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hnve qppllation as ;Lt)ertial Fuaion drivers with lntgl:-edlate lin-s
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gl
\ M ¢
?r,v',ogness has been .made in a nunber oﬁ i
A novel -agnettélly insulateéd gap using rnd‘ia.l sagnetic ﬂeldﬂ has o
teen tested.
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It ptov{des stahle eleetron cloud conﬂnenenr. over- nictosecoud
tiwe scales’ uivth ny deEectable Leakage current.
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injector; when us d in cor

The gap can act as an ipn
unction with a plnsu source.
electlén clm? dynallcs allows the lnjeetor to operate 1n an enl)gnced cu:,

Gon:roi. of -the y\
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array. A 3 kA be‘an wi:h equnl fruetions of ¢t and ¢t wus extracted over

microlecond ti\le scale with little proton contamination.
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plasms ﬁjcc:.!ou into the high intensity magnetically insulated di&dgy had
the adw. tages of fon species control, reduction of gap damage, operation

at comy’ .t impedence, eu-iu(;lon of plaama closure effects, and a

m:nr.og abilicy to control the extracted beam optics. A nbdel .is

advanced to e:pllln the ion current density enhancement and gpace charge

effects ia l:he 8ap. Observations were also made of beam propagstion and

compared to Fast neutralization models. Agreement was good, and an upper

1imit of 0.2 percent was calculated for the imbalance of ion and electron
L a9 i
:lpu:e charge. Wnen using the carbon injector, two—thirds of the beam

relched a second magnetically insulated gap where it was post-accelerated.

" The ucond ~gep had an applied voltage in the range 150-200 kV wil:h _beam

currents typicclly 2 kA. Obssrvations were mde of electrostptic focusing
in 'the polt-iccchtc‘talon gep. “These Mere in good agreement wi:h :heory

’ i
neutullzing I

based on tlu concept of virtusl alectrodes deterained by the i
j

3

" electron dynamics.

i
The foeus:lng propertieu could be varied" by changing :}f/
i

shlpe of the tregions ccculible to’ electtons.

I
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I. 1INTRODUCTION (O s 4
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In this paper, weé will describe the°development of high intensity . 5

a 'injectors of protons and intermédiate mass ions and the‘ppsteacceleration of “%
{ o :

- the resulting beams in a second high voltage gdp. The primary motivation
+ for:this work was the investigation of the physics of: high current pulsed

linear ion: accelerators for inertial fusion applications.1 2,3 Ion beams
g a . a “ ' o »
or = 77 have a\%umber of advantages forvuse as inertial fu51on drivers in comparison v

to photon§ and electrone.4 5,6 Ions “are expected to transfer‘their energy

classicall}\to the target. They have favorable energy deposition profiles,
G ¢ ¢
:r . and the rsnge\san be adjusted by choice of ion species. Beams ‘éan be

produced with high efficiency and focused “to the target without the use of

g g physical lenses.\\In lddition, power multiplication is possible by velocity

i “bunching of'the}non¥

a g i

elstiviotic pirticles. One approachnto ion beam fusion

7,8,9,10,11,12
I Yoo

G

L7 single stage light ,ion injectqrs

fe the usé of hilgh g

These devi@es, Ghich utilize the high power pulsed voltage teghnologx

originally developed for electrou beam fusion13 -have sHown remarkable

rs‘%
h; 2T

stimulated’

"

o
There dre

@ticslly the resultingL

‘ms to the target B .
o N : : L

Second the extremely high instantaneous power
o a 4 =
emerits in the injector meke high repetition rate and
“ o ) . o

me difficult to achieve. One method we are investiﬁat“ ‘% o
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and energy:fluk T
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In aamultiple nccelertion gap device, electric energy would be converted

to beam kinetic,energy in a’large number of mediun power atages. By~ expand-
“ing the conversion process in space and time, the requirenenfs‘on poner and
In edditi&n, thevengular

»

/ energy flux in a stagé would be greatly reduced.

J e B 4 peatste
ﬂ/ divergence of ‘the injected beam could be lessened by post—aéceleration.
The most

/ allowing greater stdndoff oEJthe final lens from the targef.

4
(r

U “ £ N "
4 familiar example of thefmultistaie ion beam accelerator isfthe heavy ion

o
/ fusion approach.15 The impetus of this progran is the developnent of
i\ L 3

I+ &
credible beam production methods using conventional ac elerator technology
/Ir\

only, whiclh liamits cunsideration to”unneutralized ion benms.’ In order to

‘achieve the required beam power while remaining within the limits set’ byn
s .

a 8

unneutrakized beam/transport, relatively low currents (( 1 kA) of heavy

ions at extrelely high energies (30 GeV) would have ‘to be used. Heavy ion

>
in
Y

fusi§§§tcceler tors wouid be co-plex and expensive. In our approach we-

Y

h,erator. Paraneters typical of a neutralized linenr

tﬁic”is‘is proposed to

s
prpvide electron neutralization of the bean over the najority of the accel-

“

erator langth, allowing the trnnsport of higher ion cutrents:, The electrons,

Vo
\
4 having low mass, can tapidly be pulled into ,the volume' of the ion”beam over
This procesa gontinues until the space charge

nanoaecond time scalea.
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potential of the beam is depressed'tc a very low level. %n thexacceleration
gaps,"complete néhtralization cannot occur since a charge,imbalance is

needed to obtain.a solution to Poisson's Equation. In order to minimize

transverse charge effecta, the | gaps should occupy as small a fraction of
‘o 2 "

the accelerator lehgth ‘as possible. If the gaps are narrow) imege"charges

R
can alsqchelp to‘reduce space charge effects. The major requirement for

successful rieutfalization in the drift tubes is that electrons must“be
B . o 5, 3 i =

- prevented . from %scaping“into the acceleration geps. This,woula cause a , .

\V ' 3
large power drain and also prevent the build-up oE an effective negative

o

space charge density. -

- A genmetry that ia well suited to neutralized ion beam acceleration is N

»
0o

shown 1n Fig. 1.l A set of four coils produces a radial magnetic field in .

the acceleration gap. This Eield acts to ingulate the gaps againat electron

flga\\g_that high field stress (v 300 kV/cm) can bexapplied over microsecond’

Qﬁme scales, Of equal‘importance, the _magnetic flux&aurfaces prevent“
.? ”

@
|

. ’V
electron eacapé from the drift tubea, allowing effective neutralization.
i R .,
= The flow of electrona along field 1inea bordering the \gap can be important s

i

tribution//fFor insLéhEItuthe transverse

d pull electrona'in along the magnetic

2 o %

*JThis line- then deterninea anveqqipftential surface which acts aa a virtual

\l &

the‘magnetic E e»da are shaped as ahown in Fig. 1, the' accelerating electric

fileld will be ainilarly ahaped to proyide strong electrostatic focusing
Ed .
forces for tranlverle beam confinement. At the high current levela antici~
oo ©
pated“for the neucralized linear accelerator, acceleration will probably

he electrostatic, using pulse forming networks. in conjunction with either

5y RO P ~
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FIGURE 1: Geometry and caleulated field lines for the four, ¢oil, magneti- o
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7 ) : ” a . .
induc/tive'coupling16 or resonant electrostatic dEive.l7 For:this

a

caﬁe, there is no couplingjbetween longitudinal and transverse confinemenvuw

, )

; i ;
‘ad in RF aceelerators18 so \that the accelérating field can be used for o,
e 4 = ) : .
P R

/both anctions.

Y

V" . There are strong constraintsvthat lmply that the geometry oE Flg. 1
/s
/ (and possible related variationslg) may be the only possible genmetry for

/;
VQ neatralized ion beam accelération at high current levels. The magnettc

o,
8]

- Fields are a necesalty“—aagce thex allow high Eield\stress to minim17e the

space charge forces, and they prevent the backflow of neutraliZLng electrons.
The latter functioh\could be performed by thin physical foils"® eovering the

drift tubes' but this®is ob¥iously impractical “for a' high duty cycle appllca~

_tion., Given that‘the magnetic ftelde are unavoidable, there is a, choice of
two orlentations perpenﬂicular to the longltudinal accelerating potential,
i TR P

radial (B ) or azimuthel (By ). Azi;%thal fields muet berexcluded since

L they wouldﬁcauee giecontinuous radiab %;ifts otielectruns at’ the gaps.

These drifts would reewlt in electE?n loei instabllities.zo Azimuthal

fielde would also’ cause Jfon heam deflections.i The only viable choice is a

radial’ magne;ic fie\ldxh Electron drifts in(fhe eombination of electrie and
o D o

tion, and electron orbits can be
o B !

magnetic field

muehgt di

. 7 i IR T o . iR
stable and self= onnééteﬂ. An addittonai benefit is that“ions with‘paraxlal

2 ' o o
o~ oribite gain no et azimuthal velocity 1n paseing thtough the fields g )
v P
3. ﬁ o
can ‘easily be shown byninvok ing conservationzof L =
‘ 4 N, o S o
canonical angular‘mémentu”; (Calculations of 1on orbits in the megnetic o 24
f U 4:‘0 - e
fielde of Fig. 'L are preeented in Appendix I).x re lts,conflguration, =
o { >
f . the neutrelized linear ion accelerator opens up a wide range of possibilitiee R
" ©
a - LA

for advances in accelerator physics~and technology. *In eontraét to '« -

7 “ a

conventional accelerators where only: the beam ions- themeelves:must be

X
a . N

[ o 9 1




- - (o a o ' B 7
. rﬁ?‘ - >
2 PR Y 2y P .
- N
dr o " o S
o $
the dy amics of \both tlie be1m and ncutra1121ng echtronb are of

L vqud] conee 1n2 The addition of a second speciés creates a wide range of
> o ¢ o e = - 5

I o o P Y 5 ! . P i
E new phenomenn for, study, 1qc1ud1ng,the:electron neutraleatlon process

. . u\,y Co o .
oo .t ivistic beahf, in neutralized pulseLine driven accelerators.23

© P

- Y, ¢ . :
Taqthe ekperiments reported-in this paper, we were able to obtain
a - R
B

23 )
Sn ol a“number of thecaspe LtSroE intense ion bLﬂﬂ productlon. neutra-

"

4 Ll .
atfon and post-acceler t;on. /he opbrdt;d a two stage accelerator using

3 . ' B

B, . P :
11 induntiyely isolated electrostatic dr*}
- . N A
Tz y . b . ¢ . .
ppdrlLus and, related equipment will be described in Sectyon TI. Section TTL

N .o, : i

{evutgdnto th fLrat tdbu LnJecLor.\ Ne produg;d boLh proton and carbon
- s

or the second stage.. "This
g o

<y wD o'

The cafbon xon bun was run w1Lh an indep;ndent plasmn dource.

g W
fth,rnts gun, we wer; dblegto demonstrdtc the abilitv to control thL ion
- ‘P, tu) n 5 . “ ‘
’CLDbcnplc bean opt1gs..
tion in the drift tubea are ’Qrésentcd

ur“

" .o in Snctlon ;V ; Reqults are in anreement w1th theoretlcal modeIS' ‘the' "
5 ;

rent flow and ap impedaxc

"u, i \J o w oA

The post—accele deion "of tons i the ‘sdcond ?ap is tredted in

Tonoe, Se.tion \, qection Vi céntains observatiohs of ibh‘focusing by curved  ° "
. . . R .

¢ o 3 . N v o'

vig“m al., lectrodes inv the second bap. Finally, thé~implications of the

L) ‘L‘ N n '

an ”grgsggr results on th;ndesign of nult tage" ion acc!ieratorb at the-kiloampere- -

- ° » " . . &

%0 RS P
;evﬁl,gre dxscussed inpSecEiqanI[. “ E ’ @

u 7

a

o 7 W a7
o A general vxew
)

“n B v\ #

"1t consisted of

a1 inj Q;Lmr nap nnd9a post-accgleration 2ap.
“n "y , S

" s ged fvigh voltage) supplv, mag net coils, and magnet supplys 'The injector
, u, [

Cach gap had ‘its assoclated
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and a plasma environment immediately after a shot, there was no problen

‘properly potted. ¥ The surfaces of Ehé%coils wére given a thin conducting

. NN
gap was Qperafed with both praton and carhon inn sources; Tn the proton H
mode, the mngneélc field geomgtr§ was identical to that of Fig., l: the %
nnjor difference was the.inciLsion of a plasma source on the magnetic ficld
separatrix. The se;ond gap also had this magnetic field geometrv. The
coil construction and placement were carefully performed to provide parallel
radial field lines. These ;efihed an acceleration gap with good radial uai-
fornity. Inspection of Fig..l shows a general concavity of the field lines
upstrean. This curvature was purposely introduced by asymmetric coil wind-
ings on'oﬁposite siaesr?f7tﬁe gap for-focusing experiments (see Section V1).
The magnetic field”pattegn“was checked Sy computer calculations which included
effects of cd;ddéting bouaaagj si Detalls are glven Appendix 1.
i A

. - B
The four in-vacuum magnetic coils were wound from 120 turns and 60
i .

ﬁside and outsidevtqspectfvely),nf<#16 magnetic wire, and

i
turn$ (on thé

N il - .
then potted,in epoxy. Even though*these”were exposed to the gap potential

. . o e
A : =y
with breakdowns as long as the coil leads and’vdcuum feedthroughs were

A -

A\
coat (silver suspended in butyl acetate)ﬁto prevent the formation of plas:mia

~under high field stress, With the four coils run in series from a 120 .F

capacitor bank, the risetime of the magnetic field was 1,25 msec: The

drift tube supports wefe constructed of stainless steel. " The accelerator B
was fired at the peak of the magnetic field to allow full field penétracion

into the metal suppogfs and to minimize ;he voltage on the magnet coils

during the production of plasma that followed a shot. T}pical average

radial fields (dgfined in Appendixbl) were 3.2 kG at a bank charge of 5 kV'.

The colls were tested up to 5 kG.
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A

V. Ton ftiectors

The proten iajector, shown in Figure I. used a surface breakdown

x4 - B . s - -
senree Y to nroducy an anode plasne within the lnjector gap. This siople

fce s been used extensivelv i1 Intese 190 bean work., Iz otvpically

ae, lucite, oic.)

cansists of a hvdrogesous insalator {(pols

tie =ai1 gap voliage. The iasulator

by sharp msetal dividers, or perferatcd by 3

pits.  The conductors are connerted ta annde potential, .o the sap

volzage is applied, fringing

s arise parallel ta the insulator
surface around the conductors. These can guickly oxceed the iizit for

vacpun surface breakdown (tvpically 100 xV/em) prodacing a plasas at the
conductors. The disturbance propagates across the surface until the
insnlating sheet is covervd with plusnsg. The soarce of cacrzy for the
inritiation of the plasnma layver is the resistive dissipation of the enerpy
associated with the change g mutaal capacitance between the plasoa anode

and the cathiode. In this sense, the flashboard is capacitively ballasted,

55 that breakdowns oceur aronnd all the eonductors.  Lirge areas of relatively
waiform plasmas can be produced in nanosecond time scales by this methad.

loa current densities aver 1 kA/cn® have been supplied by such devices. !~

In our cxperinents {with current densitie< in the range fron 10 ta

0o A/cnz)‘the flashboard could he considered as an unlimited source of
ions. The flashboard we us2d consisted of a (3.6 en thick annular ring of
lecite ((11.5 cm O.R., 9.0 cn L.R.) perforated with 500 0.08 cn dianmeter
copper pins. The average spacing between pias was 0.3 cn. The ring was
nounted on a conducting carrier which conid be noved to adjust the gap
spacing. TField shaping electraodes on the ecarhode side defined a 2.5 en wide

annularc slot., Extraction of the [on heam taok alace entirely through a

virtual cathode surface, as shown ia Figure 2.

n
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Une of the most significant departures of work from past expecrience
was the use of an injector gap that could be used in conjunction with an
independent plasma source outside the gap.25 There were a number of
advantages to this approach. The ion species and charge state could be
controlled by the plasma gun. {Flashboards have been most useful for light
ions, rather than the intermediate mass ions necessary for fusion applica~
tions.) Removal of the plasma source from the gap was an improvement in
term of repetition rate and lifétime capability of the system. Independent
plasmé control allowed improvement of the macroscopic beam optics. Finally,
we found that the impedance of the injector gap could be controlled by the
pla;;a source, This was not the case with flashboard initiated plasmas,
where the gap exhibited a constantly rising ion current.

The geometty of the intermediate mass ion injector is illustrated in
Figure 3. An array of six carhon plasma guns was located 20 cm upstrean
frog the injector gap. The magnetic field geometry was changed to allow
the plasma to penetrate the gap. As shown in Figure 3, an aluminum field
excluding plate was used in combination with the downstream coils. The
slasma from the guns expanded through a field free reglon attaining good

uniformity. It then travelled through extraction slots in the field

excluder. Approaching the gap, the plasma stagnated at the magnetic field

bouﬂdary until the gap voltage was Iinitlated. This geometry had the advantages

that a parallel annular beam was produced, and a wide variety of pulsed
plasma guns could be adapted to the system. The gun array was completely
enclosed, aLlowing the escape of plasma only through the extraction slots.
This minimized the possibility that the plasma guns would contribute to
breakdowns external to the gap.

With the field excluder geometry, the magnetic field risetime was

reduced to 1.0 msec. This gave a calculated penetration depth Into the
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a

Aalaminun af 9.3 cmoat tke time of the shot. Two versions of the excluder

rtion slot of width 2.5

ceonelry were used. T the firsL36 a single extr
o owas used. Althounh the operation af the gap fron the paint of view ot
fion production was good, the bean propagation was poor. The bean contracted
ta an 1analar line focus abour 6 cn from the gap. This result supported
the concept of virtual electrodes. The mapnetic field lines that determined
the elactron {law bulaed iazo the large slot with ahouc the radius of curva-
ture accessdary toaccount for the facus observed. Ve corrected this
sitnatien hy msing a-field oxc]udor;with three smaller slots of width .
<& en with;nhnut the s apen arogl(liﬂ rﬂz) as the larpe slot.  This

;cludcr is shown in Fia. 3. Ann(hér improvereat over the initial experi-
1cntghyau ;he relaxation of clectric;field stress external to the gap. .
Txternal hreakdowns from the anode drift tube structure to the surrounding

vacuun wall at catoude potential were hypothesized to be the main limitation
to tha pulse}aﬁuzﬁt Ui arder to achicve longer ion extraction bulsclunu;hs,
the ;Rdiﬂ; of tEL vgcuun chamber wnl} was lncreased to reduce the field
stress on the watil bw 44 percent.
A detailed view of one of the six plasma guns used is showa In

Figure 4.. These guns initiated a dense carbon plasma by a vacuum surface

n insulator cnvercdtwith a thin layer of graphile-, . .. .

Searing spray paint. The plasma was accelerated by self-generated magnetic

_fields. It is shown in Rei. 27 that an efficient magnetically driven cngine

nust have 5pprec{able inductance change in comparison to the inductance of
the d:fvlng éircuit. In addit}on, it is desirahle to transfer most of the
enargy to the magnetic fleld befure nmuch plasma mation {or inductance
changze) has occurred. The spiral outer electraode shown in Figure 4 was

used to accomplish both requirements., The driving circuit for each gun was



Jetail of pld

o seeclerition

)} Sreund return of

B .
coil.

. ririd conzial tubince .




a low inductance 0.6 pf capacitor charged to from 16 to 22 kV and switched
by a spark gap. iner flowed to each gun through six parallel two meter
lengths of Type G (30 i) cable. One spark gap fired threc guns. The
relative timing of plasma guns and injector gap voltage could hLe varied and

showed a jitter of less than + 100 nsec.

B, Post-Acceleration Gap |
i
I

The post-acceleration! gap (see Fig. 2) was located 30 cm downstream
il

from the injector gap in the optimal configuration. It used the magnetic
i

In this gcometry, no field ine that intersects

field geometry of Fig.
the highly stressed regiq;s of the cathade passed near the anode structure.
Since there were no direét paths for transport of electrons, electron
leakage was very small., The maln problem was breakdown external to the
gap, along the path lndlcated in Figure 2. The gap and its surrounding
vacuum chamber were originally designed for short pulse operation (50-100
nsec); in this regime 1t successfuliy:heid over 300 kV., 1In most latter

experiments, longer pulses were used and breakdowns were observed at 300 to

" 600 nsec at about 200 kV. In the long pulse mode, a self-breaking crowbar

16

switch was incorporated into'fhe pos:-acceleration‘gap voltage circuit to
limit the pulselength to about 200vnsec.

The field lines in the secqnd'gap we}e purposely curved to investigate
electfoétatic focusing. - As descrihgd in Section I, this AQrvature could
introduce radial electric fleld components into fhe accelerating field to
confine the heam to an annular cross 5ectlon. The magnetic field pattern
was fixed, but the effecctive curvature of the field lines could be changed
by varying the position of the gap. This was effected by the use of gap

trimmers, thin stainless steel hoops that could be adjusted to protrude

into the 2.5 cm wide space between drift tube supports. The post-accelera-



tion gap relied entirely on virtual electvode affects. The full available
annulus (5 cm width) was used.

Q. Pulsed Voltage Systems

il It‘uas necessary to use a variety of pulsed voltage systems. The gap
mﬁgnct coils wéfc powered by ignitron controlled banks. Typically, a stored
energy of 1 kJ per gap was used. Two individuaily controlled banks werc
required since the injector gap had a different field risetime than the
pos:-accelcrafion gap when using the field excluder geometry. With the Ffour
coil pap, all coils were runm in series. This assured that they all had the

same current to achieve the calculated field profiles. The major problem

~of this type of operation was that the coils on opposite sides of the gap

i

vere seﬁé?ated in potenélal by up tc7300 kV. The problem was solved by
wlndiné the ‘coaxial magnet supply cable (RC 213) on an isolation inductor.
The twelve turn Inductor used 25 m of cable and had an inducfance of about
40 yH. A number of other cables were run parallel to the magnet cable to
supply power and perforﬁ diagnostics on the floating parts of the system.

For the full two-stage system, two inductor assemblies were used, each

having two magnet supply cables for upstream and downstream coils, four
diagnostic cables (RG 58), two high voltage cables (RG 59) for charging

28 and one very

floating banks to power active boundary electron sources,
high voltage cgble (Belden B871) to charge second gap Blumlein lines or
dlrectly power the’éap. Using the fsolation inductors, we were able to
Berform simultaneously dfagnostics on the entire syst;m, even Ehougﬁ the
stages were ;t different high voltage potentials. Unfortumately, typical
noise levels were on the order of 5-10 volts during the application of the
29

voltages, so measurements were Limited to charge collecting probes,”

voltage and current diagnostics, witness plates and integrated photography,

17



The injector stage was:powered directly from a four stage Marx generator

i ‘ i
capable of a 200 kV open ciruclt voltage with a 50 kV charge. The generator §

| . .
} ' stored an energy of 6 kJ at a 40 kV charge and had an inductance of 1 M.
Power was transferred to the air insulated injectur through three parallel

high voltage cables. . These flexible cables allowed opening the system at

it , ’ .
various points to service plasma guns, adjust gap parameters, or insert

a J A
I ! :
i diagnostics. The cables passed through oil housings to prevent air breakdown
The

/ : !
at the separation point of the center conductor from the ground braid.

Marx generator and injector voltage were measured using a resistive voltage
divider with a coppér sulphate resistor calibrated using a 2000 V pulse.

i(-‘ The total generataf current was measured by adding signals from three
commercial Rogowskt 1oops monitoring =

o
. ’/

access to the Marx generator and the air insulated gap, allowing the

each of the cables. There was convenient -

fncorporation of a number of passive circuit elements which could be used

to shape the injecto¥ voltage pulse. A series resistor of 5 to 15 ohns was

added to the Marx generator to minimize damage to the injector from post~

K pulse breakdowns., A 50 ohm parallel resistance to ground was often included
P [
in the Marx generator to eliminate voltage overshoots early in time. These

occurred in the proten injector because of its high initial meedance and

in the carbon injector following the gap clearing phase (see Section [II)

An independent voltage source was used to provldefpgwer for the post~
. TR -

. “ . il
acceleration gap. This nine-stage generator had ‘a 450 kV-open circuit

capability. Two configurations were used for the second gap voltage

. circuit.  In the first, the gap was connected to a 50 ohm, 60 nsec Blumlein
M
' lIne with a floating ground referenced to the potential of the first drift

tube, This pulseline was composed of high voltge cables with the center

conductor serving as the common connection. The line was charged from a



cable run through‘an isolation inductor, and was triggered by a gas trigatron
switch immersed in aﬁ o0il housing. The switch was either allowed to self-
break with timing controlled by the firing of the Marx generator, or was
actively triggered using an inductively isolated trigger line. In the second
configuration, the gap was connected directly to the second Marx generator
through a 15 ohm séries resistor through a cable wound on an isolation
inductor. This cable has an‘electrical length of 120 nsec and a 50 oﬁm
impedénce. In this mode, pulselengths were 200 to 300 nsec at 200 kV.
_Typically, the following events occurred in a post-acceleration shot

1
with the carbon injegtor. The second gap magnetic field bank was switched,

,followed 0.25 msec later by the first gap field bank. In this way the shot

was fired at peak fielﬁ?with minimum voltage dﬁ both coll sets. At 1.25 msee,
the two plasma gun barks were fired ;iﬁultaneously. The delay for gun turn-
on and‘;ropagafion of the plasma to the injector gap was ab;ut 3 to 4 usec,

at which ;ime’the first ﬁarx}generator was fired. The delaywtime for the
firing of the:-second Marx generator was influenced by tne voltage and cur-
rent history of the“injector and the propégdtion'cime of the relevant ion
spécies to the second gap.‘ The delay was typically 400 to 800 ns;c.

III. iNJECTOR<DEVELOPHEﬁT ‘ '

Initiaf'resqigs on the operation of the‘injector gap w;:h grofon and
carbon sdurces were repo:;ed in Ref. 26 and 30. 1In gubsequeht work the ou't—
put characteristics of both sources were considerably improved én&.a‘better
unde;staﬁding of factors affecting'their operation was obtained. We will
first di;cusi briéfly;the p;gtéﬁ fnjector, followed by detailed results on
the carbon injector. The sectionrcoqéludea,yith a discussion of the physies

of magnetically insulated ion acéelération gaps in the enhanced current

density mode,
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A. Proton Injector
The capacitively ballasted flashboard that formed the anode plasma in
th; proton Injector was described in Section II. Durigg our experiments, B
we were able tolobserve a number of factors that indicated that the plasma
production was initiated by capacitive coupling, rather than by electron

i In our magnetically insulated gap,

bombardment as has been suggested.
the leakage of electrons across the gap was small. Even if this had not
been the”case,yit was likely. that electron leakage would have occurred at

the outer radius where ,fBrdz was smallest. Tt was fouady .on the contrary,

that Lon emlssion took place uniformly with radius and began instantaneously

with the application of the voltage. In addition, the response of the

“~plasma anoile was very sensitive to the geometry of the conducting pins at

the low field stress‘uséq\(< 200 kv/em initially). Tow extraction was
unreliable if ihe insulator was thin, if the pins were not-sharp, or if the

déslgn of the flashboard was greatly modified. For instance, we had Tittle

2l

success iﬁittéting'piasmas with velvet sheets; which show good ion emission
at high‘fiéldustress.32 After initiation, the plé;ma wag probably maintained
or amplified by the flow Of diode curégﬁt} e e ‘ o

In its gengral beh;vior, the proton tnjécpor demonstrgped a slow

evolution From a high impedance state with Child-Langmuir limited ian flow

to a low impedancg mode where the'current density coﬁld exceed the space

‘ charge limit by almost two orders of magnitude. ' This tfénsiﬂion took place

over time scales on,thé order of 100's of nanoseconds compared to typical
proton transit times of 2 usec and electron gyroperiods of 0.1 nsec. The o
early time behavior of the prbton injector was investigated ﬁsing a 7D nsec

cable Blumlein line. Two sets of 50 ohm cable were used, to give a total

impedance of 50 ohms for the generator. Typical experimental traces are




illustrated in Figure 5. The lines were charged in a microsecond, and then

the pulse was initiated by an actively fired trigatron switch. A flat

voltage pulse exceeding 200 kV was typically obtained; the late time negative

- overshoot in Figure 5(b) was caused by the chargiig inductor in parallel

with the gap. fhe+total current was low, even though the full 300 cm2 of

available anode area was used. Tﬁe small ifon current densities were
comparaﬁ;e to the space charge limited p?ediction with some correct;gn for
electronneffects, since the gap was not run very much above the critical
insulating field.33’34 For comparison,ithe Child-Langmuir prediction for
‘monopolar proton flow at 240 kV with a 0.7 cm physical gap i§ 12 A/émz. N
The thrge charge collecting probes located 2.5 cm downstream from the

virtual cathode at different azimuthal positions stowed non—uniform ion

sita ; S
extraction; This was reproducible and corresponded to inaccuracies in gap

alignment, ’ ;
A downstream ttme—of;flight‘probe (Figure 5(g)) gave an excellent

= proton stghél. Because of the flat voltage pulse, there was little velocity

dispersion and the bunch was well.confined. The delay time was characteris—

™ ‘ tie ofhprbtons, and fhere was no indtcatién‘of heavier ion species. The
general behavior of the pruton injector at early times was in{good agreement
with previggs experiments using short pulse, high 1mpeda;ce magnetically
1nsu1atgé'1;n diodes.s’ZAI'The ion extraction appeared to be gove{ned‘by"
.classical spéée charge flow considerattons. Unfortunately, the resuittng
beams had poor divergence properties. Stroﬁg‘transverse space charge forces 77
- ‘acted on the bhare beam crossing the gap. Typically, the beams exhibited
radlal half angles of divergence greater than 7°. We made unsuccessful

attempts to correct the radlal spreading by introducing a concavity into

. the plasma anode. Tn these tests, plasma was produced preferentailly at
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the inner and outer radiL of the fiashboard where the field stress was the
highest. The twe resulting beams showed no improvemnt in parallelism. In
addition to the macroécopic radial spreading, the beam also showed poor
microscopic divergence due to the cuarseness of the plasma anode. Damage
p-ates indicated ;hat at early times ion extration was most intense near
the initiating pins, prghably a symptom of the low electrical field stress
used. The combination of low total current and poor beam op;ics gave very
small currents at: the location of the second gap which precluded significant
post-acceleration experiments.

Many of "the problems of the proton injector were alieviated by extending
the voltage pulse to" louger times; The inJector was connectes directly t;
a Marx penerator, Experimental traces for operation of the proton injector .
in the long pulse mode are shown in Figure 6 (a) ard (b). In the first case,
the injector: Marx generator was charged to 50 kV and the average applied
radial field was 3. 8 kG; in the second, the charge was 60 KV with a 2.5 kG
average fielq;’ In both cﬁses, the {ion current ~began immedlately (;s showq
by the probe traces). Tﬁé gap impedance w&s'inpial}y hiéh, reflecting the
space charge limited ion extraction, Because of peaking circuit effects,
Lhe voltage initally rose to a level higher than the Marx generator open
circuit voltage.‘wThe extracted ion curfent denéity traces shown were -
obtained with two mulgiaperture biased charge coilectors loc;ted 2.5 em
dawnstréam from the gap.  These proﬁes had seven apertureéqaist;ibuted
radially to glve 'an average of the ion cutrent density, Early in time, the
probe signals Followed the voltage dependence’ thraugh the v1e5 power scaling
characteristic of space charge flow'and showed azimuthal non—unlEormity.
Although the injector began in a manner typical of short pulse devices,

after a few hundred nanoseconds it underwent dramatic changes in its

AN
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operating mode. That is, while the voltage decreased, both the total gap
current and ‘the ion current steadily increased., .This process continued

until tpe fon current axtracted from the gap exceeded the capability of the

ﬁhe generator and the pap voltage was pulled down. The rate at which

volf

“the gap evolved toward this mode was sensitive to the applied magnetic

fleld, as can be seen by comparing the current and prohe traces for the two
shots. The ton crtractton efflciency appearad to be very good:; the probe
signals folloued the current monitor clesely and had a magnitude close to

the the total current divided'by the anode area of'150 em®. The beam

enission was observed to compress radially with time untll the outnut was

. 1ocalized to a nafrow band centered about the averagé gap radxus. The

o ‘

strong variations 1n praobe signals 3t'1ate times are due cao the radial
changes in emission as vieued by the discrete number of apertures. Neglact—

1ng these var;ations, the probe signals were observed to fol’ow each other

"W

«~losely. One: of Lhe most distinctive characteristics of late time behavior

' was excellent azimuthal extraction unifornity when averaged in radius.

The shot of Figure 6(b) represents the best. parameters obtained to date

H
with the louH Harx&generator. ‘The»total pulselength'wasn630 nSec. The
5 P

s 25 kA' the total nunber of particles extracted

current at 560 nsec

during the uléful pullelength Hal 6 x 1016 The maximum voltage observed

u ¢ i o
on the intial overshoot wa: 240 kv, and the average voltage during the

o

il o :
pulse was about 125 kV., The extracted 1on bean energy nas 800 joules. The

enhance-ent of 1on current above the Child—[angluir prediction at late

sl
times was very high. At 400 nsec, the charge collecttng probes measured an
average r-dial current’ﬂensity of 130 A/cm with a gap voltage of 110 kV.
i

The predicted ﬁpnce charge limited flux for procons is sbout & A/cm s imply-

ing an enhancelent factor of 35.
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Zven though the initial ion emission was fairly uniform in radius,
ultimately most of the extracted flux was centered about the average radius
of the aanular gap (10 cm) whegé the magnetic field lines bulged closest to
the anode. This was indicatéd by single aperture charge collecting probes
which measured the loca}rton current density at the 10 cm radius. These
probes typically showe& signals more than a factor of two in excess of the
averaging probes. The extraction of lons in this situation was a strong
indication of the existence of a virtual cathode. The bulk of the ion flux
was well separated from the physical electrodes which defined a 2.5 cm wide
slot (see Figure 2). This was favorable phenomenon from the polut of view of
perfo?ming the experfheﬁt. Céthdde electrodes composed of thin coats of
silver paint over lucite were used for hundreds of shots without damage. A
reproduction of :he markings on a typical witness plate located 2,5 cm
downstream from the virtual cathode is shown in Figure 7. Note that the
width of the damage pattern was less than half the width of the plasma

anode; also, the ion emission was centered on the average radius only on an

o
average basis, with radial excursions about the mean that varied with
ya el Y .

o0

azimuth. These variations ifi emission radius were preserved over the length

of a shot at late times and were reproducible from shot to shot. The

witness plate shown in Figure 7 had a number of 0.6 cm diameter circular

aperturec which alloued a portion of the beam to be .projected on another"
. '
Hitnecl plate S cm downstream. . A reproduction of this plafe 18 shown below
o o i
the first on the sase scale. Note that downstream damage occurred behind

only Eholeibolel overlapped by the main damage pattern, - The damage spots

wete directly behind the holes and were well localized, The width of the
patterns implied about a 3° boundary half angle divergence;35 Note that the

danage patterns were rotated clockwise with respect to the apertures. The
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FIQIRE 7 Reproduction of
witness plates exposcd to
output from proton injcc-
tor. Top: Plate located

2.5 am Jdownstream {rom gap.

Dotted lines show inner
and outer radii of flash-
board. Circles are aper-
tures in plate. Bottom:
Second witness plate,

5 an downstream from first,
drawn to same scale. Inner
and outer flashboard radii
arc shown, as well as pro-
jections of first plate
apertures,



main damage spots agree in mqénitude and direction with the predictions
Ei
aof Appendix I for protons. /In this case, the average radial field was 3.2 kG
and the average proton energy was about 100 kV, so the rotation of the beam
between the two positions is predicted to be 9.9 cm. The damage near the
aperture was probably caused by heavier ion species. The predicted deflec-
. .

tion for € is 2,5 mm.

Attempts were made to determine the lon species content of the extracted

36 37

beam. Measurements at Sandia Laboratories~" and Cornell University”’ using

similar flashboards showed that the extracted beams consisted of about 50
to 80 percent protons. We performed a Aumber of tests and ascertained that
there was a signtgicant fraction of carbon-like ions, but were not able to
make a quantitative determination., Nonetheless, these data are interesting
when compared‘with the same measurements done for the carbon injector,'
which showed a complete absence of protons. A Thompson parabo}a ion mass
spectrometer gavenn qualltattve'indication QE ion specles present. There

was a strong proton linejas well as.lines near the expected poéttion of

c*. These data are presénted in Section V. A magnetic spectrometer was

s

also used. This consisted of a permanéﬁ: magnetic field perpendicular to

. The channel detectors were charge

the beam direq;ion with twelve channel
collecta;S'ﬁénitoygd‘b; higg<inp;t‘impedance operatlcnal amplifiers. In
typical opéra:ion with a thin slit, the first channel viewed lons with
small deflection (i.e., carbon ions in the range of 100 keV) and the second
channel viewed protons.in the energy range 60 to 90 kV §9f ¢t from 5 to

7.5 keV). Because of the high noise level with our system, it was not
possible to Qsérthe amplifiéfs, since the spectrometer, amplifiers, and

assoclated power subplieé‘had to be floated at the high negative extrac—

tion potential. Instead, the collecting plates were used directly as biased



charge collectors driving a 50 ohm load. In order to do this, a large

aperture was used with considerable loss in resolution. Shown in Figure 8(a)

are time resolved outputs from Channcls 1 and 2, which are comparable in

magnitude. The main point to note is that there was definitely a light ion

signal present. Measurements were also made using time~of-flight charge

collecting detectors a meter from the injector. Typical oscillographs are

shown in Figure 9 along with predictions of the relative downstream probe
; AN
signals for pt and ¢t based on analysis of the associated voltage and

current”waveforms. These signals imply‘that over 50 percent of thé beam

consisted of carbon-like ions. This can be misleading since there were

processes associated with the beam transport that may have reduced the

“ i
amount of protons, In order to have heam neutralization, a certain dmount

of the héamﬁhead had to be 10§t to supply secondary electrons from q‘ll
collisions (see Section IV), This would reduce the level of proton% since
}ﬁthey had a higher velqcity than the carbon-like fons. Also, the ééfects of

’ gly on.

o

passing the downstream coils and errors in locating the dnode exac
L3 ” ' et i
the magnetic field separgtti; qduld ha;& induced stronger deflectﬁbns on
B iy .
the proton orbits (see Appendix I). '
B. Carbon Plasma Guns : ;
i‘Proceeding to the carbon\ion injector, we will first discusé measdre-
p
ments of the characteristics of the plasma guns. These simple g%d vesatile
devices have been used extensively in experiments at Sandia Labdratories,
particularly in providing plasma pteﬂtll for low Impedance electron diodes.
#revious spectroscopic measurements38 showed th;t the plasma consiséed
roughfy of equal parts of c* and:c**. These moved in a sharp f;ont at

about 7 x 108 cm/sec. Low density neutral carbon with a velocity of .

0.5 % 106 arrived much later; neutral hydrogen was undetectable, At about

3l
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FIGRE 9 Time-of-flight
data for proton injector with
flashboard ancde plasma source.
a) Relative signal from probe
1 m downstream {rom injector.
b) Predicted probe signals
from measured voltage and
arrrent of injector. Predic-
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species; not to scale with
trace of (a).
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20 cm from the end of the gun the electron density during the microsecond
pulse was found to be.about 1013 em™3 from microwave interferometry. We .
built a test stand to make.further measurements on the available ion flux
from the guns. It was a 30 cm diameter glass vessel, 50 c¢m in length, with
provision for mounting a variety of diagnostics and plasma guns on the end
flanges. A f m vacuum extensi?p allowed time-of-flight studies; The main
quantity of interest from the pbint of view of ion injection was the‘ion ’Q
£1lux prodqéed by the guns. This was measured with temporal and spatial
resolution by the use of standard biased charge collecting ﬁiobes. These
consisted of a defining aperture 1 mm in diameter with a negatively biased
| i collector 3 mm,_behind. Plasma bulged through the aperture; a'-30 V bias ;

) turned the electrons so that only the forward directed ions were collected.

Secondary electron emission processes were small at the low plasma ion energy.
Because of the low ion energy and bias voltage, the probes were found to be

senglitive to the cleanliness of the collector surface. Best reproducibility

J was obtained by selecting a probe with a good response and moving it spatially
on a shot-to-shot basis. A typical probe signal ia shwon in Figure 10(a).

A single gun was used, with the probé at a distance of 20 cm, corresponding

to.the spacing between the gun array<anﬁ the anode in the actual experiemnt.

o

The plasma pulse duration was .about 2 usec. The plasma flux at 20 cm peaked
about 3.0 psec after firing the gun, giving an averége drift velocity of 1

6.7 cm/psec. This corresponded to an energy of 280 eV for carbon. The

: peak current density on axis was about 10 A/cmz. Combining this with the

B average flow velocity ylelds an ion density of ng = 9 x 1012 cm‘3, in agree~
i -
ment with the interferometric electronfdensity measurements. This trace
) ; [
was taken with a plasma gun bank charge of 18 kV, a typical value used in

)
0 i

experiments.




r

The spatially resolved peak ion flux is shown in Figure 10(b) at two
distances from the gun., The half width of 9 cm at 20 cm distance is
congistent with the 30° plasma divergence observed on time-integrated
photographs of the gun in operation. This angle corresponded to the cone
angle of_;he helical outer conductor winding (see Figure 4). The small
scatte;4o; polnts in Figure lé(b) is indicative of the good shot-to-shot
reproducibility of the guns. Fellowing recoating of the graphite and system
pumﬁdown; two shots were needed to clear the guns of solvents and absorbed
gaséﬁ, after uhich they could be fired for 20 to 30 shots with little change

in output. Tue single gun flux density spatial variation was used to

calculate the total flux density of the six gun array at the.location of

‘the anode slots. The results of this calculation for the 10 cm injector

radius are shown in Figure 10(c), With an 18 kV bank charge and a 3 psec
delay, téi average cwrrenﬁ denﬁity of ions was predicted to:?} A/cm2 with a
7:bercspt variation with azimuth,

‘ - Hzgsurements were made of Eﬁe variation of plasma parameters with the
charg;ng voltage of the plama gun bank. Results are shown in Figure 10(d).
fﬁ; pedk,plésma flux (meaéured by a charge collecting probe at 50 cm
distance) sc{led appro;inately asﬁvbz; as indicated by the least squares
power law fit to the data. The delay from ;iring the gun to the detection
of the peak plasma flux is also plotted. Tﬂis scaled approximately as st
Vb_O'Q. Some measurements were made of the plasma fiow propertieg ég_gigg
using ;Pe fﬁll gun array. Charge collegting probes and Langmuir probes were
used at the exits of the injector anode slots. With no appiied field,
traces were similar to those of Figure 10(a). With a magnetic field present,

the arrival of the'blasma was delayed, typilcally by about 1 usec. This was

cauaed by the penetration of the field into the field excluder, which had a

35



FIGURE 10

Plasma gun test stand measurements, a) Oscillograph of ion flux

versus time. Frobe at 6.4 cm radius, 20 cm from gun. Ordinat
2 A/cmz/div. Abscissa: 1 psec/div. b) Spatial dependence of
ion flux from one gun, 18 kY bank charge. Time-is measured
from initietion of gun voltage. ¢) Predicted spatial variation
of ion flux fronm Sig gun array using spatial distribution
indicated by daahéd line. in {b): 10 em system radius. 20 cm
from gun array.“‘a) Variation of gun parameters with bank‘

Eharge.
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skin depth/of“ aroum‘!/"ll.\ﬁ_ ::n for the ! ASEC, ugne‘tlt field risetime. Probe
measurements showed that the plasma st”agnal:ed upon reaél"!lng the magnetic
field barrier, but untl;ately couldjdl‘ffuse across the ;'ield lines. Thus,
depe;ldlng on the delay-between plasz=a gun initiation .Ind. the injector

voltage pulse, the injecl:;ar gap could have a plasma pmfiill.

C. Injector Gap !

Following plasma gun measurements, experioents were carried out on the
g -

) 5
aagnetic {nsulation properties of the injector gap with field vxcluder.
The_gap voltage vas applied vlthout firing the plasma guns. It was found

that the 1nmquon propertiec of the gap were even bettfer than the full

four coil gap. ‘!'hll was probably because the field excluder acted to

the -mt qylll. Typical results are sho\m in Figureill. Plo‘tted are the

sap mltnic. thq total seasured generator current, and the predicted

generator curreat froa clrcutt losses not associated vlth the ugmtic

e //

diode. (These cane about because of s 10 ohm pirallel resistor in the “arx

generator and the 40 .H diagnostic fsolation Inductor). The open clrcuit

Harx geserator voltage wes 120 kV and the applied fleld was 3.2 kG with a

0.7 cm physical gap. As cam be seea, the total volt;;e‘pulle approached

2 usec. For the first 1.6 u‘.c.othc ras no detoctabh;! leakage current.
We feel that the absence of leakage current {s due t the stable confine-
neat of the catho;c electroa clowd racher than.the delayed emission .of
cathode electroms. Thc cathede gap trimmer was stainless steel shim stock
of 0.0 cm width, which wouid be subject;d to greater than a W/ca field
stress in the nb.(iaceoof virtual cith?de formation. A; late times, there
vas an {ncreasing leakage current thac ultimately léid to a breakdown.

Integrated photogriphc and damsge ‘inspections showed the breakdown occurred

7 |
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FIGIE 11 Magnetic insulation tests. Three slot carhon ion injottor with no injected plasma.  Top:  Gap voltige,
Bottom: Solid line is measured total generator current. Circles represent predicted cuprent lost to

30 ohm durping resistor and 40 Wi diagnostic inductor. Difference between measured and predicted values
represents leakage curronts in systom.



{n a non-magnetically insulated part of the system a full 20 cm upstream
for the gap.

Full system sﬁots (with'cnrﬁon plasma injection, magnetic insulation,
and applied gap voltage) wege taken under a wide variéty of circumstance.
We will first discuss a typical shot, and then coﬁsiderfhou the injector
was ianfluenced by changes in parameters such as gap voftage, plasma bank
charge, r;lative delay, and so forth., The reductions ;E experimental traces
in Figure 12 are from an average shof. The injector Marx generator charge
was 45 kV, the applied radial field ;as 2.5 kG, and the plasma gun bank
charge was 18 kV. Using the 0.7 cm physical spacing of the gap, the magne~
tic field E; was 70 percent above the critical 1nsu1ating field. . The injec-
tor voltage pulse was delayed 3.2 ﬁsec from the firing of the plasma gun,
‘so that the plasma had already reached the magnetfic stagnation point at
t = OH ”Initially, the 1njeétor gap proceeded through a low impedance phase,

|
agsoclated with clearing the plasma prefill, After about 0.1 usef, the

I
impedance rapidly rose by about a factor of 60, and the gap settled into an
equilibrium mode until about 0.8 psec. The voltage.drop during this time
was accountable in terms of the isolation inductor and damping circuit
elements in the Marx generator. After 0.8 psec, the corrected current (the
total current minus the current flowing to ground. through pagsive circuit
elements) rose rapidly, and a breakdown external to the gap brought the
voltage to zero at 1.2 usec. Biased charge collecting probe signals from
this shot are also showri. The probes were located 7.6 cm downstream and
were 180° apart in azimuth. One probe was located agathe average radius of
the inside slot of the three slot injector, while :hewother viewed the out~
side slot. Because of the good beam quality, the cur*ent density measured

by these probes was close to that at the virtual extraction cathode.

| 4
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2.5 kG, plasrn bank charge: 18 LV, delay between firing plasma guns and injector pap:

. 3.2 usec.” Top shows measured gap voltage and current with extermal circuit losses
removed. Bottom shows charge collecting probe signals fran probes 7.6 on downstream.

FIQRE 12 Shot with carbon ion injector. Marx generator cﬁ:rge



Initially, there was a delay of SOVnsec to the detection of ion current
resulting from the transit time of the low energy lons to the detectors.
Early in time, during the gap clearing phase, the probe response was low.
This was probaﬁly due to inhibited propagation of the dense, low energy ion
heam through the region of radial magnetic flux. After the clear{ng phase,
the probe signals rea;hed an equilibrium level of about 21 A/cmz. This
equilibrium behavior was in marked contrast to that of probes viewing the
proton inqu:or with flashboard biasma source, where the ioii'current
densjéy'clf@bed’coﬁrinupuély. The probe traces of Figure 12 actually show a
decreasiné,i;n cutreng after 0.8 psec. Another marked difference is that
thé prob;s ;easu;ed good radial uniformity of emission from the three
1néec£ion-sl§ts, whereas the‘proton injector had emission strongly peaked
,oadtﬁe‘avegage radius. In both injectors, average azimuthal uniformity was
’éood.r Although the carbon injector did not exhibit radial variations,

there weré some differences in probe response with radius. The outer
channei always approached equilibrium faster, as shown in Figure 12. Upon
reaching thi equilibrium phase, though, there were no significant differences
in probe response. The equiltbfium probe signals were in good agreement
with thg'gap current measurement to the 1imit of expe}imental accuracy.
(Dividing the 2.6 kA Eorrected cugrent by the 150 cm? area of the extraction
slots gives a value of 17 A/cmz.)u The most interesting feature of the
injector gap cGrrent density mealﬁrement is the fact that the measured
value is very close to the measured anode plasma flux (23 A/cmz). This
figure should be compared to the Child~Langmuir prechtionﬁfor the physical
gap and applied voltage, which 1s oniy 1.2 A/em? for €t and 1.7 Alem? for

c*H.



A number of tests were performed to determine whether the equilibrium
injector current was controlled by the carbon plasma flux entering the
anode slots. Figure 13 shows an example of experimental traces where the
Marx charge was varied with the plasma bank charge, relative timing, and
appliid magnetic field maintained constant. Note that in proceeding from a
charge of 30 kV to 45 kV, the corrected current (at 0.3 usec) incréased
from 2.4 to 3.3 kA, a 40 percent difference. Child-Langmuir scaling implies
that the current should have increased by a factor of 2. Regarding the
probe signals, there was no significant diff;rence in the extracted ion
current density between the two shots. 1In this shot, the probes viewed the
middle and cutside slot. Note that again the ocutside probe had the fastest
risetime, and that in equilibrium there was good agreement between the.two
probes. The lower current densities compared to those of Figure 12 resulted
from the fact that the plasma gun bank was charged to only 16 kV in this case.

In was difficult to perform tests of current density variation with

the charge of the plasma bank because of interferring effects. At high

bank charge, the plasma arrived at‘ﬁhe gap earlier and often exacerbated
external 5reakdbwns. Nunetheless,Vsome qualitative featores of shots with
different bank charge are noteworthy. A case with high bank charge (22 kV
with a 2.9 Usec delay) is shown in Figure l4(a). Tﬁe current density measured
by the probes began almost instantaneoﬁsly and rapidly buile up to a high
level, paticularly in the outer slot. Unfortunately, the gap was shorted
before equilibrium was reached. 1t is interesting that even though the 8ap
voltage was almost zero at late times, the ion curcent measured by the
prébed’continued. This was not due Lo"probe shorting, but rather toc the

fact that the plasma continued to enter the gap. late time low energ& ion

signals disappeared when the probes were moved farther back from the injector



PIGURE 13

Carbon inj)ector shots with Marx generator charge varied. Jhown
are ‘gap -voltage, corrected current, and downstream current
density from probes viewing middle and outside slots at dif-
ferent aziruths, 7.6 em fr;omf.’{ﬁjector. a) Marx generator

charge, 30 kV. b) Marx generator charge, 45 kV.-
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gap. Behavior of the gap undeﬁfidentical circumstances except with a 16 kv .

bank charge.is shown in Figureiﬁb(b). Reference to Figure 10 indicates

thaﬁ not only is the peakyplas%a flux redu?ed, but the arrival of the plasma
. ]

is delayed 0.5"Usec compared t% the 22 kV case. The results of this delay

were evident in the experimentgl traces. At the beginning of.the pulse,

the voltage and current tr Gés | closely resembled magnatic insulation shots

; 1
with ho plasma injection (see{Figure 11). Early in time, the ion current

|
I

density probes ‘showed no signa 1. At about 350 nsec the piasma apparently

arrived, as in&icated by'a raﬁid change“in the generator current and the:
appearance of ion signals in the probes. Following this, the current rose
to the low equilibrium value rypical of a 16 kV plasma. bank charge. Another
indication that the inJector gap currentmwas controlled by the injector
plasma flpw is shown “in Figur£‘14(c).lehis case is Ege same as that of
;igure 14(b) except the delay jbetwéen firing the plasma gun and injector

gap was increased from 2,9 to|3.4 iisec. The voltage, current and Erobe

traces closely r%Eemble those [of Figure 10(b) except there is no initial
0 ~ 5 2o

zero current phase, The trace variations appear to be shifted forward

400 nsec to follow the incomiqg plasma flow,

Another scaling ‘study was‘performed by maintaining the relative delay,
> |
(3. 6 Ugec), the plasma bank charge‘(lB kV) and the Marx genera:or charge

(49 kV) while varying the magnetic field strength in the gap. Probes were
. = [

"

*located 5 cm downstream ‘viewing the middle gap. Results of these probe

signals are shown in Figure 15. The magnetic-field that penetrated the
. - a W o
fleld excluder slots seemed to have a significant effect on plasma trans-

port to the gapl This is 'indicated by the higher equilibrium current
density levels at lower magnetic field. Also it should be noted that at

a

the “lower fieldvvalues there were small signals in the downstream probes .




o

FIGURE 1} Carbon ion injector shots, with plasma baenk charge and timing
varied. Plasmas. bank parameters: a) 22 kV, 2.9 usec; b) 16 kv,
2.9 psee; c) 16 kV, 3.4 psec.
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FIAR 15 Carbam ian imjector shots with reagmet:c fiell vanied. ipmals fror orokes located 5 &
Joumstrean, viswing orefer slot. ‘WX pomerator charpe: 10 LY, plass bame Charpc:
18 K, relagiye delay: 3.6 _sec. Ends of traces Iﬂlfﬂ!t{l!lm afogar shortan;.
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even before the appmllcn:ton of the gap voltage,at t = 0. These precursor

» N

slgnai§ vere eliminchd at the higher field values. Another interesting
feature is”ihlt theh?é:e at whichﬁ:he ion current density approached equili-
brium was sErongly J&Eec:cd by the magnetic field strength.
A final :phenomenon of interest related to ion transport in the injector
‘gap is the effect of.plasna prefill. In the shot of Figure 12 the plasma gun-
injector gap delay was adjustgd so that the plasma arrived shortly before
| i

the gap was activatﬁd. There was thus a relatively small amount of plasma

i .
preseat in the gap.! In 'contrast, for the shot of Figure 16 there was a
i I

;gnger delay (3.5 “¥ec) and a low gapjﬁagnetlc field so that a plasma
p?eflll could penetrate into the gap. The presence of a plasma was confirmed
by probes 5 cn do;nstreai which showed a small precursor signal. In this
case, theré was a lﬂngér initial low impedance phase with higher current

| |
since .there was more plasma to be cleared. Thelmost interesting feature is

that ‘the fon current density.rose almost instantaneously to a high equfli-

brium level, in opp&sltlon to the case of low plasma prefill where it took
a considerable timefor the ion current density to reach saturation. The
case of Flgure 16 is similar to those in our initial report.26 In these

experiments, an undﬁlped Marx generator Hii used and there was a consider—

able curreac durln;ithe low impedance phase. During the impedance transi-

tion, there was a liarge voltage overshoot driven by the generator I(nductance,

|
often exceeding 300ikv. A nuaber of tests were performed to determine the

composition of the é-er;lng beam with regatd to ion species. Time-of-flight

[
studies sisflar to Fhose of Figure 9(b) were carried out and reported in a

previous reference.%6 Downetream probe signals showed a very small proton

precursor and lharpllincl indicating bunched ct and ¢ packets form the

!
rising gap volcage.| The data were consistent with about equal current fluxes
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FIQRE 16 Carbon ion injector shots with significant plasma prefill. Extracted ion flux measured by charge collecting
probes, 5 an downstream.




of the two carbon ions. Measurements were taken with a Thompson parabola
mass spectrometer which were generally in agreement with these findings.
The mass spectrometer re;ults will be discussed in detail in Section V.
Measurements made with the magnetic spectrometer are shown in Figure 8(bj.
lons were detected only in the undeflected channel, indicating an absence
of protons.

A" final quantity of interest was the quality of the beams extracted
from the carbon injector. This was of particular concern since in.early
£ests the beam was brought to an annular line focus only 5 cm from the
sirtual cathode and thus was not useful for linear accelerator injection.
In these exp;riments, a single slot of width 2.5 cm centered on the average
annular radius was used., The line focus was clearly indicated by witness
plates placed at varying distances downstream. Current densities measured
at downstream loca:ions-we;e consistent with ilons diverging from the focal
point. At the initial location of the post-acceleration gap (60 cm from
the 1njectog) the current density was only about 10 percent of its injected
initial value, The strong'facusing was. attributed to the electrostatic
optical effects.of curved vf:fﬁal electrodes which resulted from the bulging
ofrmagnétic fteldniines into :ﬁe large extraction slot. To corrgg} this, a
field excluder with three smaller slats (0.9 cm width) was constructed, as
shown in Figure 3. This reduced the ;lstortion'of magnetic field ﬂines
considerably.

i : v
we.e performed using polished lucite witness

Initial measurements

plates 12,7 cm downstream from an aperture array. Ordinary witness plate
materials and calorimetry were not very useful for the low-energy carbon
beams. - Because of the extremely short ion ranges, a microscoplc layer was

blown off, coupling little energy to the target. On the polished lucite



plates, areas of ion bombardment appeared as cloudy patches when properly
f1luminated. The aperture plate was located 2.5 cm downstream from the
virtual cathode plane. Some null tests were performed, and it was confirmed
that there was no damage unless the entire system was fired (plasma guns,
1nsula[1ng‘fie1d, and injector voltage). Also, no damage appeared behind
apertures facing the field excluder structure rather than the extraction
slots. In the serieg of shots taken, the injector Marx generator charge was
40 kV, the applied field was 2.5 kG, the plasma gun bank charge was 18 kv,
and the delay to injector gap inittation was 3.2 psec. This was a relatively
short de}ay time, sﬁ there was little.blasma prefill. 1In this case, we
expected more energy extraction from the outer slot since it reached current
saturation before the other slots, This was confirmed by observatioas of
enhanced damage on tﬁe aperture plate front face at the outer radius. 1t

was pogsible to measure boundary divergence angles by comparing the size of
the damage I;OtB:OH the downstream plate to the size of the apertures. The
results when averaged over sixteen apertures are boundary half angles of

1.3 + 0.6° in the azimuthal direction and 3.4 + 1.3 in the radial directfon.
These are upper limits since it is uncertgin what fraction of the beam

spreading is attributable to inherent dthrgence and Qhat fraction Lo
|

residual space chatge effects. The largeélapreading in the radial direction
was proﬁnbl} due to bulging of the field ﬁines into the gaps. In a new

system uhder construction, the magnetic fﬂeld will have a faster risetime
which will allow finer slot structures to be used., In any case, the radial
defocusiﬁb effecta were considerably reduced from the 14° spread characteristic

of the single slot design. !

It was also possible to estimate the beam divergence from downstream

current density measurements. This gave an upper limit, since there were a

‘; ] ' | - | 55



number of possible factors affecting beam propagation, such as longitudinal
spreading from a velocity spread, beam losses to produce neutralizing
electrons (see Section IV), and possible residual space charge effects,

The predicted downstream current density from the three slot injector is
shown in Figure 17 for various values of zAOb/w, where z 1s the distance
from the injector, ABy is.the boundary half angle of divergence, and w is
the width of the extraction slot. To simplify this calculation, a one-
dimensional approximation was used with slots of infinite extent in the
direction perpendicular to r and z. This is a good approximation when

zAGb << Rd’ the average gap radius., Measurements were taken using an array
of 3 probes distributed radially at a poinf 3 cm downstream from the location
of the post-acceleratibn gap, a total of 32 cm from the injector. A radial
average of ‘the 16n currenf density was calculated at a time corresponding
to the arrival of ions from the saturation phase of the injector. There
was no applied voltage or magne@ic fiield in the post-acéélération gaﬁ (gee
Section ;y for effects of applé&ﬁ%ﬁégnetib fields), The-average ion current
density multiplied by the 300 cn? area of the dirft annulus gave.a total
current about 70 percent of the injectéd ion current. Referfing to

Figure 17, this corresponded to a radial Aeb of about 4.5°, consistent

with the witness plate results considering the limited accuracy of the
measurement. In this case, erb was 2.5 cm compufed to the injector radius
of 10 cm, so the”a;sunptién underlying Figure 17 -hoﬁld hold,

The greatly inproveq“divergence and parallelism of the beam from the
carbon injector ltrohgiy indicated the presence of virtu{l c;thode effects.
In the absencé?of'an electron cloud, the ions would divefge toward the real
electrodes at the radial peripheriea. The quality of the beam also indicated

that there was an electron discribu:ion in the acceleration gap that had a
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Predicted relative downstream current density for three slot carbon injector. The trans-
verse velocity distribution is that described in footnote 35; 48 1s the boundary half
angle of.divergence, Tie annular injector has been approximated as an infinitely long
slit. Lonmgitudinal distances are given in terms of the dimensionaless quantity 2z46/w,
where,z is the distance downstream and w is the width of one of the three slots,



strang influence on transverse space charge effects, For comparison, we
can calculate the radial divergence of one of the three extraction slot
beams assuming the beam has no electron neutralization while crossing the
gap. This would be the case if the magnetic gap were ideal, having the
electron‘cloud ciosely confined to the cathode region. Included in the
calculation 1s the presence of image charges in the virtual electrodes,
which cancel a good fraction of the average radial fields. Assuming a

0,7 cm physical gap and a ¢t beam of width 0,95 cm at 20 A/cm2 and 100 kev,
the radial divergence 1is predicted to be 30°, ten tim.s higher than that

observed.

0. Model of Injector Behavior

. At this Eoint,“;e willchnsider whether a consistent explanation can
be adVéA;ed to account for tge factorS'aFfecting ion flow in both the proton
and carbon injéctoré. We will first consider a possible expl;natton, and
then discuss how this model céh account for the unusual features of the two

injectors. The concept of ion curreat Qensify:gnhancement generally refers

R

to methods of dbtaining controlled ion flows in‘a v

“uum gap greater than
i

: . P Rt o
the predicted by-the Child-Langmuir law. The simplest eXample of an enhance-

ment o;er single species ion flow is Child~Langmuiy Sipolar flow,.where
o b BT

a
-

b
~ne-dimensional.gap. 1f
" I

el e
rgﬁpotential,wand the
“1/2 ang

there is‘g céunterflow of ioms and éfectrons in 2’
the parcicles séart from rest, ghe‘cathége is at z
anode isnat Bomelvo, thg pérticle densities vary as ;e'm )
n v (v, - ﬂ)_llz. In this éase, the total number of electrons and ions
in the'gaﬁ‘must"be equal, since thte electric fields are zero at both

electrodes., Fog the non-relativistic case, the current densities are in

the ratio j;/3, ~ {m, /m )]‘/2 since the electrons move faster. The lon
1/ Je e’ N ; g

current density is incréased a factor of 1.86 from the single spcies value.
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A simple gap like this has little improvement in current density and a very
low efficlency for ion acceleration. Since the ions travel in a relatively

straight line and exit the gap in one pass, there is little that can be

“modified in their behavior to improve the situation. The key to improvement

is in the control of electron flow. By increasing the residence tine of
electrons {n the gap, the efficiency can be increased. The ion current
density 1s increased by allowing the electron distribution to relax from

the ﬂfl/z case. When this happens, there is more negative space charge

-near the anode where the ion current density peaks, thus reducing some of

the space charge constriction,

The most;familar example of ion current density enhancement is the
reflex triode 39,40, 41 Good efficiency results from the fact that, if the
anode has transparency T, the“electron must travel a distance (1 - T)"1
times thi gap spaciné to reach the:anodc. If stochastic processes are
allowed (such as scattering from an anode foil) the electron distribution
relaxes from the monoenergeiic)case, allowing the extraction of almost .
unlimited icn:current density. Enhancement‘mechanismg in magnetically
insulted diodes have not been treated as extensively as those in the reflex:
triode. Theoretical treatments have certered.%n cathode produced electron
distributi;ns which are delta functions in cancnical momen:nm perpendicular
to® andt‘and/or ::lelta functions in’ energy.33'34v_ These models show that
at practical magnetic flelds relative to the critical insulating fielq,
(B/B* > 1.5) ion flow is véry close to the Child—Langmuir limit. The ideal
one-dimensional magnetically insulated gap has space charge limited ion
flow and 100 percent efficiency because(of the infinite electron —=sidence
time. Such behavior has been observed in highly symmetric gaps pulsed for

short tiles,8'24 but a number df experiments violate the conditfions of



these modeléfand have shown engancements over an order of magnitude. These
experiments typically have pefturbed electron flow because of converging
electron orbits,“’29 perturbed magnetic field drifts due to the gap current
feedslz’32 and geometrical variations and discontinuities in the electron
drift direction.29 The general effect of these asymmetries is to push
electrons off the cathode towards the anode.

In the present experiment, the electron cloud 1s quite stable, a conse-
quence of good symmetry a16ng the electron drift direction. A measure of the
success of the ﬁdgnetic insulati9n is the fact that the electron leakage
current is less«than a few hundred'améeres compared to predicted currents
on the order of 50 kA for uninhibited flow. Nonetheless, even with good

}
stability, there are two possible mechan@sgs that could cause the electron

digtributionrin the experiments reportgé to.differ from that of the ideal
magnetically insulated diode. The first is the use of a plasma prefiil.
When the gap voltage appears, the plasma lons flow out, but many of the
plasma electrons could be trapped by the magnetic field. In this case, the
gap 1s supplied with-an initial source of electrons distributed in position,
rather than' from the cathode only. The second possible factor is the pre-
sence of weak stochastit processes which cause a diffusion of the electron
distribution toward the anode. This diffusion could result from RF oscil-
lations or from small azimuthal asymmetries which break the conservation of
canonical momentun, The observed leakage current reductions imply that
electrons are confined for more than 300 orbit times, so diffusional effectéﬁ
might be expected to appear over time scales long compared to 30 nsec.
Relaxation of the electron distribution from one peaked near the cathode
“would nllow]more electrons to enter the gap, increasing the ion flow which,

in turn, allows the eleﬁtron distribtuon to grow. This procéés would

bootstrap unless some limit were reached.



We can now consider how this model can explain a number of features of

ion flow in both the proton and carbon injector configurations.

1)

2)

3)

4)

At early times, both the proton injector and the carbon injector with

no plasma prefill exhibited loG current densities characteristic of space
charge limited flow. The ion current density was sensitive Eo the phy-
sical. gap sﬁacing and followed variations in the voltage. This behavior
was typical of the ideal magneticélly insulated diode.“

This Wwas expecged since the source plasma was localized at the anode,

the only poééible'source of electrons was the cathode, agd the applied
magnetic field was well above i*. This mode of,operation peréiste& for
time scales on;the order of 0.1 vsec.

In the proton injector, the azimuthal unifo;ﬁity of 1oﬁnémission was
observed to improve considerably at latter times.. This supports the

idea that the electron dist;ibution is the chief controlling factor in
ion current flow. The electrons were the only agents in the gap that
communicated azihuthally and, 1in order”t; be in equilibrium, the elec-
tron flow would seek to maintain uniformity along thevdfifé direction.
From past experience with flaahb;ards, the anode plasma in the“proton
injector was very dense and capable of supplying a practfcally unlimited
ion current density. The consequence of this was evidentuin measurements
of long time scale shots,” The current and ion current density plimged
slowly and steadily, with no apparent limit, even though the voltage was
constant or slowly decreasing. Lgte-time local current density enhance-
ment over 100 times éhe Child-Lagnnuir limit were measuréd.

Although the main component of the electron’drift velocity was in the azi-

muthal direction, they were also free to move parallel to the radial field

lines under the action of various forces. Early in time the electron

61
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cloud near the cathode would tend to be spread uniformly in radius
because of space charge repulsion. Indeed, the ion emission in the

space charge liﬁited phase was observed to have good radial uniformly.
Tater in time, though, when the transverse space charge forces in the
proton injection ga; were reduced by relaxation of the electron distri-
bution, it migpt be expected that the magnetic fields would have a

larger effect on the radial orbits. Inspection of Figure 1 shows that
the curvature of the gap m;gnetic field lines forms a radial mirror that
would tend to center electr;ns on the average annular radius. 1In general,
the flashboard can supply plasma at any point, so the bootstrapping ‘
process would tend to grow most rapidly at the electron equilibrium
radius. Perturbing Fhis general trend was the. fact that the flashboards
could develo; hot sé;ts that ignited earlier or more intensely. The
growth of particle fL,G could Aevelop most quickly at these spots,
neutralizing space chafge effects and producing competing forces with the
magnetiq:mirroiéng.‘ Eleﬁfron orb}fs‘wauié then consist of an azimuthal
drift‘éenteré% mainly at the pbint of maximum fie}d coﬁéavity with

radial excursions,induééd spac; charge forceswto emphasize the points of
maximum ion flo;. Tbis ﬁay explain the unusual behavior of the radial
variations of lon emission in the proton inj;ctor. The presence of anode

hot-spots caused by partiﬁularry sharp plns, protrusions, etc., may

account for the reproducibpility from shot to shot,

5) The diffusion of electrons across a magnetic field is strongly affected ‘

»
"

bythe magnitude -of the fleld. The electron diffus{gn rate should in
turn determine the growEh of ion current densif}. This effect is
certainly in evidence in the data of Figure 6, Figure 8, and Figure 15.

This behavior was also shown on a local basis in the carbon injector




since the outer slot (where fBrdz was a minimum) showed the fastest fon
current density risetimes. In this configuration, because the extrac—
tion slots were separated by substantial regions inaccessible to ions,

it would be expected that there would be three sebarate diffused electron
clouds. ;

6) 1In the carbon injector, the maximum flux of ions was determlned by the;;
plalma guns. In the case where there was no plasma preflll (see, for
instance, Figure lk(b)) the ion current density rose over abth the ‘same
time scales as the proton injector, but then clamped at an equilibrium
level close to the measured plasma flux. Appa}ently, the samé;process
of electron diffusion took place until the gap could pass allanterinb

"jons. This process took place Eastést in the outer slot uheré the
magnetic field was lowest, Ion source limitation of the gap %urrent
density also explains why there was radial uniformity of ion ﬁxtraction
at saturation between tke three slots, as opposed to the prot?n case
where the current density was strongly peaked.

-7) With a sigqificajm initial plasma prefill, the carbon injector appeared
to immediately enter the satu;asion mode after the initial low impe;ance

phase. This probably resulted from the preséﬁce of the precursor elec-

tron‘*distribution. .

The only possiblécompeting explanation for.the fon enhancer’nent“ we
“observed is plasma gap closure, ?his effect is often observed in relativistic
electron beam diodes, Plasmas pro§uced on the electrodes eipand, thus
reducing the width of éhe'vacuug gap. There are a number of reasons why
this ﬁrocesa probabl§ is not Lﬁportant_in the present experiment., First,
congidering thg'proton injectof; élasma closure would worsen, rather than

improve, azimuthal uniformiﬁy late in time. Alsgy, we would expect to .see

i
§
|
i
i

’
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the maximum late time currentadensity at the outsidc annular radfus rather

§
N

than the average radius, since the magnetic field il weakest at this point

=gt

&

edge. Neither of these effec}s agrees with observation. Also, it is°
. ! unlikely that the smooth, steady varfations of perveance are accountable by

o

an actual change in the physical gap spacing. At later times, the gap uould
v not even be nagnetically insulated i1f this were the case. Arguments about
gap closure Ln relation to the p%oton injectdr are given in detlil Ln
Tests with the carbon inJ@ctor provided a fairl& definitive

reference 30.

demonstration that gap closure effects were ‘ligible. Referring to

| Figure 3, the physical cathode in this case consisted of 0.3 mm hoops at

44%iﬁé inner and outer radii. It is unlikely that cathode plasma expansion

B

;g’ frol these edges could have much effect, particularly on the center slot.
E? There were apparently no anode plasmas at all. This was -ttclted to by the
f-ct that 1on currcnt was detected only at the slot locatlons, the ion
current clamped at the value determined by the remote plasma guns, and
downstream diagnostics lhoued fairly pure carbon ion beams.
The ilplict{ionl of the electron diffunion nodcl for the oper-tion of
practical, high current -.;nctic-l%y 1-lulnt¢d gaps are far reaching. The
= . plasma fill expcriicnt- monstrated that syametric ‘np. could be procqndl—
tioned with an initial electron fill to pass vor; high ion fluxes. Most
i-portrné, thoék’flule were obtained without ia:;ificlng the afficiency of

==
the gap. If the avornge diffusional velocity of the electroms is low, the

° 3
injector can have a relatively high density of neutrali:in; cloctrons with

small leakage current. The operation of these injectors in a source limited

0

mode was a uni&he case because the gap ran in an enhanced mode with control-

7

lable impedance. By eliminsting -the’ dependence of current on gap voltage,

“ - o e

=

and plasma shouldmbe initiated there preferentially beczuse of the sharp anode

g
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such injectors could be mstched to pulse-foraing-networks with very high

efflclcn::y. ' .
Y. XEUTRALIZED m’m‘rl“;b’ 10X BREAMS
The theory of autommtic’ l6n bean neutralizazion by low energy electrons

enftted from surrownding comducting boundaries has heen mentioned briefly

" in Section . In this sectlion, we will discuss the theory In more detafl

" woticm of the electrons,>]l sad ose—dimeasional neutralizatlon in free space.

" been studied by a cemputer simwlact a

and: reviev the .llcui’.-lll we have been able to aake on this phenomcnon.
Coansidering the n;hiory, twe special cases have bren treated: neutralizatfon

in thipre-me of trsasverse msgaetic fields which prevent longitudinal

2

In the first case, peripheral electroas must be supplicd on all the ficld lines
. o

which the lon beam cresses. These electroas are pulled into the beaa voluve

slong the field lines by the loa spice charge flelds. This process has

of electron beam dynamfcs in the

geometry showa ia Figure 18, It /ves found that duriag the riss of the lon

bean density, fnpc cloctrou/ﬁtn pulled into the besn vith a flow detervined

7
by vacesm spece charge corsiderstioms. lgcuoc of the light electron mass

this flew could he rapid, previding mevtralization on namosecond tlimes

scales. As eseentisl part of effective newtralization was the Introduction
of asymmetries iste the ideal gnidlnulml aeel. These 'lsy—trfeﬂs.
vhich wars typical of real systems, brought 2bout randomizatfon of d“‘tﬁr“
orbits which caused them to be trapped in the ion beam volume. During the
Hn of the ion besm denslity, a residusl positive potential was needed to
attract electroms te helsace the chasge 12 the number of lows In & cross

sections] element. Physical arguments i{n agrecement with the computer

: u‘l‘cqyuo‘ou‘ gave the ',;ote-tul at the center of the drift space of

Figure 18 as
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3.(0) & [(97/L)(n, /82 Jeby® / V2eTm 13 (1)

where n;  is that final density of the uniform beam reached after a linear
rise over time t.. The transverse dimension of the drift space, vy, is
defined in Figure‘lﬁ. After the rise in n termirated, the residual
potential dropped to zero within a few electron transit timest which were
typically subnanosecond. A total balance of electron andniongden§lty was
thus achieved automatically. ‘ ‘

In the second case,22 longitudinal neutralization in regions with no
applied fields was treated. In the -odeﬂ, an ion beam of infinite crans-
verse extent passed through a conducting foil or mesh which supplied low
energy electrons. It was shown that a self-cons{stent sheath solution
existed such that electrons were accelerated to move forward with the beam
providing neutralization of both the space charge fields and the beam
current. Th; longitudinal potential rise across the sheath was of the
order of “('e/'i)sﬁ' where FB was the ion energy. The actual situation in
the expeflnentl in gyeltion was probably a mixture of the two special
cases. In regions mear the acceleration gaps uheré‘;ﬁere were transverse
magnetic fields, the first model was dfrectly applicable. 1In other regions,
electrons could move longitudinally, alchough they were pulled in transversely
from surrounding boundaries since there vere no physical grids in the experi-
ments. The potentfals necessary to attract electrons ffo- the boundaries

were generally higher, than those necessary to give the electrons a longitudi~

nal velocita.¢qual do that of the ipns (5-20 V), so the residual potentials,
even in the vsse of no transverse field, were probably of the order of

those g!veniby Eq. 1.



Typical space charge potentials can be estimated for the experiments by
substituting characteristic values in Eq. 1. For instance, considering
120 keV €* with & maximum current density of 20 A/cmz, the maximum density,
n,, 1is about 1012 cm'3, With risetime of 0.2 usec and a transverse dimen-
sion of 1.5 cm, the residual potential during the beam risetime is found to
;e 4 kv, For f;ééé“?ﬁmexpatgmg;ers, the central potential for an unneutra-
lized beam would theoretically be 2 MV. Thus, an unneutralizgd beam would
have such large space charge fields that it could not propag;te at all. The
ions would be turned by longitudinal fields less than 2 mm from the cathode.
From these arguments, 1f automatic neutralization proceeded according to
theory, the fractional imbalance of space charge in the beam should be less
thaa 0.2 percent. )

The subject of the origin“of boundary electrons has not yet been
addressed. We have the capability of providing ele;trons from lagge area;
pulsed sources.z8 We havevnot yet been able to demonstrate the effect of
these sources because electrons sufficient for propagation appeared to be
ptsduced autonatically; The most probable source of free electrons was
seconda?y emission resulting from collisions of ions with the surrounding
boundaries. This could hqve occurred because of inherent beam divergence
or blowup of the unneutralized head of the beam. Calculations on this
effect are pte-entednin Appendix II.‘ The result of these calculations is

that secondary emission processes can provide a sufficient source of elec—

trons for propagntion. Sufficient in this case means that the loss of ions

necessary to produce the electrons should be undeteatable fur he srapagm- ww - « -ww ="

tion distances and pulselengths in question,
To the present, we have been able to make only passive observations of

downstrean current density to compare with theoretical predictions. This

"
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was due in part to the difficulty of performing diagnostics at the elevated
potentials of the dirft tubes and to the lack of control over electron
production becausevdf ubiquitous secondary emission processes. A further

'"Iimitation was that it was not possible to measure residual potentials

-idirectly. This came about because of theoretical limitations; the probe

itself would emit electrons that would perturb the potential.29 Nonetheless,

icurrent density measurements are useful since the ions orbits are very
i

‘sensitive to an.imbalance of space charge and allow an estimate of the

upper limit of nén-neutralizatlon.

As mentioned in Section III, with a t&ree slot carbon injector and with
the beam confined in an annular regton of radius 10 cm and width 4.8 cm,
about 70 percent of the beam arrived at a locatton 32 cm downstream. It 1is

evident that a strong neutralizing process took place, since propagation of

the bare beam would Beblinit;d to a distance of 0.2 ¢cm. We can arrive at a

"more quantitative picture by considering a beam of uniform density ct ionb

.at 120 keV of width 4,8 cm, If the beam is approximated as of infinite

extent in the direction perpendicular to r and z, it is a simple matter to
éafculate laminar particle orbits to determined how the space charge must
be modified:to account for the observed downstream curreat density. With

an average initial current density of 10 A/cl , the charge density would

“have to be reduced by a factor of 500 from the bare beam case ‘to account

for the small losses. Beam divergence effects have been neglected, so this

-_Eq an upper lim{t on the charge imbalance. Note that the space charge

effects are less than or equal to the upper theoretical limit. Similar
considerations apply to the witness plate tests described in Section IIL.
The width of the beam signature 13 cm downstream was increased in the

azimuthal direction by only 0,3 cm with an average current density at the




aperture of 20 A/cmz. The radial and azimuthal aperture dimensions were
70:95‘ém and 1.2 cm respectively. These figures again combine to give an
uppe; llmit‘nn charge inbalance of 0.2 percent.
A ‘cettain degréé of ;ontrol could Bé exerted over the propagation of
" the.beam by the -application of the magnetic field in the post-acceleration
gap. This w&; done ‘with no applied electrical field. This could have two
effects on beam neutralization. First, the presence of transverse field

lines meant “that’ elec:rons had to be supplied locally in the region of the

post-acceleratién gap.’ According to -Appendix II, this should have had a

i - . o
small effect on beam propagation. Of greater lmportance was the fact that

the second gap was magnetically insulatea. In this narfbw region, eléntrons
could not be supplied directly along field lines. The beam-cirrent densicy
in the gap was about 6 A/cm when uslng the three slot carbon injector with

'\30 cm intérgap spacing, implying that ng v 3x 1011 cm -3. The gap width
et e P

was 1° cm, so the maximum potential at-the gap center was about 70 kV.in the

absence of electrons. The beam could thus cross the gap, but there would
be strong transverse space charge forces resulting in angular deflection on

"the order of 30°.

The effect”of the post-acceleration gap magnetic field on the measured
7
current density downstream from the gap was neasured in a variety of clrcum-
(5 @
_‘stances. Typical data taken with a charge collector 3 cm from the gap are
nees

shown 1in’ Figurg 19, Two cases are snown, with and without a 2.5 kG field

‘taken on successive shots with injector parameters maintained constant.

Note that “in. the case with applied field, the rise in current density

R

exhibits a delay‘on the order of 200 nsec. Although the. final current

densfty attained in the applied field case Ls somewhat lower than the field

free situation, it 1is connidérably in excess of that éxpec:ed i1f there were
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TIGURE 19 Charge colléctor data showing effect of post-acceleration ga}ﬁ magnetic
" field m’;ion beam propagation. Carbon injector; 30 am intergap spacing;
probes 3 cm downstream from second gap, a) No applied magnetic field
in second gap. b) Second gap magnetic field equal to 2,5 kG.
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a complete absence of electrons in the post-acceleration gap. The probable
cause of this behavior 1§ that negative space charge collected in the second
gap in a manner analogous ta the injector. The unneutralized electrical
field stress of 140 kV/cm was comparable to that applied to the injector,
resulting in a similar‘process of electron diffusion into the gap. Since
there was no applied electric field, these electrons cauld be trapped easily.
The delay fn the rise of the downstream current density could be representative
of the relaxatihn time of the eléctron distribution.
V. POST~ACCELERATION OF HIGH INTENSITY ION BEAMS

In this section, we will discuss the use of a second magnetically
insulated gap to increment the energy of multi-kiloampere fon beams. The
major concern will be the chiinge in longitudinal velocity; transverse
deflections and focusing effects in the gap will be treated in Sectlon VI,
A number of system and diagnostic configurations weré usea over the course
‘0f the expetiments.. The Pulselac A system as originally conceived was a
five sgfge accelerator with resonant electrostatic drive. The gaps were to
be powered by synchronized floating Blumlein lines that applied relative
voltages between drift tube sections. The drift tubes were designed to be
fairly long (60 cm) to relieve requirements on pulseiength and synchroniza-
tion. After gaining experience with the properties of_the injectors and an
additionaf;gap, it became evident that it would be impossible to contain a
significant fraction of the beam in the low velocity accelerator with large
gap spacing. For this reason, a new five stage system (Pulselac B) is
presently under construction. This accelerator sgouldtbe capable of accel-
erating beams to 1 Merwith only 7.6 cm betwéen gaps, The low divergence

beam emerging should then be suitable for transport in a long gap system.



In regard to the present experiments, tests were performed with only
one post-acceleration gap. Initial tests were done using the original
60 cm intergap spacing. Both the proton and carbon injectors were used in
these éests. Because of the large currents available from the proton
injector towards the end of the pulse, over 2 kA of ion current was measured
at the second gap despite the long narrow drift region.

The single slot carbon injector was used in initial experiments. The
sharp focus near the cathode produced a diverging beam. ‘In this é;se, the
second gap ion current was limited to a few hundred amperes. The bulk of

the data from the Thompson parabola mass spectrometer was taken iu this

configuration. Experiments were perfbrmed with the post—acceleraﬁi;h gap
voltage applied by both floating Blumlein lines and direct connectloﬁ:;n
the second Marx generator. In a second series of experiments, the sy;Eem
was modified in order to post~accelerate a significant current of carbon
ions. The injector was changed to three slot c;;figuration and the secend
gap assembly was reversed so that the intergap spacing was 30 c¢m. In these
tests, over 2 kA of qgrbon ions crossed the gap with an applied voltage of
about 200 ko. ” " U

The Thompson parabola mass sp‘ect:rometer:z‘2 measured_}ﬁe distribution of
i

fon species and the energy spectrum of the extracted bégms. This device
consisted of a series of apertures to.collimate the beam, a r;gion of trans-
verse électric and magnetic €ields parallel to each other, ; drift region,
and a 7.6 cm Channel Electron Multiﬁlier Array to act as an lon image
detector, Secondary electrons produced at the entrance to the CEMA were
multiplied in the channels and then accelerated to a phosphor, which was
directly coupled to photographic film through a fibreoptics uin&ow. The

magnetic and electrical deflections were at right angles to each other and

were given by

73
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x(electrical) = (3.6 x 10%)zv JE.
P 2)

y(magnetic) = ((3.7 x 108)z%/agy)1/2

The deflectlions are given in cm, Z is the 1on charge state, A its mass
number, and Ep its enmergy in eV. The quaatity Vp is the voltage applied to
the deflection plates.

In practice, it was necesséry to maintain the spectrometer at ground
potential since it required its own vacuum pumping station. ‘This caused
some complication since the beam was extracted at a high negative potential,
In order to solve the problem, we took advantage of the sensitivity of the
spectrometer and separated it from the high voltage terminal of the experiment
by a long, insulating tube. A glass pipe 30 cm in diameter and 152 cm long

was used. The lgpgth was sufficlent so that the applied voltage pulses

s 4

were shorter than the ion transit time. FEven though the ions were produced
and measured at ground potential, théy gained an energy determined by the

sum oﬁ the electrostatic voltages on the gaps. In this sense, the system
could be considered as an actual multistage accelerator.‘yln practice, the
injector was ffréﬁ and the activation of tﬁé second, gap was delayed to allow
the ﬁropagating current-to rise and to compensate for the ion propagation
time between gaps. This propaga:iog time wasntypicallynlho nsec for p+ and
500 nsec for C+.V External breakdown phenomena typically shorted the injector
voltage within U.l:to 0.2 pysec of the activation of the ﬁust-acceleration gaps.
The maximum pulselingth of the secgnd gap was about. 0.2 psec, The tramsit
time of the‘beam from the {second gap to the grounded end of the g;ass pipe
was 0.22 psec for p+'and”&.76 usec for ct at the maximum energy of 300 keV.
Thus there was a géod cha&ce that both gaps were shorted at the arrival

time of the protonibeam at the spectrometer; this was almost a certainty

for carbon,



Data taken with the Thompson parabola mass spectrometer are shown in

Figure 20 along with voltage waveforms from the first and second gaps.

Because of the '.;iculty in reproducing the photographic output, the images
have becen tracea 15 ink. Also shown are predictions of the positions of
various ion species using Eq.'s 3. An example of the original data is
included in Figure 20(e). The data of Figure 20(a) corresponds to a shot
with the carbon ion injector and no applied voltage on the post—accelertion

gap. There ﬁere no damping circuit elements in the injector Marx generator,

so that the rapid rise of impedance following the gap clearing phase caused

. an inductively driven voltage overshoot up to about 225 kV. Subsequently,

the voltage returned to the 80-100 kV range. The origin of the x-y plane
in Figure 20(a) was clearly marked by the signature of high energy neutral

atoms produced: by charge exchange pnq;essesUQuring transit. There was a

»well defined ¢t line and a fairly weak indication of C++. In addition,

there was a“line corresponding to éopper ions, probably produced by erosion
of the plasma gun electrodes. The relative brightness of tée lines 1s not
a reiiable indication of the flux‘Bfﬁdifferent specles., Effects euch as
the variation of the secondary emission coefficient et ;he multichannel
plate enetrance, non;linearity\of”the recofding film, and” saturation of the
multichannel plate and phosphor could all enter.

In’tﬁe lines,of the three species present, there were visible regions
corresponding to the energy of direeL electrostatic acceleration’s However,
on the C+ and Cut 1lines, thete were indications of particles-at double the
injector voltage drop. In Fhe case of copper, there was even a bright

region corresponding to particles with triple the energy., This phenomenon

was due to charge exchange witﬂjthe background gas in the 3 meter. distance

from 1njector to detectotﬁ; The equilibriun fractions of carbon ions passing




FIGURE 20
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THomps cn. parabola mass' spectrimeter results. Shown are repro-

ductlons of Photographlc ocutput, with p*ots of first and
second”gan voltage waveforms. Lines are predlctlons (with no
free parameters) of varloug ion 5Dec1es llnes. a) Carbon

1on 1nJector, no. post-ac"eleratlon Inductlvely driven voltage

overshoot. b) Farhonﬁlon injector w1th capac1t1ve damping.

¢} Damped carboq ion 1nJector with post-
d) Protor' lashooard 1ngec+or w1th post-acceler-

e) Original nhotorrapbwc data of case- (d
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through the hackground gas are predicted to be (£ ¢ £.58, C 6.37, ¢

Sar5) at 166 kev, (¢¢ 0,33, ¥ L ongs2, ¢t

0.14) at 260 keV, and ((°

O TTN T ’ .50, ot 0.34) au 400 keV. 1t would thus be expected that in
evuilibriam most of the c++ fons from the injector were converted to C° or
<t nerare reaching the miass spectrometer. 1t is prohabl: that the ions
anproached these equilibrium fractions, Charge transfer c¢ross sections are
4 maximum gt the fon velocities in question, ranging from 1 te 5 R:. A
hackuround zas pressure of only 0.2 microns or greater would have made the
mean free path less than the drift distance. Such pressures were probably
present in the glass drift tube which was remote from the vacuum pump.
bDuring transport to the mass spectrometer, a large fraction of the c™ jons
was converted and appeared as the high energy component on the c* lines.

The mass spectrometer thus showed the attainment of twice the electrostatic
voltage by doubly ionized particles.

The signatures In the mass spectrometer output were clearly changed by
varying the wave form of the accelerating voltage, as shown in Figure 20(b).
In this case, a shunt capacitor was incorporated into the injection gap
circuit, The voltage overshoot was eliminated; the voltage pulse rose
steadtiy in time with an almost triangular profile. Thé maximum voltage
was about i20 kv, The mass spectrometer showed a geqé;al reduction in the i
energy of the incident ions. This voltage profile Q;s also used in conjunc-
tion with operation of the post-acceleration gap. The lack of the initial
voltage overshoot made it possible to identify pnambiguously the higher

energy lons from the second gap, Such as case is shown in Figure 20(c).

The post~accelerétion gap was activated 830 nsec after the Injector gap.

. The propagation time for carbon ions to travel between gaps was ahout

600 nsec, so that the lons arriving at the second gap during the voltage
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pulse had passed through a potentfal of about S0 kV. The post-acceleration
pulse was 175 kV over 280 nsec. The mass spectrometer plate voltage was
fhigh for these tests (2000 V) to display better the high energy ions, the
low energy ions at the injector energy are off screen. The areas of detected
ions are better defined than those of Figure 12(a) and (b). This was
because the relatively flat post-acceleration voleage pulse resulted in a
small spread of energy amonpg the higher energy fons. There was a ¢t area
from 190 to 220 keV and a ct¥ signal from 380 to 440 keV. There was also a
signarture of charge exchanged ¢t ions on the C* line from 310 to 440 keV.
These levels were in good apreement with an addition of the electrostatic
voltages applied multiﬁlied by the charge state of the ions, In null cests,
these hlgh energy ion signals disappeared when the second gap was not
activated.

The mass spectrometer was also used in experiments with the praton
injector. As expected from previous measurements, there were additional
components in the beam besides protons. Data from a shot using the proton
injector are shown in Figure 20(d). Also shown is the original photographic
spectrnmeter'output in Figure 20(e). There were a variety of species with
Z/A less than unity, Qith the brightest concentration around the position
of C+. Most important, there was a strong proton signal that was absent
when using the carbon plasma guns., There was a weak H2+ signal, There are
a number of interesting features in Figure 20(d). The proton and H2+
signals indicate a maximum energy of 180 keV, whereas carbon-like ions were
detected up ta 350 keV, This may have been due 1n part ro the previously
discussed process of charge exchange of c*t,  Another possible cause of the
energy difference was the relative timing of the post-acceleration gap

voltage pulse with respect to the injector. Taking ints account the time



of {on propagatlon between gaps, an inspect{on of the relative voltage pulses
showed that the protons arriving at the post-acceleration gap durlng the
pulse had an energy less than 30 kV. The maximun energy of protons thus

was determined malnly by the second gap, which ran at about 175 kV, The
carbon lons had a longer transit tlme, so the ones arriving during the second
gzap voltage pulsc were produced at higher voltage (> 100 kV) in the Injector.

High energy protons were observed if the gap flring delay was adiusted

properly. Such a case Ls shown in Flgure 21l. The flat voltage pulse .[

the sccond ‘gap was used Ln conjunctlon with a time-of-flight detector 35 ¢m
downstream to measure the veloclty of the post-accelerated lons, The
injector and post-acceleratlon vnlEage waveforms are displayed in Figure 21
on the same -time s;alewas the time-of-flight probe signal. The enhancement
éf the ion current density following the second gap voltage pulse could

have been gaused by a number of factors. These Lneclude the summation of
current density as the high energy #ons overtook the low energy flux,
electrostatic foqgﬁing effects, aﬁd éossibly a decrease in space charge
effects in the second gap since the nvefagé ion density was lowered during
the voltage‘gulse. A number of shots were taken with second gap voltages

of about 160 kV and a relative gap delay time og 600-700 nsec, This implied

i - .

that protons arflving at the second gap had an edergy of about 100 keV at

the time of the second gapjvoltage pulse, In these shots, the average
_delay time Setwee; tHé"applicaciPh of the post-acceleratiﬂn voltage ‘and the
drrival of the head of -the ion beam was about 50 nsec, inplying a velocity
of 7 x 108 cm/sec.‘ ?his csrresponded to 260 ket ﬁrotonsilin agreement with
the addition of éap vbltages. There was no carbon signafﬁre observed 1n the
time~of~-flight detector signal§ under these conditions. This was because

carbon ions in the gap would have originated at a time when the'constantly

ol
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Time~of-flight measurements of pq}st-acceleratedﬁmton beams, “a) 'Ihjector
gap voltage waveform shawihg time of origination of protog{\s nrfi\}ing at
secand gap during voltage pulse. b} Post-acceleration gap voltage wave-
c)ulén current density signal from charge collecting pi‘obc located

FIGURE 21
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rising injector current was low. 1If the relative firing delay between gaps
was increased to 1 L.sec, the delay to the arrival of the head of the beam

at the time-of-flight detector increased to from 160 to 220 nsec, correspon-
ding to carbon in the 200 keV range., This came about because the protons
trom the Injector pulse had already passed, and carbon foas from the high
current portion of the injector pulse were allowed to propagate to the second
aap hcroreJactivaLlng the valtage. This behavior was consistent with the
mass speclrometer data ot Figure ;U(d).

High current post-acceleration experiments were performed with a

carbon £on beam using the three slot iujector and a 30vcm'intergap spacing,

As desc;ihed in Section 1V, probe measurements showed total currents

exceeding 2 kA in this geometry. Because of noise pickup on in-vacuum

current monitors, it was not possihle to measure direcCiy the current pass—

ing through the magnetically iunsulated gap, Nevertheless, it was possible

to make 5 good estimate of current flow and tn observe directly energy trans-—
K o

fer to the bYeam by inspection of the second gap woltage waveforms with the

addition’of fon cufrent. Such data are shown in Figure 22. In this case,

the second Marx generator was connected directly to the gap through a 120 nsec
length of 50 ohm high voltage cable. During the first 240 nsec of the volt-
tage pulse, this circuit acted as an ideal 50 ohm transmission line. This
iine wasﬂcharged to about BO percent-of the open circuit Marx generator
voange beéause of the presence of a serigsrdamping resistor. Thée four
examples oanigure 22 were taken with varyiqg délayhtimes for the initiation
Vof thefpost-acceleration gap. 1In the first, the delay was shorEvso that

no carbon ions were able to reach the gap. After an initial step associated

with the erection of the Marx generator, the voltage rose to 230 keV when

tbe Marx generator voltage was 280 kV. This indicated an open cirucit at




FIGURE 22

Gap !
Voltage 100+

(kV)
200+

Gap 2 ‘
100
\

Voltage
(kV) 200

Post-acceleration of high current carbon bears. Three slot carbon injector with 30 cn
intergap spacing. Voltage waveforms of second gap with beam loading varied by
changing relative firing delay.
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the gap, As the delay was increased, the voltage level decreased to a
minimum of about 140 kV, implying a 1.8 kA load on the 50 ohm line. This i
was in good ;grcement with previous praobe measurements. It is also note-
worthy that the loaded voltage was flat untll the crowbar, indicating a
constant. current level in the source limited mode.
V1. FOCUSING OF 10N BEAMS IN A POST-ACCELERATION GAP
One of the major goals of our linear accelerator studies is the demon-
stration of the electrostatic. confinement of ion beams using shaped

accelerating ficlds. 1In this section, we will review the experimental

evidence for magnett;élly insulated electrostatic lens effects in the post-
acceleration gap. %PCh effects (coupled with the modification of electric
-field distributions by electron space charge) have already been discussed

in regard to the injector. The presence of a virtual cathode and the strong
differences between fon orbits in the ore and three slot injectors are two

examples, The general concept of electrostatic confinement of fons in

ysubsequent gaps can b understood by referring to Figure l. The shaped
i « B

{magnetic field lines influence electron motion résulting in curved equi-

7

*,
I

" It
I

‘vpotehtial liﬁes concave toward the positive electrode., The transverse
components of the acceleration field &will thus act to keep tﬁe beam confined
to an annulus. It isﬁnot necessary that the transverse field components

.have an accurate 11near”variations away fgom the annular axis. Studies of
transverse beam dynamics indicate that non-linear congingment systems can ;
ﬁreserve beam%qﬁality and may even have some advaqtaée;‘over linear systems » ?
wiih regard: to parametric instabflities.l~;

There were a number of possible methods for changing the curvature of
the magnetic field lines And thus the focusing properties of the post—

acceleration gap. These included changing the coil positidns, changing the



[

relative Eurrents of upstream and downstream coils,‘and selectively placing
conducting field excluders to broduce image currents, - The method we chose
for this expériment was. to maintain a well-measured Fleld configuration (as
in Figure 1) and vary the curvature by moving the effecrive position of the
acceleration gap. This was effected by adjustable gap trimmers, thin

(0.03 cm) stainless steel hoops that protrude into the space hetween the
main deift tube sfruétures. There was latltude to locate the 0.7 cm accel-
eration gap anywhere {n the 2.5 ca space hetween drift tubes, The Eicld line
shapes could be approximated in terms‘of a radius of curvature Qith respect
to the average radius of the drift space énnulus. The values that were
used in experiments were +6 cm, +15;bm, -40 cm and 0 cm. Positive values
are defined to be concave upstream, as'shoﬁn in Figure 1. fﬁege values are
subject to wide variation, since tgey were‘subjectlvel§ estimated from
print-out of compster calculations of the gap magnetic field, In the
paraxial approximation, it is straightforward to calculate a single particle
focal length in terms of the radlus of curvdature of the magnetic fieid line
with respect 'to the annular ax!is, R . 1;‘15 assumed that the shape qf"ﬁhe
gap.fgllows that of thgvmagnetic field linés,‘and that the d[rect focusing
effects of the magnetic fields can be neglected. 1If the beam enters the
gaﬁ with energy EB and‘the gap has an applied voltage VO with transverse
electric field components’khét'can be approxiﬁated as Ep N (D/Rl)(vo/d)
(where d iéjthe g;prspacing and p is the distance Erom the average annular

Eadius) then the electrostatic focal length s

Rl ’
£ (4)
5 T - (5y/(my + zev 1YR).




1n the equation, Z is the charge state of the len. Note that the focal
length is independent of the mass, so that all singly fonized species in

the beam will. be deflected similarly. With a mixture of charge states (as

“

with the carhon injector with ¢t and C+*) the focusing effects will still
be the same since HB'is pkopér[ional o Z.

Housurementg)of radial'focusinﬁ af the beam were performed using thin
sheets of Pilot B sc{ntillator as image detectors. The scintillators were
located in the annular drift space downstream from the posL—accglcration
gap and could he moved lengitudinally. An aperture plate w%s fixed 2.9 cm
dﬁgnstenm from the éup. There weore oight apetures ia the form of 0.3 cm
wide ﬁlutg exitending ucrosi the'rndiall;xtrn; of the drift space. The

scintillatorszwere photographéd from downstream by an integrating camera.

\Thu\begm imape was scparated from injector light shining through the aperture

by rotation in the nagnetic fields. Typical results are shown in
o N > ‘

Figure 23. Tn the experiment, the proton lujector was used in combination

with a floufing ;0 nsece Blumlein ]{;o for the second stage voitage. The
sctntill%tors wepé“7;6 cn below thé second g&p{» The gap trimmer placement
subtende% magnetic Field lines «with stroiy curvature (Rp =6 Em). In the
shot of Figure 23(&)% tho'injecthr was fired with a shorted p;;t—ac;elernﬁion
gap, with mggnetip;field only. 1In the original photograph, there Qés a dim,

N 5
! radially uniform region of excitatior from thelow energy injector ions.

y

There was considerable azimuthal width due to the sptead in ion energy. In

i ] the second shot (Figure 23(b})), tﬂ; post—acceleration gap Blumlein line was
charged and fired with the timing shown. The ;;ltage pulse was about

250 kV, and the entering protdﬁs had energies\af 90-100 keV, A bright spot
apggnred on the scintillator indlcating the presence of high energy fons. ‘

e , ., “
Thy spot exhibited-less average rotation than the shot with ipjecte. only,
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Yurther tests wirh the prit o [ntector were perforwed with the secand
spezated directly from the "Lirx gzeneratsr. The pulselength was 1hat
s .

“sec.  As above, the syste= nud a &0 ¢m {ntergap spacing. Typical

A "
resulls are shown Ia Flgure J<. 7Thxn paramefers of the acceleration paps

were waintained constant and the ~. i-zillater longitudinal position was

\;éried. A radiat focus uss ’Clt‘lrl)‘ visible at about 10 cm downstreaz fron

‘the

iq.

secand gap. This position was in agreement with the predic:iion of
.k

2, Takfag R =~ 6 B

= B8( keV', and v, = 200 k\’,,,‘F,q. 2 predicts an

electrostatic focal leﬁg:h of 11 ea. Scallﬁi;rtests were also performed hv

changing the voltage nfrlh‘q\;‘secqnd gap and the energy of the incoming ions
> o X

from the first gap. A The latter was most easily accompiished by changing

the

‘relative delay of the gap activation. ‘With the scintillator maintained

At a constant position, the effect of these varfations was evident.

Annther ‘varlable parameter was the curvature of the magnetic ficld

{ines. longitudinal scintillator scans clearly showed a len;theﬁlng of the

focal length of the gap with a decrease in the curvature of the magnetic
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slat carh@n lnjecLor with an intergap spacing of 30 ‘emd

"The caﬂe uith neutral field line curvature

/

thowed na. focusing,

/,

The neutral gcomutry was also used in nest& ucing t%& three

In shors uith no

post~acﬁeler’t17h pulse, the low energy ions from the 1nJector nade a dim

F Py

aLtivated areq/on the scintillator. This was snread out conatderab?v in

azlnuth because of the large energy spread of the beanm. then the sécond

gap was, fired, a thin; radially uniform iine with very little azimuthal

dispchement was observed. The scintillators were also used to demonstrate

the additlon of,energy at the carbon beam in the post-acceleratlon gap. A

large scintillator sheet was located 15 cm downstream from the second gap

with no aperture plate. Htthout,;he post-acceleration valtare, no luminosity

was observuble‘fro- the scintillator, uhereas,it was uniformly illuminated

with the appllcation of the second gap voltage. ﬁ

0

[

i

Probe arrays were used to identify tﬂe tlme-dependent focusing of the

ion beams. Experimental traces are shoqn in Figure 25 for tests made with

theaproron 1njector with 60 cm intergap spactng. The 200 asec voltage

fof 9.5, 10.0 and 10.5 em.

n

: pulse occurred about 670 nsec after firing the” lnjector. The incoming

q k

: protons had ahout 80 keV energy, the second gap voltage ‘was 200 KV, the

ef field gine radius of curvature was 6 cm, and the probes vere located 10 cm

;downbtrean. The array constséedlot three bianed charge tollectors at radii

[
ﬁhqwn, there was an evident increase in

getected current density. Theysignal during and juat prnceeding the pulse

ére,phbwn.' The radial tntegrallof current density was the. same in both

e#se, but the ifon flux was 5ff°ﬁ?9¥ concentrated on the average vadius of

Il LR ‘
tHc annulus during the voltage lese. This behavior was consistent with

tho presence of virtual electrodeb and the diffusion of electrons into the

acceleration ga_,

|
|

In this case, ions arrived at the gap well before the
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voltage pulsé. They were probably initially hindered from crossing the gap
by space charge effects, b;t electron diffusion relieved this hindrance and
the do&nstream current density rose, as shown in the probe signals. When the
gap was fired, there was already a plasma prefill. The post-acceleration
actually: lowered the downstream icn density, so there should have been an
abundant supply of giégtrons trapped on field lines in the gap aand filling
the downstream drift region. The ion motion, in this case, was determined
mainly by the virtual electrode shaping, producing the sharp focus shown.

The net current across the gap did not change since it was limited hy the
flux of lons from upstream.

The relative response of the probes was clearly changed when the gap
geometry was varied. Tests with carbon beams using Eﬁé neutral curvature
geometry gave at most 25 percent changes in the probe response at a 15 cm
distance. In some cases thére was a slight focus observed, very mild
compared to the situétian with strong magnetic field line curvature. Probes
1.5 ?m from the average beam radius actually showed a’decrease in current

f
density during the post-acceleration pulse.
VII. QONCLUSIONE '

To conclude this paper, we will summarize what we feel are the signifi-
cant aspects of the expergmencs reported. Although the results to date are

not definitive, they do provide an initial basis for assessing the feasibility

of high current linearﬁgccelerators in the multi-kiloampere regime. We are

1 I

presently working ony# number of areas thatvshould advance the understanding
of the apceleration:;f neutralized beams. Prelinminary results have been
obtained from a cgo—dinensional particle simulation model of a Pulselac gap.
These confirm chézconcepcs of automatic electron neutralization and the

formation of vifcual electrodes, A five stage, high gradient injector is




nearing completion. This hés been designed to produce beams in the Mev
range. This system will provide an opportunity to study transverse
confinement by electrostatic lenses and the growth of longitudinal instabi-
lities. Additionaily, the multi-kiloampere:, high quality beam that should
be obtained will be useful for basic studies of neutralization, beam
focusing, and vacuum gransport.

We have made a number of advanc9s in the technology of high flux ion
1njectors. The radial magnetic field geometry with 1ndependent plasma
1njection has a number of advantageq over previous intense ion beam injectars.
There is the ability to choose the ion specles by means of the plasma gun.
Since the plhuﬁa flux controle the injector current, the injector can
operate in an enhanced current density mode while maintaining high efficiency
and contréllable impedance. Constant current operation for pulselengths
approaching a microsecond were obtained at the 2-3 kA level. The injector
has the potential for hfgh repetition rate operation for a large number of
shots without maintenance. Also of importance is the fact that we were
able ‘to imprave the cptics of the beam considerably by electrostatic field
shaping. The properties of the injector used in these experiments are not
far removed from the requirements for a fusion reactor high current linear
accelerator.z An accelerator module wdﬁld produce about 100 kA in a
30 nsec pulse at thg output, This wouid be achieved by a combination of
beam acceleration and bunching using ramped voltage waveforms. If the
injector operated at a microsecond pulselength, it need only produce 3 kA.
An angular &1vergence of aboui 1° is suitable. We have already demonstrated
the ability to produce carbon beams., Since the ion species 18 determined
by the blulma gun, it is probnbie that we can produce a wide variety of

intermediate mass ion species,
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.The present experiments tndicaée that a highly effective beam neutra-
lization process is taking place. An upper limit on the fon-electron charge
imbalance is 0.2 percent. The question of whether this process is the one
we have described théorettcally must be resolved by additional experiments.
The post-acceleratfon of the beam appeats to take place classically. The
ions emerge with an energy given by the sum of the electrostatic voltages
on the gaps. The potential of the beam appeared to be closely clamped to
the potential of the surrounding drift tube. This'fesult is in keeping
with the concepts of electron conduction across field lines to the beam
volume. Using two éaps, carbon and praton beams exceeding 2 kA were
accelerated to 250-300 keV. Approximately one half the current density in
the carbon beams corresponded to ctt ions, and these were accelerated to
over 500 keV.

We have demonstrated electrostatic deflections of lons in a post-
acceleration gap. These deflectlions were in agreement‘with calculated
values and appeared to be controlled by the curvature of applied magnetic
field Lines and electrom s;ace chafge effects. Radial compression of the
ion current density by over a factor of five was detected., The post-—
acceleration gap used in these éxperiments was a special case of the general
class of magnetically insulated electrostatic lenses. In comparison to
simple electrostatic lenses, the addition of magnetic insulation serves two
purposes. It allows the application of very high field stress, and it
makes it possible to apply deflecting flelds across‘the entire cross section
of the hean, This wouldvno: be possible for high current beams in a simple
eleccroscaﬁic lens, since the Debye shielding distance for typical beams
used 1in th;s experiment was sub-millimeter., The experimental results allow

some optimism about both the electrostatic focusing of ion beams in a high



current linear accelerator and the potential for general magnetically

insulated electrostatic lenses, These lenses can be configured to deflect

ions to the system axis for final focusing applications in an inertial

- fusion reactor.
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APPENDIX I. CALCULATIONS OF THE MAGNETIC FIELD AND SINGLE PARTICLE ION

ORBITS IN THE PULSELAC CAP

The magnetic fields AE Figure 1 were calculated numerically using a
Poisson'§ equation solver. It was based on a fast Fourier transform in the
sz direc?ion followed by a single cyclic reduction in the r direction.
Effects of the coils as well as a conducting boundary at the outer radius
were included. The same code was used to calculate single particle paraxial
ion orbits in the applied Eagnetic field. The variation of B with radius
in a typlcal location of the acceleration gap is shown in Figure 26(a).
The field magnitﬁde was highly non-uniform. In addition to a general fall-
off with radius, thére was a dip at the average annular radigs caused by
bulging of the field lines between the coil sets: Because of these opposing
effects, the field magnitude did not change greatly between the average
radius and the outer radius of the gap. This fleld value, the minimuﬁ”in
the gap, was used as the scaiing value Er' It ranged between 2.5 and 3.8 kG
in gheqexperiments. »
The gap magnétic fields have three effeects on particle orbits: 1) the
radial fields induce an aziﬁﬁthal velocity when passing through the gap.
2) this azimuthal velocity é;?es the beam a net rotationm, and 3) the combina-

tion of Br and B, fields near the coils act as solenoidal lenses to give

radial deflections. These effects can be written as

(AT-1)



y = re(z) B / A B R (A1-2)
v, z) Br
v, "z Ei1/2 : _ (Ar-3)

i
is in kG, A is the mass number of the ians, EB is the

In these equations, Et'

beam energy in MeV, and y (the azimuthal deflection) is in cm. .The Ffunctions

fl(z), f2(z), and faéz), derived from the computer calculations, are plotted
in Figure 26(b); (c), and (d), respectively. The functions £;(z) and £,(z)
pertain to particles entering the gap at the average annulat radius (10 cm)

with initial velocity in the z direEtion only. ' Note that in Figure 27(a)

the ion gains no net etimuthal v city in passing through the double gap

as expected. There 'ts a net azimuthal deflection shown in Figure 26(b) even

though there is no' acceleration in the gap. This comes about because of the

asymnetry of the, coll sets: (see Figure 1), ,These‘gtaphSrcen“also be used
if there 1is acceleration 1f the gap 1s considered to be narrow. The,parti-
cle orbit can be calculated from z = 0 to the gap location using the ‘initial

energy, &and from the gap to 201Em wirh the higher beam ‘energy.

The radial deflection functlon, f3(z), is shown in Figure 26(c) for a

7.6 cm radius. This deflectionjcame dbout from ah intﬁraction of the

2 "

induced azimuthal velocity with the lonvitudina] field components, ve X B .

The defleftion is highly non—linear with distance Erom the’ annular axis.

The general effect of the fields is to focus particles towards the average

v

radius. /:\q . N




FIGURE 26" .Magnétic field calculations for Pulselse gap. a) Variation of
o*ﬁ Br with radius in gap. b) Function fl(z), giving azimuthal
velocity (see text). c¢) Function fZ(Z)’ giving azimuthel

displagement. d) Function f3(z), giving radial velocity.
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We conclude with examples of the maganitude of the magnetic effects for
pauuursvtypical of the experiénxs. The i@uced azimuthal velocity had
‘ little effect on beam prepagation since the self-generated magnetic fields
of the ions are small compared to the applied fields. The azinmuthal
deflections proved useful in deteraining the particle species extracted from
the:”ilgjecl:o‘r. ‘ln(‘a Eypical set-up, an aperture a;'ray w3s located at about
the 11.5 cm dl\\\sance in Figure 26, and scintiilation detectors 6.4 cm down-
strean. The ch;nge in fz vas ahoutlng»\()».‘la. The predicted translations at

3.1 kG were 1.1 cm for 120 keV protons and 0.3 cm for ct. These predictions

were in good agreement with scintillator or damagé plate measurements taken

“with the two injectors. g

The radiai -deflecti}}ns could have been a slgnlficant/effect for protons
e-grgln; from the lnjec/é;:"r. The inside radius of the flashboard injector
uanhlB cu. On this radiue, the change in f3 from 9 to 20 cm is about

N 5 f;[)-‘. With ir = 3.1 kG and 120 keV protons, the angular deflection is
’ 2.3°, co-para)loe to the beam divergence. ’ For th"t the same energy, the
deflection is less than 1°. The solenoidal len; effects would decrease in

3

. fnya'l"nnce with post-acceleration as E.-l'/z. The azimuthal translations

. would slso decrease accordingly.
‘,.\ -
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APPENDIX 11. 10N BEAM LOSSES AND SECONDARY ELECTRON PRODUCTION

In most intense lon heanm experiments involving propagatlon through

" vacuum, the source of neutralizing electrons appears to be secondary emission

processes, A partion of the beam strikes surrounding conducting boundaries
until there are sufficient electrons for neutralization. The secondary
emission coefficient (Y) is high ar the beam ewergies typically used (0.1 to
1 Yev). 1In this Appendix, we will calculate what fraction of beam ions

mst be l;st to produce elec&rons in order to satisfy charge balance, without
inquiring into the detalled dynamics of ion losses. This will give at

least a ;nugh ideabof the ;ircums:ances under which secondary emission is

sufficient for neutralization, and indicate regimes where active sources of

boh;dary electrons will have a notlcable effect on propagatfon. This is
particularly important for neutralized linear accelerator expariments,
where the addition of active electron sources is planned.

The beanm is assumed to propagate in a region surrounAed by conducting
walls, as shown in Figure 27. The énly source of neuEralizing electrons is
taken to be gecondary emission from fon collisions with the walls, charac-
terized by an average coefficient ¥ (number of electrons produced per
incident ion). Three addirional simplifying assumptions are 1) the beam
has uniform density in the transverse direction, 2)‘%11 fons have the same
velocity, v , and 3) electrons dﬁ?not wove in the longitudijial directlon.

2
The thlrd assumption is rigorously true in a region ¢%f transverse wmagnetic
3} B i

field lines.

s
We consider a volume element Abdz. where ﬁh is the cross sectional
area of the bean, In this element, the condition n, ™ n; must hold. For
rthe high current beanms. considered, even a small fractional imbalance in the

space charge would‘Cause extremely lgyge electric fields. In this case,
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the following conéervation equation can be written for the lon beam density:

on, :\’;
PO = - z ]
5 it Abdz [ni(z)vzf_u ni(‘_ + Az)va.bJAt
(ATI-1)

At hbdz .

wr
@f
<t

The left hand side of the equétion is the change in the number of ions in

the valume elemcnt in time At. On the righkt hand side are two terms

representing the factors that change .theiiion density. The first term is
O cos E

the standard convection expression, while the second represents the number

of ions that must be lost to the walls to produce sufficient electrons to

balance the change of ion density in the element. The wall loss term is
1nc1udedJon1y when Bntlat 2> 0. When Bnilat < 0, electrons simply flow back
to the walls to match the decreasing ion density. The following equatioﬁ

describes the propagation of ions when secondary emission is necessary for

neutralizations:
R on, ‘vz rBﬁvi Bni“
— el L : 3 o
3 Wi s D0 e 20 (ALI-2)

This has the form-of the standard convective equation with i?;&d;fied propaga-

tion velocity, vz* - vz(l + 1[}).

This result has the following finterpretations, If Y is very large,

then beam propagation is unaffected by electron production., If there is a
specified ni(O,t) at z = 0, then at a downsteam location ni(z,t) - ni(O,t -

z/vl) 1E<L¢| -divergence is neglected. On the other hand, with a finite

Ty
TNy

value of Y and with n;(0,t) rising monotonically or constant, the equation

“




i

i
H

,7tetntnates at .z /v + t

j 7

1/Y)/V ) holds. To illustrate, the implications of

¢ 0 such that

v

and'ni(o t) = 0 for all'nthek times. The

A

ni(u t) s “10 for [¢] < t < cp,

i/ i
se Ih ion” density attivLs at the location z, at ttme zo(l

'tes at the velocity v, since a beam of

y naffected by electron production. ,Thus, the pulse

7o .
+ The net / it cross ‘section area .

P

is found to be “102 /V which isﬂthe number needed tOIproduce a.density of

/
electrons equal to ny; from 0 to Zge The ftactlon of the heam transported

is (1 - (z /v )/(7tp)) This result suggests 4 rough criterion for condil

A
tions under uhivh secondaty electron emission is sufficient to allow ion
/
beam propagation. Electron production effectb are negligible when

(zolvz)/Yt «1, or when the delay ttme of ‘the point of observation divided

g

" by the secondary emission coefficient is small compated to the beam pulse-

o = \\\

length. In the experiments of this paper, 120 keV catbon ions propagated
over the 30 cm intergap spacing ln about 200 ‘nsec. The secondary emission
coefficient is unknown, sincewue do not know the anguiat distribution of
ions striking the wall, but }t is quite pnd29bly gtgater than unity. Thus

(z/v )/Yt <<ﬁ1 and we conclude ‘that with»pulselengths on the order of

i
a micro-econd,‘it is unlikely that electron production effents could be

AN

distlngui:hed from other processes. . S

#

BN
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