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Twoclargé.ciecﬁron beam.gcceraﬁors, Gamﬁle_Ijand.Gcmbié II, have beeﬁ
dcsiénea-énd constrﬁctedﬁat HRL. rThéj cre uced fbr.studies'cf.fhe ﬁropagé-
+tion of intense pﬁlced relativistic electron beams and the intercctions?Of:

'.éﬁchgbeams ﬁith matter. Typical paremeters of the elecﬁroﬁ'beamc producéd- 
gre: beam.energy - 1 MeV, beam current ~ 1 MA, pulse duration - L0 nsec.
- Gamble I is de81gned to produce beams of up. to 20 kJ of kinetic energy, and
. Gamble II up to 60 kJ The propagailon of very high current relat1v1stlc |
"fc_electron beams (V/% € lO) over distances of l.m has ‘been studled as a.
: i_ffunctlon of drift tube gas pressure and applled ax1al magnetic field.
Details concerning the design cf the facilities, typical oPerating-condiﬁiccs,z

. diagnostics, and experimental résults, will be presented.

'_  TNTRODUCTION
The purpcse of thls paper is to provzde a- general 1ntr0duct10n to the:
"'c NﬁL relat1v1st1c electron beam,program, and Lo report on some recent results
"on diode development and beam drlifting. _The paper ig divided into four
cscctions. Theﬁfirst iﬁtroduces the pfcgram and discu;ggs some.of its objéc;
'tiVes; the.second providcs a sumﬁary of the design_and opéfational féaturesc
r__df Gamble I and Gamble I, the two large.N%L electron becm generéﬁors; and -

the final two sections contain recent experimental results on high energy o

diode development and beam driflting experiments.

. ¥ . Present Address: Maxwéll Laboratcriés, Iﬁc San Dcego, Calif.




) controlled thermonuclear fusion® .
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The NRL relat1v1stlc beam program is only four years old but related

research at NRL ex1sted long before that For example, there Were experl—'

'mentall and theo¢et1cal2 studles of electron beam dynamlcs, and an actlve

program of hlgh-voltage technology in connectlon'w1th explodlng w1re

“f.researchs‘ A magor effort to produce and stody intense relat1v1scwc beams-

as 1n1t1ated in 1967 with the constructlon of a &O ohm oil Blumleln llne

and a T ohm Water Blumlein generator, Some detalls concerning this phase_;'*'~

'of‘the NRL work were presented in the last Conference of this series4.

K The lest of the. la“ge coaxial water transmlsSLon Line generators,;

':rGamble I, was designed and built at NRL in 19585, This was followed two..
iyeare_later'byfthe develoPment of an even larger generator, known as_'
Ganble TT, vhich became operationsl in June, 1970%7. Concurromt with this
'.work"research oﬁ electron heam proﬁaéatiOﬂ was conducted in colleboration":

. Wlth the Cornell Unlver51ty Laboratory for Plasma Studles

The obJectlves of the NRL program are to advance the state of the art

B of'hlgh voltage, pulsed power technology, to study the physics of intehSe
. relativisticfelectron beams, and to-explore various applications of these |

. beams. Among ‘the appllcatlons which we are 1nvestlgat1ng are studles of

'.-the effects of 1ntenee Eenergy dep081tlon on materlals, the generatlon of

‘.Tmlcrowave'radlat1on, and. the utlllzatlon.of relat1v1st1c electron beams for

i

THE GAMBLE I AND GAMBLE IT ELECTRON BEAM GENELATORS

 Gamble I and Gamble IT are large relativistic beam-generators,'each .

"capable of producing well over 10% Joules of 1 MeV electrons in a 50 nsec .
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"'f.pulse.' The two generators were de81gned using 31m¢1ar concepts and dlffer'z
“f‘.from one another pr1n01pally in size. Therefore,-ln thls section we will
: concentrate on the de51gn and behaV1or of Gamble IT, maklng spe01f1c referm

ﬂence to Gamble 1 only where 81gn1flcant differences exist.

' Both generators are charged coax1al transm1831on llnes, de31gned to

-; produce a l NV pulse across a field emission diode for 50 nsec.l‘They_both .
: utlllze_hlgh regigtivity water as the dlelecﬁric. Water was chosen as'the:'“

. dielectric because it is.cenvenient; ineXpensive; and self-healihg afte; a’
nb;eakdown, but primarily.because'ofeits'%ery high dielectric constant (SO.
as compared'to two or three for oil or Mylae)o Thi.s iﬁplies that a very

: high'density'ef energy storage ié'ﬁdséible, and that the physical 1ength.of :
:.a pulse formlng line can be con51derably shorter than if one were Lo use a

1'med1um w1th a lower dlelectrlc constant The reason tnat water is not ased

more exten51Vely as & dielectric is that 1tu breakdown propexrties are hlghly

- time dependent Even if one uses dem1neral1zed hlgh re81st1v1ty (say,

mi"pi>l M-Q cm) water, its practlcal utility as an energy storage dlelectrlc
~is limited to systems where voltages are malntalned for no more than a

:1.'fract10n of a mlcrosecond Fortunately, exten31ve studles of the naLure of

electrlcal breakdown in water have been conducted by‘J C. Martln and ﬂlS

'”.coworkers at AWRE Aldermaston (England)®. Their work has not only shown the &

"nature of breakdown, but has prov1ded empirical formulas relatlng the break~
- dowyn field strengths to the electrode polarlty and area, and the tlme for
__whlch the field agpears at the electrode surface 1 These relatlonshlps were .

'_used exten81vely in the de81gn of Gamble I and Gamble IT.
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The overall copflguratlon of the Gambla IT gcnerator is shown schemat1~

_cally in Flgure l. ‘To the rear of the coax;al llne is the Marx generator;“
.ﬂV:Whlch was d681gned and bullt by the Phy51cs ]nternatlonal Company Tt is
_fcomposeq of 120 stages, each of whlch con31sts of a single capac1tor of _
B 0. SuF at a rated voltage'of 85 kV.  The stages are charged in parallel ana ;
3rjerected by sw:Ltch:Lnb them in serles, with every thlrd switch belng tr;ggered;.

- The - total stored energy in the bank 1is 228 kJ at full charglng voltage and

1ts output capa01tance is k. 1 nF

The Marx generator erects and charges a coazlal water tranSLer capa01—

~tor section of 7. h nf to a Voltage of up to 6 O MV “ The transfer or_lnmer~

R mediate storage section is designed to withstand the high voltages for the'

‘relativély loﬁg charging time of.l'2.usec; It is uged to reduce the more

' strlngent Tequlrements on rapld Marx discharge tlme which would be needed

1f the Marx dlrectly ‘charged the pulse formlng sectlon. The intermediate.

.storage'section and the remainder of the water line are separatﬁd from the

011 filled Marx generstor tank by a pair of 1" fhick polyurethane dﬂaphragms.

These st support any pressure differentials between thﬁ oil and water

':;sectlons as well as Wlthstandlng large voltages durlng Marx ereCtJon and

‘The intermediate storage section is, in turn, discharged into the pulse

-r_formihg line through an overvoltaged water switch.  This gap, gs_wéli_aélé o

similar one at the output of the pulse forﬁing line, were designed using the

water breakdown formulas mentioned above. The electfodgs were carefully

deSigned-so that breskdown due to streamers from the negative electrode will

occur at iny a slightly lower voltage level than breakdown due to gtreamsrs

ke




© in Figure

-; from the positive electrode. This_coﬁdition results in a minimum gap.spacing |
‘and therefore minimum switch induCtanée.i The detailed design of the switch,

as well as most other‘parts-of the generator, was carried oub making exten—

sive use of electrolytlc field plottlng tanks and an electrostatlc potentlal

' 'plottlng camputer code ThlS was done to ensure that the ele@trlcgflelds -

were kept Sufficiently velow breakﬁown values throughout the system.

1n order to assure statistical. reptoduc1b111ty, each of the two Sw1tches

ii must be adausted to flre at between 80 and 90% of peak voltage Thls imposes. .
“.ja 81gn1f1cant loss in energy transfer through the system. For this ﬁeaébn,:,.
a8 wéll as the heed_for precisé time synchronization of the beam generator = -
i.for séme-applicatiéné, effort has been devobed to the development of-coﬁmand. '
;triggered.ﬁatgr_switches-fox use.in Gamble II. The preliminary.design of a'

" switch being developed to go at the output of the pulse forming line is shown

218, A positive trigger sighal, derived from the-intermediate_~

n” 'storage output switch causes breakdown to proceed from the disk electrode.:'

The very high voltages on the inbermediate storage and pulse Forming .

 sectioné'of Gamble.II makerthe uSe of gas switching impractical there.

- This is because the reguired gap spacing to pmevent breakdown would make the.  

| isw1tch s80 1n&uct1ve a8 to s1gn1f1cantly degrade ‘the rlsetlme of the generator
 '_ pulse, On the obther hand, at the lower voltages in Gamble T (3 to b MV) one

 'can use gas switches. A single channel , command_trigggied gas switch has .

been designed and .ingtalled by the Ton Physics Corporabtion at the outpaut of -
\ .

_ﬁhe'Gamble I intermediate storage section, and a multichannel gas switch will_

"“goon be Jncorporated at the rulse llne outputl4

J

The energy of the intermediate stora ge soctlon ig swwtch@d 1nto the pulse




foxmlng sectlon when the voltage on the former reacheSrv9G” of peak It is

= transferred through an 1nduct1ve exten81on of ﬁhe pulse formlng line to in-

'".crease the_charglng t;mg of the pulse line to 180 nsec, This 1s_done in ordef 3
.tb reduéé-the amplitudé.éf the-"prepﬁlsé" Voltagé'signal, ﬁhich appearsn‘
“across the field emission diode beforé the.main.pulse,'to less than'ldg of
fthé'm;in ‘pulse amplitude ' The prepulse 31gnal is proportnonal to tht rate
_'at Wthh voltage appear¢ across the output sw1tch and hcnce can be reduced'

- by slowling the:charglng of’ the pulsa line.

The pulse Torming section isg blconlcal with the outer conductor dla"

meter taperlng from 9' to 3 1/2' The electrlcal length of ﬁhe line is

50 nsec, and its cha:acteristic impedance is 5.8 ohms. The @ulsé forming

'  "line was designed to have this impedance for two reasons, although the -

final output impedance of the generator is only 1.5 ohms. Tirst, the use

- of a single channel switch at the pulse line output introduces significant

" inductance in the circuit. In order to minimize the effect of thig 1nduc—  -

tance on . the pulse rlsetlme, it is necessary to keep the impedance as hlgh

as possible. The_resultlng‘lo% to 90%-rlset1me at the output of the pulse

. line output on Gamble IT is 15 ﬁséc  Second, if one uses the water break—
\ “:.down deta dlscussed abova, one can show that 5.8 ohms is the characterlstlc
" impedance of a coaxial water dlelectrlc line d651gned such thet breakdown is

:'egually 1ikély to start from the negative inner conductor or the positive

outer one. 'This then represents the impedancé line which can store or trans-

-_mlt the moﬂt electrlcal energy for a glven outer diameter, since elther

fhlgher or: lower 1mpedance llnes will breakdown at lower flelds.'

The‘flnal generator cutpub 1mpedance is achleved by propagating'ﬁhe

pulse line output pulse down & coaxlal water sectiocn in which the inner
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.”:conductor tapers outward. Thls acts as a contlnuous transformer, reduc;ncr

| ﬁ-: the 1mpedance from 1ts value of 5. 8 ohme at the input to l 55 ohms at the.rhf

output._ The output impedance was chosen to maximize the energy delivered

to an ideslized diode consisting of an inductance of 20 nH in series with;

.'ha resistance ef Ogé'ohms, with-the'fufther conetraints that the resietive”
'”""fffifél'tag'e-‘drop be 1.0 McV end that the energy be delivered in 50 nsec. The
-.1ength off the tapered transformer sectlon was chosen to Limit the energy

" loss due to droop in the voltage wdveform to 1ess than 7%. _Detalls of
- these calculatlons as well eS'others 1nvolved in the-design'of Gamble II; ::':

~mey be found inReference 6. ..

The energy pﬁlse travelling down the transformer must. be transmitted

' from the water line to the vacum reglon in whlch the field emission dlode
i located This traneltlon reglon, or dlode support qtructure is a key

'element in the generator de31gn since it must_be de31gned fbr mlnlmum

inductance while preventing'breakdown. It must also'provide a mechanicel

ihterface between the water and vacuum reglons and be easily cleaned, S0

. that debrls from the diocde reglon does not degrade the performaﬁce ‘of the -

'h31nsulators in the diode support structure.'

1; The G- h diode Structure 5 whlch is used on GambTG I and IT, is shown o

sehematlcally in Fig. 3. The acryjlc spacere, alternated w1th alumlnum-

- rings, serve to insulate the cathoae region from the grounded outer tank;n
and guide the electromagnetbic energy flow toward the diode. The inberior:
" sides of the acrylic spacers are angled O decrease the probability of |

.'*'voltage breakdown. The spacers also act as a mechanilcal interface between

the water and the vacuum region of the diode. Great care must be exercised
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in the design of this region to minimize voltage flashover. For example,"

- “metallic falseWork.is introdﬁced £0 redistribute the fields and preduce a

more uniform potﬂnuLal gradlﬂnt across the 1noulator surfaces. An eleciro-

static fleld plottlng code'® as well as electrolytic tank field plott*ng

were used exten51vely ;p_the;de31gn work.  The G-k diode structure was
- designed to hold off 1.5 MV for 70 to 80 nsec and provide an effective
" inductance of about 30 ni. An advanced diode structure, known as G-%5, is

~ presently under development®. It will utilize a single 2 1/4 inch thick

- acrylie insulator plate rather than the acrylic and aluminum spacer ring

- configuration presently used. This will greatly simplify the task of‘

cleaning‘the insulator surfaces between shots. Tt is believed that debrls

- which accumulates on these surfaces and is not removed 1s & major source

of the voltage flashoyer Wthh can appreC1ably shorten the energy pulse =

dellvered to the beam. @ *."-';3 .7 .-.J5\.

The electromagnetic encrgy finglly appears as a volﬁage pulse-ac:dss'y

~ the field emission diode. Although considerable progress has been nadel®,

there is much that is not yet understood about the dynamlc bmhav1or of these

'_dlodes at hlgh energles In part:cular, we have devoted a good deal of effort

g toward_developlng reproduczble} constant 1mpedance diodes capable of pro-

ducing beams of several xJ/em®. This work is discussed in the next Section.

Diode current and voltage_aré monitored with staﬁdard magnetic loop

"probes and_éapaéitive voltage dividefs. Typical Gamble I diode current and.

wvoltage traces are shown in Fig. h, as are the calculated power and impedance

o as functions-df time, - For beam propagation studles, the anode is typlcally a

sheet of l/b mil aluvminized Mylar, The drifting bpam is typlcal]y propagated
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'_ 51n a k" plexlglass erft tube, ljned w1th an alumimum mesh return conductor.

'  and’ fllled w1th air at a pressure of between O l and 5 Tcrr _The diode.it—'J.:1'

self ig maintained at'a pressure of‘wO,S mTore. An extcrnal axial magnetic'

K:field of.ué to 10 kG is gencrallj aﬁplied_o#er the eﬁﬁirc diode and drift -

. tube region. The magnetic Pield pulse is sufficiently slow that the field .
o can penetrate the entire diode. - The configuration cf the f:ontfend of oné'fi
. of the gencrators,.with the diodc.and'dfift tube,.is shoun schemaficslly in

Cn Flg 5.

In summary, Gamble - I and Gamble II are two large ccax1al water trans~
mission lines deSLgned to deliver 50 nsec long, 1 My pulses to 1le1d

enission dicde loads. They‘bo+h employ Marx generdtor charging, Wlth water”

".'trahsfef capacitors, coax1a1 pulse formlng lines, and tapered transformer

secticns. Thelr detalled electrical characterlsulcs are compafed in Table l

DIODE DEVELOPMENT

As was mentloned above, a serious obstacle to the eff1C1ent utlllzatlon

.of these machlnes, was the lack of hlghly reprodu01ble dlcdes capable of

produclng beams of several kJ/cm . The cathodes prev1ously used on Gamble I

- and IT were stainless steel disks, of four to seven cenulmetErs in diameter,

in which a cross hatched pattern was miiled, These cathodes were typically

used for a number of shots before being replaced. Plasma cathodes, in which®

the milled out'regions were filled with a plastic or epoxy, could not be used

because of the very rapid eros¢on of the £ill material at these energles,-

‘.

The results with cross- hatched cathodes showed current and voltage reprodu—

'c1b311ty to no.better thsn 15 or 20%, and varlatlons in pulse width thab

g
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"wére'even worSe‘: In.additién %o éhoﬁ.ﬁo éhct vériationrin beém @éfaﬁetérs;
'fhe-diode impedance.és:é funétion-éf-time.aiso shdwed aﬁ ﬁﬁaeéept;bly.rapidr.. 3
mllorst” . . | |
:Insbrderrtb impfbve bﬁ-thié'si%ﬁati@ﬁ;'a ﬁariety of different cathodés"
'“:aﬁd'diode préparation techniqﬁES wexe.explored. The éné which pasQ to date,ﬂ'-

* shown the most promise ubilizes s cylindrical disk cathode. The_disk face:  ‘
ié turnea flaﬁ aﬁd_a SPifal groo?e somelh mils deep is cut with a spacihé éf.
about 10 mils between grooves: The surface is then costed w1th 10004 of
 ;iuminﬁﬁ.' This leaves a fresh surface with approximately triangular de-
_pressiéns separated by flat regions. A cathode is shown in Fig. 6. What

is apparently as 1mportant a con51derat10n as the disk gecmetry, is'a
mlcroscoplc investigation of the surface which uhows whlsker densities of

105 to 10? cm_é on fresh’ cathodes. After a shot in wh¢ch the diode 1mpedance _k
has fallen very répidly to a low value, large members of these whisker 51tes “
show evidence of local explosions,-as.has been réportedla in ofher sﬁu&ies;:
Sucﬁ evideﬁce of whiéker explosion is lacking in novﬁal shoﬁs. In eithér'
event, it has been Eound necessary to replace the cathode after each shot to-
-obtaln maximum reproduc1bllity |

o Ir the cathode is constructé& as deécribed abo%é and 1f thé surfaée 15
"reflnlshed after eaeh shot, reproduc1b111t1es in current and voltage waveforﬁ.
- of better than t 5% can be achleved when external magnetic fields are employed
.Moreover, this scattcr is probably as much due to lack of reprodu31bl11ty in
Vthe generator output waveform as in the diode behavior. Further, the t1me~
:varying 1mpedance now shows a falrly gradual decrease, a8 shown in Flg T

One of the pfob]ems which remains with these cathodes is tha very nonlinear
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fvariafibn of.iﬁpédance witﬁ“Cathode—anodé-gap spacing: At relatively large-dd
'spa01ngs the var:atlon folldwp Chlld Langmulx oca,llng but as one decreapes
the spacing a point is reacned beyqnd which the impedance falls very’
fsharply, :Fo$'exdmple5 dith'glﬁj em? cathbde, a décreaée in spdéiﬁg ffdm .
0.85 em to 0.80 cm carries the beam from a ~ 2.ohm level to & féw tenths

H_Of an'ohm; Tt is felt Lhat this is a field efzect; since the same result
,.can be produced by 1ncre881ng bhe dr1v1pg voltage on the dlode by a rela—. '
Itlvely small amount :
hxz_iwe aréfcontinuing'to stﬁdy tﬁe-parametrié behavidr of theéé diodés:in
‘.drder to eiﬁcidaﬁe the physical phénomena that determine their.behaviof.

. Our prelnmlnary hypothe31s is tha®v, while the prepulse voltage is on the
‘dlode, only a smgll fraction of the thEPer sites are field emitting and

: the ‘total current is qulte low. When the main veltage pulse arrlves, the

'applled electrlc fleld and the locally enhanced fields at the whlskers can _ 

1ncrease by an order of magnltude, causing many more WhLSKEr 31tes to emlt

‘g1v1ng relatlvely unlform emission over the whole cathode. Some heatlng_

and”explosions of these sites enhance the emission° Moreover, release-of

adsorbed gases and 1oca1 exp1031ons may form a plasma sheath nesr the'

' -cathode surf@ce._ This permlts currents well in excess of the Child- Langmulr

'ffi:yé;ué to flow. thther 1t is motion of thls cathode sheath or maserisl

frdm_the anode’ surface that causes the time variation of the impedance, is

-not yet clear; We have fouhds empirically, that the amount of gas adsorbed
~or absorbed on the anode surface can play\a very impbrtant role in'dEtermining

" the-impedance characteristics of these dicdes. On the obher hand, the transi-

tion to a "low-impedance mode" described above most likely starts with whisker

S Ty
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'_' explosions on the cathode 'and the subsequcnt Jettlng of materla] ecﬁoss
. to the anode._. - | . | |
Summarizing; there ie'cleeriy:still much @5bﬁﬁ the behavior of these
. diodes that-ie poorly understeodn Howepef, semiempirieal.studiee have perm
.:mitted:the developmeet of low impedence éiodes-capable of reproducibly
" producing beams of more than BO_kJ-at current densities of 2b-to Lo kA/eﬁ2a_
'f_The electron‘beams'that hawve been produced in these experiments_haﬁe.had |
e'peak currents weil inrexeess of l.MA, with eiectron energles of the order-

‘o of 1 MeV.

BEAM PROPAGATION STUDIES
ETelimlnary experlments have been periofmed on the propagation of in-
7teﬁse relativistic electron beams from the Gemble I generator_in applied
”-.'magnétic ghiae'fields??. Nominally 600 KV and 300 k& (peak) beams of b0
. nsec dufation Ifﬁh@)? were injected through a ikh mil aluminized mylar

. anode foil into a drift tube containing air at 200 to 400 mTorr pressure.
The ancde and cafhode strﬁctures, as well as the 4 1/2" ID.lucite:drift ﬁube
i were placed wiﬁhin.a 120 em long 6" I,D, solenoid. The dfift tube was 1ined

. with wire screen to provide a return conductor for the beam. The solencid

o was pulsed using a 64O pF capacitor bank, with the resulting risetime of the

ff:magnetie field in the coil beieg aboeﬁ 6 msec. ALl mepei structures wifhin
_the‘field, including the stainlees steel cross-hatched'cathode; were fully 
| permeated by the field. The mepnitude.of Zthe applied field has been varjed
from O o 10 kG  Diagnostics consisted of radlatlon dosimetbry, carbon block

'calorlmetry, pin hele r&dlegraphy, and the use of magnetic pick up loops

iz
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.1tw1th1n the drlf% tube. The efflcleney of beam energy propagatlon was monl—*
l_tored in two ways. Abqolute measurements of propagated energy were made
. using a carbon klock calorlmeper placedrat various dlstances down the tubE;e:

o check this, relative radiation dosimetry measurements were made by

placing & thin tanbtalum foil in the beam path and monitOTing'the resulting

; radiztion with thermoluminescent desimeters'<TLD‘s); ‘The TLDfﬁeesufements
were. compared with similar neasurements made at the injectien anede:foil
thereby giving direct information on the efflclency of energy propagatlon.

u The baslc result of this work is that an anexpeetedly small gulde fleld o
'is.sufflclent to efficiently transport the beam, as is shown in Fig. 8.

' ShoLs which were 51gn1flcant1y dlfferent from the nomlnal values mentlened
' above were su;tab]y normalized. The average T.L.D. energy observed w1uh
the tantalum.f011 at the anode, 1nelud1ng shots which requlred normallzatlon;'
S is represented.by the dashed line, wlth,the range shown at the right. The1

- 85% line has been drawn in, as that is the efficiency observed in earlier

work at Cornell University on (%) = 2.5 beams (although that was observed

at 2.5 m)gp,' As can be seen-in'Fig. 8, ocur data are consjstent with'that '

-' 1eve1 althouch our beame had-cg) T and con51derab1y larger total beam

energies (of the order of 5 kJ as compared with 1 kJ or less)

It is quite interesting that 2.to 3 kG is enough for efficient tfenspert

- of our 3 = 10 beams. Thls is to be compared with the l 6 kG requlred at
* Cornell for % = 2 5 beamsz) .This 1mplles that the minimun requlred value of "
;:field varies more slowly than the linear dependence on (v/y) that might haye 

- beel expected. The ekplanation for this low value appears to be related to

a balance of perpendicular particle pressure in the drifting besm with

5
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“diode pinch_can-be obtained if

E

. ﬁagdetié pressure. A 51mple partlcle model of beam elecbrons splralllng dcwn

: f1eld 11nes leads to the relatnonshlp

2 |

- O R
= nW

. 2”0_;{,.A¢*

- whéfe Bo.isjthe applied.axiai.fiéid; ﬁ is.ﬁhé bean electron den@ify; and.w;z
'fis the componentﬁof beam electron kinetic energy due ﬁo traﬁsverse'motion,
.This_is-fhé pgr?eﬁdiculér pressure balance eqﬁation for the electron beam in  ,
| ¥he guide FL6T4. Tor a 300 KA beam; and o 20 Gi® eathode, 1= 3 x 10°%/en®
 :li%%‘2_kG; ﬁe.wOﬁld.be allowed perﬁéndicUlar_enﬁrgy ﬁer particle,-wl5.of'oniy-.

80 kev, Whiéh is most likely an underestimate, given what we,knbw bf.beam 

?iﬁching in the cathdde_anode gap.

The above cslcoulation is overl essimistic for several reasong. First
3

-.'sincg.thé'paﬁhode is 5 cm in diameter and the drift tube is 10 cm, there is -
 considerable Toom for beam éxpansion before hitting the walls. There is,

indeed, evidence of Jjust such beam expansion to achieve pressure balance.

If the foective bean area were 4o double, the allowed perpendicular energy

:per partlcle Nould be 160 ﬁeV, or more than 25% oP the total kwﬂ@tlc eﬂergy-_
;-Secoqd in relatlvely small hlgh v/y beams such asg We have here, S large
':fractioﬁ of Ehe pquuﬂdlCUl&T en&r«y can be introduced by pinching w1th1n

. the dlode 1tself However, if one applles an axial guide field to the

“cathode-anode gap, experiments have shown®® that complnte control of the

Bé' ,
. i?"> Vv
- S T

SR :

d,

' Wheré:BS is the maximm self field of the beam, r is the cathode radius, and

e




d_is thé_gap spacing. Ih ﬁhe prééent get of experiments,'fhe-required applied A

 fiéld.is aboub 5'kG, but between zéro'and:this fieldg'there is a‘grédual_variaé.

ﬁion bétween-fctnl pihcﬁ énd tbt&l ébntrol of'nipch Thﬁ35_as %he externaT
.m@ﬂnetlc fleld is 1ncreased, not only is the conflnlﬁv maﬂnﬁtlc presaure A= s

- creasead, bﬁt Lhe perpendlcular beam pressure due to diode anChan is decreaved
"ThlS, togethpr w1th actual expan31on of’ the beam In. the drlft tube, appear to-
be pufflc1ent %o expldln the obbervei DrOpanatlon |

Two points relevant to this argument are illustrated in Fig. 9. It shows,

“the damage done to the tantalum foils placed at 1.05 meters from the diode at

four different values of magnetic field., First, we can note that the lower
the field value, the more diffuse is the boundary of damage on the tantalumi-
In fact, &t the highest field value, 7.k kG this boundary is very narrow.
.Secondly, it is clear that the hlghest field shot has the smallest damage_. .
érea, Both ofAthese are compieteiy vérified in the pin-hole radiographs,

Aléo seen in Fig..9 is evidence éf a flute instability on the beam éé.
Seeﬁ by the'damage pdtterns ont the foilslfroﬁ the higher magnetic field shobs.
This is bﬁserved'on the tanﬁalum foils and the pinhole radiographs on évéry_.
 sho£ above about b kG, although neither the exact pattérn nor the midber of
| lobés.is reproducible. -Fiéufe;id shows a séries of three shgﬁs, one'with the
tantalum converter at the anode, one with it 1/2 meﬁer'from the anode.and ohé.
with it at the usuval position (1 mefer.from the anode).- Assuming the linear
‘regime of this instability extends at least as far as the 1 meter point, these
féils seen to indicate aﬁ e-fold length for flute ampliﬁude'of about_l/a neber,
_ Forfa beam veloclity ofIEIX iOB ﬁ/sec, this.implies:an e~-folding time of two

or three nanos econdq A second observation from Fig. 10 is that the kigher

15 'nlfy
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'a21mntha1 modes \01 order lh) seem.to domlnate at the 1/2 meter p01nt Wﬂll€

_"_lowe'r mode numbers (of order 6 or 8) dominate at 'bhe 1 mei,r—*tr pouzt,

If one calculates therflume instability growth_tlme3 assumlng a sharp.

.béam-boundary separating the beam and its selfugenerated'plasma_ffom the

neutral gas,_bne obtains®3;

- where N is the mode number, L is the charactevlstlc length of the magnetlc :

'.field 1nhomogene1ty, M is the total mass denswty of the plauma, P, is the

perpendlcular plasma pressure, and t is the growth . tlme. We assume a field.

'_1nhomogene1ty of 20% occurring over a lengbh scale of 20 con, based on the
. nature of the magnet coils we have_used. We also assume the pressure is ;
"imedominénﬁiy that of the beéﬁ'transverée kinetic motion, takeﬁ_ﬁo be
200 keV. Tt is somewﬁat harder to estimate the mass density;;f:i:f
74%i;$h§?é'is much evidence that background idnizafi;n in a drift region bﬁildé'
“up relatively slowly until the large induéed electric fields due to the

rising magnetic field of the beam front csn cause avalanche breakdownZ?,

Once breakdown occurs, the plasma mass density is much too high for this

‘“. instability to grow on the t%me scale of our expériments. However, before o
-'avalanche breakdqﬁn cceurs, in the Tirst nanosecond or two after the beam _

e front passes”a'point in'the drift tubé,'the ?lasma density is'mainly.beam

electrons and the few ions Wthh are preSent For ion number densities

emall compared to the beam,aen51ty (n < lO £n ), the growth tlme can easil
P o), ¥

e of the order of 10 nsec divided by'the square root of the aximuthal mode

'.number,- It is also comglstent with the higher order modes dominating st

16
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. shorter distances. These modes tend'to-gfow Tirst, but will eaturate when
. their amplitude becomes comparable-with ﬁavelength. The lower modes will

.:.thus eventually domlnate as is observed

Summarlzlng, we suggest Lhat the flutlng 1nstab111ty occurs very early

'vin'time-and_ as-eoon as the background plaswms builds up and,avalanche break{
f_dONn occurs along the path taken by the beam front, the flutes are frozen.ini
by the plasma mass. . The fesult is a very clean flute pattern, with sharp:-

o boundarles surrounllng a relatlvely unlform beam,

 CONCLUSTONS

We have described the design parameters and operating conditions of two.

lerge electron‘beam generators, Gamble I.and Gemble II. These machines are

:_capable of proauenng 20 and.60 kJ of l MeV electrons, respectlvely, in pulses '

?'of_50 nsec or less. They are belncr used for fundamental beam studies and

applications. We have described some recent developments in fleld emission

diode design; which permit good reproducibility and impedanee eharacteristics

L even at hlgh beam energies. We also have discussed recent work on beam

. propagatlon in axial magnetlc fields done w1th Gamble I.
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Suppose we assume that ell bean electrons are spiralling down the dfift
tube along magnetlc fleld lines with the same ve1001ty, Vs perpendlcular_

" to the applled fleld° Then all the beam electrons will ‘have Larmor radii,

L’ given by (MKS units)

v .-'.
R]'_._'= ..._.....'Yj_n.____ S

eB
.0

yhere B, is the magnitude of the apnliedifield and v is the ususl -

rélativistig factor. If the beam is uniform out to a sharp boun@ary,'
there is a net motion of electrons sround the beam only near the .

bonndary This looks like a sindlé turn solenoid, which results in a

‘_:f dlamagnetlc fleld Bd s, given approx1mately by |

nwi ¥ m
=W neV'RL = u :

B
o

. where n is the beam electron number density. Beam. electrons would no

longer be confined at the boundary,'however, when Bd exceeds BO. To

find the linit, take these two flelds egual, and the result is

2

td

_:1ﬁ = - = 'nWi
A 2

where WL is the pe: pcnu1calar kinetic energy of an elecltron.
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 “FIGURE CAPTIONS | - s |
 '  31g. l'd-" The Gamble IT generator, showmmg  (1).Marx géneratéf; (2)'p§1f~ .
B 5 ..urethane dlaphragm separatlna oll and Water sectlons, ()) water
”ftransier Cdpac1tor, (h) puls° formln& line; (5) tapered trans-
former section; (6) fleld emission dlode,_
2 Fié:‘é;; - Tr1ggered WthT sw1tch for the pulse form¢ng line of Gamble iI.
V:Fig{ 3;'.~. The G-4 diode envelope employed on Gamble I and. II, showing:
- (1) field emission cathode; (2) inner (cathode) conductor;
(5) outer (grouﬁd)'conductor; (h)7§cry1icVspacer rings;
(5) alﬁmiﬁﬁm iingég (6)_metallicffalsewdrk.to'guide.energy floﬁ;:"'
(7) vacuum region; (8) weter region.. | o
Fig; h;._é Meésured diode beam béhavior on debie II; he cathodeIWaé L em
S in diameter; the diode gap ﬁas 6.5 mm; the b#ckground ?fesSure'
;was 2 x 107 Torr, and Lhe applled ax1a1 magnetlc fleld was 8 kG.'  
u'Total bean energy was 28 kJ. B
Fig;.5, - .The front end of a relat1v1stic‘éiectrbﬁ béam éeherator, shdwing ﬁﬂe
H V_fieldnemiséion.diodé, drif%.tube,.and ﬁagnetié guide field cdils,
'Fig; 6,_'~- A new canhode of the 3p1ral—grooved varmety S |
7 :fig. 7; ‘= TImpedance varlatlon u31ng the splral~grooved cathode. Shété.#i éﬁdw
T ."#2 are 25 kJ beams:lshot #% is an 18 kJ beam with a carbon anode.

Fig. 8. ~ Beam propagation efficiency as a functlon of applled magnetlc fleld:_

at one meter down the. drlft tube.
"Fig. 9. -~ Tantalum foil damage as a functlon of magnetlc fleld at one meber |
Ty

down the drift tube.

TFig. 10,

- Tantalum foil damage as a_functibn-of distance down the drift tube,
at By, = 5.h kG,
. Table 1. ~ Klectrical parameters of the Gamble generators.
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