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ABBREVIATIONS AND SYMBOLS

Bq Magnetic field (kilogauss) required for quenching fault current

Ebb Main supply voltage for tube under test

Ef TUT cathode heater filament voltage

Magnetic field energy for RSI tube volume

Em Magnet supply voltage

epy Instan t aneous full voltage across tube under test

Eres TUT hydrogen reservoir voltage

Eq Magne t circuit voltage required for quenching fault current

etd TUT voltage drop du r ing normal pulse operation

ib Peak RSI-carried current

iRSI RSI-carried current, as a function of time

L Length of interaction tube used during test

m Empirical exponent of proportionality between Bq and ilL

MCCD Magnetic-Controlled Charging Diode

P TUT pressure

prr TUT pulse repetition rate

r Radiu s of interaction tube

Rm Magnet circuit load resistance

Hi Pulse-forming network load resistance

Rrc Fault network load resistance
T[) Time delay between TUT fire and magnet fire

TUT Tube under test

Empirical exponent of proportionality between Bq and Ebb
6 Empirical exponent of proportionality between Bq and ib

~ tad Full range of deviation of delay time drift for tube fire
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1. INTRODUCTION

1.1 I”OREWORI)

This re port documents work performed fro m 23 May 1976 to 31 Decem-
be r 197ti under USAECOM Contract DAABO7-C- 1301, entitled Repetitive
Series Interrupter II. I~ This is the Seco nd Triannual R epor t , represent in g a
continuation of work previously reported ( First Triannual Report) . The
investigations herein described were performed by EG&G, Inc., 35 Congress
Street , Sale m, Massachusetts.

1.2  BACKGROUN D AN!) GENERAL RESULTS

The Repetitiv e Series Interrupter (RSI ) tubes are hydrogen thyratrons
adapted by the inclusion of a magnetic interaction region in the body of the
tube for use as opening switches by the superposition of a quenching magnetic
field across the interaction region . The entire tube embraces a single plasma
gaseou s discharge, which conducts electron cur ren t  from the hot cathode
through the grid-controlling and/or interaction regions to the anode or one
of a series of anode electrodes.

Wo rk previously reported suggested that the location of the grid -
controlling region relativ e to the interaction region had an effect on the
stabi l i ty  of the tube during normal operation. Present work tends to confirm
that location of the interaction region between the high voltage anode-grid
holdoff region and the cathode decreases triggering delay and instability.

Place ment of the high voltage holdoff region between the interaction and
the cathode region has the disadvantages of: I )  adding an additional baffled
transition region to the plasma column; 2) constructing an unnecessary

— 1 —  



addi t ional cavi ty for t he plasma discharge; and 3) disturbing the opti m um

holdoff section geometry.

The magnetic field required for fault quenching has been determined

fo r RSIOO3 to roughly obe y the relation 13q (kGauss) = 0. 97 L-°. 78 Ebb L 26

ib 0• 24~ ( L  in cm, Ebb in Ky , ib in ampe res)

RSI voltage drops in the interaction region are roughly 14 vol t s / cm

for interaction column s ranging from 14 to 80 cm.

1.3 TEST PROCEDUR E

The RSI tubes we re tested in the circuit as shown in Figure 1.

Thyra tron A is used to prov ide normal 6-microsecond, 20 -amp pulse

triggering of the RSI. Thyratron B is used to provide a 300-500 microsecond ,

300 -amp faul t pulse to the LIST, wi th Rrc used to control peak curre nt in the

faul t discharge. When testing for interaction region effects , the anode-grid

holdoff region was either shorted or tied together with a I megoh m resistor.

In normal pul se operation, measurements were taken of voltage drop

across the RSI and observations were made of triggering delays and j i t ter .

The effe ct s of tube interaction length, pressure, vol t age and the use of keep-

alive cur rents were studied.

In faul t interruption operation, the magnet storage capacitor was dis-

char ged after a 5-microsecond time delay from the f ir ing of the fault  cur rent

pulse. ‘rube p ressure , interaction tube length , vol t age, and cur ren t  are

varied to de termine their effects on the magnet voltage required to interrupt

the fault discharge. The peak magnetic field is directly proportional to the

magnet supply vol tage.

_ _ _ _  £
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2. CUH1tl’~N’1’ I~RO(. RESS

2. 1 ‘t UBES L T N I ) E R  STUI )Y

Tubes available for study durin g this period included the US!  001, 002,

and 003, w h i c h  were described in the l”irst Triannual Ueport , as well as

tube s from the earlier  M CCI )  ( Magnet ic—Control led  Charg ing  l) iode )  contract ,
specifically those designated 380 1) -250 , 4001) -250 , and 42511-18 1 . I)esign

characte ristics for these tubes are given in Table 1. U -(  indic :~tcs inte r-
ac tion region between cathode and grid ; PA indicates tha t  th jute raction

region is post-anode or appended to the holdoff anode.

‘rhe RS! 001 was not run during this period ; data used in t h i s  r eport

were ob tained in the t’irs t study period.

The US I  002 , which gave conflicting data earl ier , was subjected to

r e — e x a m i n a tion. It was inferred that the probable cause of its poor operat ion

s temmed f rom internal  arcing at high Ebb in the thyra t ron  body, caused by

the transit ion fro m the interaction region through grid-anode space to the

ca thode region. In one mode of operation , in ternal arc in g was clear l y v i s ib le

at the grid lead feed- through region. Data prese nted for this tube must be

considered ques tionable.

The US! 003 was the principal  tube run dur ing this period , being a
compliant and versatile tube operable under a wide voltage range and w h a t

presen tly appears to be a remarkable pressure range. The tube developed

~i p ressure  leak after detailed study, re quirin g removal a nd , because ol’ the

n. i tu r e  of the tube , complete disassembl y for repair.  The tube will be re-
turned to confirm possibilities of operation at low pressure. A cross section

-4 - 
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of this tube is shown in Figure 2. Points A, B, C, D, and E refe r to
electrodes used as anodes during tests to determine the effects of length of

in teraction tube on operation.

The 380 1)-250 ran with difficulty when any portion of the interaction
channel wa s placed in ope ration. Operation as a standard thyratron was
satisfactory, but difficult plasma commutation through the interaction tube -
first anode region caused high voltage drop, poor firing consistency, ji ttery
operatio n, and ext remely poor ~ tad (5 to 25 microseconds); the tube required
hi gh pressure and keep-aliv e currents for operation. No data were taken
for this tube.

The 4001)-250 ran well, al though it required moderately high pressure

and voltage to begin operation and to stabilize pulse-to-pulse jitter . I)ata
are presented for this tube .

The 425H-181 had external arcing problems that are presently being
re solved. Some data hav e been taken , indicating relat ive advan tages of

thinner diameter interaction tubes

2 . 2  PARAMETRIC STUDIES

The first concern during this period of stud y was the determinat ion of

effects of operational and design parameters on tube performance. Primary

parameters for examination were: length and diameter of the interaction

channel , tube voltage and peak cu rrent , and tube pressure. Add itional

parame ters for the Pulse Formi ig Network (PFN) pulse stud y incl uded p u lse

repe t i t ion  rate (prr )  and use of keep-alive current.  For the fau l t -quen ching

stud y, ma gnetic field intensi ty ,  direc tion , and homogeneity are included ,

as well  as delay time before the onset of the quenching field after fault . Of

fur ther  interest  (and complication) were the effects of tube geometry,  f i l l

gas , elec trode size , and external c i rcui t ry .

Da ta obtained are separated by the effect  upon tube voltage drop .

quenchin g field , and t r igger ing  delays and j i t ter .

-6- 
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2. 2. 1 HSI Vol tage 1)rop

It has been established previously (Contract ECOM-0320- 1; present

contract, First Report ) that voltage drop in the RSI would be a principal cause

of concern during tube design. To reach contract specifications of 350 volts

maximum, a short interaction tube is required , which results in extremely

high quenching magnetic fields. The following parametric studie s were

perfo rmed to determine possible methods of improving performance.

Effects of Length

Variation of interaction channel length has the most important effect on

tube voltage drop, shown in Figure 3. Dat a taken from mul t ifold tubes show

a near linear relationship of voltage drop to length, with voltage drop per

centimeter as listed in Table 2. The moderate nonlinearitie s at the extremes

of the curves in Figure 3 are the result of additional anode and cathode drops

in the thyratron sections of the tube, and do not conflict with linearity of the

in teraction region data.

Effe cts of I) iameter

Data from several tu bes are su mm arized in Table 2, showing an

increase in tube drop with decreasing tube diameter. Available data only

prov ide a gene ral trend; however, it appears that tube drop does not increase

m irk ed ly  until  an internal diameter of less than 0. 25 inch is used.

An exper imenta l  and theoretical study ( Brown , 1959) of voltage drops

in discharge tube s is shown in Figure 4 together with latest data. It is seen

that there is some agreement with previous da ta, although the presentl y

obtained values appear to be somewhat less than extrapolations of earlier

curves. The curves are plotted as voltage drop per centimeter per pressure

( torr )  ~
-
~
- versus the parameter rp (tube radius times tube pressure ).

— 8-  
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Table 2. Voltage I)rops of Multifold Tubes.

ID Eres P (torr ) Tube Drop E volt rp
‘l’ube No. ( i n . )  (volt ) (calculated) E (vol t /cm) P cm-torr  (cm-torr)

USE 003 0.375 4.0 11.8
5.6 0.30 13.8 46.8 0.141
6. 0 0.36 14, 1 39. 7 0. 169
6.6 0.45 15.7 35.3 0.212
7.2 0.54 19.0 35.5 0.255

US! 001 0.24 5.6 0.30 13.6 46. 1 0.09
6.4 0.42 16.4 39.5 0.13
7.2 0, 54 18.6 34.8 0. 16

~! ‘( ‘I) 400 1) -250 0. 25 7.0 0.51 15. 9 31.5  0. 063

M ( ’CI)  425 1-1-181 0. 181 5.6 0.32 21. 5 67. 2 0.08

A possible explanation for the disagreement is that at low “rp ” as is

present in our tubes, wall effects become more important than gaseou s

interaction effects in the generation of the plasma column electric field. It

is suspected that unique functional dependence upon the rp parameter breaks

down at low numbers and that differing curves represent this divergence.

Effects of Current

Because of impedance mismatching between the PFN (600 ohms ) and

Hi , no high prr tests could be made with low 111. Test s perfor med at low

prr showed that changing }l1, and hence changing the current during conduc-

tion , had no visible effect on the voltage drop in the tube. However , the

pulse forming network is currently limited to about 20 amperes peak. An

examina tion of RC faul t  conduction at the 20-30 amp level indicates that there

may be a slight improvement in RSI voltage drop at a higher PFN current

level.

-.9- 

~~~~-- . ,-- -, - - - - , 



- -,- . . - -—- - - -—  --- --- —- --—--
~
-- ,-- . - - - - -.— -

-
~~~~~~~~~~~~~~~~~~

—--——----. -..-—- -

c’J 40 O~~~D 0
40 40 1t) 

~
- 0I 1

~~~~~~~~~~~~~~~~ 

I:
I

~~~~~~~~~~~~~~~~~~~~ 

.~~

(SflOA)P4~

-1 0- 

- — .- - .- - --. —. - - -- -- - , - .-
~~~~~~~~

- ~~~~~~~~~



_ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _  ~~~~~~~~~~~~~~~

H2

40 - i
PRESENT
EXP ERIMENTAL
DATA

~~~~0

02

3 0 -

0

E
U

U,
I—
-J
0
>

IIJIQ~ EX P E R I M E NT ( R E F I )

2 0 -

H2

TH EORET ICAL ( R EF. I )

1 0 -

X RSI 003 -
~

o RSI 001 )- HYDROGEN FILLED
+ MCCD(425H 181 ) )

- 

• MCC D(400D-250) DEIJTER IUM FILLED
Ebb~ 15kV

0 1 I
0 I 2 3 4

r p ( C M * M M H 9 )

E~’igure 4 . Comparison of Present and Previou s Tube Voltage 1 )rops
( I ’~xp er imnont a1 and Theoretical ).

— 1 1 —

----

~ 

---~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



I ’~ffe cts of Keep-Al ive (‘urrent

Keep-alive curre nts were utilized in the study of the RSI 003 under a

varie ty of conditions , including variation of electrodes used , length of con-

duct ion pa th , tube pressure, and tube voltage. No evidence was seen that the

addi tion of the keep-al ive to the tube had any effect on either current or

voltage waveforms other than to alter their triggering and delay characteristics.

Effects of Pressure

E’ i gure 3 also shows the effect of pressure on voltage drop for the

US! 003. More than 10~ voltage reduction is gained by reducing Eres from

the 6 •3— vo 1t  standard (0. 400 torr) to 5.6 volts (0. 295 torr) . However , a

reduction of 35% is realized when Eres is reduced to 4. 0, which may be

below stable operable conditions.

Previously reported data for the RSI 001 showed roughly equivalent

da ta,

The MCCD 400D-250 likewise revealed a similar decrease, al though

firing difficultie s below an Eres of 6. 5 precluded getting adequate data.

Effects of Pulse Repetition Rate

It was observed that changes in prr had little effect on tube waveforms.

Several tubes, however, failed to fire at a 300-2000 pulse per second repeti-

tion rate at moderate to low pressure, or they would fi re errat ically. A

possible cause for this behavior is gas depletion, which could have a major

influence on tube operation.

2. 2. 2 Magnetic Field for Current Interruption

The other consideration in RSI tube design is the level of magnetic field

required to successfully interrupt the fault discharge. EG&G’ s present

experiment utilizes a magnetic core with an airgap within which the USI tube

is placed for crossed-field quenching. Five turns of wire on the core provide

magnetic induction when pulsed from a series RC circuit.

-12-
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Contract specifications aim toward interruption field energy of 50 jou les

per pulse. Taken as a uniform field over the full US! 003 tube volume of
2 by 5.5 by 0. 5 inches (90 cubic centimeters) , this energy level corresponds

to a field of 11. 8 kilogauss, neglecting fringe and core losses. However ,
ac tual operation requires considerably higher energy in capacitor storage
(550 joules at present for the same field) for the generation of that field.
Ener gy requirements may be reduced by alteration of tube volume, core size

and shape, RLC circuitry, and energy-switching techniques, so tha t final

energy consumption wii1 fall somewhe re between the above values. Present

experiments indicate quenching of a 15-kilovolt , 300-ampere pulse with a
5. 9 kilogauss field (31 to 140 joules).

In the following parametric stu dies, the quenching field is taken as that
level of field req uired to reduce tube current to zero at some instant of time ,
and not necessarily (and not usually) to hold it off once quenched. With some
tubes , it is taken as that point at which the tube quenches 50% of the time .
This da ta definition was chosen as an observable and comparable reference
point , and differs slightly (b ut not markedly) from 100% quenching.

Several runs were taken vary ing both tube length and load resistance
( and therefore tube current) for the RSI 003 during quenching as shown, for

instance, in Figure 5 (point C data have been removed for clarity) . Since
variat ion of Ebb produces variat ion in both que nched vol tage and tu be curren t,
the two effects were separated by plotting constant current and constant
voltage points (interpolated from obtained data) on log-log graphs as shown
in Figure 6, and taking slopes from these curves to indicate the exponential
dependencies of these parameters.

Effects of Length

‘I’he e ffect of interaction channel length upon quenching field appears

to be a function of both tube voltage and tube current. Two separate experi-

men tal runs produced the values given in Tables 3 and 4 , where the only
difference between runs was the direction of the magnetic field , as indicated.
The numbers given refer to the values of m for the equation: Bq ‘~ L 1 f l .

-13- 
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and Voltage ( Ebb) : Separation of Parameters in the US! 003.
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Table 3. Values of m for Bq a 1~~m for HS1 003.

Ebb (kilovolts)
ib

a mperes) 8 10 12 
— 

14 lii

E 100 0. 90 0. 92 0. 74 — —

A C

150 0. 83 0. 74 0 .69  0. 59 —

B ® 200 0. 73 0. 65 0. 73 0. 70

B D 250 0. 76 0. 77 0. 77 0. 74 —

FIELI) 300 0. 76 0. 68 0. 81 — —

DIR ECTION 400 0. 76 0. 83 — — —

Table 4. Values of m for Bq a L-~ ’ for RSI 003.

Ebb (kilovolts) ~
ib

amperes) 8 10 12 14 16

E 100 0. 93 0. 89 0. 88 0. 87 —

~ 1 150 0. 91 0. 89 — 0. 87 —

B® 200 0. 87 — 0. 90 — 0. 68

250 — 0. 76 0. 76 0. 87 —

B D
300 0. 83 0. 68 0. 77 0 .62 —

FIELI) 350 — — 0. 63 — —
[)IRECTION 400 — — — 0.71 —

- 16-
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Soui~ of the graphs from w hich the se data were  taken are g i ve n  in

F igure  7 , where  each curve  represents  a par t i cu la r  vol tage and c u r r e n t  c ( I ru-

bination. The limited number of points for eac h c u r v e  exp la ins  the s ca t ter ing

of data  v a l u e s  for Ifl in Tables 3 and 4, but does not explain the trend of the

da ta. I ‘oints  for  these cu [~v es hav e been shifted slightly to take into accoun t

the presumed difference of plasma  conduction path lengths  w i t h  f ield d i r - e c —

ion. This occurs because the  pl a s ma  column is tolded , and the pl a s l i l a  dis-

charge is forced to either the inne r or the outer wall  at the folds depending

upon field direction. It has been noticed that correcting for this shift some-

what i rnprov es  linearit y of the data  on the log-log plots.

The data for low currents and vol tage s az-c in agreement with eax-l ie r

work (Thom as, 196 7) wh ich concluded that m be app rox imatel y 1. The tact

th at rn decreases at high power is discouraging, since it means that the dis-

charge becomes harder to quench under these conditions.

Effects of Diameter

I)ecreasing the tube diameter causes a marked decrease in the magnet ic

field required for quenching. Figure 8 shows quenching curves for two

smal le r  diameter tubes, as compared with Figures 5 and 12 for US! 003.

When allowances are made for the different pressures and lengths at which

these tube s were run, it then appears that the 0. 25-inch inside diameter

tube is only slightly easier to quench than the 0.375-inch inside diameter

tube , and that  the 0. 181—inch inside diam eter tube represents a significant

change in reducing the required field. More data are needed before a

generalization is made , but inside diameters  within the range of 0. 25 to

0. 37~ inches may be preferable.

Effects of Current and Voltage

:~ 5 prev iously indic ated , voltage and current effects are interdependent

hut separable.  Data from curves such as Figure 6 were used to calculate the

4’ xponents of the equation: Bq ~ ( Ebb)~3 (ib )ó . Expe r imental values arc

given in Tables 5 and 6. ‘I he data are somewh at err atic and trends are not

apparent .
— 1 7 —
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Table 5. Experimental V alues of ~ for the Equation Bq a ( Ebb)*
RSI 003 Eres 5. 6.

Peak US! Current, ib (Amperes)

A N O D E  Anode

~~~~ ~~ 
Po int 50 100 150 200 250 300 400

B® A 1. 22 1. 16 — — — —

~~ 
B — 1.25 — 1.25 — — —

CA1 HODE C — 1.21 — 1.30 1.32 — —

FIELI) I) — 1.41 1.21 — — —

U) 
~R E CT ION 

____  _____  _____  _____  _____  _____  _____  _____

Peak RSI Current, ib (Amperes)
ANODE

A d  
Anode
Point 50 100 150 200 25 0 300 4 00

B® A 1.41

B 0 ________ _____ 

(Fr inge  F ie ld)

CATHODE B — 1.28 1.05 1. 19 — 1.25 —

C — 1.26 1. 10 1. 15 — 1.28 1.32
FIE T E ) _____________ ________ _________ —— _________ _________ —_______ _________

DIRECTION I) — 1.47 — — — 1.32 1.43
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Table 6. Experimental Values for ~ for the Equation Bq ~ (~~~~)

RSI 003 Eres = 5. 6.

Main Supply Voltage , Ebb (Ki lovo lts )
A NOD E 

______ _____ ______ _____ _____ _____ _____ ______

~ ~ 
Anode
Point ~ 

0.18 
_ _  

0:43 0. 57 - — 

_ _  _ _ _

B D B 0 24 0 06 0 i~ 0 i i
AT H ODE 

— — — 0. 42 0. 21 0. 25 - . 0. 31 —

I ) I R E ( TION U — — — 
0 . 47 0.44 0.30 — 0.34 —

ANODE 
F\lain Supply  Volt age, Ebb (Kil ovolts)

A ~ 
Anode

rLl r
h I Point 5 6 7 8 10 12 14 15 16

Li U A 0. 04 0. 02 0. 04 0. 07 — — — — —

B 0 B — — — 0. 17 0. 22 0. 30 0.30 — —

CATHODE C — — — 0. 14 0. 14 0. 14 0. 18 — 0. 19
1’IELI )

I ) 1RECTION I ) — — — 0. 06 0. 28 0. 31 0.32 — 0.31

-2 1-
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Effec ts  of Pressure

Pressure has a substant ia l  effect on quenching requirements , par -ti-

( - l i la  r I y  at h igher  vol tages , as is evident  in Figure ~. l ’ xperirnents at lower

pressure, though incomplete , indicate  tha t  continued improve  mn ent in required

field levels occurs wi th  progressively lower  pressure:  one poin t taken for -

the ESi 003 at ve ry  low p r e ssu r e  is added 04 del l lon st r at e  th i s  fact.

I ’igu r e  10 shows s imi lar  data for the \ I U C I  I 400 1 ) — 2 5 0 .

E ffects  of Magnet  f i r ing_ I)e lay

T h e  (lelay imposed on the circuit  be tween the s t a r t  of t hy r at ron  con —

dt ieti on and magnet discharge (T
a

) has the effect  flu- magnet ic  quench i ng

field shown in Figure 11. The graph represents a magnetic field which

peaks afte r approximately 9 m icroseconds. The faul t  cu r-ren t  i tself  reaches

max imum afte r about 1 microsecond. The curve presented seems to indicate

that the fau l t - inspired tube plasma is easiest to extinguish earl y in an 11-

microsecond period which the plasma requires to achieve maximum ionization.

A fast rise time magnet current  is therefore indicated.

l-~ffects of Magnetic 1I ’j eld Shape

No specifi c work was performe d in this regard except for a stud y of the

effects of fringe fields at the borders of the core gap. Figure 12 shows the

effect  of shifting the USI away from the fringe fields (shaded area) at the

interaction regions nearest the cathode. As would be expected , the dis-

charge becom es easier to quench when all or part of the plasma column is

fa r the r  wi th in  the fu l l - f ie ld  region of the magnet gap. An unexpected result

obtained from a di f ferent  experimental  run indicated that a plasma column

subjec ted  ent i rely  to a fr inge field could be quenched with an equal but high

f t- id , independent of tube current  (fo r the same tube voltage) .

-22-
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Quenching Mechanism

I~ mnp ir ic a l  studies indicate that there may be more than one mechanism
associated wi th  quenching behavior , or at least that  there is a transit ion
between two related modes of cur ren t  interruption.

~r\ hen the cri t ical  quenching magnetic field is approached by increasing
the magnetic field f rom pulse to pulse , two different effects are noticed. In
one mechanism, shown in Figux-e 13a , the tube current  slowl y decreases
unt i l  the point is reached at which it is effectivel y zero . In the other
mechanism, Figure 13b , the current  decreases to a point, but then a slight
increase in field results in a sudden quench. Occasional rapid and noisy
oscilla tions can be seen at this point , particularly on the voltage waveform.

4 No explanation has yet been proposed for this phenomenon , nor has a stud y
been done to determine the parameters of transit ion between mechanisms.

E ffects  of Field I) irection

1~irst experiments suggested that there might be a preferred field
direct ion for faul t  quenching. A study of this effect demonstrated that  the
probable cause for observed discrepancies was due to fringe -field quenching
rather  than field direction.

2. 2. 3 Triggering, I)elay, and Jitter Characteristics

h”or the greater part of these investigations , the US! tube under s tudy
has been connected with a 7322 thyratron in series. The US! was run w it h  its

holdoff region externally short-circuited or b,ypassed, and the 7322 was used
to hold off and trigger the circuit. The reason for this was to isolate the
inter-act ion section of the tube for a particular study.

Pulse-delay measurements were made, part icular ly with regard to the
mis ’ -  of a keep-al ive cur ren t  between combinations of cathode and A, B, C , I )

e lectrodes in the full tube USI 003. I)elays measured ranged from 0. 8 to
1. u microseconds, with smallest  delays occurring for high voltages , but
we r i -  generall y independent of pressure.  Keep-al ive currents  reduced de lay s

-27-
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Figure 13. Fault Current Interruption for USI 003.

-28-

.

~ 

--—. ~~~~~ ---.-,--~~~~~~~~~~~~.-- - -



- —. ----, . - _— 
— -  -- -

to 0.450 to 1.6  microsecond s and were also independent of pressure.  Keep-

al ive currents  used for this purpose were of the order of a few mi l l i a m pe res:
keep-a l ive  voltages were from 2 to 10 ki lovolts.

Pu lse - to -pulse  j i t te r  was watched onl y br ie f ly  dur ing this period of

invest igat ion , again chiefl y wi th  regard to the use of keep-al ive currents.
Time \ l ( ’( l 400 1) -250 gav e total pulse j i t ter  and a ~ tad of up to several hurid i-ed

nanoseconds, with improvement  at high pressure and high voltage to under

10 nanoseconds ( l imi t  of resolution) . Keep-alive cur ren ts  had d i f f e r ing

ef fec t s  upon tube j i t ter , as both improvements and degradations were noted.

The US! 003 was considerably more j i t ter  free than the M C U I )  tube , but no
value s were  taken for comparison.

General l y, decreasing pressure has the effect  of increasing pulse- to-
pulse li t ter .  It wi l l  be important , considering the effect of low pressure on

tube drop and quenching field , to determine how best to reduce low pressure
u t ter.  Present investigations suggest that use of a virtual  anode or anode

cav i ty  improve US! stability,  possibl y by a reduc t ion of plas ma de~ 1e tion .
ti p until  now , USI tubes have been run with heater and reservoir voltages

connected to the same power supply . It may be possible to improve low

pressure stability with two isolated and separately adjustable circuits.
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3. I)1S(t~SSIO.N OF’ DATA

I )ata taken to date suggest that the basic t rade-off  in US! tube design

wil l  occur between the vol tage drop and the quenching field , wi th  con si dem - a-

t ions g iven  ne xt to high repetition rate and pulse and t r igger ing  s tab i l i ty .

1’he parameters  of tube length and diamete r are cri t ical  here , as shown in

Figu res 14 and 15.

It has been observed for the US! 003 that the field ene rgy for quenching

a 15-kilovolt, 270-ampere fault discharge is nearly independent of the length

of the interact ion tube. This result occurs since the requir -ed field increases

w ith decreas ing length , but the magnetic-field volume decreases, and the

product  of the two is roughl y constant. However , this effect is not seen in

the 42~i h I - 1 8 1  tube , and the data for the other tubes (par t i cu la r ly  4 0 0 I ) -2 5 0 )

are not complete.

I’ igur -e  14 data  of Bq versus  etd are important in our present experi-

r im ent  because of the magnetic saturation limit of the co r-e . A smal l -d iameter

co re gap, and hence interaction region, is unusable because a h igh-f ie ld

r equ i rement  saturates the iron core despite what might be a low field energy .

Stability under high re petition rate firing is not a simple matter , and

must be assured. Pressure must be kept moderately high to allow stable

t ube operation, yet should be kept low for minim um voltage drop and

magnetic field.
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) - x t r - apn la t iou  ot ~‘r- i -sent results Ii ) h i i r~hc r- ‘_ n l t i c i- t t t t ’ . i s  ~t ( 1 \ I 3 t d L ~e5

~ -11 as I i s a d ~- an t ages , SiflCe quench ing  b e co mmi e s e v e r ’  more d i f f i c u l t ,

SIJ~~ L~
,
~~- t  imi ~ ’ that t ub i - design be based on final v t i ) t a~ e r a t i n g  to i t  substantial

‘ I Oi~~ I 4 ’  ‘ . ~\ \~i ) t -k i ng sv st e r t i  at h ighe r -  vt ’d t ages appears  ~I t t ~t i r i a b l e , w i t h  1I ~~-

ti i a o- d i i  ~ back be ing  t ha t  magnet ic  quench ing  capaci tor -  CU -rgie S m a y  be

in t h e  k j lo 1 )ule  r ange , un le ss  sonic of the s3lgL~estcd operational impr ove rue t i ts

prov e v a l i d .
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4 . EKP E 1UME ~~TAL MODI 1”ICATIO\S

:Vlinor changes have been made in the experimental setup to improve

data accuracy,  noise reduction, and the facility (and safety) of data collection.

fli e basic circuit (Figure 1) is unchanged.

\ I ag t -1et triggering circuitry was modified by the inclusion of a second

spark  gap and a change of the spark gap triggering mode. An EG~~G GP-201-3

spa rk  gap ~ as added in parallel  to the present GP-46 such that  the fo rmer

w ould  be used for Eq f rom 4 to 10 kilovolts and the la t ter  f rom 10 to 20

ki lov olts , wi th  some overlap, allowing for investigations of quenching t rends

to lower voltages. Triggering was changed to Mode ~ ( positive tr igger pulse

to positive ad jacen t  electrode) with a gain in triggering j i t ter  stabili ty with a

sl ight  increase in t r iggering delay. The quenching pulse variable delay line

was  r e-added to the circuit, and set at 5 microseconds for most exper iments .

This delay value was chosen to represent an expected worst case for the

electronic  delay of fault sensing circui ts .

Spark gap pref ire, a problem with the use of a delay line , was marked ly

reduced by the use of noise prevention measures. Steel shielding was added

around the delay l ine and the spark gap trigge r module , and along the de lay

l i n e  power cord. A voltage regulator and bal un were added to the power

cords of the  above. H I - ’ chokes we re placed on tr igger connections , and

shielded cabl e was instal led for the t r igger signal .

IS-arson current transformers (1~ maximu m e r ro r)  have been used in

adrli tinn to the precision current viewing resistor for- current m e a s l r r i - I n e nt s

UI both - I ’ I ’ ’ I ’  and m agnet circuits. A 7633 Tektronix storage oscilloscope ~ as
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jflI  r ehased and is in use for study of fast, sing le—sh ot quenching w:i’~ eforrus .

-‘ sma l l  2 0 — k i l o v o l t  supp l y wi th  30—m il l i arn pe r e  capabil ity was bu i l t  for  us-

iS  te n ip o r- ary  rep lacement  for one or two adjustable range ( \ ( 
‘ high  ‘ Olt iL ’ i -

su pp lies  (also r -equir -ed  for  other applications) .

:\ ( - b m ; t r g i n g  sw i t c h  ~ as added in serie s wi th  the TUT power supp ly  as a

riteans of cutting power to the TUT circuit  during RC high current  pulses

w i t h o u t  shu t t ing  down ( and consequently reset t ing)  the TUT supply .  This is

nece s s i r rv  at high voltage s to prevent keep-al ive cur ren t  from flowing th rough

t i m e  e n t i r e  TIJT circuit from the TUT supply. Obviously , this occurs onl y

w h e n  the T VT has not been com pletel y quenched.

The t~SI f i l ament  and reservoir voltage supply was relocated to be

t. i sua l lv  accessible at all times during experiments. A vol tage regul ato r

W I S  placed on its line cord to el iminate pressure f luctuat ions  caused by

l ine  vol tage  f luctuat ions.

The quenching magnet core was repositioned and now enables the I~SJ

tube to be opt ical ly  addressed by the proposed optical measurement  devices.

1’he ( -I -mange also allows greater flexibil i ty in positioning H SI tube s within  the

r i i ; t g n e t i c  field , and is adaptabl e to all sizes of tube and thyratron bases. In

add i t i on , two clamp-on additions to the core were made fro m t r ans fo rmer

~ t t - i - l  to al low for increasing the mnagnetic interaction volume for the

e f f e c t i v e  study of RSI tube s wi th  wid ths  g t-eate r than 2 inches. Tests indicate

th a t  th - addit ions pe r fo r m n  well , and com parison of r e l a t ive  pe m-m eab i l i t i e s

st mgg i - st s  tha t  the enhanced field is fa i r ly  unifo r -mn below 10 kilogauss.

a -
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i . ( O ~~T I N t I 1 N (  ST! I ) IE S

Several data gaps will be filled in the near fu ture , inc luding  ~v n t - k ~ i th

the FtSt 001 , the ~l( ( ’ I )  4 0 0 1 )— 2 5 0 , the 425 11- 181, and the 1~SI 003 a t  l n t ~
pr i~ s~;ure . Sort ie of the data  given in this  report , and the i n f e r e nce s  d i~~t~~ i i

f r om  it , ar e  based on only one or two tubes , and should be rechecked . Other

data suggest more detailed r -ur r s for bet ter  accuracy.

Two RSI th yratrons with glass interaction regions are n ear ing  cv ’~i-

plet ion , and will  be tested soon after- const ruct ion.  They  wi l l  be t est il I ) \ ’

r n e ;mns  s imi la r  to those reported above , and with optical measu remen t s  liv

image converter  and optical spectrophotometer to watc h actual  quench ing

behavio r and to inspect for possibl e contaminants.

\~ i th the amount  of data now on hand , theoretical work wi th  the

assi stance  of Professor-s Poli tzer and Smullin at the Massachuse t t s  I n s t i tu t e

of I i - c h n o l o g y  can begin , and ties between the m and new exper iments  are

t~xpec - t ’ - ( l . 1’or use in collecting data for theoretical analysis ass is tance, a

1 ; t u g m n m i i r  probe setup m a y  be arranged for the m ultifold tubes. T emp e r a tu t -e

and dens i ty  measurements  may be obtainabl e f rom app l icat ion of both pulsed

and s teady probe theory to our experiment.  A pulsed sys tem wil l  be workab le

only  if a t empora ry  pl a s m a equi l ibr ium can be reached in a t i mne  much shor -ter

han time appl i e d probe pulse.

i- i -arrangement of the magnet f i r ing c i r cu i t  is pl anned , w ith it  supe

position of m agnetic f ie lds  t r - o m n separate f i r ing  c i rcui ts.  This alte rat ion w i l l

aid in de li - I-mining the re la t iv e fields arid field shapes needed both fo m - quench ing

a f a u l t  ii  i s e h am - g i - and for - providing holdoff for :t t ime period long enough for

a t l i y r - ; i t r o n  l ioldoff  sec t ion to deionize and regain holdoff  capabil ity.

-36-
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‘I Ii e Machlett I d E — h  ~44 triode will  be add ed to the c i rcui t  to r-ep lace t h e

7322, since such a circuit  better s imulates the intended use of the HSI. ‘l’imc

t- t-si stam-e nOW used is not an adequate model.

\ quan t i t y  of addit ional  ceramic m aze material  is ava i l ab le  at I ’ (  ; & (

and is planned for use in the near future . Sufficient var ie ty  of material  is

avai l ab l e  to add a number  of points to dia m eter and length studies.

-3 7-
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