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SYMBOLS USED IN POSITIVE COLUMN ANALYSIS 

a Discharge diameter during magnetic constriction 

b Discharge breadth during magnetic constriction 

B Magnetic field strength 

D Electron diffusion coefficient 

E Electric field 

Ev „ „ Electric field components x,y, z 

f Average fraction of energy lost by an electron in a neutral 
particle collision 

f i Ionization rate per electron 

J Current density 
J„ «• • Current density components x,y,z 

k Boltzmann' s constant 

L Positive column dimensions x, y»z 

m Electron mass 

n   j Electron, ion concentration 

T    . Electron,  ion temperature 
e» l 

x* Position of maximum electron density 

Vg j Electron, ion velocities 

Z Atomic number of gas species (for hydrogen set • 1) 

<*, ß Parameters derived in the solution of the equation for n 
e 

A Characteristic diffusion length 

MÄ i Electron, ion mobility     • e— 
e, l    ce, ci 

v        . Collision frequency of electrons, ions with neutral hydrogen 

v . Electron ionization frequency 
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1.    INTRODUCTION 

1. 1     FOREWORD 

This report constitutes the Fourth Triannual Report under USAECOM 

Contract DAAB07-C-1301, entitled "Repetitive Series Interrupter 11." The 

investigations herein described were performed from 1 March 1977 through 

30 April 1977 by EG&G, Inc.,   35 Congress Street, Salem,  Massachusetts. 

1.2     BACKGROUND 

It has been shown that Repetitive Series Interrupter (RSI) tubes are 

capable of interrupting high voltage D. C. discharges by the superposition 

of a high transverse magnetic field across the interaction channel in the 

body of the tube.   Experimentation with uniform diameter discharge columns 

has shown that the magnetic field required for such interruption in hydrogen 

varies approximately according to the equation Bq * L Ebb *     ib * 

(Bq in kilogauss,  L in cm, Ebb in kV,  ib in amperes).   A 67% reduction in 

Bq was observed for a tube with a nonuniform diameter discharge channel 

(RSI 005) composed of a series of "plasma chute" wall spacings for increasing 

the plasma-wall interaction. 

Present problems confronting the RSI development effort include: 

(1) the simultaneous assurance of low voltage drop in the RSI tube during 

pulsed operation and of minimal level of magnetic field energy required for 

the interruption of a fault discharge;   (2) the prevention of re striking of the 

fault discharge after interruption;  and (3) the assurance of stable,  jitter- 

free, moderately high pulse rate normal operation. 

-1- 
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1. 3     PRESENT RESULTS 

Present work was principally directed toward problems (1) and (2) 

listed above.   Principal tubes under study were RSI 004 (Figure 1) and 

RSI 005 (Figure 2).   A test with deuterium as the fill gas was made to deter- 

mine whether the probable advantage of lower voltage drop in deuterium would 

not be counterbalanced by an increase in the required quenching magnetic 

field.   Results were not encouraging,  since the interrupting magnetic field 

energy required for a deuterium tube is 2 to 4 times higher than that for a 

hydrogen-filled tube, due to the greater inertial resistance of the increased 

mass to the magnetic-field-induced transverse diffusion. 

Use of a "plasma chute" type design had previously suggested a signifi- 

cant reduction in the required magnetic quenching field, but testing has been 

limited to low voltages by extraneous internal arcing.   The attempt to elimin- 

ate the arcing by reducing the glass to ceramic gap fractured the glass 

envelope of the tube.   An examination was made of the damage sustained by 

the internal ceramic components.   Localized fusion and erosion of the 

ceramic disks was noted on the corners and the surface facing the cathode. 

Since the voltage drop is rising rapidly during interruption, the cause may 

be increased electron energy. 

Magnetic pulse-shaping with a high initial peak followed by a several 

hundred microsecond low field was used in an effort to eliminate restriking 

after interruption of the fault discharge.   Efforts to date in deuterium seem 

to indicate that pulse-shaping has a greater effect on delaying the restrike by 

several hundred microseconds than on eliminating it.    More attention must be 

paid to the external circuitry with respect to the trigger circuit, grid bias, 

and transient voltage elimination,  in conjunction with magnetic pulse-shaping 

to eliminate restriking. 

A preliminary theoretical analysis of the positive column in a transverse 

magnetic field has been completed and is included in this report.   Detailed 

comparisons of the results of the analysis with experimental results have not 

«** 
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NOTES: 

I. LOWER PAN ASS'Y IS STD. 

EXCEPT FOR THE ORID 

FEEDTHRU REPLACEO WITH 
STEEL STUD 

2. RESISTANCE READINGS 
REF. <T 84216. 

ANODE CONNECTOR 
10-32 UNC 

HY-26 ORID CUP 

HY-6 OUTER HEAT 
SHIELD STANDARD 

MOUNTING FLANGE 
HY-SO TYP. 

TIG. WELO 

T.I.G. WELD 

STANDARO HY-6 
CATHODE « RESERVOIR 
ASSEMBLIES   WITH 
STANDARD BAFFLING 
ANO OUTER HEAT 
SHIELD. 

TIG. WELD 

Figure 1.   Tube RSI 004. 
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ANODE CONNECTOR 
10-32 UNC 

NOTES: 

I. LOWER PAN ASS'Y IS STD. 
EXCEPT FOR THE GRID 
FEEDTHRU REPLACED WITH 
STEEL STUD. 

2. CERAMIC STACK CONSISTS 
OF 59 CERAMICS-ALTERNATING 
FROM 0.130 I.D. TO 0.800" I. D. 

3. NOTE (6) VIEWING SLOTS. 
(5) »0.300* WIDE AND (I) 
91 1/16" WIDE, SLOTS ARE 
NOT PERFECTLY ALIGNED AS 
SHOWN 

4 NUMBERS INDICATE OTY. OF 
CERAMICS BETWEEN VIEWING 
SLOTS. 

HY-26 GRID CUP 

HY-6 OUTER HEAT 
SHIELO STANDARD 

T.I.G. WELD 

26mm ID. PYREX 

CERAMIC DISK WITH 
1/16" VIEWING SLOT 

CERAMIC RING WITH 
0 300" VIEWING SLOT 

DISCHARGE CHANNEL 
SHADEn (TYP.) 

TI.6. WELD 

STANDARD HY-6 
CATHODE a RESERVOIR 
ASSEMBLIES. WITH 
STANDARD BAFFLING 
AND OUTER HEAT 
SHIELD. 

TIG. WELD 

Figure 2.   Tube RSI 005. 
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yet been made, but the overall conclusion that a discharge column constricts 

in a transverse field agrees with observations. 

For a practical RSI tube,  power dissipation in the protected device 

during fault interruption is of critical importance.   Presuming an arc voltage 

of 100 volts in the protected device, a total charge transfer, Q, of les     uan 

0. 01 coulomb would result in an energy dissipation of 0. 15 joule in that device. 

Previous results indicate that a 300-ampere discharge is interruptible in less 

than 10 microseconds, with a charge transfer Q = -^ K 

This result is well within safety requirements. 

0. 0015 coulomb. 
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2.    PROGRESS 

2. 1     DEUTERIUM TESTING 

(1) In 1969,  L. N. Breusova       reported a study comparing the voltage 

drops of hydrogen and deuterium in the positive column of a gas discharge. 

He found that the voltage drop was a strong function of the choice of gas,  the 

tube pressure, and the discharge current, as well as the choice of operation 

in pulsed or D.C. mode (Figures 3a-3d).   This work was done with a 30- 

microsecond pulse length in an 18. 5-mm diameter discharge tube.   A com- 

parison of his results with ours can be made by plotting E/p versus rp, as 

in Figure 3 a. 

It is apparent that our results agree well with his.   The RSI 003 voltage 

drop values can be considered more reliable than those of RSI 001, since they 

result from measurements in a discharge channel of varying length.    The dis- 

parity previously reported (Second Triannual Report) between the RSI data and 
(2) that of Brown      is therefore resolved as a matter of different current 

densities in the plasma discharge. 

It is immediately suggestive that deuterium or a still heavier gas might 

prove valuable for use in the RSI tubes,  since the tube drop appears to diminish 

somewhat as the reciprocal of the square root ot the ion mass.   However, 

problems arise with current quenching in the heavier gases,  since the heavier 

positive ions have a greater inertial resistance to the magnetic field-induced 

transverse diffusion, thereby slowing plasma movement to the plasma-inter- 

action wall surface.   To determine the effects of deuterium on current 

interruption,  RSI 004 (Figure 1) was refilled with deuterium and tested, with 

•8- 
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Figure 3.   Voltage drop vs. current and pressure:   comparison of results. 
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the required interrupting magnetic fields as shown in Figure 4.   Several 

values of the ratio of interrupting magnetic field of deuterium to that of 

hydrogen (Bq(D2>/Bq(H2)) for various voltage and current levels are given 

in Figure 5.   The average of these values is 1. 67, but higher ratios appear 

at higher current and voltage levels. 

The voltage drop advantage of deuterium over hydrogen in the positive 

column was determined by Breusova to be a reduction of approximately 1/1.4. 

Results from our tests yielded a ratio of about 1/1. 5.   To achieve the same 

tube drop, then,  a hydrogen tube could be lengthened by a factor of about 1. 5 

when filled with deuterium.   Using previously obtained results,  that the 
-0 75 quenching field varies approximately as L    *       (L = interaction le^th),  the 

ratio of quenching fields of deuterium to hydrogen tubes would equal approxi- 
-0 75 mately 1.67/(1. 5 )= 1.35.   The magnetic field energy,  proportional to 

2 2 Bq L, would give a ratio for the two tubes •  (1.35)    1. 5 s about 2. 3.   There- 

fore, the use of deuterium in the RSI application offers no advantage,  even 

with the consideration of reduced tube drop.   Deuterium-filling would be 

advised only in applications where the tube voltage drop was of paramount 

importance. 

Hydrogen,  therefore, is the gas of choice for present RSI tubes. 

Furthermore,  it appears that any heavier gas (or metal vapor) would onlv 

make current interruption more difficult.   Low concentration impurities in 

the discharge may, for the same reason, impair current interrupting 

capability. 

2. 2     RSI 005 ANALYSIS 

Tube RSI 005,  shown in cross-section in Figure 2, has an interaction 

region composed of a glass tube envelope within which are stacked a series 

of ceramic washers of alternating large and small internal diameter base, 

in an attempt to modulate the interaction wall surface.   As reported earlier, 

-8- 
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Figure 4.    Bq vs. Ebb,  Rrc for RSI 004:   D   vs. H . 
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Figure 5.   Interrupting magnetic field in deuterium vs. hydrogen as a 
function of Ebb,  ib for RSI 004. 
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RSI 005 arced consistently at fairly low voltages between the glass envelope 

and the ceramic washers.   An attempt to alleviate this problem by shrinking 

the glass onto a portion of the ceramic washer surface was not successful, 

because the glass fractured due to the difference in thermal expansion rates 

between glass and ceramic.   Repair of the tube was not considered worth- 

while, and an examination was made of the damage sustained by the ceramic 

washers. 

Most of the damage to the ceramic occurred on the side of the washers 

facing the cathode,  suggesting that erosion was caused by electron bombard- 

ment of the surface.   The length of apparent plasma penetration into the 

washer to washer gap is also significant, since the 1 - 1. 5 millimeter pene- 

tration depth (as determined from the extent of surface damage) into the 

plasma chute indicates an increase in the total discharge length by a maximum 

factor of only 1. 7, as shown in Figure 6.   The mechanism of improvement of 

tube interruption probably stems,  therefore, from direct electron surface 

energy losses rather than from a radical bending and folding of a narrowed 

discharge column. 

Also apparent from a visual observation of the washers was a difference 

in the degree of erosion depending upon location in the interaction tube. 

Washers near the cathode end suffered a greater amount of "burning" than those 

near the anode end.   In addition, the erosion near the cathode end was more 

diffuse, from one to several millimeters wide, whereas the anode end washevs 

revealed "burning" to but one millimeter in width.  Possible explanations for 

this behavior include longitudinal plasma density gradients, a nonlinear 

electric field distribution, a gas pressure gradient, high energy electron 

beaming, or a shift from a diffuse to a constricted discharge caused by 

interaction with the washer edges. 

The ceramic washers removed from the tube were eroded radially for 

approximately 1 mm from the central plasma bore, in the expected I X B 

direction of magnetic force.   An SEM (Scanning Electron-Microprobe) X-ray 
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Figure 6.   RSI 005 during magnetic field interaction. 
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analysis was performed on the eroded surface (Figures 7,  8), looking parti- 

cularly for possible electrode metal contamination.   The analytical report 

indicated weak concentrations of Fe, Ni,  Ta, and Mn in only a small portion 

of surface area.   Most of the surface damage appears to have been caused 

by wall heating by the hydrogen plasma. 

The analysis was made in the magnesium to uranium mass range, using 

Ortec spectrum X-ray fluorescence detector equipment. 

The concern,  therefore, that large amounts of metal vapor might con- 

taminate the plasma was unsubstantiated, probably due to the distance between 

the interaction region of high magnetic field strength and the glass-metal 

seals. 

The RSI 005 was tested at an average voltage of 8 kV, at an average 

current of 160 amps.   A power dissipation calculation can be made, utilizing 

the assumptions of:   an average 10 uaec interruption time,  an average pene- 

tration depth of 1 mm into the washer to washer gap,  and an average discharge 

column width during interruption at the ceramic surfaces of 1 mm.   The result 

indicates an average short time scale wall surface heating of about 900 C, 

which suggests that ceramic erosion could be occurring during the higher 

power testing phase.   At the peak power level,  Ebb s 7. 5 kV,  ib • 375 amp, 

and the calculated surface temperature is approximately 2000°C. 

2. 3     MAGNETIC FIELD PULSE SHAPING 

Prevention of restriking of the fault discharge after current interrup- 

tion is extremely important to the success of the RSI program.   One proposal 

for restrike prevention is for the shaping of the magnetic field pulse to pro- 

vide two functions.    The first portion of the pulse would interrupt the discharge, 

with a short rise-time, high magnetic field.   A second pulse would continue 

from the first, at a considerably lower level, to prevent restriking.   It has 

been observed that the strength of the magnetic field after interruption had 

an effect upon restriking behavior, particularly in that allowing the magnetic 
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Figure 7.   Surface damage to RSI 005 ceramic washer. 
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(a)   Undamaged ceramic 

(b)   Eroded surface (expanded scale) 

Figure 8.    SEM analysis of RSI 005 ceramic washer surface. 
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field to ring also allowed the current discharge to restrike at approximately 

the time that the field passed through zero.   A pulse-shaping circuit as shown 

in Figure 9 was therefore devised for testing restrike prevention.   The series 

thyratron was removed from the circuit, the RSI holdoff section being used to 

provide high voltage recovery. 

Typical test results from this circuit are shown in Figure 10, where 

the deuterium-filled RSI 004 was under test, triggered directly with a 4-kV 

pulse.   A typical magnet current is shown in Figure 10a.    Figure 10b shows 

restrike prevention at 5. 9 kV, at which point roughly 70% of all fault pulses 

are completely quenched (lower Ebb discharges are interrupted completely 

with progressively better consistency).    Figure 10c shows a slightly different 

case, where restriking after several hundred microseconds was a problem. 

Different capacitor values were used in each case;  the number of magnet 

turns was also adjusted.   The restriking shown in Figure 10c, occurring at 

lower Ebb, takes place at approximately the same field levels as that shown 

in Figure 10b, but with a longer period of delay,  and a greater variability of 

delay time.   The apparent increase of restriking at lower Ebb is not 

understood. 

For longer time scale restrike prevention,  the circuit shown in 

Figure 11 was devised, but to date has failed to yield a satisfactory pulse 

waveform.   A difficulty with the coupling of short and long magnet coils, 

which necessarily requires coils of a few and many turns,  is that the high 

dB/dt induced in the magnet by the fast coil produces dangerously high 

voltages in the many-turn coil. 

Further study must be given to the use of grid bias and other external 

circuitry,  as well as to new magnet pulse-shaping techniques,  to improve 

restrike prevention.   H   must be used as a fill gas, and further examination 

must be made of anode-grid voltage waveforms during restriking. 
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Figure 9.    Magnetic field shaping test circuit. 
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Figure 10.    Fault discharge restriking in D2 -filled RSI 004. 

-18- 

.*,<•   --»— .„,    ,;.   ^  _^ fftfu •J^--^-"fc--1   "•'" fe*Ü* hu ..     ._ ... ^.^.^v^^..^,,-/^—...^ ^.^ h 



lmmmiemm^^mw^^]W'^mfm»)m^m^m^w^ >>*>•< ><<9mGtm*^VWmi•<>wvju.>m*ip»/».w> 

•MM 

MAGNET 

•        <W» • Em 

Figure 11.   Alternate field shaping circuit. 
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2.4     MAGNETIC FIELD RISE TIME TEST 

In conjunction with the field shaping study,  the effect of the speed of the 

magnetic field rise time on the required interrupting magnetic field was ob- 

served.   The magnet circuit shown in Figure 12a was used, where N and Rm 

were varied to produce a series of near critically damped magnet current 

pulses, with varying rise times.   Results are shown in Figure 12b, and they 

seem to indicate an optimum rise time of 10 microseconds.   These data 

should be looked at with a degree of caution, however,  since:    (1) inductances 

elsewhere in the circuit become comparable to the magnet inductance at low 

values of N, so that stray magnetic fields become an important factor;  and 

(2) each data point represents a different waveshape corresponding to a 

slightly different degree of overdamping. 

2. 5     SERIES TUBE POWER DISSIPATION 

The purpose of the RSI tube is to prevent damage from occurring in the 

travelling wave tube which will operate in series with the RSI.   To minimize 

damage in the TWT,  power dissipation should be kept to a minimum.    This 

power dissipation, during the fault conduction period,  can effectively be taken 

as equal to/vi dt for the period in which the fault current is being carried. 

This value is essentially equal to V / Idt a VQ, where Q equals the total 

charge transferred during this interval.    This assumes an arc occurs in the 

travelling wave tube, with an arc voltage between 10 and 100 volts.    To keep 

the total dissipation under 1 joule,  Q should be less than 0. 01 coulomb.    Q 

may be regarded as a useful figure of merit for the RSI,  since this parameter 

is proportional to the amount of energy dissipated in the microwave tube. 

Our present tubes are capable of switching off in a period of roughly 

10 microseconds.   The/idt is somewhat less than ? ibAt, which for a peak 

current of 300 amps yields Q s 0. 0015 coulomb, which would indicate an 

energy dissipation of 0.15 joule in the faulted TWT.    This assumes that the 

RSI magnet is switched on immediately (less than 1 microsecond) after the 
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Figure 12.   Interrupting magnetic field vs. magnet pulse rise time. 
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fault current begins.   Even if an extreme delay of 5 microseconds is assumed 

for firing the RSI, the total Q switched would only double,  so that series tube 

power dissipation would still be only 0.3 joule. 

It is also possible to reduce these numbers still further by decreasing 

the magnetic field rise time.   A 5-microsecond field rise time is possible; 

combined with a realistic 3-microsecond firing delay, total charge transferred, 

Q, would equal 0. 00165 coulomb.   The problem that develops here is that 

high voltages are induced in the long pulse magnet by the fast rise time of the 

interrupting field.   These can be overcome at the expense of high capacitor 

storage energy discharged through a magnet coil with a moderate number of 

turns. 

2. 6     TUBES UNDER CONSTRUCTION 

Several tubes which were planned earlier have been combined into a 

single entity,  with separable cathode and interaction region - anode region 

sections.   A standard HY-11 cathode has been mounted on a 1. 5-inch I. D. 

Varian flange.   Several anode sections are planned which will be mounted on 

gasket adapters and bolted to the cathode section.   This design provides for 

ease of assembly of several individual tubes, cost and assembly time reduc- 

tion, standardization of cathode behavior,  and provision for direct pressure 

monitoring, with a Hastings gauge directly mounted to the cathode assembly. 

Three anode interaction sections are presently being built.   Test pieces 

had been tried to determine reliable methods of high temperature sealing to 

the MACOR machinable ceramic anode sections.   Although the test pieces 

provided good sealing,  some difficulty was encountered when the interaction 

sections were used, for several reasons.   A MACOR metallization process 

was tried, using Ag/Pt with a BT silver-copper vacuum braze to expansion 

matched Fe/Ni, with the result that the metallization and the brazing material 

intermixed and beaded up in one of two operations, suggesting the need for 

critical temperature control.   Titanium hydride bonding was tried and pro- 

vided apparently strong seals, but fractured the ceramic.   The problem 
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appears to be expansion differences over a range of temperatures up to the 

brazing temperature.   A solution may be to weaken (make thinner) metal 

anodes and connectors.   Corning 7575 glass frit does an apparently adequate 

sealing job, but suggests sealing at a 450°C temperature, which will reduce 

the allowable bakeout temperature, but may offer the best solution to the 

problem.   One difficulty with frit seals is an apparent penetration of Fe-Ni 

into the frit, reducing the strength of the seal. 

2. 7     ANALYSIS OF A POSITIVE COLUMN IN A 
TRANSVERSE MAGNETIC FIELD 

In the interests of better defining the physical mechanisms of current 

interruption in an RSI crossed-field type device, a theoretical analysis was 

undertaken of the positive column of a gaseous discharge with a transverse 

applied magnetic field. 

Professor Peter Politzer of the Department of Nuclear Engineering 

at MIT performed the following examination of a crossed-field discharge in 

a rectangular discharge column with coordinates and field directions as 

shown in Figure 13.    MKS units are used throughout.   The following assump- 

tions are made. 

1) The plasma is a weakly ionized hydrogen plasma with electron 

temperature less than 5 eV. 

2) All parameters are independent of the longitudinal direction 

&•«• 
3) The rise time of the magnetic field is sufficiently slow, compared 

with plasma time constants, so that the plasma can be considered 

to be in a steady state (— - 0). ox 

4) Lower-order electron and ion temperature gradient and mass 

terms are neglected. 

5) Charge neutrality (n. • n ) exists throughout the plasma. 

-23- 



fii.ru miJ¥j!W.iJH,.uii i^i)iip.ifiiiUJi»^iiu'ki^4P^^<W>UM»iwwuit^itiuiiWPyt^,^''PJW'Wt'»i^w»-" uu  um up.Jii.Mwii..i..t jj.upgggiJi 

Figure 13.   Geometry for positive column analysis. 
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Then, solution of the momentum conservation equations: 

8V _, '•'.-.•";'.. 
m   n  -r~ +m   n   V   • W   » - V (n   T)-neE-neV   x B eedt eee e e    e        e ee 

n e 

"e      e 

*Vi - - - -      - 
m- n- -SI" + m- n- V. • VV. * - V (n. T.) + n. ZeE + n. Ze V. x B l   i  9t ill i iii i 1 

n. Ze 
^—V. 

"l       l 

yields, for the current density J » n e (V. - V ): 
G 1 € 

* ii *» JC * * J> fE* "•+l,i,<1+M«"' B2> 
(1 +u    B )(1 +|i,   B ) L 

kT 8n M    T 
+ E    VI     - U.  J B +  U        —— (1+U.    B •=- z     e     ri e     *e n      8x *i u   T e e    e 

e J 

[kT         1   8n n    T.    "j 
E   (u    +uj+ -u   -=  (1 - — =i-)   I "y ^e    V       e    "e ne 8y „e TJ J 
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n e f" 

 n2 r-r rBx^.-"i 

Ic T* ft T\ T 

e e 

Let 
»v^i'^»] 

f. • f. (T * n ) s ionization rate per electron, i      i     e     o 

In the steady state: 

V • J » 0; 

V • (n   V ) » n   f. . e    e        e   l 

These two equations provide solutions for the two unknowns n (x, y), e 
E(x, y), with the boundary conditions at the walls: 

J » 0; 

n   » 0. 

An analytical solution to the above equations is not attainable, which 

suggests further simplification.   For both B • 0 and B very large, the above 

equations require that J   • J   • 0.   Furthermore, J , J   are not zero only 

when circulatory currents develop in the transverse direction in the plasma. 

Because the principal electrically and magnetically Induced plasma motion 

occurs in the longitudinal planes, any transverse circulatory current must 

be necessarily second-order, and can be neglected.   This is particularly 

appropriate since the plasma time constants are short compared to the 

B time, and since this represents the steady state assumption previously 

made. 
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Setting J   s J   »0, therefore, yi .Ids equations for E   and E   as func- 

tions of n   and E .   From these, a solution for J   can be determined: e z z 

V 
n <x,y)e      | k T    ,    8n T 

„2 I    z *e    Hi e    n    8x   *e HL T 
1+Me M^   L e e   J 

as well as for the transverse electron velocities.   These velocities, substituted 

into the equation V • (n   V ) * f. n   yield: e    e       i   e 

82n 

8x 
2- + (1 +Me », B-) -3-5- +    k(T   IT.)   ST 

dy T 

+ f 
Me+"i ,. „2, 

i k (Te + T.)   ^ »t 
(1 +u   M, B )n   - 0 et e 

Assuming that the y dependence for n   is proportional to sin l^— y ] 
e VLy   / 

yields: 

82n 8n 

8x 2 8x e 

where 

a  ' <MÄ +M,)B E e    Mi'" k(T   +T.)    z 

^••VVT   *^2j(1+,ie*liB) 

This result contains the assumption that 

V-±>±- 
D      A2' 

A 

or that the electron ionization be greater than the electron diffusion loss. 

-«_ 
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Boundary conditions of the form n (0) • n (L ) = 0 define the solutions 

to the differential equation in n .   For n (0) • 0, and for 

the solution for n   is a hyperbolic sine function which cannot meet the second 
c 2 

boundary condition.   Therefore, for ß < •&—  no discharge can exist, and 

ß-Vo 

represents the breakdown condition for the plasma, and the solution for 

n   is: e 

n   • n     e e      eo 

-2_ 
x 

am 

and the electron ionization condition must accept the scale length A eff =* - 

Applying the boundary condition gives 

ß-4-^t/ 

and 

2 *x n   • n     e sin •=— e      eo L x 

where the electron density profile appears as in Figure 14, and the electron 

density maximum occurs at 

x • x. 
$ -'&) 
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Figure 14.   Solution form for electron density vs. x for a positive 
column in a transverse magnetic field. 
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The peak electron density and average electron density are readily 

determined, and are seen to reduce to the standard positive column for 

B - 0. 

Integrating J   over the cross-section gives the total current: 

L   L   M x   y 
I »     

2  ( -^\ 

1(1 •„.,,, B2)(l+(1^)2)J 

A final examination of energy balance in the plasma yields the equation: 

\~)    **— 3"i ?—i-H—örl1*!^^ > ' 1+fiu. BL^e ze > e 

As long as the last term in the brackets is small, a simple expression is 

derived for T   = T   (E ).   Should this not be the case, the calculations must e       e     z 
be repeated, including VT   terms. 

The foregoing theory has been further considered to compare its results 

with the available experimental data. 

For our conditions, the reduced discharge radius, x^ can be approxi- 

mated with the use of 

tan 

for a L.  » 1. 

l(  2*    \     2K 
\aLx/    aLx' 
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Withflf * VKf7y ••% <m2/v*sec>s £-&} i^r 

then 3 

X*SI  "   25 BE    <m»eV'torr'T'V/m> 
z 

or, at p   "0.3 torr,  T   • 4 eV: o e 
3 

0.14 T .     * „            e m   1.1 
x**cm'     B(Kgauss) E(volt/cm)     B E 

To determine the predicted interrupting field, the voltage drop in a 

channel of radius x% should be made equivalent to the applied electric field; 

that is, the magnetic field should be seen as a mechanism of constricting the 

plasma column,  and thereby increasing the electric field in the plasma to the 

point at which the electric potential can no longer support the discharge 

energy losses. 

Data for E/p versus rp at very low rp, however,  are not available, 

and it becomes necessary to extrapolate from data four orders of magnitude 

higher,  as shown in Figure 15. 

Experimental data at 0. l<rp< 10 suggest that — = 16 (rp)" '   , under 

20-amp pulsed discharge conditions.   An extrapolation of this formula to 
E 300-amp pulses can be made from Figure 3a data,  suggesting that —  £ 

12 (rp)"0, 5, or that 

S12VT 
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Since x+ 
s r, we find that at B • Bq: 

3 3 

0.14 T 2           2                     T 2 E 
Bq 3        e     • ~^-  S 0.001 —     (Kgauss, eV, volt/cm, torr) 

at p   • 0. 3 torr,  T   • 4 eV we predict that Bq s 0. 025 E. o e 

These results can be compared with our experimental observations. 

The RSI 003 tube was observed at Ebb =  15 kV, ib • 300 amps,  L s 60 cm, 

p = 0. 30 torr, and E • 250 volt/cm to require an interrupting field,  Bq, 

equal to 5 kilogauss, while the predicted interrupting field is 6. 25 kilogauss. 

The RSI 004 tube (at Ebb •  10 kV,  ib • 200 amps,  L •  16 cm, p = 0. 35 torr, 

and E • 625 volt /cm) required a field of 9. 5 kilogauss, while the predicted 

value equals 13. 6 kilogauss. 

Considering the number of approximations made in our calculations, 

the agreement between theory and experiment is remarkably good, although 

E       3 

the predicted dependencies of Bq « — T  2 do not directly agree with the 

empirical formula of Bq « Ebb *      L    *      ib p    .   This deviation may 

be explainable in that the electron temperature of a positive column is a 

nonanalytical inverse function of rp, which fact establishes a better (but not 

analytically derivable) correlation between the two expressions. 

A further test of the theory can be made by comparing the predicted 

values for x^ with the width of the surface damage to the RSI discharge 

channel walls, and with the image converter observations of discharge column 

light intensity during interruption.   Figure 16 depicts the cross-sectional 

geometry of the RSI 003 discharge channel with an approximate contour 

(presumed) for the plasma column during magnetic constriction.   Wall dam- 

age along the arc AC can be used to provide an estimate of the average dis- 

charge diameter (a) during the energy dissipative portion of the discharge 

(for a«b,  aSRj -   J(Rj)2 - (BC)Z ). 
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Figure 16.   RSI 003 tube and discharge cross-section dimensions. 
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For RSI 003 (R   * 4. 7 mm),  slight wall damage occurred along an arc 

AC of approximately 2 mm, which indicates an x^ • a/2 = 0.05 mm.   At 

Bq • 6.25 kilogauss,  E • 250 volt/cm, our theory predicts that x^ • 0.07 mm. 

Maximum energy dissipation to the wall surface will occur at a point in time 

midway through interruption, at which time B s | Bq,  E = | Ebb,  iRSI = ? ib, 

and x:i. • 0. 03 mm.   This latter value approaches the theoretical prediction. 

For RSI 004 (R   • 3. 5 mm), heavy wall damage occurred along AC • 

2 mm,  indicating an x^ s a/2 * 0.08 mm.   Our theory predicts an x^ • 0.002 

mm at Bq *  9. 5 kilogauss,  E • 625 volt /cm, or x^ s 0. 008 mm at maximum 

power.   Definite fine structure is observable in the wall damage to this tube 

at AC • 0. 13 mm and 0. 5 mm,  corresponding to x^ = 0.005 mm and 0.018 

mm, which range close to the predicted x^.   Since both RSI 003 and RSI 004 

were operated at lower values of Ebb and Bq,  some wider damage tracking 

would be expected by theory.   Therefore, damage assessment observations 

agree with theoretical calculations within experimental limits. 

Image converter observations taken earlier are not as accurate an 

assessment of discharge diameters as are wall damage assessments due to: 

(1) light scattering by the channel walls,   (2) thermal retention by the wall 

surfaces during the interrupted pulse,   (3) neutral hydrogen afterglows,  and 

(4) the limited quality of the photographs obtained.   Results confirm the 

qualitative nature of the constriction of the discharge during interruption. 

An increase in electron temperature during interruption has not directly 

been taken into consideration in this analysis,  and could pose the problem of 

considerably increasing the predicted values for Bq and x+.   As previously 

mentioned,  positive column theory predicts that T   increases with decreasing 

r.   The narrow diameter crossed-field discharge under study here may 

diverge from this point of theory due to the greater cooling action of the 

channel wall on impinging electrons.    Furthermore,  relatively slow secondary 

electrons may comprise a substantial portion of the discharge current, thus 

lowering the average electron temperature. 
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Factors of electron temperature, plasma energy loss mechanisms, and 

the nature of the plasma-wall sheath and its effects upon the constricted dis- 

charge require further study.   Analysis of these factors may provide a better 

solution to the nonlinear dependence of Bq on Ebb.   In addition, an examination 

of gas depletion effects may clarify the fourth root nonlinearities of Bq with 

ib and L. 

2. 8     FINAL TUBE DESIGN CONSIDERATIONS 

Although the plasma chute machinable ceramic tubes have not been 

completed or tested,  it is important to begin the design of the final tubes for 

the contract.   The decision has been made to make use of the plasma chute 

interaction design, based on its performance in the RSI 005, and on the 

ultimate need for higher voltage interrupters. 

Since the final tubes are still experimental, further decision was made 

to take advantage of the tube quantity required by exploring a diversity of 

interaction channel dimensions, as much as tube construction will allow. 

The interaction section design has been narrowed to a selection from four 

techniques for construction of ceramic forms,  and will be soon finalized. 

Plasma chute designs again range from the 0.125-inch diameter bore lower 

limit through 0.375-inch maximum.   The important second variable will be 

the bore of the plasma chutes. 

Assuming a 50% reduction in the required magnetic field by the use of 

a plasma chute design (preliminary results indicated 67%), a 6-inch long, 

0.375-inch bore chuted channel would require a 9.4 kgauss quenching field 

and would result in a 210-volt interaction region drop and a calculated 25- 

joule magnetic field.   The range of final tubes will explore deviations 

centered at numbers comparable to these. 

Standard cathode and anode sections will be adapted for use with these 

tubes, with cathodes somewhat larger than the previous experimental tubes, 

to allow for higher average current and longer tube life. 
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2. 9     CONTINUING STUDIES 

The following studies are presently underway: 

1) Thyratron grid-quenching study using a single 0.080-inch diameter 

grid aperture.   Previous work revealed a quenching effect in standard thyra- 

tron tubes when the grid aperture is made insufficiently large to accommodate 

a high current density discharge.   This study will attempt to determine 

whether this effect can be controlled without arcing behavior for use as a 

fault-limiting switch. 

2) A multi-fold S-shaped interaction tube is being constructed to 

perform two tests:   to determine whether electric field distortion by the 

presence of dielectric material obstructing the principal electron beam path 

can aid in discharge interruption and restrike prevention, and to determine 

whether local electric field reversals (accomplished by an appropriate 

resistor network with terminals of thin metal placed at the inside folds of 

the discharge column) can accomplish the same objective. 

3) Work is continuing to solve the MACOR -metal sealing problems, 

in order to test the plasma chute interruption geometries. 

4) An interaction region with a graded longitudinal electric field is 

under design.   The presence of the magnet core on either side of the dis- 

charge channel could be expected to substantially alter the high voltage 

electric field distribution, particularly to a point where high fields occur 

during interruption between the holdoff section and the top of the magnet 

core and between the base of the core and the cathode, rather than in the 

body of the interaction region.   Use will be made of a resistive voltage 

dividing network with wire-wrap coupling to the RSI 004 or RSI 001 inter- 

action region.   A second tube is being considered composed of a multi-grid 

interaction channel with many wide aperture grids equally spaced longitudinally 

in the channel.   A similar resistive network would be coupled to these grids. 
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5)    RSI 006. with a 6-section. 0.25-inch interaction channel will be 
constructed, pending reeulu from the grid-quenching »tudy, which will 
determine the type of holdoff region to be uaed.   This tube will be ueed to 
investigate interruption scaling to higher Ebb and ib. 
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3.   EXPERIMENTAL MODIFICATIONS 

The test circuit remains largely unchanged from previous reports, 

with the exception that greater use was made of RSI triggering without the 

series 7322 thyratron.   A TM-11A trigger module with a resistive voltage 

divider was used to determine the triggering voltage requirements (3 -3. 5 kV) 

of the D2-filled RSI 004. 

A GP-70 spark gap was added to the magnet circuit, replacing the 

parallel GP-20B and the aging GP-46.   The GP-70 operates over the entire 

range of 3 to 20 kV. 

A Machlett ML-6544 high-vacuum power triode was added to the circuit 

to simulate operation of a traveling wave tube in series with the RSI.   The 

Machlett tube was discovered to have an air leak requiring tube replacement. 

An ML-7845 75-kV power triode was purchased to replace the tube, but it 

has not yet been installed. 

Modifications to the magnet circuit have already been discussed.   New, 

lower inductance load resistors were purchased to improve magnet efficiency 

and rise time when using small N magnet coils. 
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4.   DISCUSSION OF RESULTS AND CONCLUSIONS 

Investigations during this period provided further information for RSI 

tube design and uncovered problem areas which must be examined more 

closely. 

Use of deuterium or heavier fill gases has been rejected for their con- 

tribution toward higher required magnetic field energies. 

Modified magnetic field pulse shapes have been shown to be effective in 

delaying restriking behavior, but the long apparent recovery times which have 

been observed require further examination. 

Analysis of plasma chute design induced ceramic erosion showed that 

life expectancies of RSI tubes may be low compared with standard thyratrons, 

and may suggest a future design where the magnetic field direction is rotated 

relative to the discharge channel during life, or where   /etdiRSI^t is made 
1.2    i . fault a critical parameter. 

A cursory examination shows that JVarc idt power dissipation in an    *' 
quench 

arcing series vacuum tube will be within safe energy limits, particularly if 
etd iRSldt is minimized.   More compact tube and magnet geometries can 
fault 

be expected to decrease present switching rise times and magnet energy 

losses. 

/ 

The theoretical positive column analysis presents a formal mechanism 

for current extinction by a solution for a reduced discharge channel radius 

as a function of the interrupting magnetic field.   This result concurs some- 

what with experimental observations, but requires further comparison with 

experimental results. 
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