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ABSTRACT 

Th e complete resul ts of the experiments with t h e converging a nnular 
diode with return current feedback through the cathode (Tri ax) ' are 
rep orted h e r e in. Th e diode was des igned to focus a r e lativistic 
hi gh-current e lectron beam to a smal l f ocus . It did confirm the 
Triaxial t h eory det a ile d in Part I, and i t did achieve a f actor of 
1 0 area l compression with 50 percent efficiency (which was below 
expec tations ). There were two principal reasons for this shor tfal l . 
Firs t, th e r a pid diode plasma motion of 10 cm/#sec that was di scover ed 
necessit at e d t he use o f larger A-K gaps than expected and l ed to thicker 
beam sheets than are n eeded for good f oc using. Second, the i ntri ns i c 
angular spread of the electrons , even from t he best cathod e s urfac es , 
introduced excessive angular momentum into t he beam so that only a , 
mi nor portion of the electrons could reach the axis. 

However, the yield of useful information about d i ode phys ics in 
general and about t h e influ e nce of prepulse, the rol e of diode plasmas , 
the motion of energetic beams within conducting bounda ries, diode emis 
sion properties, and diode diagnost ic techniques in particular has had 
a s i g nificant and useful impact on t h e e l ectron beam program at Sandia. 
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TRANSMISSION AND COMPRESSION OF AN INTENSE RELATIVISTIC ELECTRON BEAM 
PRODUCED BY A CONVERGING ANNULAR DIODE WITH RETURN CURRENT FEEDBACK 

THROUGH THE CATHODE: PART II - THE EXPERIMENTS 

CHAPTER I - INTRODUCTION 

In Part I of t h is report, the basi c concepts which were used i n 

the design of the converging annular diode with return current feed

back (Triax ) were reviewed and explained in detail. l Th e explana ti ons 

a nd discussions that were made t h ere will only be referred to here when 

they are needed as guides to understanding t he experiments. 

In Chapter II of t his report , a full d i scussion is g i ve n of the 

factors which went into the Tri ax hardware design f or the REBA accelera

tor. Th e original concepts were developed for h i gher current machines 

such as Hydra, but it was felt that much could be learne d about the 

system b efore Hy d ra came o n line. (Both REBA and Hydra are Sandi a 

Laboratories f aci lities .) Indeed, moit of the results discussed here

in were obtained on REBA. Chapter I II contains a description of the 

experiments and a s ummary of the conclusio n s r eached with t he first 

diode . The diagnos tics consisted of diode current and vol tage moni tor s , 

Fa raday cups, calorimeters, witness plates, electron p inh o le, and 

e le c tron intensity distribut i o n measurements . 

Chapt e r IV and Chapter V present the results that were ob t ained 

with the second version of t he REBA d i ode and with t h e Hydra diode , 

respective l y , while t he last chapter contains a s ummary of conclusions, 

an analysis of t he probl ems encountered with the system , and a di scus 

sion of the potential f o r improvements. 
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CHAPTER II - THE DESIGN AND FABRICATION OF THE REBA TRIAX 

Features of the REBA Accelerator 

The REBA facility is composed of a bank of capacitors that are 

charged in parallel and discharged in series (a Marx 'generator) to a 

transmission line which feeds a diode that generates an electron beam. 

A complete discussion of the machine can be found in a Sandia 

Laboratories report. 2 A drawing of the diode tube is shown in Fig. 2 . 1. 

At the back of the tube within the oil dielectric of the Blumlein are 

eight spark gap prepulse switChes. These switches reduce the voltage 

across the A-K gap w'hile the line is charging and then break down when 

the main voltage pulse arrives. The diode shown here has the typical 

anode and cathode arrangement that had previously been used, but the 

Triax diode replaced the right end of this tube for these experiments. 

Even though the impedance of the transmission line is 17 ohms, the 

Triax diode was generally operated at 5 to 10 ohms. This mismatch and 

associated reduction ·in energy o,utput were tolerated in an effort to 

obtain a higher current of lower energy electrons. With that configu

ration, the machine generated a' peak current of about 140 kA at 1.2 MeV 

in a pulse that lasted about 100 ns. 

The Design of the First REBA Diode 

As was pointed out in Part I, if a uniform annular beam can be 

injected parallel to the channel between two conducting concentric 

cylinders at r = v'r
l

r
2 

(where r
2 

and r
l 

are the initial inner and , 
outer cone radii), respectively, then the beam will tend to coast 

along that line toward the focus without radial oscillations in the 

average position in the sheet. To first order the location of the 

focus is independent of the current or electron energy. A return 

current on the inner cone, driven inductively by the beam, neutralizes 

the magnetic force which pinches the beam toward the axis and keeps 

the beam going in a straight line. Current is also returned through 

the cathode to prevent diode pinch. A sketch of the diode reproduced 

from Part I of this report is shown in Fig. 2.2. 
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We will now review t h e c ri teria that determined me chanical d es ign 

of the first REBA Tri ax . An a ssemb l y 'drawing is s hown in Figure 2.3 . 

(1) A 20 degree cone angle was chosen because i t seemed like l y to 

be the lar gest ang l e to wh ich a t hin aluminized mylar a nod e 

could be ' st r etched. With a six-inch diameter cath ode ring , 

the focal point occurred about s ix-inches away from the a n od e. 

It had been f e l t that a closer focus would lead to u nwanted 

interaction be t ween t he exp loding anode and t he target. To o 

large a focus dis tance wou ld give excessiv e t ime f or i ns ta

bili t i es to gr ow i n t he beam before i t reached the tar get. 

(2) The , approximate six-inch di ameter of the cat h ode was used in 

or de r to preserve s ufficien t separation between conductors in 

the d i ode. Eve n poli shed meta l wi ll b egin to field emit 

serious ly with surface e l ec tric fields in e xcess of 20 0 kV/cm 

a nd, t here fore, t h e separation between cathode a nd g round 

surfaces had to be main tained at about 5 cm or greater for 

1 MV potentials, For higher current situations such as with 

Hydra, e fficient use can be made of magnetic insu l ation 

b etween paral l el conductors because electrons emi t ted are 

effectively trapped by t h e magnetic field. 

(3) Previous to these experiments , t he cl'osest A-K gap which could 

be used with a ny r e l iabi lity was ab out 2 .5 cm. At closer 

spacings, the be am became erratic and nonuniform. The Triax 

r i ng was, t herefor e, des i gned with a radial thickness of 

about 2.5 cm to provide a nomina l 20 Q i mped a nce, a ccording to 

the 3/2 power l aw for spa ce charge limited flow. 3 I t was hoped 

t hat, i f ways were found to obtain uniform beams wi th close 

A-K gaps , a nd a narrower ring closer spac ing would be pos si b le. 

(4) The cathode r ing was mou nted on a fork so that the axia l 

r eturn curr e nt could be fed back to t h e d i ode wa l l by arms at 

ri ght angles t o th e fo r k . The specif i c dime nsions of t he 

f ork and f eedback arms depe nded on compromises b etween the 

requirements of mechani cal strength, minimum electric f ie l ds 

on the cathode surfaces , and proper i nductances i n the current 
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circuits . For exampl e , if the axial conductor were t oo 

small, i t s inductance would prevent an adequate r e turn 

current fr om flowing there and t h e b eam wou l d p inch in t he 

di ode. On t h e other hand, for too large a conductor the 

cathode wou ld emi t towa rd the f e edback system rather t han 

toward the anode. Fur t hermor e , magnetic insulatio n would 

not develop on the axis b etween the end of t he axial r eturn 

current b a r and the base o f t he cathode fork . 

(5f The inner s tructure of t h e a node was supported by four thin 

ribs t hat passed across t he drift region jus t ou tside the 

windoW. In this way , the rib s did not d isturb the azimuthal 

symmetry i n side t he diode. Normally a 0.001 cm aluminized 

Mylar window was taped onto t he outer r e taining ring and then 

stretched over the a node cone. Afte r the axia l conductors 

had been assemb l ed on the anode plate , the assembly was pu shed 

int o the diod e so that the axial stub slipped into t he f eed

back bar sleeve . 

(6) The cone channel was mad e 5 cm wi de so t hat di agnosis of the 

beams would be e a sier . 

(7) Becau se the cat hode-anode al i g nment i s imp ortant here, t h e 

base of t he cathode shank wa s mounted on a plate - and-ball 

arrangement so that t he shank angle c ou ld b e contro ll ed by 

bolts that could be r eached through the anode opening . Align

ment could t h e n b e ma i ntai n ed easi l y t o wi t hin 0. 05 cm. 

Cathode Emi tters 

Al though many s tudies of cat h ode emitting s urfaces have been 

cond u c t ed by all of the groups using high-current e l e ctron beams, 4,5,6 

experiments usually reveal that f or each machine and e ac h 

diode t here are part i cular cathode types which wor k best . We therefor e 

a l so undertook such a n investi&at i on f or t his geometry a nd tried t hree 

bas ic type s of c~thodes , epoxy-filled grooves (plasma cathode), carb o n 

emit ters, and shar p edged emit ters. 



The first three cathode types tried are shown in Fig. 2.4. All 

of them generated beams of comparable uniformity, but the razor 

cathodes were not very practical because about 100 razors had to be 

replaced after each shot. The epoxy-ring cathode was superior in 

uniformity, and it on l y had to be sanded off and polished after each 

shot. 

Another prac t ical difficulty with this conical diode geometry is 

that changing the A-K gap was not j ust a matter of moving the cathode 

forward · or backward. If the gap change was to be more · than just a 

few millimeters, then a a whole new cathode ring had to be fabricated 

to maintain the proper radial position of the emitter. Of course, this 

would cause no prob lem once the A-K gap was fixed. 

IS 
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Figure 2. 4 Cross Section of Ring Cathode Emi tters 
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CHAPTER III - TESTS WITH THE ORIGINAL TRIAX DESIGN 

The initial steps were directed towards fundamental questions 

about the system such as the following: can a uniform annular beam 

be formed, is the feedback of current through the cathode really needed, 

does t he beam pass through the anode without just jumping to the 

inner structure, and does t he cone channel actually guide t h e beam. 

Tests Without t h e Feedback System 

The diode without the feedback arms wa s first fired between the 

cones within which thin pieces of cinemoid had been mounted in the 

(r,z) plane as shown in Fig. 3.1. Figures 3.1 and 3.2 show that the 

beam pinched inward and spalled the inner cone. Obviously, the feed

back through the cathode is necessary. The spall marks and the 

Cinemoid damage both show that the beam was azimuthally nonuni form and 

became concentrated into two beams ori"e nt ed at r ight angles to the fork 

by the time it struck the inner cone. 

On a second shot, four 0.318 cm thick copper plates with 0.318 cm 

diameter holes were placed just beyond the anode. Pieces of rose 

Cinemoid 1.27 cm beyond this pinhole plate gave a measure of the elec

tron directions and angular distributions. Figure 3.3 shows those 

plates from the diode side in place between the anode support ribs 

after the window had been burned away by the electron beam pulse. The 

electron pinhole diagnostics are described in more detail in other 

Sandia reports. 7,8,1 

An image quantizer reading of one Cinemoid quadrant is reproduced 

i n Fi g. 3.4. The spots are almost as narrow as the holes but move i n

ward as the beam pinches during the pulse. It is extremely unlikely 

that these streaks are steady-state, angular distr ibution patterns. 

Other pinhole data later in the report will give stronger evidence 

that those streaks are formed by a moving spot (as a narrow distribu

tion of electrons changes direction). Notice also that the streaks 

are not really radial, bu t instead angle sideways as the beam oinches. 

17 



Beam Profile without Feedback. 9()1l 

l 

Figure 3.1 Photograph of Inner Cone Spall Marks 



Figure 3 . 2 Be am Profile wi t h out Fe edb a ck, 90 11 

Figure 3.3 Photograph of Pinh ol e P l a tes aft er a Shot 
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Figure 3.4 Pinhole Exposure of Electron Angular Distribut i on 

from the Sh ot without Feedback 



There is a simple explanation for this motion that will be discussed 

in the next section, but its cause was not immediate l y recogni zed. 

Analysis of the exposure distribution across the narrow portion o f the 

streaks indicated an average spread of only about 5 degrees FWHM. 

This was very encour agi ng at the t ime ·because, if only initial angular 

momentum is considered, it implies the possibi l ity of focus i ng the 

beam down from an area of about 60 cm2 to 3 cm 2 . 

There was evide nce from open shutter photographs of t he diode 

during the shot that a portion of some beam leaped acrosa to the axial 

conduc tor from the base of t he cathode fork. The fork was subseque ntly 

lengt h e ned by 717 cm . On this second shot the A-K gap was 1. 9 cm, the 

peak tube vo l tage was 1 MV, and the t otal diode peak current was 

150 KA. 

First Tests of the Triax System 

The cddit i o n of the feedb ack bars made a striking d i fference in 

the character of the beam. Substantial ly al l o f the beam now e nt e r ed 

the cone channe l and for a considerab l e distance was gui ded between 

t h e walls. The burn pattern in another (r,z) plane plastic is shown 

in Fig. 3.5 . The radia l nodes that should appear in the sheet are 

clearly visible ear l y i n th e ch annel, but they become washed out fur

ther down. Not ice also that the beam enters the channel at too large 

a radius and therefore is pus h ed inwar d by the outer wall. The beam 

then oscil l ates in t h e channel until i t drifts outward . Here we have 

t he first evidence of a serious angular moment um problem in the beam . 

As was discussed in Part I of this report, i f the electrons begi n with 

l arge azimuthal velocities or acquire them in the channel, the conser

vation of angular momentum implies t hat they cannot reach the axis and, 

i n fact, will be separated radially according to angular momentum as 

they attempt to approach it. A witness plate at the end of the cones 

showed that again the beam had b roken up i nto t wo bunche s that were 

oriented at r ight angles to the plane of the fork . The r e was no corre

lation with the position of these beams with the or i entation of the 

anode ribs. 

Th e A-K gap in this case was only 1 .59 cm, but the cathode ring 

had been designed for a 2.5 cm gap. This is the principal reason that 

t h e beam entered at too large of a rad i u s and was forced to oscillate 
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Figure 3 . 5 Beam Profile with Maximum Feedback, 90~ 



in the channel. In this configuration a resistive c urrent monitor, 

mo unt e d i n t he outer diode wa ll in front of t h e fee dback arms, meas u red 

63 kA peak current whil e one b eh ind measured 1 25 kA so t hat indeed a 

current of approximately 1/2 must have b ee n flowing on each of th e 

inner and outer current paths as the tri axial theory predic ted woul d 

h appen. The dri ft channel pressure was . 090 Torr in t h is case so that 

t he high net c urre nt in the channel ge n e r ated a strong B fie ld and 

produced t he c l osely spaced n od es. 

A series of t es t s was conducted to see if the razor blade cathodes 

d iscussed in Chap t er I I would provide better uniformity . (A photo

graph o f the rad i al razor cathode is s hown i n Fig . 3 . 6. ) Th e conclu

sion was that t he epo xy ring type was slightly b et ter. 

At t h e same time , a new cath ode r ing wa s d esigned for a 1.59 cm 

A-K gap t h at would hold three circ u l ar r a zor bands at 0.635 cm spacings 

from which beams wou l d b e launched a t t h e pro per radi us. This new 

razor cath ode r ing is i llustrated in cross section i n Fig . 3.7 . Th e 

burned path in t h e plastic clear l y s h owed that , with injection at t he 

proper radius, t h e b eam started strai ght down the channe l wi t h n o 

radial osc illation. At 3 Torr press ure, where there i s hi gh current 

neutra lization, t he distanc e betwee n node s was greatly i ncreased. The 

azimuthal symmetry improved considerably a nd pa rt of the beam pinched 

off t he end of t h e cone , b ut the oute r b oundary s till s pread toward the 

outer wal l . We finally r ea lized what was happening to cause the beam 

concentrations at 90 degr ees fr om t he cathode fork . The situation is 

illus trated in Fig . 3.8 . Th e cat h ode ring was fairly narrow in the 

Z- direction a nd, a fte r the current from the for k reached the ring, i t 

flowe d up along th e r i ng and ge ne rated a magnet i c fie l d a r ound it. 

Electron s coming off the cathod e surface were turned by t his field 

t oward the azimuth which i s 90 degrees from the for k. As a consequence 

t he beam was conc e ntrated at two points out beyond the anode. Obvi ous 

l y t his field cou l d b e eliminat ed by making the current flow to t h e 

emit ting surface f rom behind rather than along the r i ng . As is s h ow n 

i n Fi g . 3 . 9 coppe r p i eces were taped into t he corners . With t hi s 

a symme try was reduced. 
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Figure 3.6 Photograph of t h e Radial Razor Cathod e Ring 
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Inner Cone / 

Beam Profile with Free Feedback, 

Correct Injection, 3 Torr 

Figure 3.7 Beam Profi le with Feedback , Correct I nject i on, 3 Torr 
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Figure 3.9 Photograph of the Cathode Shank with Copper Fi l led Corners 
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Some additional illustrations wil l provide a more complete 

picture of what the b eam looked l ike at the e nd of this first series 

of tes ts . Figure 3. 10 is a photograph of a 0 . 0025 cm titanium 

window afte r i t was used with the 3-h oop razor cathode. The bright 

areas are the places where oxidized material was cleaned off and wh ere 

metal was deposited . The two damaged rings are the ove rlap regions of 

the 3 razors. One can see that on opposite s ides the beam had started 

to co n centrate at these 90 degree points. 

Actually t his 1 mil titanium window is unsuitable if a good focu s 

is ever to be obtained b ecause the average multiple scatteri ng angle 

f or 1 meV electrons is about 20 degrees in this material. This 

scattering introduc es too much a ngular momentum i nto the beam . An 

image quantizer reading of another pinhole expos ure (in Fig. 3 . 11) 

r evea l s very broad, shallow distributi o ns from each pinhole . This 

p inhole measurement was taken with the feedback system in p l ace and 

there i s no evide nc e of any radial spot motion. 

Before these inves tigations began, a short radial array of 0.63 5 cm 2 

carbon calorimeter s was fabricated so that t he radial dis tribution 

of energy i n the channel could be examined . The device i s pictured in 

Fig. 3 .12 and a graph of the energy d e posit ed versus radial position 

is shown in Fig. 3. 13 . Th e array had been design ed for measurement s 

on dow n the channel, but was only used near th e a node . 

With this first diode confi gurati on a measu reme nt was made of the 

energy distri b ution at t he exit of a cone wi th a p lanar array of 

carbon calor imeters. Th e co ne geometry was the same as that shown in 

Fig. 3 . 7 e xcep t that t he outer cone was cut off so that it had a 7 . 5 em 

diameter exit which was 1 .27 cm beyond the end of the inner cone . 

This was t he z- position where th e computer program predicted the focu s 

to occur if there were no angular moment um in the beam . The conditions 

were the following: a 3-razor hoop cathode, A-K gap of 1.27 cm, drift 

pressure of 3 Torr, and 0. 00063 cm aluminized Mylar anode. Ind eed , 

most of the energy (about 1500 cal) made it to the end of the cone, 

bu t it certainly was not f ocus ed well. The beam in fact was a hollow 



Figure 3 . 10 Photograph of the Ti Anode after a 3 Razor Shot 



30 

.. 
Pinhole distribution with 

Figure 3.11 Pinhole Exposure of Electron Angular Distribution from the 
Shot with Feedb ack and Ti Window 



Figure 3. 1 2 Photograph of the Radial Array Channel Calorimeter 
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doughnut peaked at the outer edge to about 40 

20 cal/cm
2 

at the anode. Thus, only a factor 

2 cal/cm compared to 

of two in intensity had 

been gained and the energy was depos i ted into an annulus. 

Finally, it should be pointed out that the shots that have been 

discussed h ere in detail were actually the best that had been obtained. 

Quite often, especially with the closer A-K gaps, the shots were ex

tremely nonuniform. For example, the beam might leap all in one fila

ment to the anode retaining ring or to a supporting r i b. In those cases 

the current and voltage measurements indicated that the diode was s horted. 

Careful alignment helped, but. the main probl~m was associated with 

prepulse. The prepulse problem will be discussed thoroughly in the 

next chapter. 

Summary and Conclusions about the First Triax Diode 

Some of the more important conclusions about the first Triax d iode 

experiments are the following. 

(1) The triaxial beam theory is confirmed. If the beam was in

jected at the wrong radius, the sheet oscillated within the channel; 

when i t was injected parallel to the channel at rO = vir
l

r
2 

it 

traveled straight down towards the focal point until the influence of 

the angular momentum began to dominate. If all of the current was 

fed back to the inner structure, the beam expanded initial ly. 

(2) The angular momentum in the beam did prevent good focusing. 

·It can be present for a number of reasons including the following : 

(a) azimuthal asymmetry in the diode caused mainly by the B field 

generated by currents flowing along the cathode ring, (b) initial 

angular distribution of the electrons as they are emitted from the 

cathode, (c) scattering in the anode foil, (d) instabilities in the 

diode or drift chamber and (e) interaction of the beam with the anode 

support ribs. 

(3) Oscillations in the beam sheet thickness were seen, and as 

expected their spatial frequency depended on the drift tube pressure 

which controled the net current. One could presumably measure that 

nodal wavelength and use the program of Part I to find a net beam 

current in the channel, but there would have been nothing to compare 
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it with because the inner and outer wall currents in the drift region 

were not being measured. 

(4) Careful alignment was necessary, but small misalignments 

could not account for the extremely erratic shots that often occurred. 

Diode shorting usually took place quite early in these erratic shots, 

indicating that a highly conducting plasma had closed the gap. 

(5) The razor blade and the epoxy ring cathodes produced com

parable beams, but the epoxy-ring type was easier to use and to re

condition. 

In the next chapter, the second Triax diode will be discussed. 

It was unfortunate that the necessary changes in the geometry of the 

system were difficult to make. However, after they had been made 

very great improvements in beam quality appeared immediately. 



CHAPTER IV - THE MODIFIED REBA TRIAX DIODE 

It is fairly obvious from the result s of the last chapter that 

the sy mmetry in the diode and a l so t h e documentation of t he character 

o f t he beam (versus diode par amet e rs) as it emerged fr om t he anode 

had to be improved before the basic focus ing propert ies o'f the Triax 

conc ep t could be tested and thei r practical limits cou l d be found. 

The principal design changes made will be discussed first and then 

the additional exp erime nts. Improv ements i n the diagn ostics were also 

mad e and use.d f or determination of t h e beam paramet ers . 

Modificat ions of t he REBA Triax 

A major change was made in the cathode support structure. The 

main obje ctive was to find a way to feed current to the cathode ring 

uniformly from behind and, at the same time, maintain the ability to 

feed return current through the ring. The geometry was too complicated 

for detailed calculations to be very useful, so that simple estimates 

and p hysical int uition had to be used. A machine drawing of the yoke 

is shown in Fig. 4.1. The yoke was made azimuthally symmetrical back 

7 . 5 cm f rom the brass cathode ring emitting surface . Each ring slid 

with a snug fit onto the yoke. It could be quickly removed for 

r econditioning. In this way no bolt heads or edges of countersunk 

holes were present t hat could cause nonuniform emission. (Pictures 

had r eveal ed such edge emission in the old configuration.) From the 

shank the current was fed to the yoke arms and then gradually to the 

cylindrically symmetric portion of the support. The whole structure 

was cast in aluminum, machined partly by hand and polished. A pho t o

graph of t he diode assembly is shown in Fig. 4. 2. One can see that 

the fork length was increased further. In the base of the fork where 

the field is lOW, a bolt head that controls the linear shank adjus te r 

was positioned. By reaching through the cathode one could turn a bol t 

and adjust the A-K gap. 

]5 
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Figure 4. 2 Photograph of the Modified REBA Diode Assembly 
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Th e axial f eedback shaft was h ol l ow and was designed so that 

cab l es from a moni t or could b e fed all t he way from t he tip of the 

inner cone out through the f eedback bars. A typical monitor might be 

a Rogows ki coil mounted within t he inne r cone that would read the 

inn e r cone current. I n t h i s Triaxial geometry t h e wall c urrent s on 

bot h the inner and outer condu ctors have to be moni tor e d b e f or e the 

net current in t he b eam can be found, and t hese currents can be very 

diffe rent fr om t hose i n the diode . We found t hat t he improved mech ani

cal des i gn r educed t h e t urnaro und time between shots by about a factor 

of t hree . 

The obj ectives of t h e next series o f experiment s were t he 

fo llowing . 

(1) Fully develop t he e l ectron mapping and p inhole t echnique f or 

thi s system . 7 This was because the injectior. parameter s of the b eam 

into the channel are so important f o r this geometry . 

( 2) Measure t he beam properties, particular l y un iformity, of the 

new cathod e . 

(3) Test new cathode shapes and emitting sur fac es to find one 

which provides a narrow beam that i s traveling most near ly paralle l to 

the channe l at t he a node . 

(5) Measure t he f ocusing properties of the bes t avai lable beam. 

El ectron Pinho l e and Mappi ng Diagn ostics 

Just beyond t he anode window, eight thin titanium plates were 

mounted. They each wer e shaped to fill the channe l and t o occupy a 

45 degree sector of t h e annu l us. In gene ral four of t he plat es were 

of varying thickness fr om 0.01 27 cm to 0.0508 cm . Ju st behind them 

were 0.00 5 cm t hick s heets of 4- chloros t yrene packaged in black fil l er 

paper. 
9 

(4 - ch lorostyr en e is a plastic which turns g r een with an 

optical density that is proportional t o t he dose d e livered to it . ) 

The configurat ion is shown in Figur e 4. 3. The titan ium a tt enuato r 

b locks out low- energy e l ect r on s and a tt enuates t he rest of the beam 

so that only a fracti on can penet rate t hrou gh and expose the p l as t ic . 



BLACK PAPER 

Ti ATTENUATOR 

--+ 4-CHLOROSTYRENE 
SHEET 

PACKAGE OCTANT-~ 

Fi gure 4. 3 Electron Ma pping Pac kage 

39 



40 

Bec a use the attenuator i s thin .and the electrons usually have energies 

of 1 MeV or less, those that penetrate cannot have moved far laterally 

in the p late. Therefore they emerge within a small fraction of a 

mill imeter of the position they enter the plate (despite the multiple 

scat t ering) and t he spatial re s olution is very high . Thus, the exposure 

vers us posit ion is almost l i nearly proportional to the beam int ensi ty 

on t he plat e , and it provides an exce llent map of the integrated current 

density distribution at the attenuator p l ane. 

The other four plates are us ua l ly thicker than a n e lectron range. 

A typical one was 0.0635 cm thick and had radial arrays of holes dril led 

into it as shown in F ig . 4.4. Again a black paper and 4-chloro-

styrene package was mount ed behind, but in this case it was positioned 

at some appropriate distance ( e ,g., 0.635 cm) behind the plate. As 

has been mentioned before , t his sys tem provide s measurements of t he 

angu l ar distribution o f the electrons at various positions in s pace. 

What i s really surprising is tha t , e ven t h o ugh this i s a completely 

time- integrated measure ment , it provides a great deal of information 

about the time h istory of t he beam. 

The Investigations of the Triax Diode Output 

The first of the new cathodes is shown in po sition in Fig. 4.5 

in full-scale. It was a brass ring with six narrow g r oo v es fil led with 

epoxy . We hoped to achieve a narrower beam with higher initial cur

rent d e nsity than with the ol d epoxy ring by u s ing a narrow ring with 

a smalle r 1.59 cm A-K gap . The emitting surface was convex because 

the firs t t ests s howed t ha t th e b eam was converging at t he anode, and 

our goal was to obtain a parallel beam there if possible . 

The 4-chlorostyrene sheets that were exposed on t he se cond shot 

ar e shown in Fig . 4.6. Th is i s an image quantizer contour map of each 

of th e octant sections. Eac h shading change indicates a new contour 

int e rva l. The most obvious point is that the gross structure shows 

a high degree of azimuthal symmetry and there i s n o correlation 

between t he pos ition of t h e fork arms and any s truc t ure in the pin

h ole spots or t he intensity maps. Th e new cathode yoke worked even 
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better than had been anticipated in this respect. The most effective 

way to discuss t hi s measurement is to consider individual octants. 

#1. Th e beam spots move mostly radially as is necessary for 

a good quality beam. Two other important features are the 

following: first , the spots are almost the same size as the 

ho les indicating t hat the electrons at a given position have 

a very narrow angular distribution (about 5 degree); second , 

the spots pinch toward a central radius that corresponds to 

r o !vlr l r 2 · Even though the cathode was conve x this time, 

the sheet is still converging late in the pulse as it emerges 

from the a node . 

#2. Thi s map shows the most unif orm spatial distribution that 

has yet b een obtained on any shot. There is j ust a very 

slight splotchiness. We will later show maps wi th much 

more structure . One unfor tunate feature is that the be am is 

quite thi ck radially. The b oundar y cannot be seen and the 

beam is at least 3 cm thick. 

#3. This map exhibits th e same characteristics as #2. The faint 

lighter border i s shadowing from the attenuator bracket. 

#4. This is much the same as #1, but there may be s lightly more 

sideways spot motion. This is certainly a smal l scale, al 

most random motion. 

#5. The closer dosimeter package spacing here allows us to re

solve most of t he spots and the slight pinching can still be 

seen. 

#6. The 0.0127 em attenuator was just too thin and the plast ic 

was par t ly melted . However, near the out er edge the r e i s a 

little evidence of a weak striated structure . 

#7. Similar to #6 but the damage is even worse. 

#8 . Similar to #4, b ut here one of t he sma ller spots indicates 

more than one source may contribute to it (multiple spots). 

Multiple spots are difficult to see in these contour maps 

but can be clearly seen wh e n the dosimeter i s ob served with 

the naked eye . (A photograph of another pinhole and map 

exposure with multiple spots is s hown later in Fi g . 4.11 . ) 
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field in the diod e is stronger in reg ions clo s er to the ax i S , the beam 
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is seen to enter the drift channel on the average at a smaller radius 

than that opposite the cathode tip. The angles measured here were 

used in the choice of input conditions for the final computer calcula

tions of the beam trajectories in the cones that were considered in 

Part I. At larger A-K gaps the beam would be more parallel, but the 

annulus would also be thicker. 

The Search for a Narrower Beam and the Problems with Prepulse 

A series of shots was now undertaken to f ind a way to make even 

a narrower beam despite the fact that we be lieve the currents from REBA 

were too low to keep the shank emitted electrons close to the emitting 

surface until they reached the cathode tip . A number of approaches 

could be taken. The radial thicknesR of the emitting tip could be re

duced (as was done in shot 3315); a search could be made for a better 

emitting surface in hopes that it would be superior to the epoxy ring 

or the razor type (and therefore make shank emission much less than 

tip emission); or the A-K gap could be red"uced. Some work was carried 

on in all of these areas. 

The first effort involved an attempted to achieve a narrower beam 

by shortening t h e A-K gap . Immediately serious problems with repro

ducibility and uniformity were encountered that could not at first be 

correlated with anything . One shot would be quite uniform while 

another, under presumably ident ic a l conditions, would generate a beam 

which would suddenly come off one s ide of the cathode and s h ort the 

diode. Fig. 4.9 shows the pinhole and mapping analysis of shot 3313 

"which is a typical, but mild, "bad" shot. These results provide even 

more information about bad shots than Fig. 4.6 did about good shot s . 

For this particular shot the A-K gap was 0 .9 55 cm, and the cathode 

emitting surface was a 1 cm wide strip of Aquadag that was sprayed 

on the brass ring. 
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#1 . The spots not only pinch radial l y but also sideways very 

severely. The middle array of spots i s particularly in

teresting because it app e ars that the spots are moving at 

a uniform speed and t hat the change in intensity ffiong the 

path just reflects the change in beam current versus time. 

The left line of spots, however, has a dog leg which may im

ply a sudden increase of azimuthal angle. On th e right there 

are multiple spots fo r each pinhole which must mean tha t the 

e lectrons are reaching t he hole from multiple source s . The 

az imuthal angl es reach greater t han 60 degrees and there is 

no way that this beam cou l d have b een foc used . 

#2 . The map exposure i s much weaker than t he corresponding ones 

of 3307 so the electrons had much less e ner gy. Of course 

part of the reason must have been t he higher angles of 

incid e nce on the attenuator. The structure is no longer uni 

form but is splotchy and mott l ed . 

#3. This is much l i ke the one above except that there is a more 

intense region near the inner b~am boundary. There was a 

lot of physical damage here because , late in the puls e , the 

diode shorted to this spo t . Note that many of the pinho l e 

spots streak in t hi s direction. 

#4. Even more physical damage occurred at t his plate and t he 

beam shorted here also. One sees radial streaking , multiple 

sources , and sideways motion all superimposed. The electrons 

are going a ll directions . 

#5. This is much l i ke #1 excep t that th e electrons are in even 

more of a hurry to pi nch toward the shorted spot . (In all 

of these exposures the darkening at the edges i s due to 

leakage around t he Ti plate edges and the whitened spots are 

shadows from support structures ). 

#6. This map does show that the beam is narrower than it is at 

larger A-K gaps . However t he pattern is mor e mott l ed. One 

can see how the two techni ques (mapping and pinhole) com

plement each o t her here . Th is map does not present a very 

good conc eption of the ang l es of the e lectrons . 



#7. This one i s muc h t he same as #6 . It may b e that multiple 

source s on small-scale instabili t ies are being seen h ere . 

The pinhole spot multiplicity seems to indicate that the 

multiple sour ces idea is t h e mor e like l y explanation. 

#S. Th e motion is l ess severe and it appears that l e ss beam 

came from t hi s position all during t he pulse. The reduced 

sideways motion probably oc curs b ecause t hi s octant i s a l

most opposite the short a nd the electrons don't know quite 

which way to go . 

The only correlation that was observed a t first was t h at b ad s hot s 

increased in fr equency and became dominant as t h e A-K gap was r edu ced. 

Fianlly, using t he voltage monitor, we b egan to measure the magnitude 

of t h e prepulse (which begi n s about SOO ns bef ore the mai n volt age 

pulse while the Blumlein is charging) . With the prepu lse switches in 

p l ace and a di ode voltage monitor r esistance of 550n, the peak pre

pulse vo l t a ge varied b etween about 25 and ·40 kV. Th e shots were the n 

di vided o n the b asis of un iformity and of current and vo l t a ge measure 

ment s i nto t hree catagori es (good, neutral , and b ad ) and plot t ed i n 

Fig. 4.10. Ex cept for one deviant point , it i s quit e obvious t hat the 

correlation of prepulse to beam quality is very high and that we h ad 

b een operating right around the threshold·, The stri k ing thing was that 

the division between good and bad shots was so n arr ow , i.e., only a 

10 percent charge in prepulse leve l mad e the d i f ference . I t appears 

that for t hi s config uration , o n ce a prepuls e of abou t 34 kV is reached 

(or an electric f ield o f about 20 kV/cm), a f ew whiskers on th e cath

od e will explode and laun ch a very bumpy p las ma toward the a node. If 

one b u mp should reach the a node during t h e mai n pu l se , the diode wi ll 

s h or t and all of the current will b e drawn to that point. Even if a 

b ump does not reach all the way t o the a node, t h e field enhan cement on 

its surface plus t h e closer e ffective A-K gap wi l l caus e more cur r ent 

t o be emitted there and will lead to irregular emiss ion. Thes e measure

ments have had a profound e f fec t on our understanding of t he import ance 

of pre pulse control on b eam quality at this laborat ory . Th e y led to 
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a r ealizat i on o f how the small diameter glass cathodes act as prepulse 

isolators so that high beam concentration at close A-K gaps could be 

achieved. lO This was a pic t ure wh ich at the time wa s cont rary to the 

mod e l p roposed by Bennett, et al. l l 

The mo st obvious way t o reduce the prepul se would be to build a 

bet ter prepulse switch, but that wo u ld have been too expensive and 

t ime-con s umi ng then, so the resistance of t he voltage monitor was 

reduced from 550 ohms to 40 ohms with the ho pe that the prepulse charge 

would drain off. Wit h a diode impedance of around 6 ohms , 15 percent 

of the energy would be l ost to t hat resistor. This is not a very sat

isfactory method, but it is simple. More reliable shots were obtained 

at 1.27 cm A-K gap and, when the beam was fired int o a 4. 5 cm wide 

cone channel, 1400 calories out of an input of about 190 0 calor i es 

made it through a 7.5 cm diameter exit. This was a considerab l e 

improvement in performance over the fi rs t configuration and exhibited 

t he highest transport efficiency ac hieved by any REBA diode up to that 

time, but it was still below the ob ject i ve. 

Mention was made earlier of the fact that the multiple spots are 

hard to s e e with the i mage quantizer r eadings so we have as sembl ed f or 

comparison thr ee types of disp l ay o f a pinhole and of a map sector. 

The three methods of illustration (photograph, image quantizer, a nd 

image differential mode) are shown i n Fig . 4 .11. The contour i nterva l s 

a re twice as close toget her here as they were in t h e other examp l es. 

A few mo r e attempts were made t o get a narrow annu l ar beam. Th e 

cat hode ring was mad e even narrower with a primary emitting t hic kness 

o f only 0 .31 8 cm . Epoxy r i n g , Aquadag-coated ring, and single h oop 

r a zor blades were tried at distanc es between 0 . 63 5 and 1.27 cm with 

six inc h long nylon prepulse is o lators in the cat h ode shank. We were 

able to o btain fairly good shots at t he s e very close spac ings and the 

cone t ransport was f a irly efficient, but there was ve r y l itt l e energy 

i n the beam. We believe tha t the ext ra prepul se system did work, but 

that t he p l asma launched by the mai n voltage pulse crossed the gap and 
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shorted t h e diode in a hu rry. The s h ort in t he se cases had an e nt irely 

d iffer e nt chara ct e r than t h at caused by prepulse. The c l osing p l a sma 

was much more uni f orm, as if the main voltage exp loded ma ny whi skers 

instead of j ust a f ew. Th e s hort cre at ed little physical damage a nd 

t here we re no very dominant hot s pot s at t he anod e . Most of t he ene r gy 

was reflected back int o the Blumle in . 

A p inhole a nd mapping s h ot was taken at t he a node with thi s narrow 

epoxy r ing cath ode with an A-K g ap or 0 . 635 cm , and with t he prepulse 

shank in p l ac e . The dosime te rs ar e shown in ·Fi g . 4.1 2. In a number of 

ways t h e beam has quite a di ff e rent c haract e r f r om t hose g e ne r a t ed with 

wi de r gaps. 

#1. The expos ure for t h i s thin attenuator is mu ch weaker t han that 

obtained wit h larger gaps . Cle ar l y t he elec tron energy is 

much l ower , probab l y in t he ne i ghborhood of 500 keY. 

#2 . Th e r e is s idew ays streaking h e re toward a h ot spo t t hat 

app ears on t hi s plate. Howeve r, the damage wa s neg l igible 

and on l y a minor fract i on of the e nergy seems to h ave gone 

t here . One r eal new f eatu re is that, wi t h only a c ouple o f 

exc epti ons , t he s pots (eve n a t max i mum pinch) are mor e wid e ly 

spaced than t h e pinho l es . It is t h e refore possible t o obtain 

b oth diverging a nd conve r ging be ams . The b e st co ne tr anspor t 

is expected to t a ke p lac e wi th a paral le l beam at the anode , 

and it is clear t hat this can b e ~complished by trying d i f 

f erent A- K g aps. Of course , that can only hap pe n at one 

va l u e of t h e current, presumab l y t h e peak . 

#3. The mott led structure h e re illustrates the d egree o f non

u n iformi ty o f cath od e emiss i on . We beli e ve t hat t hese 

patt e rns cannot re present the r esi s tive tear ing instabi li ty 

for t he whole r ing edge t hat generates the s imp l e striati ons '2 

produced b y razors. Th e s patial fr equency i s too h i gh 

f or t his ring t hi c k ness . Howe ver, another po ssibil ~ty may 

b e that each s harp edge on this cat hod e emits li ke a r a zor 

and e ach separat e she e t t ears. When these many torn s heet s 

over l ap, t hey may g i ve rise to this jumb l ed st ructure. 
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#6 PI NHOLE 
d = .955 em 
t = .0635 em 

#8. PINHOLE 
d = .318 em 
t = .0635 em 

#5 MAP 
t = .0127 em 

#1 MAP 
t = .00Zl em 
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#2 PINHOLE 
d = .955 em 
t = .0635 em 

, #4 PI NHOLE 
d = .318 em 
t = .0635 em 

d = PINHOLE PLATE TO DOSIMETER SEPARATION 
t = ATIENUATOR OR PINHOLE PLATE THICKNESS 

Fi gure 4 . 12 Pi nho l e and Mapping o f Shot 3792 at t he Anode 



#4. The beam here is s l ight ly diverg ing and quite steady. The 

big change in all of these pinhole spots is th at the angular 

dis t ribution of the electrons is so much broader through a 

hole than that with larger gaps. One explanation may be that 

the jumbled and torn sheets are sti l l over l apping in space. 

With wider gaps the various components became separated so 

that electrons from only one source on the·average strike 

on-ho l e . It was the results of this shot which caused us to 

go back and more accurately measure the spot pos itions on 

previous shots. It does turn out that there i s a small 

average random variation in relative spot positions that leads 

to twice the average angle for the whole beam than that 

obtained from measurements of the angular distributions of 

individual spots alone. This total average angle was enough 

to account for the l imits in focusing ability that we have 

seen. (See the next section of .this chapter.) 

#5. Both this map and #1 show two levels of intensity across the 

expos ure. It appears that there is a real separation here 

between tip and shank emission. However, that may on l y be 

so just before the diode shorts because there is not nearly 

as much difference in the higher energy map #3. Also the 

total emission width including that from shank emission is 

the narrowest yet obta i ned. 

#6. This recording is very much like #2 excep t in this case 

the beam stays straight and steady for sometime before the 

sideways motion begins. 

#7. A shortage of undamaged map p l ates caused us to us e an 

.028 em pinhol e plate for a map. The map exposure is very 

weak but s imilar to #3. The relative spot intens it y also 

gives a good indication of the beam intensity profile. 

#8. The same consistent broad distribution of the beam electrons 

i s still evident. 

Decreasing the A-K gap and reducing prepulse does a l low us to 

generate a narrower and more parallel beam, but only at a great loss 

of energy delivered. For this 17 ohm machine this cathode was too 

large in area to maintain a high enough impedance when shank emission 
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contributes. Furthermore, the gap closure was so rapid that the diode 

impedance changed by an order of magnitude, from about 10 to 1 ohm, 

in a few tens of nanoseconds. If the shank emi ssion cou l d be elimi

nated, i t might be possible to reduce the beam thickness and raise the 

impedan ce by making the emitting area t hinner. 

Transport and Compression i n Cones 

In the las t section it was shown that, in the geometry availab le, 

fair uniformity was achieveable with small A-K gaps. However , t~e 

configuration was not useful because the impedance was t oo l ow f or 

significant e nergy to be delivered to the di ode. Th e gap was there 

fore moved back to 1.27 cm and a series of experime nt s were begun to 

test the propert ies of and the f oc usabi li ty of the best beam that had 

been achieved. The prepulse shaft was not needed with this gap . The 

main object was to see how much beam could b e delivered throu gh a hole 

about 6 cm2 in area . The configuration for these tests is shown in 

Fig . 4.13. The channel thickness in t his ·case was 1.6 cm . A Rogowski 

coil and a Faraday cup whose carbon stopping block was also a calo

rimeter were used t o diagnose the properties of the existing beam. Also 

some appropriate p inhole measurements were made near the end of the 

cones. 

The angular momentum p resent in the beam has been cited as the 

explanation for the limit on the focusability, b ut some dire ct com

firmation was needed . A pinhole package was constructed to fit in the 

channel near the end of the inner cone at the position PI s h own in 

Fig. 4 .13 . If the electrons st riking t he plate possessed only rand z 

components of ve l ocity, then the exposure pattern should consist only 

of a radial array of spots whose widths are the same as the hole 

diameters (.Ol59 cm) . The ac tual pattern that was obtained is shown 

in Fig. 4.14. For this particular s ho t t he drift channel pressure 

was 10 Torr and the A-k gap was 0.955 cm. Some observations fol low. 
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(1) The average beam direction i s gen erally parallel to the chan

n e l but is drifting outward slightly. 

( 2 ) Th e overall azimuthal symmetry is fairly good because t he 

average exposure on t he f our sets of spots is about the same 

within a factor of two. 

(3) There i s a spread of b eam in the r,z plane j ust as one would 

expect if the usual s h eet pinchi ng became jumbled farther 

down the tube. 
(4) Most of t h e beam i s concentrated near the outer radii, and 

li tt l e expos ure is seen from the inner h oles . 

(5) The spots are very broad azimuthally a nd reach angles b eyond 

4 5 degrees . It t urns out t h a t the 0.2 cm t hick carbon pin

hole plate cuts off angles l arger than t hi s so t he ac t ua l 

a ngles a r e probab ly much h igher. 

( 6 ) More careful examinat i on reveals t hat t he azimutha l angles 

tend to b e l arger at t he l arger radii , as on e would expec t 

when the elec trons become sorted in radius accordtng to th e i r 

angular momentum near the e nd of the cone. 

(7) There is some f ragment a tion of the beam as evidenced by the 

tendency for multiple s pot s from a hole . (This mul tiple spot

ting can only be seen by observation at the dos i me ter itself.) 

Anoth er p inh ole measurement was made a t t he e nd of the outer cone . 

Examinat i on leads to the same conclusion . The beam i s azimuthally h o t 

and cannot b e comp r essed without serious loss of b eam. However , the 

maximum inte nsity occurred on t he axis s o t he co lder electrons t hat 

r ema i ned in the be am were b eing properly focused. 

A s urvey of beam transport in th e cones versus pressure covered 

the region from 0.1 to 20.0 Torr. Again the A-k gap was 1.27 cm. At 

this gap the beam thickness is much wid er than the opening to the cone s 

so that only about 1100 of t he 1700 calories generated by t h e d i ode 

e nt ered t h e channel. The da ta from one of the sho t s in the survey is 

discussed b e l ow. 
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Figures 4.15, 4.1 6 , 4.17, and 4 .+ 8 are t he oscillograms of the 

e l ec trical di agnos tics for shot 3800 at 1 Torr pressure. The moni tor 

for the total current, I T ' was mount ed in the diode just behind th e 

feedback arms. T?e t ub e voltage monito r was connected to g r ound from 

t h e base of the cathode s h a nk. The voltage t race has not been corr ected 

for tube indu ctance . 

Just b eh i nd the a n ode pl ane but in front of the fee db ack bars was 

a Rogowski coil for moni t oring the c urrent in the outer circuit before 

the axial current was included. The t op oscillogram in Figure 4 .16 

indicates t hat inde e d about ha l f of the total current di d flow in t he 

outer wall of the diode. The peak value of the prepulse vo ltage shown 

in the lower trace is 20 kV, well below the us ua l threshold of about 

34 kV. The shot was a good one. 

Beyond t h e end o f t he cone the Ro gows ki coil a nd the Faraday 

cup were mounted as shown in Fig. 4.13. The t race in Fig . 4.17 from 

t he Rogowski coil shows t he typical net current curve for a beam which 

becomes highly c urrent neutrali zed . After t h e initial steep rise , the 

gas breaks d own s udden ly as the plasma return . c urrent begins to fl ow . 

Th e net current reached a peak o f 8 kA and then decayed slowly, long 

afte r the primary current was gone, as t he decreasing B~ fi e ld contin

ue d to drive olasma current (now in the forward direction ). Th e Faraday 

cup whose current is shown in Figure 4 . 18 had a Kapton film window o n 

i ts face which was int e nded to block the plasma current so t hat the 

cup would meas ure only t h e primary beam. I t r ecorded a peak c urrent 

of about five t imes t hat of the Rogowski coil a nd showed no long ta i l . 

Oth e r Faraday cup currents show a variety of f o r ms that provide a 

measure of focusin~ efficiency versus time at e a ch pressure. An 

example of this will b e shown later. 

Th e calorimeter mounted in the Faraday cup r ecord e d a total energy 

deposition o f 520 calories which i s ab out half of the energy in j ected 

into t he con e channel. 



Sweep - 50 ns/cm 

Tube Current - 52 kA/cm 
I k = 159 kA pea 

Tube Voltage - 1.18 MV/cm 
V = 1 .83 MV max 

Figure 4. 15 Tub e Curre nt a nd Voltage for Shot 380 0 

Sweep - 50 ns/cm 

Outer Wall Current - 24.8 kA/cm 
Ipeak = 87 kA 

Prepulse Voltage - 12 kV/cm 
Vmax = 20 kV 

Figure 4.16 Outer Wa ll Current and Prepulse Vo l tage for Shot 380 0 
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Sweep - 50 ns/cm 

Rogowski Coil Current - 4.5 kA/cm 
Ipeak = 8 kA 

Figur e ~.17 Net Cone Exi t Current 

Sweep - 50 ns/cm 

Faraday Cup Current - 14.1 kA/cm 
Ipeak = 38.2 kA 

Figure ~.18 Primary Cone Ex i t Current 



The reader may recall that in the Triax design concept the trans

port efficiency is expected to have only weak dependence on beam cur

rent or electron energy. One would expect therefore that the cone 

transport and compression efficiency would have only a weak dependence 

on the pressure. Figure 4.19 shows that this is indeed the case. Each 

of the points on the graph, that are far below the curve, has been 

verified to be either the result of the occasional lower machine out

put or of nonuniform emission. It is fairly obvious that tuning the 

system with pressure will not yield much improvement in efficiency. 

The Effect of Radial Vanes in the Channel 

If the angular moment um is really the limiting factor in the 

focusability of the beam, then it is worth the effort to attempt to 

control or reduce it. If the angular momentum is really an initial 
condition, then non-radial forces must be " introduced. One possible 

way to do this would be to apply an external conical Bz field which 

would guide the beam toward the focus~ This route has been superfi
cially exp lored and it appears that the best approach would be to pre

ionize the drift channel gas to freeze the magnetic field lines and 

suppress the instability growth. However, at the present time there 
are no plans to try this approach. 

A potentially easier method was to introduce radial vanes into 

the channel. The annulus was divided into eight equal sec tors. At 
four boundaries, 9 cm long steel vanes were placed (in the r,z plane) 

and, at the other four alternating boundaries, 3.5 cm long vanes were 

positioned. The intention was to determine whether a division of the 

annular beam into multiple guided beams that could afterwards be 

superimposed would lead to better success than that achievable with 

the basic Triaxial system. Only one comparison was made (with and 

without vanes) and that was at a pressure of 5 Torr, with an epoxy 

ring cathode and an A-K gap of 1.27 cm. The oscillograms of the 

Faraday cup current of the two shots are compared in Fig. 4.2 0 . It is 
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quite clear that, although the current reaches the same peak 

value in both configurations. t ,he beam is focused properly when the 

vanes are in place only over a narrow span of time. The calorimeter on 

the no-vane shot 'recorded 575 calories and with the vanes it recorded 

260 calories. The vanes themselves were severely spalled i n alternate 

spots down the channel as though the divided beams were bouncing and 

fishtailing while losing energy to the vanes. 

The investigation was not pursued any further, but th e result is 

similar to that of some other (unpublished) experiments . It seems 

that as one attempts to gu ide a beam more strongly with more co nducting 

walls, such as with vanes or mu l tiple cone channels, the guidance can 

be done rather efficient l y , but only over much more restricted para

met e r ranges. Two examples are the f o llowing. The transport effi 

ciency versus pressure curve becomes very narrow and in addi tion good 

focusing occurs on l y when the electrons enter the channel in exactly 

the right directions. 

Discussion and Conc lusions about the REBA Triax System 

The fo llowing is a summary of the major res ults of the second set 

of experiment s with the REBA Triax. 

(1) Th e modification o f the cathode yoke to reduce azimut hal 

ring currents was a very s uccess ful change. Th e emerging 

beam was uniform in its gross structure and was directed 

down the channel. 

(2) A narrow beam is difficult to obtain because of three 

facto rs. First, the emission does not just come from the 

tip; it also comes from the shank. Second , the REBA current 

is not high enough to create strong enough magnetic fie l ds 

to co nfine the electrons close to the shank surface . Third, 

prepulse and diode plasma c l osure prevent the use of very 

close A- K gaps . (Also, at close A-K gaps , t he emitting area 

even with narrow rings is too large to give proper diode 

impedance, ~17 ohms.) 



(3) The pinhole and mapping techniques developed for this system 

yielded superior information about beam qual ity . They made 

it possible to tell the difference between "good" and "bad" 

shots and therefore provided the association with prepulse 

level. From these diagnostics, the i nput conditions for the 

computer calculations of Part I were obtained. 

(4) The small-scale mottled and splotchy nonuniformi ty in the 

diode emission was found to be enough to account for all of 

the l imit of the focusability of the beam ; it has not been 

necessary to invoke arguments about t he growth of instabilities 

in the drift channel, although we believe they are sometimes 

seen on bad shots. 

(5) The electrons coming from the diode seem to come from many 

almost-independene sources on a spatial scale of 0.3 cm 

for razor, epoxy ring, and Aquadag-coated cathodes. Where 

the beamlets from sources overlap, multiple pinhole spots 

appear. Some means of reducing the scale of nonuniformity 

must be found if the system is to be very useful. 

(6) The prepulse level can be reduced by lowering the resistance 

of the voltage monitor and by placing a dielectric switch in 

the cathode shank. 

(7) A beam, whose electrons strike normal to the anode surface, 

is obtainable but in this configuration it has not been 

achieved with good diode impedance match. 

(S) Under the best conditions the beam enteri ng the cone has been 

compressed by a factor of ten in area with 50 percent 

efficiency. 

(9) The efficiency has only a weak dependence on drift channel 

pressure as would be predicted by theory. 

(10) Guiding vanes introduced into the channel do not improve 

the focusability except possibly for a very restricted set 

of parameters such as pressure, current (a strong function 

of time), electron spatial and angular distribution, elec

tron energy, etc. 
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One way to improve the REBA Triax would be to redesign the diode 

in the following manner. A sketch of 'a diode with a small cathode ring 

and a convergence angle of 30 degrees is shown in Fig. 4.21. The aver

age angular momentum depends on r and, if one assumes that the average 

velocity of the electrons remains the same, the minimum radius should 

go down by a factor of 0.6. The same yoke could be used as in the 

previous configuration and the impedance would be higher so that the 

smaller A-K gaps could be used without nearly as much impedance mis

match energy loss. The channel length is also only about half as long 

as before and any instabilities in the drifting beam would have less 

time to grow. 

The central problem that remains is the azimuthal symmetry of the 

beam as it is generated in the diode. Since the beam appears to emerge 

from a multitude of small almost independent sources, the uniformity 

should be improved by multiplying those sources. However, our attempts 

to introduce more emitters by using Aquadag on brass cathodes did not 

lead to significant improvement. The reason may be that beyond a certain 

point this high-impedance, 17-ohm machine just cannot supply enough cur

rent to light up all the emitting whiskers. Futhermore, the secondary 

problem of beam thickness can be better handled by a higher-current, 

lower~impedance machine. For the above reasons and also because the 

Hydra machine (for which the Triax system was conceived) was coming on 

line, the work was shifted to the new machine and a new Triax diode. 



....-- CATHODE 

CENf\L FEEDBACK 

Figure 4.21 Proposed Thi rd Version of the REBA Triax 
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CHAPTER V - THE ~YDRA TRIAXIAL DIODE 

The Hydra Accelerator and t h e Design of t he Diode 

Th e Hydra Accelerator, like REBA , is composed of a Marx generator, 

a pu lse forming line , and an output diode. However, in thi s case 

there are two pulse forming lines and diodes which a re of much lower 

impeda nce. The nomina l design parame ters were a peak voltage o f 1 MeV 

a nd peak current of 50 0 kA per line for about 70 ns. A sketch of t he 

facil i ty i s s hown in Fig. 5.1, Its fea tures have been detai l ed in a 

previous r eport. 13 One of the most impor t ant new features of t hi s 

mach ine , which was expected to b e very impor t ant for t he operat i on of 

the Triaxial diode, was the prepulse switch t hat was mount e d n ear t he 

diode e nd of the pul se formin g line. This switch i s compos e d of s ix 

gas-filled spark gaps that were expected to reduce any pre pulse volt age 

to less t han 500 volts. With th i s leve l of prepul se , plasma s h ould n ot 

be generated in the diode until the main voltage pulse arrived . If the 

(until re ce ntly acc e pted) plasma closur e veloc ity of about 2 cm/psec i s 

used to calculate t he diode shorting t ime for an A-K gap of 0 . 63 5 cm , 

one finds t hat the diode shou ld stay open for 300 ns. This seemed at 

the time to be an adequate margin of safety, s o the diode was desi g ne d 

f or t h is gap . 

The Child-Langmuir law for space char ge l imi ted flow can then be 

us e d to ca l culate t he cathode area which will g ive an impeda n ce of 

2 ohms. That law in mks unit s for plane equal area anode and cathode 

surfaces, A, is 

I 2.33 x 10-6 A v3/ 2 

7 
I is t he diode current, d is the A-K gap , and V is t he tube volt age. 

6 Putting in V = 10 volts, I = 500 kA, and d 0.635 cm , the area is 

found to be 86 cm2 . Shank emission i s very d ifficult to est imate but 

nev e r t he less a cathode wi t h a bout 60 cm2 emitting area was designed 

wi t h t he assumption t h at the shank would s upply an extra 25 cm2 of 

13 
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Figure 5.1 The Hydra Accelerator 



emitting ar ea . The ring rad i us wa s made to be about 10 em in d i ameter 

so t hat it would both fit t h e existing diode chamb er size and a l so 

ge nerat e a beam with l ess ini t ial angular momentum than the REBA 

diode did. However something was sacrificed by choosing this smal l 

diameter ring. Even though t he pinch i ng is r edu ced when c urrent i s 

fed back along the axis, an analysis s imilar to the calculation of the 

Triaxi al Alf~en limit carried out in Par t I, page 27; reveal ed that 

t h e beam from this diod e would be mildly sheet-pinching at t he a node. 

Thi s di lemma in the choice of ring size ac t ually exhibits wh at i s one 

o f the primary advantages o f the Triaxial ge ometry over t he flat 

cathode design. An extra parameter, the sheet thickness, is a vailable 

for controlling the generation of the beam. It i s, t h e re fore , p oss ible 

in pri n c ipl e to vary the ring diameter, shape , and thickne ss so that 

a paralle l beam can b e obtained at the a n ode for a lmost any chosen 

current . However, again the angular momentum t hat is present ini tially 

in t he b eam sets a practical limit on t he cathode diame ter. It was 

felt that in t h e Hydra case t he mild pinch wou ld be easier to h a ndle 

t ha n the angular momentum produ ced by ·a large ring . 

Th e machine assemb l y dr awing for the Hydra d i ode is shown in 

Fi g . 5.2 i n s lightly lar ger t han 1/4 scale. From the cathode base 

plate (23) five s uppor t posts (24) passed through five tubes (20) . 

The cath od e ring was mounted onto the posts with a slip fi t so that no 

b olt he ads or sharp edges appear e d a nywhere on the cathode system. The 

five tubes r e placed t he feedback arms of the REBA d i ode and , b ecaus e 

t h e spacings be tween conductors are so much closer i n this diode , these 

five tubes were able to s upport the e nt ire central fee db ack str ucture . 

The principal advantage of this was t hat the supporti ng r ibs at t h e 

a nod e window cou ld be mount ed from the outs i d e of t he diode simp l y 

b y stret ching the anode window with the disk (Part II in the drawing) 

until it sea l ed against the O-ring, The bolts were then pushed through 

the window to hold it in place. 
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Figure 5.2 Machine Assembly Drawing of the Hydra Diode 



The much closer spacings between the cathode and the ground planes 

were made possible because of the ' lower vo ltage and higher current of 

this machine. The magnetic field around each post and the ring 

provided magnetic insulation . This insulation was not effective at a 

few places su'ch as along the axis between the cathode base plate and 

the base of the feedback shaft. This is the reason for the large 

separation there. 

Beyond the anode, provision was made for the mounting of a second 

window so that for the first 2.5 cm of travel a different pressure could 

be maintained than in the rest of the drift channe l. The main reason 

for this was the intention to control the diode sheet pinch as i llus

trated in Fig . 5.3. If the beam is pinching when it enters the drif t 

region, it will just drift outward to the channel walls unless there is 

enough B f i eld (net current) to turn them back. The first chamber was, 

therefore, designed to be kept at a low pressure so that the electrons 

would arrive at the second window with trajectories approximately 

parallel to the channel. Then, if the next drift region were set at a 

current neutralizing pressure, the beam would drift on freely toward 

the focus. Only the experiments could really prove the usefulness of 

this approach. 

For the rest of the drift channel, the cones were sectioned so 

t hat the beam could be easily diagnosed at intervals. For active 

diagnostics, one Rogowski coil for the tube current was mounted at 

the base of the five tubes and another for the outer wal l current was 

mounted at the anode. 15 Their difference yielded the central feed-

back current. Behind the cathode base plate were resistive and capac

i tive voltage monitors. At the end of the cones a Rogowski coil, 

Faraday cups, calorimeters, and pinhole and mapping packages could be 

mounted. 
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OUTER CONE 

Figure 5.3 Trajectory Control with Chamber Pressure 
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The Experiments with the Hydra Diode 

The prepulse switch on Hydra was expected to prevent diode plasma 

formation during the charging of the transmission line and for this 

reason the early shots were made at the small A-K gaps with epoxy ring 

cathodes. 

At the 0.5 cm gap the emission was grossly very uniform and clearly 

entered the channel without loss to the entrance. It appeared to propa

gate efficiently at 1 Torr down to the last cone section where at a 

diameter of 4 cm it began to spall the tube walls. However, only 

50 calories arrived at the Faraday cup (whose collector was also a 

calorimeter) and, even though the peak voltage was 882 kV and the peak 

current was 300 kA, the shortness of their traces revealed that the 

diode shorted in about 30 ns. It is quite clear that the diode plasma 

was closing the gap at a rate of about 15 · cm/~ sec rather than 2 cm/~ sec 

(unless a plasma is launched during prepulse at only 500 volts which 

has not been shown). The same configuration was investigated with the 

0.2 cm thick carbon pinhold plate shown in Fig. 5.4. The dosimeter was 

placed 0.635 cm behind the plate. The spot patterns in Fig. 5.5 and 

5 . 6 indicate a diffused and mildly erratic beam that is fairly uniform 

around the annulus. It had sharp boundaries because only the holes 

near the central radius produced spots. This means that the magnetic 

insulation was effective. The intense darkening of the dosimeter with 

so little beam energy implies low electron energy. 

The very broad distribution is still the mystery here, but when 

the diode plasma which is presumed to be bumpy is about to close it 

does seem likely that the electrons that are accelerated across the 

narrow and wavy gap will be sprayed over a wider range of angles. 

The only choice at this point was to work at larger A-K gaps 

again. However, even though the pinhole spot size decreased as the 

gap was increased to 1.00 cm, 1.27 cm and 1.59 cm, the beam quality 
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Figure 5.4 The Hyd r a Carbon Pinhol e Plate 
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Figure 5.5 Pinhole Exposure of Shot 155 at 

A-K Gap = 0.5 em - Differentia l Mode 
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d i d not show much improvement. There still were sideways spot moti on 

a nd l ate time shorts just as on bad REBA shots even thou gh t h·e energy 

in the beam was much higher than in the cas e jus t discussed. The 

curr e nt of course was l ower and the magnet i c trapping was less effective 

so that t h e d e posi t ion annulus was much thicker. One possible exp l a na

tion for the nonuniformity· was t hat a very few whiske r s exploded early 

in time and c losed the gap in an irregular manner . We found that a 

highly polished ( 3 micron diamond grit Metadi) surface broug~t about 

no signi f ic a nt improvement . 

Near tQe end o f t he last chapter it was s ugges t ed that the reason 

t he Aquadag s ur face did not appear to be superior to the epoxy ring 

s urfac e in the REBA diode was t hat there was not enough current fr om 

that high-impedance machine to lig ht up a ll t he whiskers on t he Aquadag . 

Poss i bly it would work bet ter on Hydra. I ndeed it did. When t he 

Aquadag .was sprayed uniforml y right over t h e epoxy ring s urfa ce, a 

more uniform beam was reproducibly obtained. The beam at the anode 

that was obtained with a gap of 1.27 cm on an Aquadag surface is illus

trated by t he pinho le diagnostics shown in Fig. 5.7 and 5.8. It is 

evide nt that there i s very little azimuthal motion of t h e b eam electrons 

all . through the pulse . Th e angular distribut ion of electrons is very 

narrow at each point, a nd t he beam is pinching only slightly. It is 

also true that the annulus is much thicker because mor e spots appear. 

In f act , i n t he qu a ntized mode picture of Fig. 5 .8 the exposed region 

around t h e peripher y i s caused b y electrons which have gone around t he 

out er edge of the p inhole plate. In the quantized p icture t he broad

ness of the expos ed area is misleading. There is very little exposur e 

t here. It is the separation b etwe en contours and their total number 

t hat ma tte r s , not the darkness of the cont our bands. Th i s broad weak 

expos ure i s due to p inhole edge scattering and penetration. 

At t hi s point there seemed to be no obvious way to improve the 

beam as i t emerged from t h e anode with the c onfiguration as i t existed 

a t that time. Smaller A-K gaps led to nonuniform emissi on; larger 

gaps led to serious impedance mismatch, and no other cathode surface 

has yet b een found t hat is superior to Aquadag. It als o se emed that 

the second window would not be useful because, with only a slight ly 
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Figure 5.7 Pinhole Exposure of Shot 322 at 

A-K Gap = 1.27 em - Differential Mode 



Fi gure 5. 8 Pinhole Exposure of Shot 322 at 

A-K Ga p = 1 . 27 em - Quant ized Mod e 
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pinched sheet, a high net current section would only increase the 

radial e l ectron velocities. For thes~ reasons a final series of shots 

was taken to document the t r ansport and focusing properties of the 

best beam found up to that point. This was the Aquadag cathode at 

1.27 cm A-K gap . 

The Faraday cup calorimeter combination was being r epaired at this 

time so that witness plates and pinhole diagnostics had to b e relied 

upon for the measurements. They wer e sufficient for answering the 

question as to the focusabi lity. Figure 5.9 shows t h e result of a 

p inhole measurement taken at 2 Torr at the exit of the cone. There 

were f ive 0.159 cm diameter h oles in a 12 cm thick carbon plate; one 

in the cent er and four around the edge of t he beam. The most striking 

feature about t his exposure is that the beam has been separated in 

radius accor ding to angular momentum . At the edge , the beam was d ivided 

into two components, one rotating to the left and one to the right. 

Only a minor part is going straight. The average azimuth angle of the 

two groups i s about 16 degrees . This dosimeter was placed ab out 1 cm 

beyond the expected f oca l point a nd the beam diverged here. The tran s 

port in the channel appeared to be very efficient down to t he last 

cone section where t h e beam began to damage t h e stee l cone at a diame 

ter of about 3 . 81 cm. Both the cone damage and the dos imeter showed 

that the be am was very uniform and azimuthally symmetric. The size of 

the beam a nd the s li ght vaporization of a carbon witness p late both 

indicate a n energy density of between 200 and 300 calories/cm 2 . 

Conclusions about the Hydra Experiments 

It would of course be of interest to doc ument all of t he features 

o f t his beam with the full array of Faraday cups, Rogow s ki coils, and 

pinhole a nd mapping diagnostics at each step down t h e cones to compare 

in detail with t he t h eory developed in Part I . However , our purpose 

was not to v erify theory b ut to obt ain an efficiently and tight l y focused 

drifted beam, or at least to find what limits tha t focusability. 

Both of t he latter were accomplished with moderate success and with 

sufficient accuracy with the experiments that have been d iscus sed here. 

The tests have, therefore , been discontinued. 
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Figure 5.9 Pinhole Measurement of the Electron 

Angular Distribution at the Cone Exit 
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CHAPTER VI - DISCUSSION AND GENERAL CONCLUSIONS ABOUT THE TRIAX SYSTEM 

At the present time, there a r e no plans to investigate the prop

erties of this Triax system further. However , the investigation has 

yielded" a great deal of use f ul information about electron beam and 

diode physics that has already been of considerable help in the u nde r 

standing of other diode and transport physics problems encountered at 
this Laboratory. Some of the more important results are 

summarized below. 

( 1) If a beam o f large cross section and cylindrical symmetry 

is to be focused with a high degree of compression, it is 

ess ent~al t hat the electrons have very low angular momentum 

around the axis . 

(2) The theory pOints out an obvious , yet often ignored fact 

that in a cylindrically symmetric system under the inf luence 

of self-induce d magnetic fields only, the outer wall has no 

direct effect on the beam. This" is because the magnetic 

field is only proportional to the current inside t he field 

point radius, B =~I /2rrr. However, if there is a conducting 

medium within the channel and the B "field is changing, the n 

a n induced electric field i s developed which can drive cur

rents within the field point radius. This electric field is 

determined by the outer wall position. This fact supplies 

the star ting point for u nde r standing how singl e cones can 
14 concentrate beams. 

(3) Angular momentum in a concentrat ing beam can wash out tendencies 

for filamentat ion because of velocity shear stabilization. 

(4) At gross electric field levels in the diodes of 20 kV/cm 

or more , plasmas are launched in the diode. If fields of 

about this strength are marginal ly reached, only a few 

whiskers wi ll blow with the result that very nonuniform plas

mas and very erratic beams are generated. At higher voltages 

the plasmas tend to be more uniform. 



(5) Even t hough the t heory is simple, it points up the importan ce 

of taking into account the time dependence of the typical 

pul sed beams in order to exp lain the principal features of 

beam transport in conducting boundaries. Without it , the 

presence of image forces cannot be j ustifi ed. 

(6) Probably for any beam foc using configuration , it is important 

to have an integrated design f or the cathode, anode, transport 

system , and focusing system. The generated beam must be prop

erly formed for i n jection int o the transport and focusing 

system or the beam will be lost in one way or anot her. 

(7) The proof that a prepulse will launch plasmas that cause 

e rrat ic and s horted shot s, a nd the use of met h ods to reduce 

that prepulse so that smaller gaps could be used, served for 

us as an early introduction to two fie l ds that have become 

very important to this lab orat ory . First , with s mall er gaps, 

smal l area cathodes could be us e"d to generate higher d e nsi ty 

beams and experiments with small metal r ods were being carried 

out when Morrow's article ll "about small glass rods appeared in 

t he l i terature. Our experience with t he metal rods led us 

to the conclusion that the glass rod acted as a pr epulse iso

lator which broke down to become a go od conductor when the 

main voltage came a l ong. The electrons were th en accelerated 

fr om t he tip as fr om a normal metal rod . This int erpretation 

differed from Morrow 's opinion that the e l ec trons were accel

erated al l along the rod. Soon after this Bradley and Kuswa lO 

us ed the glass rods to study ion acceleration in these diodes. 

Second, the c l ose gaps with larger area cathod es caused very 

tight di ode pinches to be formed on the REBA accelerator . 

(This was a 7.5 cm di ameter flat carbon cathode with an A-K 

gap o f 1.27 cm.) With this diode, carbon was vaporized 

from a small area t arget for the first time at Sandia . This 

work was never reported and we d id not r eali ze immediately 

tha t a "super p inch" was being observed. Later, i n a dif-
15 ferent configuration, Yonas, et al., recogni zed and 
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explained the new feature of this diod e pinch which has now 

become the primary mechanism by which t his Laboratory hopes 

to ach i eve nuclear fusion with electron beams. 

(8) The elimination of the prepulse plasma d i d not solve the 

diode p·lasma problem because i t was after this that apparent 

velocit i es of 10 cm/~ sec were discovered. The measurements 
. 10 16 17 

Wl t h s treak cameras and h olography' later substantiated 

these findings. 

There are two major factors that have l imi ted the focusability 

of this Triaxial diode up to .this stage of deve l opment . Firs t , t he 

very rapid diode p l asma velocities have prec luded us from operating at 

the small A-K gaps that are neces sar y for narrow shee t beams. Second, 

the intrinsic uniformity and spatial coh erence of the emission from 

the cathode surface is not good enough to allow areal compression 

greater than 1 0, even with the best surfaces now avai lable . Solutions 

of both these probl ems are still bei ng sought but presently not with 

the Triaxial geometry. For example, exper~ments are bein~ made on the 

Nereus accelerator at Sandia on the proper ties of d i ode plasmas as a 

function of e l ect r ode material and electrode cleanliness (amount of 

low- Z s urface contaminant) . Prelimi nary results indicate that a clean 

Ta anode plasma moves mor e slow ly t han that from a di rty Al plate . 
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