

petition frequency for operation at 20 percent slower than 

resonance as well as the curve for resonant charging. 

These curves clearly show that slower than resonant oper

ation does enhance recovery. However, this improvement 

is greatest at low frequencies and least at high frequencies. 
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(a) 

(b) 

Figure V-9. Anode voltage waveforms for (a) resonant 
charging (b) slower than resonant operation 



64 

Maximum 
Anode 
Voltage 
(KV) 

1 . 

10 15 

Charging Period (ys) 

Figure V-10 Maximum anode voltage as a function 
of charging period for resonant 
charging. 
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Figure V-11. Maximum anode voltage as a function 
of repetition frequency for resonant 
and 20% slower than resonant operation 
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The power dissipated at the anode may be estimated by 

inspection of the anode current and voltage waveforms. 

Figure V-12 shows these waveforms for an anode voltage of 

2 KV and a 70 amp pulse. The anode voltage does not fall 

in the exponential manner described by Goldberg (4). 

This deviation may be due to the short rise time of the 

pulse forming circuit. Thus Equation (3-13) for anode 

heating would not be accurate or suitable in this case. 

However, manual integration of the product of voltage and 

current during the leading edge yields a commutation dis

sipation of 0.25 millijoules. During the remainder of the 

pulse, the anode voltage is about 200 volts and the energy 

dissipated is 1.1 millijoules. The beneficial effect of 

the anode inductor is apparent from examination of Figure 

V-13. The anode current is shown superimposed on the vol

tage waveform for operation with the anode inductor in 

place (Figure V-13(a)) and with the anode inductor removed 

(Fiqure V-13 (b) ) . It is seen ,that,.the inductor effectively 

delays the rising edge of the current^pulse. Without the 

inductor ""in place, the commutation dissipation is doubled 

to 0.5 millijoules. This is not surprising since commu

tation is expected to increase as the current rise time 

decreases. 

The anode temperature was measured with the thyratron 

operating at various pulse repetition frequencies and power 
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Figure V-12. Anode current (top) 
voltage (bottom). 

and 
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(a) 

Figure V-13. 

(b) 

Superimposed anode voltage and current, 
(a) With anode inductor and (b) Without 
anode inductor. 
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levels. Anode heating data taken on three different occasions 

is plotted in Figure V-14. The difference between the maxi

mum anode temperature and the oil temperature is plotted 

against anode voltage for operation at 100 KHz. Figure V-15 

shows similar data for switching 3 KV at various frequencies. 

The three sets of data were taken under seemingly identical 

conditions, but yielded quite different results. 

The initial placement of the thermocouple probes in 

the anode cup is shown in Figure V-16. The temperatures 

measured by all four probes are plotted in Figure V-17. 

These temperatures were taken at a 40 KHz repetition fre

quency and are a part of the first data set. The maxi

mum temperatures for various combinations of anode voltage 

and repetition frequency are plotted in Figures V-18 and 

V-19. These temperatures are all from the first set of 

data. 

The second set of data was intended to be more compre

hensive than the first set, and to include the effect of 

forced convection anode cooling. The second data set is 

summarized in Figures V-20 and V-21. 

After the second set of data was completed the ther

mocouple probes were moved to the grids to measure grid 

heating effects (discussed later). When discrepancies 

between the first two data sets were noticed, the need for 

more anode heating information became apparent. It was 
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Figure V-14. Maximum temperature rise of anode 
at 100 KHz. 
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Figure V-15. Maximum anode temperature rise at 
3 KV operation. 
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Probe #4 

Probe #1 

Probe #3 

Probe #2 

Figure V-16. Location of thermocouple probes 
in anode cup. 
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Figure V-17. Measured temperatures at 4 0 KHz 
oil temperature = 35°C. 
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Figure V-18. Maximum anode temperature for various 
frequencies (1st data set). 
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Figure V-19. Maximum anode temperature rise at 
various anode voltage levels (1st 
data set). 
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Figure V-2 0. Maximum anode temperature rise for 
various repetition rates (2nd data 
set) . 
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Figure V-21. Maximum anode temperature rise at 
various anode voltages (2nd data 
set) . 
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thought that different charging methods may have affected 

the anode dissipation, since a series charging rectifier 

was utilized during the first data run, and slower than 

resonance charging was used during the second. 

Replacing the temperature probes on the anode re

quired a partial disassembly of the pulser. Examination 

of the anode revealed three discolored regions on the back 

of the anode, indicating hot spots as shown in Figure V-22(a) 

The thermocouple probes were attached as shown in Figure 

V-22(b). One probe was placed in the middle of a hot spot, 

and another between two hot spots. The third probe was 

replaced in its original position on the outer edge next 

to a hot spot, where the highest temperatures had been 

previously recorded. The fourth probe was used to measure 

the oil temperature. 

The temperatures measured in the third set were signif

icantly lower than those of the second. The temperature 

at the outside edge of the anode proved to be the highest 

as shown in Figure V-23. The thyratron was operated at 70 

KHz in both resonant charging and slower than resonance 

modes. As shown in Figure V-24, slower than resonance 

charging did increase the dissipation, but not significantly. 

This slight increase may be due to increased inverse dis

sipation. Anode temperature was measured as a function of 

frequency at a fixed anode voltage (3 KV). This data is 
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Thermocouple 
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(a) 

Probe #2 

Probe #1 

Probe #3 

(b) 

Figure V-22 (a) Location of hot spots on anode 
and original temperature probe 
placement. (b) Location of thermo
couple probes for 3rd data set. 
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Figure V-23. Anode temperature distribution 
at 70 KHz. 
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Figure V-24 Comparison of anode heating for 
operation in resonant and 2 0% 
slower than resonant modes at 70 
KHz. 
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plotted in Figure V-25 along with similar data from the second 

data set. Figure V-26 shows the anode temperatures at 100 

KHz from both the second and third data sets. It is seen 

that the anode temperature varies linearly with the anode 

voltage in the third set of data, while it follows a para

bolic relationship in the second data set. Thus it appears 

that the dissipation during the second data run was domi

nated by commutation dissipation, which is proportional to 

the product of peak voltage and peak current. Dissipation 

during the main body of the current pulse, a function of 

the average current, seems to dominate the third data set. 

The most probable reason for the temperature differences 

is that the anode inductor may have become shorted. The 

physical configuration is such that the point of connection 

of the PFL with the anode inductor could have shifted and 

contacted the inductor in a location that would leave it 

effectively bypassed. External stresses on the PFL could 

cause such a shift. This fault would have been inadvertantly 

cleared when the anode connection was disassembled to re

place the thermocouple probes. The bypassing of the anode 

inductor is sufficient to cause the added dissipation ob

served in the second data set. 

The effects of the reservoir voltage, and thus the 

gas pressure are shown in Figures V-27 and V-28. The ends 

of the curves in Figure V-28 indicate the maximum anode 
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Figure V-25. Comparison of anode heating at 3 KV 
for the 2nd and 3rd data sets. 
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Figure V-26. Comparison of anode heating at 100 KHz 
from the 2nd and 3rd data sets. 
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Figure V-27. Pulse characteristics and anode heating 
at 2.8 KHz for different reservoir 
voltages. 
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Figure V-28. Anode heating for different reservoir 
voltages at 100 KHz. 
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voltage at which the thyratron will consistently recover. 

It is seen that operating at elevated pressures does sig

nificantly decrease anode dissipation, although at high 

frequencies the cost of the reduced recovery capabilities 

may outweigh the thermal benefits. Therefore, increasing 

the pressure in order to optimize switching speed and re

duce dissipation is inconsistent with achieving minimum 

recovery times. 

The grid heating effects were measured, and the re

sults are shown in Figure V-29. The grid temperatures 

appear to vary more or less linearly with the average cur

rent. The data indicates that the average current could 

extend well beyond the published maximum without the exter

nal portions of the grids overheating. Thus it appears 

that grid heating is not a limiting factor of the thyra

tron's performance. However, without detailed knowledge of 

the internal grid structures, little can be said about the 

grid temperatures within the thyratron. The important ef

fects of grid heating may not be structural, but opera

tional, such as increased grid emission, or increased dis

sipation due to local gas density variations caused by tem

perature gradients. 

At high frequencies, the CX1535 is recovery limited 

and capable of operating well beyond the published maxi

mum repetition frequency of 100 KHz. It has proven capable 
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of operating at frequencies up to 180 KHz, switching vol

tages up to 1000 volts in a resonant charged circuit. With 

a command charge circuit, the tube could probably operate 

to 2 00 KHz with the maximum voltage and current being lim

ited by thermal limitations. 

At low pulse repetition frequencies, the triple grid 

thyratron is limited by thermal considerations. In this 

regime, the tube's capabilities are determined to be the 

conditions for which the envelope temperature remains be

low 150°C. For operation in a coolant having a temperature 

of 30** - 50° C, the maximum temperature rise is limited to 

100° - 120° C. 

A composite curve showing the thyratron's maximum 

limitations in the test circuit is shown in Figure V-30. 

The capabilities defined by the thermally limited portion 

of the curve appear to be well below the capabilities de

fined by the anode heating factor alone. However, the 

current rise time of the test pulser is one fourth of the 

rise time corresponding to the maximum rated current and 

dl/dt. In accordance with Equation (3-13), the maximum 

anode heating should therefore be reduced by a factor of 

four. The anode voltage corresponding to this reduced anode 

heating factor is shown along with the measured limitations 

in Figure V-30. It is seen that the thyratron's capabil

ities do exceed the predicted limitations. 
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In summary, the CX1535 has demonstrated capabilities 

beyond its published limitations. It has been shown that 

the thermal limitations may be extended by such techniques 

as operating with increased gas pressure and forced anode 

cooling. Reliable operation of the thyratron has been 

achieved at 180 KHz and could probably be accomplished at 

200 KHz. 



CHAPTER VI 

CONCLUSION 

The hydrogen thyratron is an excellent high repetition 

rate switch with a long lifetime. In order to continually 

develop thyratrons and extend their capabilities, a deeper 

understanding of their operation is necessary. Accordingly, 

the operation of thyratrons was discussed. The well under

stood parameters and effects were reviewed, and some not 

so well understood processes were identified. One such set 

of critical processes is the establishment of the anode cur

rent pulse. New insight into the processes controlling the 

initiation of anode conduction must be gained before the 

state of the art of switching fast rising pulses can be 

significantly advanced. 

Qualitatively, a well understood process is that of 

recovery. Recovery depends on the plasma density in the 

grid aperture region of the thyratron and on the grid vol

tage. The grid aperture plasma decays most rapidly if 

the grid aperture plasma is isolated from the cathode plasma 

and contained in a small volume. Any plasma bordering on 

the grid will affect the grid voltage. Thus the grid is 

easiest to control if it is shielded from everything ex

cept the grid aperture plasma. 

The English Electric Valve Company has used this know

ledge to produce a thyratron having exceptionally fast 

92 
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recovery capabilities. This is a triple grid thyratron, 

having closely spaced grids to minimize the volume of the 

grid aperture region. The control grid is completely 

shielded from the rest of the tube and thus easy to control. 

This tube is rated to operate at frequencies up to 100 KHz 

and has an exceptionally high anode heating factor. Other

wise, its ratings are typical for a medium sized thyratron. 

This thyratron was tested to determine its actual capa

bilities. In the test circuit used, the tube was found to 

be capable of operating at 180 KHz at low anode voltages, 

and the tube's perfoannance was found to be limited primarily 

by its recovery characteristics. At lower frequencies anode 

dissipation was found to be the limiting factor. Increasing 

the hydrogen pressure and using forced anode cooling were 

found to enhance the tube's thermal limitations. Operation 

of the tube at repetition frequencies slightly slower than 

resonance was found to enhance recovery. It may be con

cluded that a command charge circuit is necessary to accur

ately determine the recovery time and that the tube could 

probably operate reliably at frequencies greater than 150 

KHz (up to its thermal limitations) with an appropriate 

command charge unit. Grid heating was determined not to 

be a limiting factor, and cathode heating was not inves

tigated. 
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The use of the triple grid configuration should not 

appreciably change the voltage holdoff capabilities of 

thyratrons. However, triple grid thyratrons designed to 

fully utilize their recovery characteristics may have lower 

holdoff voltages. This is because operation at high fre

quencies may require operation at high gas pressures in 

order to minimize anode heating. At these high pressures 

the holdoff voltage will be significantly reduced. 

The maximum peak current capabilities of thyratrons 

should not be different for triple grid structures, since 

peak current capabilities are determined by the cathodes 

in use. However, at high repetition«,rates power dissipa-

tion is jt'he limiting factor,*and the rms-current is of 

more importance than the peak current̂ ^̂ ^ Thus triple grid 

thyratrons may be developed which are capable of more 

than 10 amps, but not necessarily at high repetition rates. 

Further testing is required to verify the tube's full 

capabilities. Operation with a command charge unit is nec

essary to accurately determine the thyratron's recovery 

characteristics as well as to operate at the tube's thermal 

limits. Other tests such as independently varying the 

pulse characteristics and optimizing the hydrogen pressure 

under different conditions have yet to be performed. Of 

course, an extensive life-test program would make the final 

determination of the triple grid thyratron's ultimate char

acteristics. 



95 

The triple grid thyratron has proved to have signifi

cantly better recovery characteristics than conventional 

thyratrons, having a recovery time of less than 5 ys as 

compared to about 100 ys. However, tube heating at high 

average powers is a problem that needs further work. Methods 

of reducing tube dissipation as well as more effective cool

ing methods need to be investigated. The first of these 

objectives is to develop a more efficient switch. This 

involves investigation into the processes controlling dis

sipation in the tube, and applying this to the design of 

a low loss thyratron. The second objective is to optimize 

the removal of heat from the tube and thus improve its 

dissipation capability. 

The problem of increasing the rate of anode current 

rise also needs to be addressed. There are two important 

facets of this problem. The first is to find techniques to 

switch fast rising pulses repetitively without excessive 

commutation dissipation. The second is to increase the 

actual switching time of the tube. It is unclear whether 

the switching time is limited entirely by processes within 

the plasma, or partially by cathode utilization limitations 

(1). A series of elementary experiments should be under

taken to answer this question, and methods to increase the 

switching time should be evaluated. Perhaps different 

thyratron geometries, such as coaxial, would allow expanded 

dl/dt capabilities. 
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Although the triple grid thyratron is a significant 

advance of the state of the art, much development has yet 

to be done. Developing faster switches may require more 

extensive research into the fundamental physics of gas 
/ 

discharges. Complete understanding of the controlling 

processes will lead to new designs and techniques that 

will improve high dl/dt switching as the triple grid struc

ture has improved recovery. 
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