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. SUMMARY

.Overnthenpast few years, the”teohnology'of pulsed rower generatore

has been developed to'the level where it is possibletto produce powers of -

the order of .10#'W for times of the order of 10"7 sec. Such generators
fare ost commonly utlllzed to produce 1ntense relatlvlstlo electron beams,""
and this paper brlefly surveys the ex1et1ng state oP the art of

generators and relatlvlstlc beams -As examples, recent work at NRL ielwhw'“4"'w T

1

con81dered in some detall._ Plnally, several potentlal appllcatlons of thls

B technology in. controlled fuemon research Wlll be dig ouseed

T INTRODUCTION

Pulsed power technology, in the context of this paper, refers %o the
deS1gn and development of generators capahle off dellverlng electromagnetlc

power at levels of the order of 1012 W for tlmes of the order 1077 sec or

less. ThlS teohnology has been largely, although not exolu51vely, applled

to the generatlon of high current pulsed, relat1v1stlc electron beams,'and |
it is this ‘aspect which will be emphasized in the present paper.
The entirve field of pulsed power technology is less than ten years

oldl s _a,nd the first paper dealing with experimental observabions of 1ntense '_

relstivistic electron beams was publlshed in 19662, Research began at NRIL

a year or so later, under the leadership of A. C. Kolb, W. Lupton and

D. C. dePackh. Since the field is so new, however, and since so many of

“the resulis have nct yet reached the pnbllshed literature, one of. the goals_ .

‘of thls paper 1s to brlefly survey the field and prov1de some referenoes"_'“"m

to orlglnal sources where more details can be found. A second objective will

be to provide an introduction to some of the research and”develOPment presently




underyay st TR, and to use thst progran as o focus 0 clucidete cone
- of the more:a. generél comments which @g; f‘gllow; Fﬁ.na]__j_;y.',‘.,t«-re' diseuss
& subject uich $s OF priscy intérest fo the participents in this
.Confereﬁce; the possible appiicéﬁioné of pulsed_power teéhnolpgy and __l
'.‘:rélafifisﬁic 5eams to.conﬁrolled thérménuclear fusion. ‘TﬁiSjiéha field o
Q!Whiéh.is in its infancy, s0 that many of thé.appliéationé are étill'épecula; |
-tive,' Réséafchers in ﬁhe pulsed power and félativistic béam'field are
geﬁeréily.éuiﬁe thimiétic,*however,_aboﬁt the long range implications ofﬁ_ f

the'technology'fOr CTR,

AT, SURVEY OF BULSED POWER AND INTENSE RELATIVISTIC EEAMS

| The range of pavamcters that chabacterize present fmbemss
- relativistic electron beam generators' isi1iéted'in Téb1e l.'_A féw general.'

" comments can bé made regafding'tﬁese ?araﬁéters. First, aﬁailable beam
enérgies are well within the capabilities of mofé traditional pulsed capa~-
citor bank technology, althpugh the operating volﬁages here aré éonsiderably
hiéher.' This implies that if, as is usﬁal, the initial éneréy.storage is.in-'
a Cépacitor bank, some mechanism such as a Marx genérator or pulée transformer
is.requi¥ed to indrease.the voit&ge at which the enefgy is_delivere&. Sgéoﬁd;

.fhe power levels are‘in the lail'to 1028 W raﬁge, congiderably ébove'tﬁe.leveis
avéilabie directly from capacitor banks. .Tﬁﬁs,_fhe enérgy musf be transferféd
from the original source to a "fast" section such as gxéharged transmission
line; from Which.it can_Be delivered fery rapldly to the loéd. To extend this
point somewhat, the impedances of these géhexators or loads téﬁd_to bé Low

(0.1 to 100 ohms) and, in order to deliver energy in 1077 or 10~® seconds,




ventional transmission line, or is in a Blumlein configuration

considerable care must be devoted to minimizing all series inductances in

" the system, including that of the'lead ahd'ef switches within théf";”;jj;; R

system; A third observatlon 1s that the current den31t1es Wlthln the ]  o

- diodes or relativistic electron beams are of the order of 10% %o 105 |
A/cm ,‘so the. power densities are in the range of 108 to lOlz'w/cm
;whlch is more than sufflclent to destroy such obgects as calorlmetevs and
eprobes placed in the path of the bea:ms° Moreover, these current den51t1ee
ecorrespond to electron den81t1es ef the order of 10** to 1613 cmfs, which ;_{L.

'is:comparable‘to.that of many laboratory plasmas.

" The general structure of relativistic beam generators was alluded %o

'above, and is shown SChematically in Fig. 1. 'The initial energy storage
~ is usually in a capacitor bank which is connected in the form of a Marx

_generators._ Such generators are now commercially availableé, and have

reached fairly'high levels of eophistication. The Marx generator is_éwitched

- to pulse charge a pulse forming line which is either in the form of a con-

S, in order to

double the voltage delivered at the load.. The pﬁlse forming line may'be
either coaxial or planar, depending in part on the geometry of the load to -
which the energy is to be delivered.

A successgful varlatlon of the above procedure has been employed by

. Yon Phy81cs Corporation on several low energy generators . By using, as the

dlelectrlc-ln the L&St section, hlgh pressure gas with good long—tlme'break—

dovnn properties, they have been able to charge the pulse formnng llne

dlrectly from a d.c. power supply. .
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»_1mpedance systems

The dlelectrlc used in the pulse forming section may be any materlal_ _

ﬁwhlch has a hlgh dlelectr c constant for. efflclent energy storage, and a

'_hlgh dlelectrlc strepgth to prevent breakdown, at least over the time
'-ffscales durlng whlch hlgh voltages appesr on the pulse llne In practiee,'-

Thlgh pressure gas R 0it” E my]ar s and wauers? have all been used.Sueceeéf.

'-_ffully and at: NRL we have had experlence w1th all but Lhe flrst A

detalled analysis ef deelgn con31deratlons, such as hae be?? Pgeggﬁﬁéaff:t
fbrfthe NRL Gaﬁble-II generéforlo,'shows that the time—debeﬁdent Brea?deﬁﬁ. H'.
properties of the “various dlelectrlcs make water a loglcal ch01ce for low
1mpedance (be10er 60 ) coaxial systems, and oil, a candldate for hlgher

l

Sw1tch1ng Lhe energy from the palse formlng llne to the diode load

'21 presents cons1derable problems, One must typlcally hold off several mega—
. volts until the command to fire is given. Ab the same time, the inductanceof the

“siritch mst be kept sufficiently low thet the inductive risotime (L/R) remnins

SMall compared to the pulse duration. These problems were to some extent

av01ded in the original designs of Gamble I and II by using two overuvolted

'(1 e., self trlggered) water gaps in each generator (one is used at the

1nput to the pulse formlng llne, and one abt the output), and by operating

the pulse line at a higher impedance than is desired at the generator output,

~in order to reduce the inductive risetime due to the switches. However, to
' preserve statistical reproducibility, these switches must each be set to

- fire at 80'to 90% of peak voltage, which imposes & congiderable energy

peﬁalty Thezefore, both machines are being converted to command—trlggered

. operation, ' In Gamble I this has been done by using a 51ngle channel gas




'psw1teh.at the 1nput to the pulse formlne llne, and e multlple chennel.gas
-;sw1tch.at the output. Both swmtoheﬂ were de51gned and labplcated by Ton
s Phy31cs Corporatlonlp, but only tho_former has been 1netalled to date :lt
'has been operated up to 2.8 MV with a Jltter of 30 nsec The hlgher _..
{;'voltaoes(6 8 MV) on the pulse formlng llne of Gamble II make gas sw1tch1ng
‘:_less practlcal and a trlggered water switch is presently belng developod
'by Shlpman for use on that machlne.' It is shown Schematloally in Fig. 2.
Generators wh;ch workzat_lower pulse line 1mpedances present evenf
~ﬁore stringent'inductanoe requirements and sophisticated multichannel, low-
jltter command sw1tch1ng,rsuch as was discussed ab thls Conference s 15 requlred
Flnally, at lower voltages (lOO‘S of kV), solld dlelectrzc sw:Ltch:Lno is |
veny appeallng because of the low 1nductanoes, although some inconvenience
Cis dinvolved in replac1ng the sw1tch after each firing. Selfntrlggered solld
fsw1tches were developed by Martin and hlS coworkers at AWBEll and trlggered
._multlchannel sw1tches have been developed at NRL14.. A new approach, 1nvolving
-laser triggering of solid_switches was discussed at this.ConfepeoCe by the - |
" Corpell group'S. This seems particularlyepromising when careful time
eorrelaﬁion-is-required |
down to the dlode reglon | There are really two regions of engineering
interest here 4 the diode support struct‘ure and the :E‘leld emission dlode.ltself.
The former is subgeot to the same two .constrainte enoountered with sw1tches,
namely, to maintein a low inductance configuration whlle.preventlng voltage'-
ﬁ.dbreakdowo. As an example of the state of the art, the G~k diode structurelo,

which is used on Gamble I and TT, is shown schematleally in Flg 3 The
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aerylic_spaders, alternated with alﬁminum”ringé;"éefve'fe inSuléﬁe'ﬁhe'cathedefii;m:

reglon from the grounded outer tank and gulde the electromagnetlc energy

o flow toward the dlode. The-lnuerlor SLdes of the acryllc spacers are angled'

to decrease the Drobablllty of voltage breakdown. The spacers also act as

a mechanlcdl 1nterface between the water and the vacwmnreglons of the d:ode.r
7'Great care must be exefcised in the design of this e@pucﬁure;tb min@mize
. voltage flashover. For example, metellie falsewerk is intfo&ucedﬁo1redieﬁrgbgﬁe _

the fields end produce a ore uniform distribulion of potential gradient across

- the insulator surfaces. A version of Boers' elect¥ostatic field plotting code®

and an electrolybic field plotting bank wefe'ﬁsed"égtensiﬁely'in'thé"desﬁgﬁ'wcékl'

e The G-b diode structure was designed Lo hold off ] 5 MV for TO to 80 nsec and .

- prov1de an eIfectlve 1nductance of about 50 nH.
At the currents and voltages considered here,_the behavior Wiﬁhin the
field emisdion diode regiOn is exceedingly complex. Although con31derable

research has been done, no complete or self—con31sﬁent picture of the

8917'

'  phencmena has emerged yet ..~ The dominant mechanism is generally

agreed to be field emission, but the flow ls not generally space-charge
iimited, partieularly in low_impeaance dicdes. This latter 'pﬁenomenon
is reflected in the fact thathﬁpe measured impedances of such dicdes tend
4o be considerably below the classical Childeangmuir value for a plener diode:
. g 156 (%)2 V;J.‘/e . . .

where d is the cathode~anode spacing, r is the cathode radius, and V is the
volbtage in megavolts.' In several experimepﬁs; the scaling of impedance has.
been found to depend on diode geometry and voltage as predicted by Child-

Tangmuir theory, although the constant factor is much Less than that glven above 17,




The reduced impedance is presumably due bo the presence, within the gep,fh

'-of ions-or plasma which neutralize some of the space charge. The dlode reglon

is typlcally mslntalned ab pressures of the order of 10‘5 to 107 8Torr end ions

produced by electron c0111S1ons w1th the amblent gas can certalnly pLay an

: 1mportant role in the dlode dynamlcs- Moreover other materjal is belleved

to enter the diode gap from the anode (elther anode meterial or gas on the

”anode.surface) and the cathode (by the explos1on of whiskers or spmtterlng
.or vaporlzatlon of material from the surface)g These are probably 1mportant'
fin the later parts of the pulse. An additional complication is the presence.
of a "prepulse’ voltage Wthh appears across the diode preceding. the main.

_pulSe.' This is due to the charglng voltage on the pulse formlng llne belng

capacitively coupled across the output switch. The prepulse.can be an

_apprec1able fraction of the main pulse amplitude;.reaching levels of the
;order of hundreds of kilovolts. Tt 1srdeliberately suppressed on.some'gene;
._rators buthappears to have beneficial, although not.well understood, effects'
hOniother nachines such as Gamble I and IT. It may be related to the time for

* intense field emissions to start for a glven type of cathode. It is clear,

in any event;_that the presence of large prepulse voltages on a diode can

significantly alter the diode dynamics during the main pulse.

Another characteristic which distinguishes these diodes from more con-
ventional ones is the fact that, because of the very'high currents, the
self magnetic fields can appreciably alter thepdynamics of the electrons in

the diode gap. Under typical conditions within these diodes, this can lead -
to intense pinching of the beamlal As an example, on Gamble IT a beam of

= 1.0 MA (BSe‘f = h0 kG), emitted from a ring cathode of 5.0 cm dlameter, will

- deliver the bulk of its energy to a spot less than 2 cm in diameter at the .

anode, although the anode-cathode separation is only 0.7 cm. In order to




-.fsuppress tbls plnchlng, an aXLal magnetlc fleld of - sevezal kllogauss is 1mposed

on the diode reglon,' Semlemplrlcal reletlons have been der:l,vedl8 which can

'.;medlct the conditions under Wthh diode plncthg w1ll oacur, and the ax1al '

fields that are requlred to prevent it.

The presence of 1ons, prepulse and self magnetlc fteld all must play some

'role in the observed deviation from the Chlld Langmulr model. The pr1n01pal

'source of low Jmpedance, however, is generally felt to be the ex1steqce of

plasma cathode" Thls refers to a sheath of plasma which is belleved to

.ixform early in the pulse at the surface of the Tield emission cathode, and to 4e_

provwde the source of most of the electron emission durlno the pulse,- This

~ sheath is believed to form, no mstter what type of cathode is employed (e g, - .

multlple needles, ridged metal, metal plates with plastic—filled inserts,
sharp edged rings or razor blades). Indirect evidence indicates that the

plasma sheath expands toward the snode at velocities of 10 to 107 cm/sec

3:-thereby eLfeetlng the time dependence of the impedance19 The precise nature

of the plasma cathode, and its relatlon to dEtallS of cathode geometry or to

the obher factors mentioned above are not understood at present ‘ Semlemplrlcal “

technlques, however, do generally permlt adequate control over diode behavior
during the duration of the pulse. As an example, Fig. 4 shows the measured

cﬁrrent and veltage'es s function of timE'at the dicde of the'GemblerII genera-

“tor. Also shown are the calculated values of impedence and pewer as funetiohs
~ of time. Note that the impedance is malntalned at a falrly constant value for

the duration of the pulse. The cathode employed was made of al em dlameter

disk of aluminum coated stainless steel in which a spiral groove had been cut.

While empirical relations do exist, we are presently able to predict the

diode impedance a riori; only for high impedance diodes;r There, the relatively

lower currents and larger gaps permit a less complex situation. Thus, Boers*®




g

. has applied cla851cal Chwldeanﬂmulr space charge theory to the case of & cathode

2 ment was found w1th measured 1mpedances

After belng generated the beam is extracted from the dicde into a.

drift tube by pa551ng 1t through a thln anode w1ndow, To minimize"electron'
."scatterlng, very thln anode foils, using materials_such_as'l/h mil aluminized
' mylar,iare employed. The drift region is generally constructed of metaliic

. cones opr ¢ linders “or lucite tubin 'with metallic screenin alon the-innEE
¥ s 8 g . g

wall Except in the presence of very strong ax1al magnetic gulde flelqs some

_sort of corducting return path for the beam current has been found to be

- necessary for efficient beamn propagation. The bulk of the return current -

does not flow in the conductlnv walls but in the plasms channel produced by

-the beam. 1tself Thus it is necessary to either provide neutral gag at such

a pressure that gas breakdown and a plasma return current can easlly Fform,

or a prelonized medium within the drift region. The pressure range over
which efficient beam propagation is observed, extends from'Q 200 mToryr to
2 Torr in neutral air.

in the absence of this plasma or counterstreaming current, nagnetic

-+ gelf-forces would tend to pinch the beam.and prevent its propagat:on. Indeedg

: early theoretloal sbudlesgo indicated that there should exist a critical

current above which magnetic pinching would prevent propegation, but it has

‘been experimentally observed that "magnetic neutralization” by counter-

streaming currents permit beams far in excegss of the critvical current to

propagate.

There have been a large mumber of theoretical and experimental studies

~concerning the details of relativistic beam propagation in neutral gasgl, in

'fcon81st1ng Of £ stalk with a heml”Pherlcal th and a planar anode, and good agree-:”'”




. plasma

ﬂ225 and in a;@lied'magnetic:fiéldszs._ Tt goes beyond the scope of E

“this art;c]e to dlscuss them except to comment brlefly on scme of the more

:1mportant results. Beams-of to al energies from 10% to 10J J have been

produced, and eff1C1ent propagatlon of beams of the order of 104 has been

"observed over dlstances of one meter in the presence of axial magnétic -
fj fields24. BeamAconcentratlon has been demOﬁstrated by the use of converglng
'ﬂ.magnetlc fields®S N and preLLmlnary attem;&s have been made to combine '

""--_ .s;e*an—:':ral-*r:oeamsg6 . Thus it now secems feasible to cons;der the avallabllltf

ﬂ-Of ‘beams of ag much as lO5 to 106 J, which have power den51t1es in excess

of 10%* W/cm2 for times of the order of 1077 sec, and which can be propagated,

- manipulated, and combined. Some possible implications of such besams for con-

trolled fusion will be discussed ln Section IV.

" IIT. NRL FACTLITIES

The characteristics of a number of NRIL generators are shown in Table
2, "In addition to those listed, we should mention a 40 ohm oil Blumlein

line which was used for high impedance diode studieé, and several low

. impedsnce pafallel plate mylar Blumlein 1ines_27'which have been used to

drive theta'pinch colls for'collisionless'shock wave studies.
The first generator listed in Table 2 is & low'impedanée coaxial
walter Blumlein line_ga. It represents a fairly inexpensive and compact

generator that is suitable for routine laboratory oPera££on° By using a -

Blumlein geometry, the voltags requlrements on the initial energy storage

system.are reduced. . This, in turn, has allowed us to use a 51mple alr—

_insﬁlated "sﬁingingmLC“ 29 generator instead of s more cumbersome oil-filled

10




Marx.generator
The next generator 1lsted is presently belng de31gned and bhllt at

NRL3 to serve as an 1n3ector for a large electron ring accelerator being

' _constructed at the Unlver81ty of Marylandal The generator'ls shcwn
schematlcally in Fig. 5. It con51sts of a Marx generaﬁor Whlch charges a

'  10 ohlm coaxisl water Blumleln line. The pulse from‘thls goes Into a coaxzal o

o1l transm1531on 1ine whlch,_because of & tapered irmer conductor, acts as a-

- yoltage {(and impedsnce) step-up transformer. .The :output of the oil line,

in-turn,'drives a high impedance diode The ratlonale behlnd thls falrly

:: ccmplex design Was to develop a relatlvely hlgh voltage and hlgh 1mpedance.

system in which the initial energy storage ard the swiﬁching could be done
at the lowest possible voltages.

The 1ast two generators listed in Taﬁ]e 2 are Gamble I and Gamble TT.

.The de51gn prlnCLples for these two generator° are baS1ca11y the same, and .

have been discussed in detail elsewhereg’ QQ;. Very briefly, they are

-charged coaxial water transmission lines which utilize a tapered coaxial
‘water section as a step~down transformer between the pulse forming line and

- the diode losd. They are both desighed.to produce'a 1 MV potential across’

the appropriate diode load for a time of 50 nsec, although the operating:

figures shown in Table 2 are move typical of routine operation. They both

"utlllze relatively slow Marx generators which discharge into a water transfer
- (or 1ntermedlate storage) capacitor. This, in turn, is switched to charge
" the pulse forming line, which discharges into the high impedance input of the -

 tapered transformer section. The transformer output finally delivers the

energy to the field emission diode where the beam is formed. These various

1r S




-(;}-'}.,:sectiohé'afe sﬁoﬁn'in Fig;_6;-which'ié.é schématiq of Gémble ii; lThe._:'
| ;electrical'charéctefiétics.of the two generators are compared in.morezéetaii
' .in_Table 3. . | - | _ |
. One final asﬁect of the NRL'ﬁotk Shbuld.be mentiéned bﬁiefiy.' We.ﬁate_
' embarked on a program of compater 51mulatlon of relat1v1stlc electron beam
t ;behaV1or to supplenent the experlmental studies®2, This WO utlilzes a véry
JSOphlStlcaued computer code, known as CYLRAD that cén analyze thé.two—? o
dlmenS1onal behaV10r of electrons and ions with tlms It 1ncludes the effects
. of self—éon51stent fields between.partlcles as well as applled Fields,
boundarles, and radlatlon effects. Early results are quite promising and.

" we expect it to be a very useful adjunct to our studies.

IV.  APPLICATIONS TO CONTROLLED FUSION

t(l}}'.'.’  -While. the preceding section$ have deait_with.agcomplisﬁments_and
| V.described;thé exisbing state of the art, this last section must be primegily
speculative The field of pulsed power and.relativistic electron-téams is,
itself, very young and the appllcatlon of it to controlled thefmonuclear
' ::fu31on is really just in its infancy. All that will be attempted here is to
‘ mentién somé.of'the mbre.promising approaches that have been.suggested.

It might be of value to stért by noting some of the characteristics

‘of these beams that make them interesting for fusion. First, as was dis-

cussed earlier, intense beams have very high power'densities and gquite
reépectable energies. Moreover, a significant fraction of that energy can
~be in the form of large azimuthal self-magnetic fields, which could be

wtilized for plasma containment. Second, as_beaﬁs they can produce turbulence

12
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for repping fons. T

1n plasmas and Jnteract with thls turbulence to heau the plasma much more

*'eff1c1ently than by classical r651st1ve mechanzsms. _Flnally, because they

are hlghly nonneutral,_they can provide a deeg_electfbsﬁéﬁiéfbéﬁéﬁfiéi,ﬁéil_iﬁﬂ

The large power densities available have led to the suggestionss'that S

 relativistic electron beams be used to hit small solid pellets of & D-T
‘mixture, much- ag has_been considered for lasers. There are several inter-

eéting points. of comparisonebetwéen relativistic beams and Q-switched

lasérs. _Lasers are capable of highef power deﬁsities beqause_photbn beaﬁs_'
can be Tocussed to such small spot éizes, and because'thé‘pulée durstion
can be reducéd to picoseconds. On the other hand, exlisting relativistic
beams éan deliver over two orders of magnitﬁde more energy than Q—sWitched

laSers. Further, electron beams are far more efflclent in conversion of

'csp301tor bank energy to energy dellvered at & target and beams are aboutb

one hundred times less expensive per Jjoule of dellvered energy.
Detailed calculatlons-of the interaction between the beem and the

ﬁéllet have not been published, buﬁ”spmeféolléctivé:intgré¢tidnlis:gepefalijft :

-é.ssume_d° Based on preliminary calculabions, Winter“bex.'-gs“3 has estimatéd'

that an input energy of 5 X lQ? J is necessary to produce an‘inertially

" confined fusion plasma. Eden and Ssunders®* have calculated that, even

with a heavy solid tamper swrrounding the D-T pellet, it would take ~ 109 J
:tO'produce any useful energy'retﬁrn. More recently, however Babykin, et 5;35
have estimated that only ~ 10° J would be ;equired in L nSec,rif one con-

siders tamping and the large magnetic fields associated with the beam.

13
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: magnetlo fleld conflguratlon for trapplng hot 1ons. Two, somewhat dlfferent'

) No experimental'data has been reported yet relevant o this'appfoach

A second appllcatlon that has been suﬂgested for relat1VLst1c beams
is to use them to fill Astron~llke machlnes. Here; relat1v1sclc beams

are used to produce layers of rotatlng electrons which prov1de a sultable

2

approaches to this problem have already beon attempted Tn the flrstSG an

l”t annular electron beam was passed through a Cugp magnetlc field +o cause’ nt

to rotete. It-was-then madé to move in an axial mirror fleld Wlth re31st1ve

'rings-to.damp its axial motion, thus_Creating'an_Astron~1ike configuration.

In the second approach37, a small intense relalivistic beam was injected -

 nearly. tangentially within a cylindrical chamber placed in an axial mirrer

lfield, - The beam swept out & helical tath between the mirfor.poiﬁts of the

'field thus egain forming eﬁ-Astron#ltke oonfiguretion; Us1ng ‘this latter
technlque, fleld reversals of lOO% have been reported 15 a small system._lt
~ The notion of'using an intense relativistic electron beam to tur—.
bulently heal & plasme is appealing in that it represents en extension of
the con51derable bedy - of knowledge that has already been aooumulated on
beammplasma 1nteractlons. Because the paremeters of these beams are so

different from those of the ooqventional electron beams whlch have been used

: to heat; plasmas, much of the theoretlcal analysis of such interactions will -

~ have to be modifled, but very little has been done to date. Neither have

there been any-experimental results reported yet of turbulent heating by
relstivistic beams. One interesting approach®® to fusion might involve

turbulently heating ions by a relativistic beam, and_simultaﬁeously using

Tk
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'the electrcstatlc potept1al well produced w1th3n a beamn to trap the hot

ions. Agaln, very little work has been done on thLS pOS%lblllty.

LY. "éUMMARY- AID ACK]\TOWLE.DGEMEI\ITS

- The purpose of this paper was to prOV1de a cursory 1ntroduct10n to:.

~ the fleid of pulsed power technolowy and rclatlvnstlc electron beams to
‘eﬁglneerS'worklng in the controlled fu31on provram As is evident from
-the text and rePerences, thls field is new and grow1ng aulte rapldly _If.
' : has reached the stage of matﬁrlty at whlch serlous eonsideration_i;mbéing;;:”"
:gi§en to its potential applicability to controlled thefmonuclear fusion,
Several possible ways in which it might be applied were mentioned, bﬁt
i they should be regarded as a framework fof stiﬁulating Turther thought

':within.thé CTR COmmunity,'rather than. as a definitive 1list of approaches.

Tt is a pleasure to'acknowledgé the cooperation of the members of

- the relativistic beam groups at NRL and Cornell University in preparirg this

paper. The research at NEL has been supported by the Defegse Atomic Support .

Agency.

15.




REFERENCES

'_ 1, J. C. Martln, ﬁrlvate communlcatLon°: )
2, _'s E. Graybill and §. v. Wablo, Appl Phys Lét£ 8, 18 (1966). |

5.  E. Mark, Elektfotechnlsche Zeitschrift k45, 652 (1925), R. A. Fitch,
| "Marx and Marx-Like High Voltage Generators 5 in the Proceedings of

= thié_dohfereﬁce. | |
' koo For~example, Marx genératoré-can be purcﬁased From Méxﬁell Léberatéries;
| ihc. of %an Dlego, Calif., and Physics Inuernatlonal of San Leandro Cajif;

5. A. D. Blumleln, ﬁElectrlcal Network for Forming and Shaplng Electrlcal

o Waves", U. 8. Patent No, 2,&65,8#0, March 29, 1949, _

6. 8. E. Graybill and $. V. Nablo, IETE Trans. on Nucl. Sei. Ng-1lk, 782 (1957); -
J. R. Uglum, S. E. Graybill, and S. V. Nablo, Rev. Sci. Instr. 59, 1413

o (2959). | A TR

: 7,.‘_W T Llnk TEEE Treng. on Wuel. Sei. Eﬁ:&&, 777 (1967); T. H. Marbin,
IEEE Trans. on Nucl. Sci. Ng-16, 59 (19695. |

8. J. J. Clark, M. Ury, M. L. Andrews, D. A..Hammer, S. Linke, in the Recoﬁd
of the Tenth Symposium on Electron, Ion, and Laser Beam Technology,
L. Marton, Ed. (San Prancisco Press, San Francisco, 1959), p. 117.

9. J. Block, J. Burton, J. g;;mé, D. Hemmer, A. C. Kolb, L. §. Levine, W. H.
Luiion, W. F. Oliphant, J._DE Shipman, Jr., I. M..Vitkovitsky,."The NRL
Relativistic Electron Beam Proéram", to be presented at the Eleventh
Symposium on Eleétron, Ton, and Laéer Beam Technology (Boulder, Colorado,
Mey, 1971). | IR |

100

J. D. Shipman, Jr., "The Electrical Design of the NRL Gamble IT Pulse

Generator", in the Proceedings of this Conferenceg'also NRL Memorandum
3

Report 2212 (March, 1971}.




ach

11,

iz,

13,

_ﬁﬁch of'the briginal dafa concérniﬁr'dielectric.breakdéwn, és wéll as-
_a varlety'of Ouher 1mformdt10n concernlng Lhe deslgn, constructlbn and
' operatlon of pulsed power generators wase dﬂveloped by J c. Martln and
'hls.goworkers et AW.R.E., Aldermaston,_England.
H. Mildé, private cémmuniéation
D. Markins, "Low Jltter Command Trlgger System for Megavolt Generators s
.:1n the Proceedlnos of this Conference Multlchannel swrtchlng w1thout
' fcommand trlgcerlng has also been employed See for example, I M.

VlﬁkOVltsky, "ultichennel Sw:tchlng for High Power Dlscharges , WRL

" Memo Report No. 1851 Oct, 1967:

1k,
15,

16,

7.

18,

19.

R. W. Waynant, J. D. Shipman, Jr., R. €. Elton, and A. W. Ali, Appl.
Phys. Lett. 17, 383 (1970).

M. Ury, D. Morse, and M. Friedman, "Laser-Triggered Solid Dielectric -

Switching”, in the Proceedings of this Conference.

J. E. Boers 'Digital Computer Simulation_of High Cﬁrreht, Relativistic

and Field Emission Electron Tubeg", to be presented at the Bleventh

Symposium on Electron, Ion, and Laser Beam Technology (Boulder, Colorado,

May, 1971); J. E. Boers and D. Kelleher, J. Appl. Phys. 40, 2k09 (1969).
J. Clark; "Operational Characberistics and Entrance Conditions of a High-

Current Relabivisitc Eleétron Besnm Accelerator’, Ph. D. Thesis, Cornell

:University (Ithace, N.Y., 1969); I. M. Vitkovitsky, in the Proceedings of

. the Sixth Symposium on Fusion Technology (Commission of the European

Communities; Luxembourg, 1970), p. 59.

D. Hammer ¥, Ollphant I. Vitkovitsky, and V. Fargo, 'Interactlon of -

-Acceleratlng High Current Electron Beams with External Magnetlc FlEldS"

submitted for publication.
R. K. Parker, "The Behavior of Low-Tmpedance Field Emission Diodes", to be

presented at the Eleventh Symposium on Electron, Ion, and Lasér-Beam

Technology (Boulder, Colorado, May, 197L).

2




200

2L,

22.

. H. Alfven, Phys Rev 5), hosg (1939), J. D. Lawson, J. Eleco and Cont 5,

':587 (1957) J "D, Lawson, J Elec. and Cont. 5, 146 (1958).

G. Yonas and P, Spence, in the Record of the Tenth Symposium on Electron, :

Ton, and Leser Beam Téchnology, I,. Marton, Ed. (San Francisco Press, San

Francisco,'1969), prllﬁh'-ﬁ ‘i'”Andfeﬁé 'H"Dafiﬁiéﬁ; DWHA:“Hamﬁér7 H. 'ﬁ;'m""”""
'fFlelschmann, J. A Natlon, dnd N Rostoker, Appl. Phys. Lett. 16 98 (1970).

'D. A, Hemmer and . Rostoker, Phys. Fluids 13, 181 (1970), L. §. Levine,

' :ﬁI M. Vltkovztsky, D. A. Hammer, and M. L. Andrews, J. Appl Phys. ME

23,

ol,

o o5.

Cog.

o7.

.28,

29,
%0.

31.

1863 (1971)

M. Andrews, J. Bzura, H. Fleischmann, N. Rosfoker, Phys. Fluids 13, 1322

(1970); J. Bzﬁra and 8. Linke,.Bﬁli, Amex. Phyé; Soc. 15, lh52'(1970)1

D. A. Hammer, J. L. Block, L. 5. Levine,'I. M. Vitkoﬁitsky, Buliu of tﬁe
Amer. Phys. Soc. 16, 595 (1971). B |

H. Davitian, J. Bzura,'w. Gardner, s. Linke, T, Vitkovitsky,.and L. Leviné,

Bull. Amer. Phys. Soc. 15, 1452 (1970). _ B

J. Wation, private communication.

L. 5. Levine, I. M. Vitkovitsky; and A. C. Kolb, in Shock Tubes: Proceedings

of the Seventh International Shock Tube Symposium, I. Glass,'Ed. (Univ.

Toronto Press, Toronto, 1970), p. 463,

Jd. J. Condon, in the Record of the Tenth Sym@osium,bn Electroﬁ;.Ioﬁ,-and

Laser Beam Technologg; L, Marton, Ed. (San Francisco PreSs, San Francisco

1969), P 131, _ o
R. A. Fitch and V.T.S. Howell, Proc. IEE 111 8kg (1o6u)
J. J. Condon and W. ¥, Lupton, prlvate communlcation

M. P. Reisar, Unlver81ty of Maryland ERA Concept", presented at the 1971

| Partlcle Accelerator Conference (Chicago, March, 1971)




33,
3k,
' 35,

36‘

BT,
ﬂ 38}

J. P Boris and R Lee, "Computatibnal Studies o?.Relativisﬁic.Eléftrén'_

'Beams 5 to be presentmd et the Eleventh Symposmum on Electron, Ton, and

' ~Laser Beam Technology (Boulder, Colorado, May, 1971)

F. Wlnterberg, Phys Rev. lTh 2]? (1068)

M J. Eden and P. A, H, Saunders, Nuclear Fusion 11 37 (1971)
‘M V° Babykln, E. K. Zav01sk11, A A IV&HOV} }r 1. Budakov,w"Assessment P

_=of the Use of a'ngh&Power Beam of Relat1v1stlc Electrons for Thermonuclear_'

Fusion", to be presénbed at the Fourth Conference on Plasms Physics and

’ Controlied Nuclear Fusion Resesrch (Madison, Wisconsin, June, 1971).

M. Friedman, Phys. Rev. Lett. 25, 567 ('1970).
H, Fleischmenn, Bull. Amer. Physv Soc. 16, 97 (1971)

M. Friedman and N Rostoker, prlvate communlcatlon




Figure 1,

Figure 2.

“Figuﬁé 5

Figure h.

Fig:urej°

Figure 6.

‘Table 1.

Table 2.

Table 3.

' FTQURE CAPTIONS

Schematic representation of a_relativistic eleéﬁron'beam,

generatdr;

Triggefed.water éﬁitch.for'the_pulsé forming iiﬁe_bf.

Gamble TIT. ‘ . | ,

The G-k dioée envelope employé& on. Gamble. I-_gnd;iI, s.how:'.L'ng:.
(l)?fiéld_eﬁiésioﬁ cathode; (2)‘ipne£'(cathode) conductor;

X

(3) outer (grdﬁnd) conductdr;'(h) acrylic¢ spacer rings;

(5) eluminum rings;-(6) metallic falsework o guide energy

flow; (7) vacuum region; (8) water region.
MéaSured diode beam behavior on Gamble IT. The cathode waé.

L oem in diemeter; the diode gap was 6.5 mm; the background

pressgure was 2 x 10“4Torr3 and the applied axial magnetic

field'was 8 kG. Total beam enefgy was 28 kJ.
Schematic of ERA injector. | _ L~

The Gemble IT generator, showing: (1) Marx generator;

(2) polyurethene diaphragm separating oil and waber sections;

(3) water transfer capacitor; (4) pulse forming line; (5)_tapered

transformer seé%ibn; (6) field emission diode.

Parameters of intense relativistic electron beams.
NRL relativistic electron beam generators.

Electrical parameters of the Gauble generators.
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