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ABSTRACT

The design and construction of a 500 KV, 100 KA, 50 nsec pulse

duration, electron beam acceleretor used as a basic plasma~physics

research. tool are discussed.

The operational characteristipsrof a high-field-emission diode
which is used to launch the electron beam in such an acselerator system
are discussed in detail. The diode is shown empirically to have two
separate -and distinct modes of operation which depend on the diode as-
pect ratio, pressure, and total diode voltage and current, The first
mode gives evidence of laminar electron flow, and the diode impedance
is shown to be less than that predicted by the Child-Langmuir space-
charge—limited flow equation by a factor of two, for diode pressures

ranging from 5 x 10”3 to 10—5 torr. The second mode indicates a

pressure dependent diode 'pinching" phenomenon in the gap region,

wherein the electrons are radially compressed and for which the diode

simpedance is equal to or greater than Child- -Langmuir impedance predic~

tions.' _ o

The electrons which form the beam are emitted from‘ajmetal—dieleetric
"plasma" cathode. The dielectric sections of this '"plasma" cathode
are shown to make an important‘contribution to the spatial uniformity

of cathode emission by means of a surface multipactor or surface flash-

.iover effect which vaporizes enough of the dielectric to allow a plasma

sheath to form in front of the cathode. There is evidence that the .

electrons, upon release from this sheath under space—charge—limited

_conditions, then determine the overall diode impedance.

Simple theoretical models for estimating the conditions under which
diode pinching should occur are extended and verified. Data on these
pinch conditions are of extreme interest because they nredeterming
the propagation characteristics of the electron beam as it propagates

in a drift space. Diode pinching has been observed to occur (by radio-

graphs and distributed calorimetry) for values of = above 807

Y measured
v

Ylcritical as defined# by Friedlander,l and a minor correction to

- : o 441



his model for zero initial electron velocity is offered. .

The time history of diode pinching was studied by means of a fast—

streak/framing camera and indicates that:

El.

.Diode~pinch build-up times are generally about 30 nsec and are

pressure 1ndependent, indlcating that the electrons but not the

ions are radially compressed.

-The degree of pinching in the diode (and theréfore the electron

' spatial distribution) is pressure dependent whereas the overall

diode impedance is pressure independent - at least over the
-3

available range of 5 x 10 to 10 = torr.

The electron trajectory angles at the anode plane increase up
to what may be a saturation value as -%;- increases from .66 to
1.05,

'Recommendations for the elimination of such diode pinching, when and if

desirable, are made,

is a measure: of the ratio of electron transverse energy to electron

axial energy.

Megampere-EleCéron Gun Study," ‘
Agency (DASA), No. 2173, September 1968, Washingtom, D.C.- 20305.

" 1. Friedlander; F., Hechtel, R., Jory, H., Mosher, C., 'Megavolt-
] Final Report, Defense Atomic Support
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INTRODUCTTION

| The theoretical analysis of high-current, relativistic electron

”beems was begun in 1934 by Bennett26 and was continued and expanded by -

28,29 .

Alfmén27 in 1939 and Lawson in 1957-58.

Until about 1960, experimental techniques generally lagged the

theory. Since 1960, advances in high-voltage oulse technology, such

as those mede_by.J.C. Martin and co-workers1 at AWRE Aldermaston, Englend,
have rapidily closed this gap and-in many instances the ekperimental
results now guide new theoretical analyees.

Long;term'interest in accelerators capable of lannchlng‘such

high-current, relativistic beams is based in part on the p0351b111ty

_that the electrostatlc potential well of such an electron beam mlght

prove useful as an accelerating mechanism for ions trapped in the well

.In addition, such accelerators vield useful data on the transport pro-

perties of the beam in both vacuum and gaseous atmospheres beam-plasma

-1nteractlon3, beam-emltted radiations, and a host of other basic plasma- .

physics phenomena,

In general, these electron beam accelerators consist of (1) an

: energy-storage'component (usually capacitive) (2) a pulse-forming
-network, and (3)-a high~field-emission diode which generates the elec-

tron beam and launches it through a thin-foil anode 1nto a partlally _

evacuated drlft tube, thus forming the pulsed beam,
Theﬁ design and construction details of a reliable, relatinely

low-cost accelerator of this type, built at Cornell Uniﬁersity'in 1968,

'are'presented in Chapter I. The accelerator is capable of produc1ng

electron beam currents of 30- 100 KA at particle energ1es ranglng from

. 200-500 .ReV ‘for pulSe durations of approximately 50 nsec.

ix
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Iﬁ the early stages of experimentation with_this machine it'became_
apparent that tHe propagatioﬁ characteristics of the electron beam in
thewdriftltute were critically dependent on the operationaltcharacteris~
tiCSrof the diode and on the spatial distribution of the diode current,
Since such characteristics were not available in the llterature,an ex;
tensive exper1menta1 examlnatlon of the diode was con51dered necessary.
The development ~execution and ana1y31s of the results of thlS 1nvest1-
gation constltute the ma jor portions of this study.

The operational characteristics of a highnfield-emission diode,

" which utilizes a_metal-dielectric "plasma" cathode to launch the rela-

t1v1st1c electron beam,are discussed in Chapter II

The 1mp£rtance of the dielectric sections of the cathode on the
spatial dlstrlbution of the diode current and some p0551b1e electron
emission mechanlsms are discussed in Chapter I1iI.

Simple’ theoretical models have been proposed recentiy by Friediénder14

and de Packh26-f6r estimating the diode conditions for which a radial

'compression of the electron stream in the diode gap {i.e. "pinching")

should occur. These models are compared in Chapter IV to measurements

. of the electron spatial distribution at the anode. Measurements per-
formed 1nc1uded radlography, distributed calorlmetry,and open~ shuttered and

 fast- -streak/framing-camera photography.

N



CHAPTER I - THE CORNELL ACCELERATOR

A. | BACKGROUND - INFORMATION

The Cornell Accelerator was established ae a direet_result of the
formation of a joint research program between Cernell University and
the Naval Research Laboratory (NRL), Washiﬁgton D.C. through the efforgs
of Professors E.L, Resler and §. Linke (Cornell) and Dr ‘Alan C. Kolb
(NRL). The orlglnal design plans for the accelerator were suggested by
Mr., J.C, Martin and his co-workers at the .Atomic Weapons Research Establish-
ment  (AWRE) Aldermaston, England., (The Aldermaston gfoup.at-this time
' ,were, and still are, among the free world's acknowledged leaders in the
design and constrﬁction of flash X-ray diodes and assoeiatea system
components,) A‘diode design capable of 1 MV and pulse lengths up to
100 nsec. was decided on, It was beiieved that longer:pulse lengths
would cause eiﬁher diode -impedance collapse or internal dielectric break-
down of the diode insulators. This 100 nsec (maximum).pulse length in
turn suggested_a-distributed.trensmission line for the'pﬁlee-forﬁing
network. As a side benefit, the increased dielectric strength of the
transmission 1ine,0pereting under pulsed rather than e-c'COnditions,
eould_be ekamined. | | |

Des1gn and construction of the Cornell Accelerator under fhe gu1dance
of the J.C. Martin group began on July 1, 1967 All major components
were completed and tested within the following 6 months and the first
relativistic beam was achieved on January 5, 1968, -Monitoring waveforms
available at this dafe included diode voltage, and Maex voltage. Acceler--

ator characteristics are:
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[

Beam Current 20 to 100 Kiloamps

Beam Voltage | 300 to 500 KV

| Pulse Durarioﬁ ' 50-60 nsec |
Energx/Pulse '_' ™~ 2 Kilojoules

.Maximum Marx Storage _ 9.6 Kilojoules at SOOLKV

B.  DESCRIPTION OF ACCELERATOR COMPONENTS

The Cornell Acceierator consists of the fdllowing}basic componehts;-,
(See Figures i1 andVZ) | | o
A Marx Generator - for capacitive energy storage‘
A Mylar Transmission Line (Blumlein) -.the'puISe forming,network
er 80 célled "fast section" |
A Field Emissioﬁ.Diode - to generate the electron peem and leﬁneh '
it ‘into an appropriate.drift tube, (Discussed;in_&eteil in.Chae-
rer I1). | 7. |
1. Marx Generator
The Marx Generator (See Flgures 2 and 3) consists of 51xteen.0 50
mlcrofarad 100 kv I C.S,.E. capacitors which are charged in paralielhbye-

a‘i_60 Kv,25 ma  power supply in approximately 30 seconds. An inter-

stage resistor network is used to balance the capacitorﬁ#oltage.

' The. capacitors are discharged‘in a series configuration by means of
an air—tigﬁt SParkwgee‘column one gap of which is.triégered oﬁ demandr
By a 10 KV d-e¢ power pack feeding a 1/10 step up pulse transformer.
Should the trigger source fail, the spark column may be ignited by eva-':

cuating the celumn to a suitable self-break point on it's breakdown-

pressure characteristic curve (See Figure &),
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Cornell Electron Beam Accelerator
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The maximum stored energy with the present charging system is

9.6 KJ at 800 KV. Since interstage flash-over of the capacitors occurs

at about 480 KV in dry air, the entire Marx assembly was encased in-a.
wooden framed, transparent,* lucite oox, and Freon 12 refrigerant gas at
atmospheric'pteSSure used to replace the eir as the dielectric medium.i
The noﬁ-staﬁdard "Freon Marx" was successfully tested up to 950 Kv

on March 27, 1968, A standard Freon refrigeration leak detector is used
to both check for leaks and to maiotain'the Fteon leveilsafeiy above the

topmost capacitor.

S 2. Biumlein

The '"fast section" of the accelerator consists of a folded;
3 conductor, parellel-plate transmission line, called a Blumlein after

its inventor (See Figures 3 and 5a). The load for such =2 transmission

“line, be 1t a dummy resistive load for test and/or calibration, or the

dlode for actual beam production, is in serles with the ooter conductor

in the approximate geometric center of the line, Thefe are two eucﬁ_.
Blumleins at Cornell (See Figure 2) , Line no. 1, the topmost io the figure,
has a characteristic impédance, Zs of 2 ohms. Line'no. 2 has a Z0 of

1.75 ohms.  The characteristic impedance, Zyo of each section of a line

is thefefore”designed to be either 1.75 ohms or 2 ohms depending on the

1line in use, and for a matched line, the load, Zr, shoeid be 2 Z  or
3.5[4 ohms, respectively. | |

.a) Operation

In operation the Marx capac1tors are charged to the desired voltage
and dlscharged in series when the spark column is trlggered The Marx

erects to full voltage and takes approximately a micfosecond to charge '

=
The transparency allows open-shutter diagnostic photos to be taken should

flashover occur,
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the Blumlein center conductor negative, the outer conductors remaining
reasonably well grounded. The solid dielectric pre-stabbed switch
(See Section I.B;Q.C.) located between the centet and buter conductors
at one'end of the line (See Figures 1 and 3), becomes_over-volted and
closes in a few nauoseconds, thus placing a short on one end of the line’
while the other end remains open. A voltage pulse of about 50 nsec.
 duration is then felt across the load in a seouence such'as indicated
: in-Figures ba, b and 7. It is seen that an outstanding advantage of
the Blumlein configuration over a conventional transmlss1on line is its'
' ability to deliuer vinput rather than Vinput./z to the load,
b) Construction Details
Specifically, the Blumlein (See Figure 5) is composed of three Zbdmil
~ copper electrodes, apptoxiuately 15 feet long and ZO inches wide ce~
mented'to % inch thick polyetnylene sheets for support; and mounted on-
edge (i.e. vertically) in a nartow (about 4 inch wide), 20 foot long
PVCfCIoth-lined tank. The'tank is then_filled a few cms above tne
1lnés with a_water—copper sulfate (CUSOa).grading solution of resistivity,
P, about’2.5/-4_kilohm1cm. The spacing and nositioning-of the entire line
© assembly is maintained by means of PVC pressure bags flllEd w1th water
:Although it is not shown in Flgure 5 some outward flarlng of the Blum-
lein outer conductors is required to accomodate the diode, thereby-in-
creasing the characteristic impedance of this section of the line

The flaring also leaves a- space between the llne conductors.and
: the 1nput edge of the dlode from which the gradlng solutlon must be care-
| fully excluded by packing with polyethylene (e 32.5}_etc., or elSe,the.
high dielectric constant (e = 81) of the‘solution.would capacitively

“load the diode.
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. for the F1rst Voltage PuTse _ :



12

Thé wate.r-CU‘.SO4 grading solution serves a number of purposesl:
oY) .It redﬁcés'the possibility of trapped air bubb1¢5 in the system
which would_lower the' line breakdown voltage*(if the water is
'de-aerated before use).
2) It effiéiently'clamps the electric stress onto the mylar di-:
electric bf virtue .of its high dielectric constant-(é ~ 81)_Which
rémains'essgntially frequencyﬁindependent to 3 GHz . This clamping
is importanf because the relative dielectric strengths of myiéf ”
and water are about 8 Mv/em and 200 KV/cm reSpe;tively, for time.
‘écéles of a few tens of nanoseconds, - .
3) 1t reduées the field enhancémené at the'edges of thercqppér
- conductors of the Blumlein by smearing the potential (i.e. thel
.pbfential_diffuses_out from the line edges in accéfdance with the
(;) _ diffusion equation). The required heigﬁt of water above the line,

x, is chosen such that the V plied/2 equipotential line passes

ap
thru the water in such a way that the field gradient in the water

‘does not éxceed-_ZOO KV/em . The solution of the diffusion equa -

Eion_for a step voltage iﬁput yields2
| ' /2

x Rs(t:s (1)

where x éJdistance from conductor edge in cm ,7

f - = time (secs) |
Cs = capaciﬁance/square of dielectric betwgep gon&uc;

... tors (picofarads) |
Ré:_= resistance/square of Water-CUsoafsolﬁfion (ohﬁsj
(Ti)- o | in actual préCtice, RS and x-‘are adjusted to'éxgeriﬁentaily

determine the optimum combination,’
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¢) Solid~Dielectric Switch

To obtain a 50 nanosecond reasonably rectangular pulse of elec-

trons from the diode, the voltage pulse applied to the diode must itself

‘have a rise tiﬁe-less than 10 nsec.* The input impedance of the Blumleln '

is (3.5)/4 ohms and the charging voltage is 400 KV . Thls gives a cur-

- : di
- rent.of 100 KA, and-a 10 8 second rise time requires L1 x 10

dt

‘amps/sec. 'Theae‘conditions preclude the use of normal gas switches and

conaiderable attention has been given to the successful development of
a '"hot,stabbed" solid dielectric switch by the AWRE Group.1

The fast dielectric switch used in the Cornel Accelerator must be

.'-replaced after each shot, Tt is a modified version of the AWRE effort,

‘and consists of a slab of 1/4 inch thick polyethylene about 3 feet long

and 8 1nches W1de. About 12 inches from the end of the slab, on center
ax1s, a hot stabbing iron is used to imbed a'l/l6 inch diameter_stain-

less steel. ball bearlng at a depth determlned by the desired breakdown

'voltage. (A stab-depth versus voltage breakdown curve had been generated

. by means of a h1gh-voltage pulse transformer that was bullt for testing

purposes.)} A one 1nch square piece of adhe51ve-backed alumlnum tape is

cemented to the slab on each side of the stab point. . The prepared

-switch is then inserted between the outside (positive) and center
_(negatlvg conductors of the Blumleln in a slotted aperture arranged 50
-that the alumlnum squares make electrical contact-thh the Blumleln
.eonductors. When the Marx is fired the Blumleln begins to charge until

‘the sw1tch breaks down at the pre-calibrated voltage. A typical Marx

output voltage Waveform is shown in Figure 8a. The sharp discontinuity

in the negative-going waveform indicates the breakdown point of the

switch,

* : ' _ ‘ :
. See-discussion in Chapter II on overall circuit rise times,
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Fig. 8a, Typical Marx VYoltage Trace - Shot #2, 10/29/68

nsec.
450 —m

Sharp Discontinuity (i.e. Arrow) Indicates Firing of
Biumiein Solid Switch,

290lem _ 28071, Area Ratio = 24
72cm |

T Attenuation Ratio:

For CuSQ4 Resistor: Length Ratio =

5200 (28)__ 1430
§5zoo&1 76 \50/% |

O

488 -
Zo® 504} Tektronics
768 507

(Calculated) | - Scope
v

520082
2.4 (280)

Fig. 8b. Schematic Diagram of Marx Voltage Monitor.

= 768
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The sw1tches are normally operated w1th posrtlve veltages applied
to the stabbed side. If the polarity is reversed the required breakdown
voltage inbreasesrby a factor of about 31 and there would be a highly

increased probability of rupturing the mylar of the Blﬁmlein,'since-its

-breakdOWn.voltage'is time'dependent. If a switch fails to fire, the

Marx generator continues to charge the system and a rlnglng condition

- ex1sts Wthh eventually reverses the polarity of eharge on the trans-

mission 1ine, Slnce the breakdown strength of the water- copper sulfate
gradlng solutlon is lower for positive polarlty and the stress time has

been increasedrby the_ringing condition, a breakdown_pointfmay be-reached

that will result in sévere_mechanical damage to the system. -An energy

-"dump gap" arrangement is used to avoid this eventuallty (See Flgure 3y,

Marx charging voltages are set 257 above the desired switch breakdown

.vqltage while an adjustable spark gap is set to close atfapproximately.

10% over the ewitch breakdown voltage. Should the SWltch not fire the

. unwanted energy is dlscharged through a crltlcally damped c1rcu1t

It is believed that f1e1d enhancement at the SWltch ‘hote tlp causes
the 1ocal field to exceed the intrinsic strength of the remalnlng poly-"

ethylene (" 8 Mw/cm) . The air in the hole breaks doWn and conveys‘the-.

._hlgh f1e1ds to the tlp. Care is taken to prevent'the'BlumleinIWater‘froﬁ
- seeping ;nto_the switch hole because this would cause erratic awitch-
“breakdown and is likely to increase the switch rise tine'beyond acceptahle“__

limits,

An estimate of the switch inductance can be made by conmsidering the -

. spark'channel to be the center conductor of a coaxial inductor ﬁhere;

| B g9 e
Clswiren T2 198, 5 107 hemrys/em - oL (@)
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Where _i_. = discharge path length ~ 0.1 cm -
a.. = .0l cm
b =- 15-20 em (return path in switch box)
giving | '
Lswrren - 22107 h

" Measurements by-thé'AWRE group with a 200 KV, fraction of an ohm trans-

miSsidﬁ_line yielded -3 x 1077 1 .
The Marx output waveform of Figufe 8 is obtained by means of a CUSOa.

resistive voltage divider (See Figure 8b), This divider is approximately

two meters in total length and has an area division ratio at the tap off

section of 2.4, terminated in a carbon resistor network to give a total

voltage division ratio of l&%g . Because this monitor is isolated from

‘the Blumlein'By the fixed Marz~-Blumlein 2ph isolatihg inductors* of'

Figﬁ:e 3 and an unknown amount of stray and lead inductance, a'detéiléd
test p#dcedure_ﬁas.catried out to determine accuratel&;thé relationship'
betweenuéﬁé Marx moﬁitqr voltage waveform and the acfﬁél B1um1ein input
Voltage. 'Thé Marx monitor WOuld servé primarily as a ﬁime_marker.and-

accurate calibration of its voltage division ratio would be of only

'secondary importance, The results of this procedure are. now déscribed}

3. The Mafx-to-Blumlein Eﬁergy Transfer Process

A simplified.sChematic of the Marx-Blumlein“elgEffiCal circuit.is
Shoﬁn.ianigure:9a.'_ﬁpdn erectidn, the Marx capécit§; CM’ is éqaal to
0,5 #£/16 stages br 03 pf The'iﬁternal resistaﬁ;é of-the.Marx;“RM,'

may'be measufed by.p1acing a current shunt across thé 16 ICSE Capécitors.'

‘Designed to act as a short circuit for the microsecond Marx pulse and
as an open circuit for the much more rapidly rising (order of few nsec) -
Blumlein pulse. They thus isolate the Blumlein from the Marx after the
sw1tch‘f1res, and prevent voltage reversal on the Marx capac1t0rs. o
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g
E -
[

LM=|2HH
Yoy I Cm=03uf = CeL=-03pf VBD- |

| VMarx
Monitor

L% e | -y

_Fig. 9a. _Simplified Marx-Blumlein Electrical Circuit.

)

N
|
I
l
_VMarx Monitor Cai. g_RBL. .
|
l
|
-

]

_Fig. 9b.  "Actual" Marx-Blumlein Electrical Circuit

oy
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discharging the cépacitdrs and monitoring the RC decay time, For

- = h . . -
Gy = 03 pi Ry is estimated at 0.4 , Ly Lpg, and. Cgy

Kirchoff voltége'law to the circuit of Figure 9a we have: -

Ve

.8

or

where -

M:

()

Since

el

I(s)| R + S(Ly, + L) + %(E}l +
: M

Vcﬁ ' VCM/LT
-SLT+RS-"I-1— s? 45 Byl
| Cp Lp.

M +Bg % .015 pf
BL
_
Cy 1

1/2

2
B R s "
2Ly, % LpCr
T
1/2
2 . .
- R _ 'EM_ R S
2Ly, 4L§ Lyl
v
Cc -at -bt
-1 M -
- 1l = - e — ae_
1
LpCp

are estimated

from geometry to be 12 ph, 4 ph and' .03 pf respecﬂively. Applying

3y
%)

()

©

(7

_ '(3') '

9

(10}

Can
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in the order of 0.4 to 652 the radical portion of a2 and b is
imaginary.

Letting
2 , : |
- S T
i S e | SR
e have | RM .
' _ v - ==t
. : cM ZLT e_],Bt _ e-JBt .(13) :
I(t) = —— e >
. or. ' R\{
i .
I(t) = == e © sin St ' . - (14) -
. ALy | | |
or
o VCM -1.25 x 10%¢ 6. il
R CI(E) = == e P E sin 2 x 100t - . (15)
BLy _ . '
For .RM-='0‘, (the lossless case) we have
_ I(-t)lossless = —-—-—BIT sin .Bt S o (16)
from which v,
: BL,
R e Vg _ .
v, = é(t) - Cl o M osinpeac . an
BL BL BL, 0 LT : ) "
or .
: . . VCM S L
VCpo =z 5 - cos Bt | (18)
. peak BL CBLB- LT . N ..0- e
O | gy s -
V. =2V, o o o (19)
c oy T TGy | -

. Bka



1f CBL were very small, -VCBL ~ 2 VCM . .For our cgse since CM N-CBL’

N | -~ Blogk
we expected from this simplifieg analysis,

(20)

v = v .
CBL,peak CM
'Haviﬁg found I(t), V() yarx and V, (t) may be determined to
L | S ~ MONITOR ~BL '
be: : -
‘o 6
T (20-1.06cos 2x 107 ¢ ] =V, (@D
| MONITOR
. o VCM e | -
VCB&J(F)_ * (L -cos 2x 10 t) = VBLUI‘H..EIN(ZZ).

If switch firing time is aetermined‘frOm the Marx monitoer trace, the

Blumlein and Marx ﬁouitpr voitages may be related by ééuations 21 and
22 and,'thebretically at least; the input voltage:tq the diode (VD)
" is known, - | | | -

A circuit.which more closely approximates our actﬁél situation is
shown in Figure‘Qb. Detailed measurements and analysiétof this circuit
are‘reported Qn'in rgferenceSHB and.é. A briéf.éumméry_is preéépted.

1. The fcltagé on.a sihgle'Marx capacitor was.monito;ed both by |
_Ithe usual'pahel voitmetér and an electrostatic ﬁblfmeter ﬁaviﬁg

a 1% fulliécale accuracy. It was assumed that at'.t = 0 ; the Mhrx

'voltage VMtO) was equal to 16 times‘ghe‘charge_bn aﬁy one capacitbf.'
2., | The Marx moﬂitér (CUSOA) resistance (> 6 R £2) Was.aSSuﬁed to be

infinite iﬂ comparison with-other.shunt resistances.

3. Rpp and _CBL ~are time dependent quantitiés.-_subject to the

‘diffusion effect of the CUSO4 - HZO' grading solution.
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Since. CM -vaS-the'only well known cir;uit paraméter.the foliqwing
shots were méde: |

a) CBL and- RBL “were short circuited by means of low inductance

(wide)_cqpper.straps. The decay constant of the Marx monitor

waveform Waslused.to determine Rﬁ #.111 {2 and the waveform:pefiod

gévg Ly = 13.6 nh; by using T =”\/£E .

:lb). A-non?stabbed switch ﬁas used to accomplish open-circuit ringing
of ﬁarx generator into ﬁhe Blumlein, The resultantjwavefprm was

used to estimate the damping constant resulting from C'L and RéL

A combination of an ana1y51s similar to that given above for Figure 9a

and the experlmentally derived constants led to

-1.86 x 10 t 1 28 x 10 t

Vy = 516 V(0) (l-e (.333) cos 2,187 x 10 t)
(23) -
o 1,86 x 107t ' 6. -1.28 x 107
Vg = -516 VMCO) (1-e cos 2,187 x 10 t)e (24)

Figure 10 is the resulting plot of actual Blumiein voltagé (VBt)

(as a percentage of Marx voltagé at t =0 (VM(O)), és a function'qf

 the time from Marx erection to switch breakdown. One can now accurately

flx the Blumleln (hence diode) voltage even though the ‘monitoring system
is somewhat isolated electrlcally from the Blumlein. The figure also
1nc1udes data derlved from an analogue circuit which was built by

M. Ury3 to verlfy the analy51s. |

An estlmate of the Marx-Blumlein energy transfer eff1c1ency at

100 KV and Bt = W radians, or peak Blumlein voltage,_is:
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Marx EnérgY‘_ (t =0) Blumlein Energy (Bt =w)
§ono fovl,
L ooz (10%? 3 (0D x 10%”
: 155'Jbuieé_ 7 ' 86 Joules |

i.e. 55.5% - of the available energy may be transferred. -
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CHAPTER II - OPERATIONAL CHARACTERISTICS_OF'

THE FIELD EMISSTON DIODE

A.  GENERAL DESCRIPTION OF DIODE

The 50-nsec high voltage pulse from the Marx-Blumlein combination

discussed in Chapter I is .applied across the anode-cathode gaploffa field

emission diode of special design. FElectrons, field emitted from the ‘sur-

face of a "plasmaﬂ cathode, are accelerated across the anode-cathode

(A-K) gap and reach relativistic velocities. Then they‘ére either

~ stopped by bombarding a thick (.250 inch) aluminum tarQét'at_the_anode

plane or are extracted from the diode by penetrating a thin (.001" or

less) metallic foil anode and emerge into an external drift tube to

form a high current relativistic electron beam, The drift chamber

' 1ength and pressure and the type and thickness of the metallic anode

foils are easily varied. A foil stretching structure ensures péfallel-.
planeVgedmetry between cathode and anode.

The diode consists of two 5/8-inch thick by 20-inch diameter alum-

. inum disks, éeparated by either three or four l-inch thick lucite épacérs

which. in tﬁrn'afé.partly separated by 1/8-inch thick aluminum spacer

rings to form a capacitively graded structure (See Figures lla and 11b).

- The gathode is attachéd;td the cathode plate by a removable spacer

‘arrangement that allows adjustment of the A-K gap. The "plasma™ cathode

is a solid brass disk 4,0 inches in effective diameter'and 5/8 inches

thick, with rounded edges to avoid field enhancement, The'emitting sur-

-féde'contains about 200 conical indentations or "studsﬂ 1/8 inch in -

diameter at the cone base. The holes may be filied‘with liquid lﬁéite:_.

(or epoxy) which is allowed to harden, The surface is then faced off

. ‘and polishéd.‘

24~
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The anode plate has ports for beam extraction,for a 2 inch dif-

fusion pump (which is mounted directly on the plate to maximize pumping :

conductance), and for a combination thermocouple-Penning discharge gauge

‘to measure diode pressure,

B. MONITOR DESCRIPTION AND CALIBRATION

Diode voltage is monitored in two ways, (1) by means of a Iow-ihf

ductance carbon resistance voltage divider, consisting of a potted assembly '

of 200, 10 ohm, 2 watt resistors (Figure lla) with a 50-ohm taproff

‘section which is resistance-capacitance (RC)_balanced,,and (2) by .-

. means of a capacitive voltage divider, called a Shipman probe (Figure 12),

which is'capablé éf 2 nsec resolution. The-Shipman probe ﬁust_be
carefully shielded againét RFI due to its low IevelQCutpﬁt (56%2E§') .
Calibfation of the resistive voltage-monitors is accomplished-by
placing the mﬁnitor between the plates of a ﬁockup model of the Blumiein,.
pulsiﬁg the inpﬁt with a 40 nsec, 1500 volt (50 £2 IOaé)-square ﬁave

and monitoring both the input and output pulses with fast (2.4 nsec) rise

time oscilloscopes. Appropriate ad justments are made on the balancing -

capacitors until overshoot in the output waveform is minimized, . The .

‘monitor is then placed in the actual Blumlein, with_fhe_diode open cir-

cuited £O'remove_thé_diode inductance, and'final-tuning accomplished
while open circuit test shots are made. |

Diode current is measured by means of a single-loop .é - probe and
simultaneously by a- current shunt consisting of either a saturated CUS_O4
solution (Figure 13) or a belt of 200, 10 ohm,_1/2 ﬁatt resistors

(Figure 11la) in parallel,
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Figure 12. Schematic Diagram of the NRL Capacitiﬁe Voltage
Divider (After G.E. Leavitt, J.S. Shipman, Jr. and
I.M. Vitkovitsky "Ultrafast High Voltage Probe“ Review of
Scientific Instruments Vol. 36, No. 9, 1371-2, September 1965)

c

Voutpur = Vo T T T

50
CD

I + CAB F + 50

T = (Cop + €7 + Cpp) (Rp + 50)

For Cornell Case C; = 0, Cg %10 pf, Rp = 1K@

o
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The single 100p é probe is located at a fixed radial distance
"Erom the‘cathode axis and~so allgned that the magnetlc fleld 11nes.-
(caused by  the dlode current) threaded the 100p. This changlng magnetic
flux ¢, generates arvoltage V(t), (seen across a terminating reSLsror |
R} that 1nduces a reverse current in the loop which 1u turn produces a’

magnetlc flux whlch cancels the applled flux The_loop,current is shown:

‘to be proportlonal to the dlode current in the following manner:

V() = gLy o= RO @)

Sblving we-heve;~:

AR - ) - | o
S V(t) = Ri(t) = Ce‘tj7-+ F:e 227 et / de!
B s M@ =te Ty acr
| ' (26)
where t:=}L/R, F5r'-i{t) =0 .at t =0 ,C=0 .. Therefore
S S oetfT I o . : . o i
Y - do t /T, S .
Ve = S qeroe ot en
For T >t . . -
T m T 21 and v = = o(t) (28)
But. =
) = B A = AGYH HE 29y
-uhere i(t)-r%r diede current
- A l%_ 1oop aree
r | =:7distenee_frqm loop center to electron beam center,
‘We have then o _ R
SV = p A (2@ —;l N ¢ o)

or the measured probe voltage,v(t), is proportional to the diode current ,I(t).
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Calibration of the current shunts with .a pulser is difficult to do

directly because of their low resietance (7.0500). . The CUSO, shunt

- resistance is estimated from the solution conductivity (measured on a

G;R; resistance bridge) and the known geometry and volume of the solution

- enclosure. The d~c resistanceé of the carbon belt resistor was accurately -

‘measured on a bridge.

A front view of the reoistor-beit_shunt_and the 24 possible tap off

-points:on its periphery (numbered clockwise) is shown in Figure .14,

'Figure-IS is a plot of normalized current versus tap-off position on the

belt re51stor and lndrcates ‘the expected asymmetry in the dlode current
due to the asymmetrlcal feed* des1gn of the Cornell ledE. For normal

shots, positlon No. 1 (which is very close to the average position) is._

. used. A calibration check of the B current probe and positions 1 and

3 of the resistive belt shunt is shown in Figure 16. From thé-kndwn

KA

'e-callbratlon of the re31st1ve shunt (34 —-ﬂ ‘the calibratlon of the B

probe is also determlned to be approxlmately 34 %% . ff'

The parallel plate (open) Blumlein configuretion,,the'eolid di-

- electric switch, and the Marx-discharge spark column are all sources o

of'cOnsiderable' RE noise, All monitor cables (coax) used are of ,i '

'the'&oub;y-shieldedhbreid-type or have a:solid outer couductor.to'reduce'."
':noiee pickup,haud the osciiIOSCopes are mounted iueide a doubly-ehieidedin
“fine mesh cOpper ocreen room, The coax cables euter‘the screen'room
: at a common polnt to reduce 100p currents, and all power supplles are

”'.1solated from the 60 Hz dinput 11nes by large 1nductors. Voltage _

d1v151on ratlos of all signal voltages are selected to optlmize the '

* ' . ' ‘ ' . e
For further discussion of this point see Chapter IV.
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Front View of Field Emission Diode Showing:
Plasma Cathode
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S§/N ratio; the absolute magnitude of such signals being determined by'

- the attenuators and oscilloscopes available,

C. DIODE DESIGN CONSIDERATIONS
1, Tlucite Spacer Design

A major consideration in the design of a diode intended to utilize

" pulse lengths of the order of a few tens of nanoseconds is the minimi-
- zation of diode inductance., This is so because the diode pulse rise

time- TD (10% to 90%). is approximately 2.2LD/22o +-RD , and in general

it is desifable that RD be of the order of a few ohms or less so that

currents in the hundreds or thousands of kiloamps may be obtained at

voltages less than.a megavolt, Diode inductance, LD’ is given by

Ly = 2 L.loge 2 10-9 henrys ' (31
where
L = diode length, cm
b = diode outer radius, cm
a = cathode radius, cm .

Since b _is fixed by the number of ports required for the experiment,
and a 1is fixed by the required diode impedance, ZD’ L. remains for pos-
sible minimization,

Considerable experimental research effort has therefore been ex-

- pended in the selection of the obtimum dielectric spacer material and
._géometry te provide the largest breakdown voltage possible per unit

length of material. In addition, the tube may require demounting after

each shot should the anode foil be ruptured; to minimize pump down_timés
after re-assembly the diode must operate properly at relatively high

preésure (10..-3 torr).
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. An estremely successful ad hoc approach to these problems was de-
.vised by the AWRE group5 when they showed that lucite spacers angled at
+45é'(to‘prevent an electron multipactor effect) and coated.with-silicon |

._diffusion pump oil'(such as DC-704) could withstand breakdown fields (EB)
of approxi_ately_ 175~200 KV/cm.(See Figure 17a,b), It was.also shown
;that E, - was independent of:” | o

_a) Tube envelope dlameter, if this be as great or greater than
the anode- cathode separation, d, | |
.b) 'The_material of Which the electrodes are made, _

.;c) The 1dentity of the residual gas in the envelope. "(EB _slightl&iu

f_higher for electro-negative gases) '. .

d) The gas pressure, provided this be lower than a well-deflnede

”,threshold_(See_Figure 18). (It is worth noting here that the

'} ' o p-d'.product_is not an important surface flashover parameter.)o

HUsing the data of reference 3, the tube envelope shown in Figure 11a b
was evolved. The 0 rlngs which provide the vacuum seal are shown in
‘Figure 11b, The envelope. successfully w1thstood 1nput voltages-up to

._500 KV for hundreds of shots without breakdown across the insulatorlr
'surfacesy
It 1s belleved that the p051t1ve angllng of the insulators prevents
By orlmary electrons emltted from the wall or electrodes from re-encountering.
1the wall and hence from multiplying and eventually cau51ng flashover
: Negatlve angles would accentuate the multlpactor" effect, The prl— :
.'mary electrons are believed to be caused by fleld ema351on from the lnsue
1ator surfaces near the anode? caused by field enhancement due to: polarl-f

R zatlon of the dlelectrlc, although other explanatlons such as thermlonlc'
{ oy e “
Y, A . : :

. 6
em1351on have also been offered
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300-

. Eg B | Polyethylene
 (KV/cm) | " Epoxy Resm

200 - .és\
-chite |
'Epoxy Resin | (oiled)
Glass
L - L. 0
- ~60° ~30° o +30° +60°

Fig. 17a. Breakdown Strength of 011ed Luc1te Insu]ators
o Versus Ang]e of Attack. (After Reference 5)

o

| . .VIEI:ec_'tro_:dgs'
*_9 ' o _:+3 | |
N,
| WHETHINS I
Insulator | ( \VGCU'-“'“ -

Elecfron Paths

Fig. 17b. .Definition of:Positive e(Ang]e of Attack)
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2.  Diode Inductance - Calculated Versus Experimental '

Using Equation 31 % 28 vh for the Cornell diode with:
‘ » Iy . .

L = 40" = 10 em
b = 16.0" = 40 cm
a = 4.0" = 10 em

~_To determine the diode inductance experimentally, shots were mede with

a copper cy11nder (of the same diameter (4. 0") as usual cathode) placed'

-between the anode cathode plates. This short circuit served to remove

' the resistlve component RD from the diode 1mpedance (ZD RD + JLD)

Slnce
2 =V +1(22) S 3
% = IR 4L I +1¢ L (33)
R T Pax T -té 0 GY)
‘ - MONITOR L ' '
Using the osc1lloscope traces of Flgure 19 for VMARX 'and ID ane._
,settlng RD 0 we have
5 L _9%A | n ey
0 = 2(174KV) Ly %o 70 sec - 20 Ka (4 Q)_ - (35)
0 = 348 - 380 - 2.37 L N 1O
13.5th = L e
95w e
or alternatively,_-LDV(ZB—;EZE ) =_30 RV (from VD trace) u
1, = 12.6 rﬁ., R @

i Con31der1ng the d1ff1cu1t1es involved in accurately estlmatlng the co-
,-ax1al outer rad1us (i.e. return current path of the dlode) the agree-

- ment within anfactor of 2 . is considered;very-satzsfactory, but is not
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Fig.

19, Short Circuit Test Oscilloscope Traces
Shot #1, 5/8/68

Top Trace 507 Tektronics Scope 296 KV
(Vary!
Center Trace 507 Tektronics Scope 30 KV
(Vprope)

Bottom Trace G519 Tektronics Scope 119 Ka

CcM

™

(5]

YMARX

i

PK

PK

£174 KV
230 KV

295 Ka



_'if RMONITOR Cvonrtor = rap-orr CTAP-OFF

' interest This condltlon is approximately realized by con31der1ng the o

40
entirely unexpected due to the slowly varying log h term in equaé
tlon 31, | | | |

The oscilloscope treces of Figure 19 which were obtained:priorrto ¥
the Marx to Bloﬁleih.energy transfer analysis'given in Chepter I mey
also be used to cross check the Marx-and'diode monitors, as follows:

' For a Short Clrcult Test Shot RD-*) 0, and if one- measures

.peak current I —> 0 s Ly I -—) 0 and therefore:

D

| | VMARX _ 2(174KV) - .
IsHORT CIRCUIT = Zd -~ = T u e .37 KA (39)
- (CALCULATED) PEAK : _ . .

versus -

SHORT CIRCUIT
_(MEASURED) PEAK

I = 95 KA S 40y

or, the monitors agree within approximately 10% .

3. ExPected Circuit Rise Times and Open Circuit Test Shots-

‘The . equlvalent c1rcu1t which determines the rlse time ,'TD, of "

"the dlode voltage is shown in Figure 20.

Rap-orF e

v , . .
RESISTIVE Rrap-orr * RuontTOR

' VOLTAGE "MONITOR

for all frequenciés of,.

_ paths of. the electr1c field 11nes in- the diode and approprlately p031-.
' tronlng‘the'monltor, and/or by capacltlvely tunlng the tap-off sectlon.

With a luﬁped variable capacitance. The dlode voltage rlse time

should then be controlled by the 10ngest of the f0110w1ng tlmes
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(D 22 CGuuppe = 4% (300 p£.) = 1.2 nsec (42)

ﬁhere CWATER can only be roughly estimated and is strongly.depeﬁdeh;'

on the amount and shape .of the water paths shunting the diode.

vov LIotobe | 28 mm Ly
(2 o/ = = 3.5 nsec . (43)
_ .220 +RD | 8 Q T
(3) ,RDIODE CDIQDE .= 48 (30 pf) = 1 nseq . . |  _(44)
) Teyrne ® 3 nsec, - @)

(ESTIMATED)

.- Since EE;:;TES >> RDCD we hgnceforth ignore RDCD‘.'_For qo?mal.

shots the diode voltage should rise in a time,

- o . 2 2| -
' T, = (T )© HT , (46)
rise,normal SWITCH LytonE.
2Z_Ry
1/2 . o
= 0%+ BYH 7 =472nsec . 4D
~ For an open circuit test shot (i.e. LD = 0)
. 1/2 5 g 172
Trise = (TSWITCH) +Tyy, CWATER) S AL T
OPEN CIRCUIT R
=" 3.22 nsec. | - } :'(48)f
For'a.sho;t Circuit-test shot, (i.e. R = 0)
e LT _ ., Lo , 1/2 (3 +_(g§02)1/2 sy
rise =< SWITCH) (zz 4 : T

SHORT CIRCUIT

S ' S S _ ) .
r.{‘H). = 7.85 nsec
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T . ' . . '
rise - normal _ 4,72 nsec = 1.47 - (50)

; . . 3.22 nsec
rise - open circuit

This ratio has not been experimentally observed because diode voltage

V. ) 1s usually measured on a Tektronix 556 oscilloscope of minimmmﬁ

_5 nsec rise tlme and we have therefore been oscilloscope 11m1ted

Open circuit test shots may be used to cross check the Marx and dlode _

'voltage monltors in the same manner as the shert circuit case dlscussed,

'earller. For example

Z

o _ . D R BEPTI

YprobE T 2 gy 22+ 7y B CO

OPEN-CIRCUIT e
tor.ae ZD;fé 0

VpropE —>. 2 VMARX L - 32

~ OPEN~CIRCUIT : SR Ci
 From the waveforms_qf.OPen cirecuit shot No. 1 of 5/8/68 VDIODE ‘was -
_5measuréd~as 390 KV and 2 as 386 KV .

MARX

" The . observed pedk value of diode current is 11m1ted by the dlodei'

inductanCe (LD), as follows For the diode alone we have:

RD + 8 LD o T .75'}"'.f (53)

e, R
V() = -—z= S (54)
ST s A
N = ¥(s8) _ "0 _ 1 ' 7 R
I(s) T B n | o - (55
S e e S(s +— '
T
i = 17 [I_cs)] - "g? a-e 5 (56)
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2y RD
0 - . :
L) = g (e * o = 5 - (57)
, 27+ .
The total gireuit O TOTAL) is equal to . as seen in,Figure 7,
| - =R =40 d eq \
For LD 28 n and ZZ RD 4 8k O&OTAL should equal 1/3,5.

GEOMETRY
For a transmission line- pulse of 50 nsec the exponentlal term in equa-

~ tion 57 should be negllglble and the observed diode current rise times

.should be the same. as diode voltage rise times. We do not observe this

in practice, Current rise times are approximately 4 times as long as

voltage rise times (28 nsec and. 7 nsec respectively), - One Would expect -

that initially the diode impedance might be very high - but this makes

" the expected'current rise time shorter not longer.‘ A second'possibility

ig that the 1n1tial diode current occurs over a radius, (a), much less
then that of the geometrlcal cathode radius and that 1n1tia11y the dlode
1nductancea(LD 2 L,log b 10 -9 henrys) 1s greater than predlcted.by
gedmetry,_but_again the logarithmic term means that-the variation is e

slow and this answer is ndt totally satisfactory either,r

D. DIODE IMPEDANCE
1, A Comparlson with the Ch11d -Langmuir Equation
Typlcal d10de~v01tage (VD) and dlode-current traces are shown in 7

Figure 21.' Since the voltage waveform does not collapse or droop

apprecrably nor the current Waveform increase dlscontlnuously* durlng

- the Blumleln pulse (50 60 nsec) for pressure varlatlons of 2 % orders.

of magnltude, some form of space—charge limited current emlssion is -

Recall that the source impedance is 220 and equal to either 3.5 or 4 ohms.
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.5 microseconds/div

Marx Generator Voltage - Transmission line switch fires at
sharp discontinuity.

D
0 I
20 nanoseconds/div 50 nanoseconds/div
Vv, = 358 KV V, = 337 KV
= T6
Toeax = 76 KA Ieax * 50 XA
Zy = 4.7 ohms Z = 6.74 ohms
Shot # 5, 5/1/69 Shot # 11, 5/14/69
Figure 21 TYPICAL DIODE MONITOR WAVEFORMS
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at once postulated, and a comparison with the classical predictions of

‘the Child-Langmuir equat:‘.on-7 seems reasonable,

Con, . =2.3ax100¢3/2 A AR (58)
c-L _ b g 2 ) . o
‘For a'flat_volﬁage'pulse:
R 4.27 % 10° a2 _ % gz o '(55)
e T UL 3T gLz P e AP
J
-V is in qégévolts

“d "= gap, in ¢m 

cathode radius in em . ,

The Cdrnell'diode iﬁpedance (ZD)‘; measured during the fiat.rESis-

!

| tive phase of the voltage'and current waveforms is seen in Figure 22 to
be less than that-p:edicted by Childeéngmuir by a factpf of approximétely .
2 over a broad range of anode-cathode gap spacings, (d), and for diodé

' pressures ranging'ffom' 5 }:'10-‘2 torr to 10-5 torr, (Exceptions to

C-L such as points  54-58

- of Flgure 22, W111 be accounted for in Chapter 1V, Section D ) Table I

_compares the Cornell results with those of 51milar fac111t1es From_ﬂ. 

the table it can be seen that all but the NRL facility_abServe diode

1mpedances within 2 factor of- two of Z Measured impedances at

‘C~L,.

NRL are smaller than ZC L by a factor of 15- 20 and thls spec131 case

is dlscussed in more detall in Sectlon 3 of this chapter.

Since the Cornell diode is nqrmally operated_at a pressuréiof

..2 X 16-4 torr s0me'of the additional diode current is belieVed_to be

caused b& beam—generated'ions in the gap regioh, in the following manner,
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The number of beam electrons /cc (néglecting_scéttering of the

- ‘primafy_beam)_is—giVen ‘by'8

1.1
1/2

n, =1.05x 101

. (60)
Whére' I is in amps

'V is involts.

A is-the_beam'cfoss section in cm2 .

10°, A'=80 cm?, vV = 5 x 10

H
)

' ﬁe' z 2 x'loll electrons/cc

The number of.béamrgenérated ions formed per second per;qm_of'length.

2

' FACILITY 7 (MEASURED) SPECIFICS
Physics_lntérnational : 80 gf True from 200 KV to 5 MV
'S8an Leandro, Calif, , 1/2 2 needle cathode, r = 35 mm
: . B v T - ]
| | d =2-10 om
. EG and @ -z V_= 80-300 KV,I_= 10-80 RKa = -

: 4 C~L D - ‘ D :

Brookline, Mass, , A = Zeh.7 = 30 nséc

' : : CATHODE ~*"p  ~ ™%

AWRE I T V= 200-500 KV,T = 50-100 Ka |
Aldermaston, England ‘ . .
| | - 80 4% V)= 200-500 KV,I = 50-125 Ka
Cornell -~ - -~ = 1/2 2 o :

_ B L : Vv T ACATHDDEmapcm’d_lomm?-f

T = 50 nsec., = -

- | o 9 I =200-500 Ka, V.= 750 RV -
Naval Research lLab. = —%%% (Egﬁ D_ 2 5 em d = 2 S

(NRL) Washington,D.C. . . V - TeT @2 cm, ¢ = - 1/
- PR xD=Debye_1ength =-740(Wé/ne)

Table I



P

49

is glven empirically by9 10

2 | o
E ' 3,75 x 10 ' -
N R v - G

‘where T is the primary beam current in amps

v  15 the voltage through which the electrons have been accelerated;
| in volts
p is the gas preSSure,.in torr,
Sinee ;he gap (d) in the Cornell diode is appreximatelv 1 cm,.we Havee_ .

for 1 = 10° amp, V.= 4 . 10° volts, p =2 x 10-4-t0rr§

3,75 % 102 (10 )(50 x 10 %sec) (2 x 10" *torr) -

‘ 4 x 10 ' ‘
(62)

- ) 1 - : o
o, o= 238210 1010 (6 .

i 80 cc

The hard;vacuum Child-Langmuir equation may be modifled (durlng

the d-c portlon of the waveforms) to 1nc1ude the presence of ions in

the gap as follows 11
_v_v = -1 (*n e + n,e) S | (64)
: € e i ' : -
. 0 _ _ :
Jr;= -neeve.+vnievi. = -nev, {for ve >>-vi) (65)7-
Lo v2 = eV (since V S>> ¥ ) ‘
27ee T THEe Vaccel, >_ ionization”. (66).
. 1/2 S |
. 2eV, ! . e
Jo= e (77 o .(67) _
) 1/2 | - '
a%y 1 me) _ B
: = == T |5 +n,e S (68)
dxz . EO ) ZeV - 1 i . |
1/2
LU Y24y L 1 e 2av
2(d ) d ———— P 2e ) n
X dx2 o 50



Integrating, we have:

2' .
av,. < I e /2 | 2
(R 4 g G v+ n,ev
R : o o X
From (67)  we have
SV I RN VL
Vo= e (Ze)
e
Equation (70) becomes
av.2 g 12 179 2 1/2 , -J. , m /2
(G = 4 == (E%) vt/ +E—“1¢V/ (E"“E)(%) .
: - "o o e '
N 1/2 N1z
G =2 g% e-b WY
o] e
- ' : 1/2 _
- .o, 1/2 1/4
av (2 - i €L my
& "V2e-» ey &
. e o :
For n, = 0 (i.e. Child-Langmuir) For n, b n,
- a2 @y /4 Wy any
dx € . 2e dx € C M 2e
o] o :
Integrating again
o 1/2 1/4 o
4 374 L J m . 4 314 J /2, m 1/4
3V 2 G x 3V / =\/§(‘g“)- G
0 . . (o] _
Solving for J yields
J = .46_0. (ﬁ)llz V3/2 J = ie_.é 2 (26)1/2-V3/2
' 9 m 2 .9 m -2
. : x X
Since .
-1 J - A
L

(70)

- (71

(72)

{73

(74)

50_,'

75)

(76) .

(77

(78)

O
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1/2 2 /2 2
7 . 9 . m X - = 9 I, X
c-L Ge ‘% w172 tong 42 € ‘Ze wl/2
' (79) .
9
_ -1/2 x 1/2 x”
szL_ 136 v == Z 96 V 5 (80)
T ions r
ZD of equation (80) which has assumed n, = ny compares favorably
ions o

with both the Cornell and Physics International Co. data of Table 1,

Considering only beam-generated ions in the gap we have estimated:

1 P 2 x 10" Yce . 17.0 | -
£~ n - 10 ] : (81)
i 1,17 x 10" /cec . '

Equation (81) lndlcates that beam-generated ions alone ﬁlll produce
fractional-ionizatlons s (f ) of less than 6% . It should be
noted however that estimates of N and n, (from equations (62)

and (63). respectively) are quite conservative in that the assumption.

is implicit that all the electrons in the gap have acquired energies of

4 x 105 eV 'before undergoing collisions. Many of the beam electrons

will of course suffer collisions while still in the process of acquiring
this:energy (i.e. while the probability of an ionizing'collision is
considerably higher than for an electron of 4 x 105.eV), resulting in

a fractional ionization considerably larger than 6% . Additionally, if

- other sources of ion creation in the gap region are considered such as

ion-atom collisions anode bombardment and cathode‘sputtering, frac~
tional 1onlzat10ns of approx1mate1y 1 become very reasonable.
2, Relat1v1st1c Correctlons of the Child-Langmuir- Law

The beam-generated-lon correct1on to the hard—vacuom_Child‘s Law

discussed above is exact for low accelerating voltages but requires

-correction as the applied voltage is raised, Harmon8 gives_an-approx-

imate solution to the‘relativistic Child-Langmuir Law as:

e



52

' _
3/2 3 o : o
L ev, -3 §) . . 82)
where ' | _ o
_ : . 9
o c _ .
v, o= =S = 5,11 x 10” volts
N e ,

‘and remarks that the reduction in current is due to the fact that 'for

any given voltage the electron velocity is less than that calculated from fl'

non-relativistic considerations., The charge density is therefore greater

“and the field in thé'region of the cathode correspondingly reduced."

A more detailed analysis over large voltage ranges, and asympgotic'

ISOlutions have been carried out By Acton.lz More fecently; Bbérs

and Kellehe%Shave presented an exact solution of Ppiéson&s_equatioﬁ
for the one-dimensional case. Figure 23 compares their exact_solutibn
(a combination of-2_conv¢rgent series)IWith'l) Child; Law (which is

a good iow voltage approkimation) and with,secondly,an ultra-relaﬁiﬁ%stic

solution which is an approximate high voltage solution and which gives

1% accuracy only for U values > 200 . The figure shows thgt for the

usual Cornell operating voltages of U ranging from 0.5 to 1;0;';he

Child's Law correction is < 10% and we therefore choose to neglect'

relativistic corrections in our analyses because the aforementioned

space-charge neutralization caused by beam-generated and other ions

"are a much more important correction consideration,

3. Transmission Line Imbalance - The Condition Called "Pre-Pulse"

Should an imbalance of more than a few percent between the charging

impedances of the two.sides of the Blumlein occur, a '"pré-puise" vol-

tage of up to mdny tens of kilovolts may exist across the diode,gap

during the Marx-to-Bluﬁlein eﬁergy-transfer.cycle, prior to the firing

of the solid dielectric switch., Since this charging-cyclejlasts on the
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- ‘Planar Relativistic
- Diode |

Child's Law

~U

1.0

o.1i

tra Relativistic

'IOZ

 Fig. 23._

Jx (amps)

Comparason of Planar Re]at1v1st1c D1ode. Ch11d 5. Law,:'

and U1trare1at1V1st1c Sou1t10ns (After Reference 13)
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order of a mlcrosecond the dlode gap has sufflcient tlme to become plaSma i

'fllled* and upon arr1va1 of the main pulse (VD)- the_diode 1mpedance B

will cdllapse.
The Cornell Blumlein has been measured to be balanced withln 1. SA

but the results of gross line imbalance (caused by a partlal fallure of

": one. of the. 2uh charglng 1nductors) may be seen in Flgure 24 to cause .

- .zmain pulse collapse very simllar to that of short c1rcu1t test shots, and

'thlS-lS cons1dered to be-ev1dence_that such a "pre-pulse" plasma did

- in fact ex1st in the gap reglon. 'It is further believed that.a.measured

'”llne lmbalance of approx1mate1y 10% and charging voltages in”thg_mega- S

volt range explains in part,-at least, the difference between bhe-mea-,_-

sured impedance of the NRL facility and the other listed results in Table I.

*

cussed in Chapter III are not directly applicable since they were post-
main-pulse plasma formation times. The rapid formation times (a few ~
tens of nsecs) do indicate, however, that above a certail threshold.
field strength in the gap (% of imbalance) there is certainly enough
time (™ nsec) for the plasma to form., : :

The measurements of formative plasma times in the ahode-cathodeﬁgap dis-
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Diode Current Waveform - Normal Operating Conditions

Shot #2 3/19/69

b. Diode Short Circuit Current Waveform

Shot #4 3/21/69

c. Diode Current Waveform for case of Gross Imbalance
in Charging Impedance (Pre-Pulse Condition)

Shot #4 3/23/69

Fig. 24. B Probe Measurements of Diode Current

.. 50 nsec 28 KA



CHAPTER III - CATHODE STUDIES

Measurements of the diode impedance (Chapter II) have shown that

¢ it is less than that predicted by the Child-Langmuir equation by a -

fectbr of appreximately two over a broad range of anode-cathode gap
. _ L

. spacinge,.d, and for diode pressures ranging from 5 x 10 te "10m5'torr.

For diode voltages of a few hundred kilovolts,diode currents of several

tens of kiloemps are obtained. In this chapter an attempt will be made_

to explain:

1) the mechanlsm/s by which such 1arge currents are possible, and
2) the effects of the dlelectrlc cathode sections on the observed
..spatlal distribution of the diode current,

A. EMISSION MECHANISMS FOR METAL CATHODES

A number of poss;ble emission mechanlsms have been con31dered in

an attempt to explain the current densxtles in dlodes of the Cornell

type. Among these were:l

:aj'.High-Field Emission-

-b) 'Electron Em1391on froﬁ Tonization and Ion Bombardment
'.c):.Thermlonlc Em1351on due to Ohmic Skln Heating
_.d)..Seeondery-Electron Emission due to Electron Bombardmeet.

1,4,14,15

There is now general agreement among 1nvest1gators _that hlgh

_f1e1d emission (Fowler-Nordhelm tunnellng1 ) or T-F em15510n* are the

E —-.._...,_,,.___'____

""Emlssion from a heated conductor subjected to a f1e1d of sufficient. _ /n\_.”
magnitude so that most electrons are emitted through rather than above ti_;.'

the surface energy barrler of the metal"

-56-
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dominant mechanisms in 1iberéting the initial electrons from the cathode -
surface. T-F emission is of particular interest because it does not
-12 - : o
require the ultra high vacuum (10 1 to 10 ? torr) of pure cold field
I 17 A . L .
- emission surfaces ' and is more compatible to our own operating pressure

range (10'.4 torr),r'Pure field emission is governed-by,thé modified.

Fowler~Nordheim equation18

I = (1.54 x 107° %% 3 exp[-6.83 x 107 ¢3/2. Jil] (83).
where
J = current density (amp/cmz)
F = electric field (Vfcm).
o = emitter work function e
'f(Y) = g slowly varying function (Nordheim elliptic functlon) whlch, 

over the useful range of the equatlon is almost constant and

typlcally varies between 0,7 and 0.95.

Flgure 25, taken from reference 18, shows the strong dépendencs of T
on both F and ¢ . |

T -F emission is an 1ntermed1ate process between the extremes of |
thermionlc em1531on and f1e1d emlss1on.. Flgures 26a and 26b (from
:Reference 15)' show the theoretlcal dependence of emltted current
_dessity on fiéld and temperature for tungsten (¢ = 4.5 eV). Figure 26a
shows that is_tegions.to the left of point A [thermionic and Schottky
- Field- assisted thermionic).range} tunneling accounts for a very smali
.percentage of the total emission; J is sensltlve to T but relatlvely
1nsens1t1ve to F , 1In the reglon to the right of p01nts B(T-F and;-
field emission range) emission occurs prlmarlly -or solely by tunnellng,_
.JZ tncreases_rapldly_WLth F becoming very large:and_relatlvely 1n-t,

sensitive to _T‘.
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of Applied Surface FElectric Field F, For Several
Values of the Work Function ¢ in ev. (After Reference

18). o

~ Eqg.(B) of Reference 18. J = (1-54X10_6§2)é

J in amp/cmz-
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¢ in eV
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(2 » 107 to 108 volts/em). In theory, emission densities above 'IQ

60

Figure 26b diéplays the above information in the high field regiop
10 .

amps/ém2 could be reached; in practice, however, J is limited by

. : _ : L ;15
resistive heating of the cathode and power dissipation requirements." -

B. . METAL-DIELECTRIC CATHODE STUDIES - AN AD HOC APPROACH

!

Accurate studies of field-emitted current even from point sources,

are very difficult because of:19

a) .ﬁifferenées,in the emission from different cryétal faées.of-g

| single crystal point, -

b) Non-uniformities in the field distribution prddﬁqé&'by micro-_
scopi¢ irregularities in the point, .. -

c) The extreme difficulty in maintaining a clean point of é'pﬁ;e.

- metal at low temperatures, even in the best available vacuua.

A consideration of these difficulties, complicated by the additional

operational requirements of the Cornell diode such as:

a) . A large-area (~80 cmz) cathode [to provide large currents
at low. voltage and gaps of the order of 1 em. Recall: .

' 80 4.2
: D_ (VD)1/2_ r

b) A cathode composed of metal and plastic (and therefore having.'

no distinct work function)

c) Operation in a soft vacuum (~10-4 torr) environmeht;

has led to a more ad hoc approach in cathode studies._"For example, the

-Cornell dibde‘has average fields of approximately ‘5_x.105 V/cm (400 KV

across 8 mm gap). From Figure 26a, even for cathode temperatures of

/” "‘) |

5 .
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2000° K, total cathode currents of only a 100 amp could be expected, How-
ever, the field enhancement at the hole edges and at other microscopic
irregularities or ‘''whiskers" (caused by local field stresses) on the

cathode surface can enhance the average field by several orders of
20,21

magnitude, 'Whiskers" have been observed under electron micro-

scopes to be typically 10#5 cm. in diameter and 10-4 cm in 1ength;
and to enhance the local field by approximately 100 .

For the present, let us assume that the total currents measured (up
to 105'amp) require current densities (—"lgwg ) large enough to destroy
80 cm

surface whlskers and that after a few nanoseconds, a dense plasma cloud

a v1rtual-cathode,ncomposed of vaporized whiskers and possibly_dlelec-

tric fill material is the source of the space-charge-~limited electron.
flow observed in Chapter II., (This model will be supported by experi-

ments reported on in sections to follow.)

1. Radiograph and Optical Studies of Various Cathode Geomecries

Figure 27 shows the experimental setup for obtaining both pinhole

radiographs and optical photographs of the various cathodes, The

lens used throughout these experiments is a multi-faceted lens (known
"as a PRISMA lens) and is similar to those used in television for multiple-

-image displays.' Each of its off-center facets was covered w1th a dlfferent .

value of neutral-den31ty Wratten fllter g1v1ng light attenuatlons of
0,2,4,10 and 20 times, and thus_allowed a comparison of the visible
.light generated_in the dibde_with the radiograph which was being simul- _
tanecusly.taken._

X-ray plnhole-camera radlographs* (magnlflcatlons ranglng from (1/4

to 1) were made of the ”plasma“ cathode for a varlety-of input voltages,

*Ilford Red-Seal X-ray film (Y ® 3) was used. To maintain a constant film
Y., the development and fixing times were controlled. The pinhole X-ray
camera is homemade, and consists of 1/8" lead sheets folded into a box
~design with a 1 mm pinhole in the front center,
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'AWRE who originally suggested the

{

: 3
5,
{

pressures and anode-cathode gaps. ! Most radlographs of the '"plasma"

indicated reasonably laminar flow,|as was predicted by J,C. Martin of

A i
.cathode showed a '"honeycomb" typ? emission pattern, whose resolution
} 1
b
\
)

"plasma" cathode design.

In addition, shots were made on a '"plasma' cathode whose.conical |
holes were not filled with a dieleetric. No change in diode impedance -
(ZD) was observed for_this unfilled case, but a distinetly differeht,
less.regular emission pattern resulted. The contrasf in the two types
of emission patterns is perhaps best illustrated by a radiograph of a |
cathode in which the holes of the bottom half were filled with lucite
and in which_the hoies_of the top half were left unfilled (See Figuee-28}.
ZD’ measured for this half-filled,half-unfilled case was appfogimately
the same as_fof the completely filled case. The darkes; section of the
radiograph'is believed to be the result of a current '"pinch" in-the.
anode-cathode gap which is dependent on diode currene voltage and aspect
ratlo (See Chapter IV)

b

Because Z remained invariant with the first three cathode deeigne

used, it was decided to use cathodes of a quite different design in an

~effort to sort out the importance, if any, of such parameters as hole

diameter, type of dielectric fill material used ete. .

© Figures 29-30 show the corre5pondence obtained for the'radiographs

"~ and PRISMA lens photographs, for a) the brass plasma cathode (filled)

b) the brass plasma cdathode (unfllled) and ¢) the'aluminum outer hole _'

cathode.
E Figure 31 shows some of the cathode designs on which shots were made
both for the fllled and unfilled conflguratlon and Elgure 32 orders the

cathodes according to: -



Radiograph of 4.0" Plasma Cathode
Bottom Half Filled - Top Half Unfilled
Shot #14, 10/29/68

Vp = 423 KV, ID = 64.7 KA, Iy = 6.56Q

64




(a). 4.0" Brass Plasma Cathode (Filled)

.Shot #4, 10/29/68
VD = 373 KV, I, = 52.7 KA, I = 7.094

(b). 4.0" Brass Plasma Cathode (Unfilled)
Shot #10, 10/29/68

Vo = 330 KV, Ij = 45.6 KA, I, = 7.240

D

A Comparison of Radiographs and Prisma Lens
Photographs (Optical Attenuation 0,2,4,10,
20 Timesg :

65




(a).

.‘/k““
g

. Fig. 30.

4,0" Aluminum Outer Hole Cathode
Shot #24, 7/18/68

VD = 360 KV, ID = 32 KA, iy = 11.20Q

4,0" Brass Ridge Cathode
Shot #11, 7/18/68

VD = 260 KV, Iy = 28.6 KA, ZD = 9.1

A Comparison of Radiographs and Prisma Lens
Photograghs (Optical Attenuation 0,2,4,70,
20 Times _

66
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j--where A = total hole area

=
ST [

;_‘where"C total'hole circumference. -

Drff1cu1ty in comparlng data on the varrous cathode types was encountered'

:because the dlDdE voltage (V. )-‘is_controlled by the breakdown voltage -

D

of the pre stabbed solld dlelectrrc Blumleln-sw1tch-for whlch-the scat—

;ter was. approxrmately g 67 ., A substant1a1 number of shots on each

cathode design was therefore requlred 1n order to allow grouplng of

the shots wrth approxrmately constant input voltage to the dlode (1 e. .

;rule out the 1nput voltage as a parameter) and cause- ZD .to be a func-_'

tion of cathode deslgn only Flgure 33 presents early data on such

_an orderlng saheme Whlle promlslng, it lead - to no def1n1te conc1u31on s

51nce a comparison of Flgure 33 with F1gure 32 shows that the cathode _‘”'

"data_(lte. Z ). Qrder accordrng to‘elther 1/A or 1/C .

A newer - sw1tch fabrrcatlon technrque reduced the Blumleln sw1tch
scatter to_ + 27 and the data were more eas11y taken. Frgure 34 in-
dlcates that the f111ed cathode structures order accordlng to Z O‘51/A

A tabular summary of the observed spat1a1 dlstrlbutlon patterns
of the varlous cathodes tested is grven 1n Frgure 35 Flgure 36a

shows the type of "hot spots"' Wthh develop on,the brass blank

'cathode and Flgure 36b shows the: enhanced central emlss1on of the

plasma”-center cathode.

Flgures 37a b compare the radlographs for the fllled and unfllled

~cases of the a) Varrous Hole Srze Cathode, b) Narrow Rldge Cathode
'.g(See Appendlx B for a: brlef dlSCUS310n of the possrble use - of the cath-“r'

~ ode for launchlng a'hollow beam" 1nto a drift tube ).

A study of Flgures 29 37 has led to the followrng conslu51ons

1) Emrssron from the brass blank (all metal) cathode is probably
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Fig. 36a. Photograph of Brass Blank Cathode After 2 Shots.
Note the "Hot Spots”.

Fig. 36b. Radiograph of "plasma" - Center Cathode Showing
Enhanced Central Emission Region.

Shot #17 of 7/17/68

Y Ip D
460 KV 65.5 Ka 79
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(a)vNarkow Ridge Cathode

Shot #9, 1/8/69 Shot #22, 10/29/68
VD=338 KV,ID=56.7 KA,ZD=6.09 VD=396 KV,ID=52.7 KA,ZD=7.539

]

. s ki) %w
(b) Various Hole Size Cathode
Shot #5, 1/8/69 Shot #18, 10/29/68
‘VD=272 KV,ID=50 KA,ZD=5.44Q VD=363 KV,ID=48.3 KA,ZD=7.209

(¢) Wide Ridge Cathode _ " &

Shot #2, 1/8/69 Shot #8, 10/30/68
VD=300 KV, I,=66.2 KA,ZD=4.54Q VD=33O KV,ID=40 KA,ZD=8.3Q

Fig. 37. Comparison of Radiographs for Filled (Left Side of Page)
and Unfilled Cathode Configurations.
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best explained by T-F emission, no other known mechanism
providing the observed current magnitudes.

The overall diode impedance (ZD) is not a strong funct;on of
cathodé:design {planar ancde-cathode geometry). However for

a fixed gap we have seen changes in ZD.of 2.7/1 for the

" ‘shapes tested; the impedance of the cathodes ordering roughly

as & .
s ZD 1/A
The spatial distribution of electron emission is a strong func-

tion of cathode geometry. Maximum emission occurs as expected

at field enhanced edges and suggests that a large area uniformly

emitting cathode should be of the multi-hole '"plasma" type.

“or of the sintered tungsten (EG and G) type. (The 'plasma"

" cathode has the additional advantage of being easily refaced

if it becomes coated with anode debris whereas the sintered

type must be entirely re-processed.)

. In all cases tested, the dielectric £fill gave a more uniform

laminér pattern across the filled surface than the non-filled

‘case, and indicated that the dielectric was uudergoing a rapid

surface breakdown process. By comparing the surface patterns
of the'filled various hole size and wide ridge cathodes, the
maximum e€ffective track length is estimated at ji cﬁ , for

50 nsec pulse widths,

For the '"plasma" cathode the surface-breakdown process and
the flow laminaxrity may be explained by refefring to Figure'38;

a rough sketch of the electric field lines in the anode-cathode .

.gap region, The electrie field vector E 'is seen to be com-
posed of E, and E. components, with Eé = E? . The. large

sz compdnent explains the flow laminarity.. ”Er is 1a?gé enough_:



ANODE PLANE
E FIELD it
LINES s

S NNV TNV NV VTV
'SEE INSERT R /4£#

"PLASMA" CATHODE
SURFACE |

~ Fig. 38. Rough Sketch of E]ectr1c F1e1d L1nes 4n
' “Anode-Cathode Gap. _
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to either:

a) produce electron multipactoring along the surface of thé
dielectric studs once field emission has been initiated at the
:hole.gdgeé.or

b) produée dielectric surface-flashover similar te that of the
'lucite_insulators discussed in Chapter 11 (Figure 17a}.

"For a'holgnof radius 1.5 mm, Ep (Figure 38) may be estimated
as_approximately 600 KV/em  which is considerably_in excess

of the 50 KV/em required for surface fléshovér at 0° in

Figure 173,

‘SBuch processes in conjunction with cathode sputtering from beam-generated and

other ions can easily produce a tenuous plasma sheath over the cathode

surface,

2. The Formative Times or Cathode Plasmas

The formative time of such a plasma in the anode-cathode gap region

‘of a diode similar to' Cornell's has been studied at Ton Physics Cor-

poratioh.22 At pressures of 3 x 10—5 torr and a gap of 1 cm, the time

‘history of the anode-cathode gap spectra were studied By means of 0.5

meter Jarrel-Ash monochrometer and an Amperex XP1003 S-20 photemultiplier,

'Using an aluminum cathode:

the AlI (3961 A ) line peaked 180 nsec after the electron peak

T ° _ |
Al™" (3587 A) 1line " 75 wu 1" " " t

A].III' (3601 K) line " 80 M " no n Con

The lon Physics Corporation study concluded:
"The question of the time growth of a plasma around cathode tips
was studied experimentally, and indicate that the tenuous plasma forms

quite quickly. = Both residual gas species and cathode material species
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were observed in the plasma, the cathode material being the dominant mem-

ber. This suggests that either vaporization of minute whiskers from the
cathode or sputtering of the cathode itself is fesponsible for the gfowth
of the plasma. In any case, the presénce of the plasma suggests that a
spéce—charge-liﬁited eﬁission mechanism if probablj opefative. This
asSumptiOn'is supported by the good agreement obtained when compafing

predicted and empirical evidehce_for one knowrn geometry."'
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CHAPTER IV - BEAM ENTRANCE CONDITION STUDIES

The‘effects of the dielectric sections of the cathode on the ob-
served spatlal distribution of dlode current were ‘noted in Chapter IIT.
" The presence of a plasma sheath in front of the cathode Whlch serves
as the'source of,electrons for the space-charge-limited flow measured
in Chapter II has‘peen postulated. The study of other éiode parameters
which have a pronOunced effeot on the observed spatlal dlstrlbutlon of"
current at the anode plane is now described. Data on these dlode param- -
eters is exfremely.important because the propagation characteristics of
the electron beam in the drift tube* are in turn critically dependent
on the spatial dlstr1but10n of current and the angular spread of the
electron traJectorles.at the anode plane., (See Section 2 of thls ehap—

ter.)

A, TIME*INTEGEATED CURRENT DISTRIBUTION STUDIES
-l.j ‘Radiograph Measurements

Radiographs.(magnification = %) similar to those discussed in Chap-
ter IIT were made of the "plasma" cathode for a variety of input volt-
. ages, pressures and anode—cathode.gaps;_ Most of the radiographs showed
a honeycomb type emission pattern, the resolution of which lndlcated
reasonably lamlnar flow. 1In addition the pattern was qulte uniform in
intensity and regularity across the cathode-surface‘(See Figure 39a).

A number of radlographs however, showed distinct skewing of the beam to

the downstream s1de of the dlode (Flgure 39b), and, 1n'certain cases

% : ’
See Appendix A, "High Current Relativistic Electron Beam Propagatlon
Characterlstlcs - A Summary

_79_
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Fig. 39 Radiographs of Various Cathode Emission Patterns
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(Figures 39¢), both skewing and radial compression pf the beam was ob-
served. This evidence of decrease in laminarity of electron flow will"
henceforth be called "pinching." 1In Section IV.B it will be shpwn |
that the ions in the gap remain essentially stationary. Conseeuently

this pinching* effect is not to be confused with the usual linear pinches

_encountered in other areas of plasma physics where ion drag is important, :

The question pbsed by the radiographs was "What afe the conditions
for Which-electron.flew between parallel-plane electrodes becomes so
affected by the self-generated maghetic field of the electrons that the_.
eriginal laminar flow becomes seriously degradedi”. A'simple modél for.
the‘predietion of this pineh condition in the diode-gap region hes‘been
proposed by Friedlenderl4 et al and is summarized as follows:

"In the cathodé-anede regionofan electron gun, the situation can:

be quite different (i.e. from that of a propagating electron beam).

- In the limit where the beam cross section is much larger than the cathode-

anode distance, the space-charge field is almost entirely axial. The

‘radial space charge force approaches.zero. The self-magnetic field,

however, is essentially unchanged by the cathode-anode geometry be-

cause the magnetic field depends only on the current enclosed by the

' integration path which in this case is a ring about the beam axis.

Radial currents in the anode, or coaxial return currents outside the gun,
will not be enclosed by an integration path inside the cathode-anode

Space and therefore will not change the magnetic_field.

% L o 2,11,14,15,31

Similar diode pinching has been noted elsewhere ~but no .
detailed systematic measurements to determine the conditions for which
" such pinching occurred had- been carried out.
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" The lack of an outward space charge force to balance the inward_'
self-magnetic field force in a4 planar gun will result in a convergence
of the beam, making planar flow in a planar geometry impossible above a
certain_éurfent and voltage level, Since the self magﬁetic force

vl Jr . ] ) .
(¥ = - evi Jr ) increases with radius, the most extreme convergence

m 2
will occur for the outermost eleétrons, the field at the edge of the

beam being given by
B, = | - RIS

where I is_the_ﬁotal beam current.

Electrons at the edge of the beam in the cathode-anode region will
perform quasi~cycloidal motion due to the self-magnetic field and the
applied electric field. Assuming a constant magnetic field given by
equation (84) the'cycloid'radius is given by

: . .ov . '-

‘rcycloid eB, - (83
where m is the relativistic mass and v is the velocity, both of-
which are assumed constant. To estimate a limiting criterion for the

diode, we will investigate the condition for which the cycloid radius

~ equals the diode spacing. With this condition applied.to'equation_(84)

‘and (85) we have:

epT d | | (86

 m v 2rm cz | o .

- _ _o© 2y B 0 b r _ T o, . _
Teritical o fge = Vg BY =850 3B (1)

where d 1is the diode spacing; f = % and Y is the relativistic mass
. L : : _
factor, Y = —F5 755 "
T - 2,172
a-gHY
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‘He concludes: "The limiting current expression given by equation (87)
is clearly based on rather restrictive assumptions; howevér it can be
used to estimate conditions under which self magnetic fields will blay
an important rble in determining the electron floﬁ.”

In terms.of the Lawson model (Appendix A) we have:

Tpinen «

T = 17,000 BY and ¥V =Y , — = (88)
LAWSON ILAWSON 2d
vl r '
v = 93 - (89)
Y CRITICAL 2 o
PINCH

A comparison of the measured values of /Y for the radiographs of

Figures 39a-c, with V/Y/cfitical and measured ZD shows the general

departure from laminar flow as V/VY/ approaches v/Y/

measured . critical

It is notable that the beam pattern which is both skewed and pinched

occurs for a lower relative value of /Y but a higher value of ZD

than for the skewed beam only. This phenomenon has occcurred con-

_sistently but cannot presently be explained. A review of the radiographs

and data for other cathode shapes (Figure 40) indicates that the model

is consistent and independent of cathode type (planar anode-cathode

geometry) as expected, This is perhaps, most clearly shown for the

half/half cathode in Figure 41,

The measured densitometer density range of Figure 41b is

)

g (codes) x 1.5 (Range) = .975 - . .

[

where ch&és” refers to steps in the densitometer calibration and
"range" refers to the total demsity range of.the_ipstfument. The

Y of the X-ray film, (defined as D2——D1/log"E2 -'iog El), where

D = film density and E is exposure) is # 3 ., Therefore
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(a) Radiograph of Half/Half Cathode, Shot #2, 10/30/68
(Left Half Filled, Right Half Unfilled)
VD=379 KV, ID=58.5 KA, ZD=6.59

1=4.2; 2 3.2

v -
VICritica Y|Measured

(b} Densitometer Trace of Radiograph Shown in (a) Above.

Fig. 41. Radiograph & Densitometer Trace of Half & Half
Cathode {Pinched Mode).
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E .
3 = 975 or 2 . 212 ;

log E2 - log El E1

i.e. the ratio of pinch spot intensity to that of the background is 2.12/1,

An operational curve used to quickly estimate ¥/Y from

measured
the diode voltage (VD) . and current (ID) scope traces is presented as
Figure 42, (For a measured diode voltage (VD) 178Y is read from
Figure 42 and divided into the measured diode current (ID in XA) to
i v

find /Y/measured')
2. Distributed Calorimeter Measurements

‘The diode-pinch mode was next studied for V/Y both less than and

greater than by means of a segmented graphite calorimeter

V/VEritical
mounted 1 mm behind the anode foil,

The calorimeter consists of a 5 x 5 array of 1 em squaré by
.63 em thick graphite blocks surrounded by.four 2cmx 1emx .63 cm
and twelve 2 cm x 2 em x .63 cm blocks (Figure 43). The total array

is 9 cm by 9 cm compared to a cathode diameter of 10 cm and a

drift tube (if used) diameter of 14 em ., Each graphite block has a-

- thermocouple embedded in the back of it and the wires from the array

are fed into a 100 channel scanner which enables each thermocouple

- to be sampled at least once every two seconds, The scanner output is

amplified and recorded on a Visicorder Oscillograph. The temperature

rise for each block is proportional to the beam energy deposited therein

- and has been calibrated as 3/4 joule per centigrade degree for the.

smdall square blocks, twice that for the rectangular blocks, and four
times that for the large square .blocks,

The increase of pinching with increasing Wﬁ%masured is evident
(Figure 44) and conforms to the model, Note that even for the low

V[y case (1,76) there is some skewing of the beam to the left
measured _ . _
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Cathode Diameter
: 10 cm

~, A

:_/ '-—ZC'm—J

” Drift Tube
Inside Diameter
14 cm

Fig. 43. 41 Point Segmented Ca_1or1’me,£eh- Ar_‘ir'ay
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Figure 44

 Segmentéd:Ca1qrimeter'Data at l'Millimeter

iii. iv.’

ii,

) 5Sh0tjDaté  e S
Shot Number and Date 5-3/15/69 2-3/19/69 3-3/15/69 11-3/19/69

.0005 torr -
350KV

Same as Diode PTeSSUTQjLESS.than-

~ Diode Voltage(Ave.) 400KV
'DiOde-Curreﬁt(Peakj

'Dfift.Tube'Pressure

430KV

320KV

“77KA

75KA

49KA

6.430

44KA

9,200

4,520

5.730

Diode Impedance

critical
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(i.e. downstream) side of the matrix. This type of offset is believed.

to be due to the noﬁ-symmetrical feed of the Cornell eioee since the

geometrlcal alignment and gap spacing of the dlode have been carefully
.checked. The offset is consistent with both the radlographs and the diode

toroidal resistor measurements (Figure 15) mentioned earller.

Other Cornell thermocouple data23 taken at 0,3 and 2 %-meters.
indicate that there is .a strong.tendency for the diode-pinch_to be per-
petuated as the.beam propagates down the drift tube, evee tﬁdugh the
p/ygeasured at the calorimeter has fallen well below the value in the.
diode.. The a21mutha1 position of the pinch is not necessarlly main-
talned as the beam propagates and thls may be due to 1mage forces in
the conducting walls of the drift tube. | |

The data of Figure 44 represent about 30% of the initial beam

_{mv ' energy since a'fine {(No. 100) stainless steel mesh, whieh is only 307%
transparent to the beam electrons was used as the anodei The net trane-

mitted energy measured by the calorimeter may therefore be compared to
o . : oo

thet'obtained froﬁ the beam current and voltage monitere in 0.3 o VD(t)ID(t)dt
'obtainee-from.tﬁe respective moniter scope and traces, 1f the diode is.
reasonably.weli'matcﬁed only the first two voltage‘and current pulses
need be con31dered since the energy in the remalnlng eulses is generally
."below the cutoff energy of the anode foil. For the data here taken
" with a mesh there is no such threshold energy cutoff but since <ZD>
was approx1mate1y 5. SQ, and ‘the voltage nearly constant, 0. VD(t)ID(t)dt.

0
and energy comparison

Tist pulse

could be reduced to 0.3 v T
; I o o,

checks within 15% could generally be obtained,

3. Diode Pieching in the Presence of an External Axial Magnetic Field

(i)  ' o | The effects of extending the anode-cathode gap into 2 uniform mag- .””

netic fleld whose magnitude is of the same order as the self- generated
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magnetic field of the beam is shown in Figure 46.24 The experimental

setup is shownin Figure 45. The zero applied-field case (Figure £6a)

. shows the usual skewing of the beam to the left (downstream) side of the

diode, Figure 46b, shows the increase in laminarity for a 10 KG applied

axial field (one shot) and indicates that the cathode hole edges are the

"main source of electron emission (as discussed in Chapter III).

Figure 46c¢ shows a 10 mil 85 mesh used as an anode for three
shots, the first without an external guide field and the last two with

an 8 KG applied field. The edge emission occurred on the first shot

_and there was enhanced emission on the downstream side. The excellent

laminarity for the last two shots is evident. It is believed that thé
hole (pattern) graduélly fills in as successive shots etch the mesh.

A comparison (if possible) of the hole-edge intensity ﬁo the hole éen—
ter intgnsity would give a crude estimate of the ratio Ez' to ER

(See Chapter III, Figure 38).

VB. TIME-DIFFERENTIATED CURRENT DISTRIBUTION STUDIES

1. Description of the Experimental Setup

The'time—history of the diode-pinch mode ﬁas obtained by means of
a TRW Image Conﬁerter camer a and a masking technique descfibed below.
The camera is a modified image-converter tube fitted with.an objeétive
lens in front of the photocathode and a Polaroid camera behind the.photo-
éqode.: The modifications involve placing a grid behind the pﬁotoanode
so that the camera can be electronically "shutterea,” and the addition
of deflection plates so that the phgtoanode image éaﬁ be rapidtly deflected

vertically.
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No Magnetic Field Case
VD= 250 KV, ID= 37 KA

2x10~4T0RR,
250u

PpIoDE™
PORIFT TuBE™

Foil: 1 Mi1 Titanium
)

=1.89

¥
172:95Y | Meas®

Critica

10 KG Field
VD=240 KV, In= 37 Ka

- -4 .
PDIODE— 2x190 TORR,

Ppripy™ 300w

Foil: 2 Mil Titanium
v

L")
Critical 2537 |Meas.=1+90

tc) 8 KG Field

VD= 350 KV, IDg 40 KA

- - -3

PD— PDT' 2x10"°TORR

Foil: 10 Mil S.S.

vy =2.5;2 =1.,72
Critical Meas.

(After 3 Shots)

Fig, 46. Photographs of Anode
Feils Used in Magnetic F1e1d
Pinching Experiment.
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With these modifications and various available plug-in units the
camera is capable of both framing and streak modes of operation. In
the fast framing mode, three 17 x 25 mn pictures can be taken in rapid
succession (i.e, intervals of 50, 100, and 200 ns) with exposure times

of 5, 10 or 20 nsec. 1In the fast streak mode the camera causes the

photo-anode image to sweep vertically (bottom to top of picture) a dis-

tance of 50 mm , in times of 20, 50, 100 and 200 nsec. In general,

the streak ﬁodé is most useful 1f the object to be photographed can be
reduced to a horizontal line, the resulting picture providing a time
history of each point on the line for the duration of the streak,

The camera fequires a trigger pulse of 4300 volts (minimum) with
a2 10 nsec rise time to initiate either its framing br streak operétions.
Since the timé jitter in the solid dielectric switch Ereakdown voltage
was approxiﬁately + 100 nsec iﬁ was not possible to'uée the Marx spark
column trigger as a Qimultaneous command signal to the camera, It was
decided to use a magnetic pick-up loop placed either above or below the
Blumlein switch section._ When the Blumlein switch fires, (di/dt =% 1013 

amp /second) curreht flows from the outer conductor through the switch

to the inner conductor giving rise to a magnetic field in the vertical

direction. A wire loop placed nearby will intercept the flux lines,

cand if a small break is made in the loop, a potential difference pro-

portional to ﬁ is available at the loop ends. A confinuous leﬁgth of
502 solid outer conductqf styroflex cable was used as pick-up loop by -
claﬁping the center conductor to the outer conductor at oﬁe end. Some
difficulty_was found in orienting the loop so that it would discriminate

: # . '
between the B of the Marx, which would shutter the camera too soon,

and that of the Blumlein switch. Eventually discrimination ratios of

3/1 were obtained and these proved quite satisfactory, .
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2. TFast-Framing Camera Studies of the Plasma Cathode
The first framing camera observations of diode pinching were ob-
served in October-December 1968 in photographing thelbeam as it bom-
barded a quartz disk and caused the emission of light; The éxperimentgl
setup was gimilar to that of Figure 27, with the framing camera posi-

tioned alongside the Super Graphic camera, Monitor pulses from the

' framing camera were time synchronized with the anode x-ray pulse (as

recorded by an x-ray scintillator photo-diode of negligible time delay)
and indicated that the pinching occurred approximately 35 nsec after

the start of diode-current flow. Typical data for these pinched shots

are:
v v :
SHOT NOf DATE VD(KV) ID(Ka) ZD d (em) /Y/measured P[Y/critical
5 12/13/68 322 68 4,74 0,89 3.2 2.81
7 12/13/68 300 64,5 4,66 0.89 3,0 2.81

Thgse results were of considerable interest because fhey again con-
firmed the validity of Friedlander's mbdei, butfthe.quality of the photo-
graphs was not good, and the question was raised as to whether or not
surface phenomena on the quartz target was responsible for some of Fhel
emitted light. To remove this difficulty, a masking technique (Figure
47) was devised which was dapable of decreasing the primary beam current
to a level that would not cause heat damagé to a fast rising (~ 3 nsec)
scintillator material (Pilot "B" scintillom).

Electrons igaﬁing the plasma-catﬁode surface pass throuéh a 30%
transmittiné :010" stainless séeel mesh anode. ‘Thé.transmitted eléc-
trons next encounter two layers of ,005" or ,002" Al, one 1ayer.of

.010"  black drawing paper (used to absorb the light reflected in the

back direction and prevent it from feducing the overall resolution) and
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Fig. 47. Masking Technique for Time-Differentiated
Electron-Beam Studies. '
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finally a .020" layer of scintillon. The calculated penetration.
depth of 300 KV electrons is =®,012" of aluminum, while the ab-
sorption 1ength of thé x-rays produced by both the $.S. mesh and the
alumiﬁum-sheets is a few centimeters. Since the electrons which reach
the scintillon aré moré effective in producing opticél pﬁoténs in .the
scintillon than thé x-rays which reach it (by a factor of at least 103),
é scintillon sheet thin enough to pass the x-rays ﬁith littlezpptical'
e#citation alloﬁs:one to &iscriminate against the x-rays, and in effect,
optically photograph the electron spatial distribution. Figure 48a
is a time-integrated photograph made to test the.idea, “The‘black rec-
tangle in the céﬁter of the photograph shows that there is no light
output from.the scintillon over a fegion where the aluminum maékr
thickness (.015"} exceeds the estimated electron penetration depth¥
(i.e. .012" for 300 KV electrons). Were the scintillon being excited
by x-rays from the S.S. anode, etc. this effect would not be noticeable
due to the much longer x-ray range in Al, and the photograph therefore
gives the spatial distribution of the electrons.

Figure 48b shows a 5 nsec/frame photograph of the plasma cathode

for the-following'conditions

= . v -
VD 360 kv /y/measured 2.60
= : 14 : =
ID_ 61 Ka . | /Y/Critical 2,95
Zp =.5.9S_2

* : :
The number and thickness of the Al layers is determined by the
expected Yy of the shot. '



Time

,1\

Fig. 48a Time-integrated
electron spatlal distri-
bution [£/32 + neutral
density filter (x 10)].

Fig, 48b Time~differentiated
electron spatial distribution
5 nsec/frame,

frame separation 50 nsec.
[£/2.0 + neutral density
filter (x 40)}].

Fig. 48c TLower trace:
time~synchronized diode
voltage (VD)

Upper trace:
TRW framing camera marking .
pulses (20nsec./cm)

98
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Figure 48c shows the time-synchronized trace of V. , versus the framing
camera marker-pulsés and indicates that considerable beam skewing
(Figure 48b) has occurred by the time of the first frame, approximately

20 to 30 nsec after the start of the V.

trace,
D =

3. Fast Streak Camera Studies of the Plasma Cathode
In order to acquire a continuous time-history of the aiode pinching _:
the streak mode of camera operation was next employed. Simulténeously,-
it was decided to move the camera away from its original position adja-
cent to the Blumléin in order to:
1. Decrease the RF noise from the Blumlein aﬁd improve the camera
focus which was sharper under strobe-light test conditions than
during actual shots (although the camera and poﬁer supply were in-
ductively decoupled to avoid ground loop currents),
2. Let the increased distance serve as an optical delay line and

effectively allow more time for the camera shutter. to open.

These aims were accomplished by mearns of an a&justable objecéive lens
system which allowed us to retain the original image size on the camera
film, while simultaﬂeously adding optical dglay (~12 ns} and subtracting
trigger puise delay to the streak camera (Figure 49) to improve on
the camera "get-away" time. The objective lenses were carefully focussed
and the camera lens aperature kept below £/8 to ensuré uniform i¥ium-
ination of the photo cathode.

" The diode lucite cover plate waslmaskgd off with light absorbing
black drawing paper except for a slit .1” wide across the horizontal
diameter (4.0") of fhe cathode, This slit (1" by 4"} is seen at the camera
film.piaﬁe as a strip image. 2Zmm high by 8 mm wide. For an unpinghed

- beam, the streak image will therefore be 8 mm wide and for a pinching
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beam something less than 8 mm , The tiﬁe resolution of the beam his-
tory is equal to the streak speed per mm times the 2 mm height of
the undisplaced film-plane image. For the 50 nsec/50 mm streaks the
time resolution is (50 nsec/50 mm x 2 mm) = 2 néec. and-for the 100 nsec
stféaks the resolution is 4 nsec.

The start pdsitiﬁn of the streak is 9 mm from the boftom edge of
the fiim. To detetmine when (in real time) events afe happening tﬁe
streak éamera marker pulse was time-synchronized with the v, trace

as shown in Figure 51, The time sequence of events for a tfpicél'shot

is as follows: (Figure 49)

t = 0 Blumlein Blumlein switch fires

t = 12 nsec Trigger pulse arrives at Streak Camera

t = 20 nsec vy pulse arrives at diode

t =_ 24 nsec Streak camera shutter opens (occqrs

' ~at approximately 90% of Marker Pulse.

For a 400 V trigger input this is
approximately 12 nsec). '

t = 28 nsec, 26 nsec Streaking Mode initiates for 50 nsec/SQ'mm,
100 nsec/50 mm  mode, respectively.

£t "= 33 nsec Light from diode arrives at camera

(combined time of transit time of VD_
pulse to diode and optical delay
from diode to camera), :
The start of events accurs at the 90% point of the streak camera marker
pulse minus the difference between the time of light arrival at the
cameré andlthe streak mode initiation time. (i;e. 33 nsec minué (28
or_26-nsec)).
Figuies.SO a-e present-fast (50-100 nsec/50 mm) streak camera photo-
graphs'of the normal'(Figure.SOb)land the.ékewed aﬁdiﬁinched electron

beam in the diode gap, as a function of V/Y/measuréd

and diode pressure.
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Fig. 51.

Timé
Type 556) for Streak Camera Photograph of F1g. 50a.

Capacitive Voltage Divider
Shipman Probe) Measurement of
p- 286 KV , 20 nsec/cm,

' cm

Torridal Resistor Shunt (ID)
34 Ka/cm, 20 nsec/ecm.

Streak Camera Marker Pulse
5 V/cm, 20 nsec/cm.

Resistive Voltage Divider (V )
Used as Time Marker Only.
20 nsec/cm,

Synchronized Oscilloscope Traces (Tektronics
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Once again, the Friedlander model hqlds, - the pinéhing increases
 as the ratio of V/Y/measured// V/Y/critical—__—? 1 . At no time was |
pinching observed for a ratio less than 0.82, 1In all cases,the.pinching
was evidenced in both the radiographs and integratgd éhotographs taken
simultaneously with the streak photos, The data of Figures 50c-e shﬁw
and 1.’/Y/

that while the gross diode impedance, Z remained

D’ measured
essentially constant with a change in pressure (as had the early ZD
measurementé of ChapterII), the distribution of current and laminarity
of flow was noticeablylpressure dependent:,

Friedlander et all4 have investigated the effects of ion neutrali-
zation of space charge flow for a needle and plane diode (by means of
an IBM-360/40 computer program) in an attempt to explain why measured

currents exceeded non-ion neutralized predicted values.* The computer

o . program provides for the self-generated magnetic field of the electrons.

R

The electron beam generated by the needle and plane diode 1S reasonably |
hqllow.
| The diode analyzed consisted of a cylindrical cathode rod, 13 inches
.long and 1/8 inch in diameter, with a hemispherical tip having a 1/16
inch radius and a completely planar anode spaced 2.7 cm from the end

of the cathode tip, A tabulation of results follows:

Beam Radius of Maximum I () 1 . (¥A) 7% Neutralization
Current Density at Anode measgred theoretical. ‘
20~25 mm 24 _ 0
33 15.6 : 0
15 : . 18.8 : _ 40
7 ' ' : 24,2 65
1 _ ©29.0 80

)

Similar to our observations on ZD in Chapter 1I.
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The convergence of their model at 65% ion neutralization is quite
good- with respeét to total current - but obviously quite ﬁoor with respect
to current distribution at the anode (i.e. radius of maximum current
density) and indicates the complexities of such a theoretical analysis,
There is qualitative agreement with our streak results however.
Some phygical insight into the increased pinching wiﬁh increased
'pressuré méy be héd by assuming that the cancellation of the rgdial
space charge.field (Er) by the proximity of the anode is.nof complete
and is still slightly dependent on the fractional ionization (£).*

The range of f, using equations 60 and 63 of Chapter IT is tabulated as:

Streak Pressure n n, f=n_/n K - 501/2 _z
Photo {torr) ¢ - e (2 T
A . O
No.
50 ¢ 1x10% 1.18x10M! 3.s6x10° . 031 1.76  0.138
50 @ 1x107°0 1.12x10%% 3.14x10%0 o0.288 0.412  .067
11

50 e 5%x10 72 1.15x10 1.61x100 1.43  -5.35 .241

where d = _290" = ,737 cm

I =.7 (as listed in Figure 50c-e) since Ni of equation 62

IPK

iz time dependent

pulse 50 nsec
n, = number of beam electrons/cc
n; = number of beam-generated ions/cc

%

It is interesting to compare the diode case (ER_“ 0, E, large) with that

Z

of the Lawson beam model (EZ=0,ER#0)(Appendix A)..-The listed values of
Lawson generalized preveance,X = —%w (1—B2-f) indicate that such a_béam

: ﬂ Y
should go from an unpinched condition (K > 0) to a pinched condition (K < 0).
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In additioﬁ, from an operational point of view, the noted dependence
of pinching on the.ffactional ionization suggests thét to avoid pinching:

a) Diodes for beams with high relétive V/Y ratios should be operated

at as 1ow a pressure as is compatible with system pump &own time

reqﬁirements. |

b) The cathode and anode materials should be made of high-melting-

point materials to reduce anode-cathode sputtering.

The times for the diameter of the beam edge electrons to collapse

from its initial value to its final value is estimated as;

Fig. No. Pressure = Collapse Final Beam Diameter Initial Diameter
(torr) Time (nsec) mm(film) cm(actual) - Beam mm cm(actual)
' (£i1m) o
50 - 1x10”* 34,5 3.4 4,25 8 10
50 d 1x107> 31 2.8 3.5 . 8 10
50 e 5%107° 32 2.3 2,88 8 10

The onset time of streak-camera-measured beam diameter collapse was con-

 tinuous1y cross checked and found to be in excellent agreement (~2%) with

the time required for the diode current (ID)' to exceed T as

»
critical
measured by the diode current shunt.

A simple dynamical pinch theory for the case of a plasma streaﬁ of
infinite conductivity (the "snow plow" model) predict325 that the

plasma stream radius, e would collapse due to its self-generated mag-

netic field at a rate of

e
R

(90)

where I is the stream current, and Pm the plasma density. For our

4

pfessure variations of é% (;0_ to 5.x 10b3) such g model would in-

. 2.66 -

dicate a variation in pinch times of 6} 50 7
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Since our measured radial collapse times are essentially constant
with changing pressure, it is believed that only the electroms are taking
part in the radial collapse and that the beam-generated ions remain

essentially statidnary over the pulse times of interest (50 nsec).

c. ELECTRON TRAJECTORY STUDIES

A partial explanation for the onset of pinéhing at values of v/Y/measured

at approximately 80% of V/Y/ may be had By recalling that

critical

 Friedlander assumes that the ‘edge electrons are traveling at a constant

velocity, Vz across the gap, in a constant magnetic fiéld, B. 1In fact,
the électrons start out at velocities much less than vé (i.e. =0)

and the self-magnetic field is a function of both radial position and
time, so that the actual electron orbits are complex variations on the
usual simple theme of planar magnetron cycloidal trajéétories (See Figure
52). For the case of Vinitial equal to zero the maximum electron dis-

placement in the =z direction (Figure 52) is given as

dv

s = 22 _ 1138 x 1071 gz ‘ | (91)
m w2 B2 .
where a = e dv
m dz
w - &B
- 11
B in‘webers/m2 = 10'"4 gauss

 For our case B. is the self-generated field of the electrons given by

21 . .
B, = ~—§ r < a . . (92)

= &= - % i kilogauss (r = a) | (93)
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V=V0

Ez ﬂvz X X XX X
.Cycloid Path
v=0

‘Beam sdge 4z
Electron ’ :y
X

'Fig. 52. Electron Motion in a Parallel Plane Magnetron

Configuratron for the Case v, .. :.10.

E.= 0, B = By.
Z | T Y
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Where_.a. is beam radius in cm
r 1is actual radius in cm ,
1 is the beam current in kiloamps. From the streak data of Figure
50c-e for example, we have:

T = 75Ka, a=5cm r =5 cm (electron at beam edge)

By - = 3 gauss = .3 Weber/cm2
VD = 350. Kv
d = .737 em

we have:

1.13 x 10711 (4,75 x 107 % _ _
“max 2 2 - S
m (.3)" webers/ m"~

.597 cms .

which says that the outermost electrons don't make it to the anode, but

in fact cause crowding for lower currents than expected in the Fried-

iander v model,

initial = ‘drift
The self magnetic field that would just allow the edge electron to

graze the anode for v, =0 is from equation 91 :

- -11 7 |
B2, . 1.13 x 10 (fé75 x.lOw) | (95)
L737 x 10
B = 2,32 k gauss ,
. . . . 2.32 . .
The ratio of these self fields is 3.00 = .774 which is very close to
- . ) . X - - . . y . ‘ . :
our observaFfon that pinching bgcomes noticeable for /'Y/measured
y .
-82 /Y/critical i

A brief attempt to measure the angular spread of the electron tra-

jectories 'at the anode plane was made using the experimental setup of
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where 2z 1is the axial beam distance travelled and r

111
Figure 33. The selected hole diameter of 1 mm redqces'the cu;rent/hole
to appfoximately one part in eight thousana of that oﬁ the primary beam,
The 1 mm hole depth is shown to have enough material remaining to stop
electrons outside the hole radius from penetrating the foil and thin
eﬁough to avoid collimating those electrons which passlthrough the hole,

The holes are located at the cathode (beam) center and 1 %“ and 2.0 of f

‘center, The 1 cm. anode-to-scintillon spacing was chosen because for

a primary beam of 300 KV and 100 KA, (i.e. the highest expected value

of -% } the Lawson perfeance* K 1is:
K o= % a-pip - —E— .39 (.59 x 107%)
By _ (.61) _
-3 . .
= 1,20 x 10 . (96)
K1/2 =z \ .
and (ED - < .27 for less than 10% beam spreading due to electro-

I

static space charge forces (Figure 55, Appendix A). This gives ;E < 11 ,

1
is the original

1
beam radius., Therefore, the angular spread measured on the scintillon
will not be enhanced by beam spreading beyond that alfeady present in

the andde-cathode.gap (even for our assumed f = 0), Data obtained

on 5/17/69 are:

s .
For a non-relativistic, unneutralized beam, K = 15000 k where

I - 3/2 ; : . .
k = “375 amps per (volt) . For a completely neutralized beam

-2y =--906 I/Vllz- amps per (volf 172 .

.

K
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Angular Spread

Shot VD ID ZD 3/ g/ ~ Relative (degrees)
’ ‘ v iddl Ed
Ne. (Ka) . (KV) (ohms) Y critical Y measured ? .ngizr gile € _Hqiz
6 228 40.8 6.89 3.35 2.21 .66 12 9 . g
1 286 57.8 4,94 2.72 .81 48 40 no data
-5 272 57.8 4,71 2.96 .88 32 29 28 -
2 314 66.3 4,73 3.01 .90 42 37 31
7 378 74,9 5.06 3.06 .91 34 - 26 26
8 344 81.0 4,24 3.52 1.05 31 17 25,

Figure 54 is a plot of the diode relative »/Y veréus the average

angular spread of the electron trajectories at the anode plane, in both

the horizontal and vertical directions, for the 3 anode hole positions.

- The angular spread was estimated by measuring the film image-size of the

respective hole, taking into account the demagnification of the camera.

'setup and the known anode-hole to scintillon distance.

From the figure we see that:
a)A The angular spread of the electron trajectories increases (as

expectedj up to v/Yy/ of .81 but thereafter decreases (or

relative

may be constant) as PV/Y/ increases,

relative

b) The spread is Quite small for w/Y/.

. of .66 , This is
relative ‘

~an accord with Figure 38 of Chapter II.

c)- The spread is greatest for the center hole and éiﬁost always
least for ;he edge hole; (It is believed that this may be evidence
once again of the asymmetry of our system Wherein.the piﬁéh always
occurs to oné side of the diode, Hence the trajectories on the
downstfeam edge of the cathode are never as severely distorted
from laminar flow as might be expected‘in the syﬁmetric case.)

dy While fhere is no gross difference in angulaf spread in the
horizontal plane compared to that of the vertical plané, the hori-
zontal angles are slighgly greater in general. This may be caused

by the diode asymmetry mentioned earlier,
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32) u
Hole "I is on Beam Axis
75} Hole ::2 is 1.25" from Beam Axis
'  Hole™3 is 2.0" from Beam Axis

| 32 -

70 A O = @ Measured, Horizontal Plane

vOO = 6 Measured, Vertical Plane

| o | o

65 i Ik i ] ' ]

o 10° 20°  30°  40° 50°

o (1)) | 3
Fig. 54, Plot of Average Electron Trajecfory Angie

at Anode Plane versus Diode Relative ¥ :



o,

R

114

The streak-camera photographs indicate that the instantaneous tra-

jectory angle at the anode may vary as much as 1.7/1 in times as short

as 12 nseec .,

D. DIODE IMPEDANCE - REVISITED

A diodé pinch model essentially similar to Freidlander's and opera-

tionally useful for predicting diode impedance has been proposed by

de Packh.26 In de Packh's notation Childs' Law is expressed as:

i r 2
G = L0074 VUE 9T o —
MY C-L

97y

and the critical diode current which will cause the Larmor radius of

the outermost beam electron to be just equal to the diode gap is:

i 1/2 r
MA 1 o _ 1
v = ,017 (1 + 7 ) =

My MV d ZPINCH

where
'iMA = diode current (megamps)
Vyy = diode voltage (megavolts)
r, = cathode radius
d = anode-cathode gap

If these two equations are set equal, the critical value of

may be found as follows:

or

(98)

r_/d (i.e. F)

(99)

(1005



115

" Using (100) we have:

V(Mv) FerITICAL My FerTICAL
.250 9.65 .375 6.72
.275 8.90 .400 6.41
.300 8.21 425 6.05
.375 7.65 450 5,77
.350 7.15 475 5.52

| .500 5,27

For a shot wherein FGEOMETRY > FCRITICAL we may egpect from equa-

tion (99) OF DIODE
F v | FopoMETRY
2 = 7 — = 7 — . (101) .
PINCH c-L 2.16  [v+l C-L FopiTICAL

- We are therefore expecting two distinct regimes of impedance in

the diode. For ¥ < F

GEOMETRY the_ flow should be Ilaminar and

CRITICAL

the diode impedance should follow Childs' Law (modified by ion neutrali-

zation). For >F

e

it is proposed that the crowding

FGEOMETRY CRITICAL

of the edge charge into the beam reduces the field near the cathode and
correspondingly the current will be less and the measured impedances
‘will be greater than those of Child's Law.

Recalling that (Chapter If)

2
(Z, V) = 55.4 4 (102)
D. D -1 .
(z, V) = 304 | (103) -
| EMPIRICAL | | |
CURVE

we now reconsider the data of Figure 22 (i.e. shots 54, 55, 56, 58) which
did not fall on the empirical curve but:rather fell on the Child-lLangmuir

curve, The data are:

O
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Shot ‘o o - : Ratio
No oo % ZD\/;I:) ¢ 3 d L. o
measured geomeltry . eritical -
- geometyry
rO
d critical
54 345 7.2 42,3 .864 5.78 7.20 .803
35 357 6.0 35.8 864 5.78 7.05 - .820
56 360 6,58 39.5 .864 5.78 6.95 .832
58 358 6.96

41.7 .864 5,78 6.95 .832

The data are now explained by the high listed ratios (i.e. the flow is
approaching the pinch condition), Note that the lowest listed ratio is
.803 which is very close to the .82 ratio mentioned earlier as the onset

Y t
ratio of /Y/measuredj// /Y/crltlcal for pinching in our more recen

_ streak photos. Data taken on 7/17/68

Shot v, &, @ 4 oV ¥ ) d L ' T Ratio
No. . measured Y 3 ro
' ' gecmetry ctitical —
. geometry
r
)
d s
_ critical
2 500 6.6 _ 46,7 .875 5.7 5,27 1.08
6 430 6,35 44.0 _ .875 5.7 5.52 1.03
10 520 6,57 - 47.3 .875 5.7 5.20 . 1,09

for ratios > 1,0 indicate that the pinch region has définitely been entered

since the measured values of Z \/ are greater than or equal to those

predlcted by Child-Langmuir, and that the correction of equatlon (I01) is

valid, i.e.

Shot No. (ZD\/E;) (Z \[_) (Z \/_“) ‘ (calculated from
' C-L

measured "PINCH
(equation (101)) .
2 42,3 46.7 469
6 42,3 44.0 43.8
10 42.3 47.3: : 46,4

We. contrast the data above with those of 10/29/68- i.e
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and note that over a ratio range of .577 - .714 the flow is still

laminar i.e.(Z \JV_) < (Z\/;_) and the empirical curve of
D D _ D° D
: .measured C-L :
Figure 22 is accurate. Since the highest ratio observed for laminar

flow is ,714 and the pinched mode has been observed conéistently for

ratios of approximately .820 a severe transition zone between the
two flow regimes is expected. In any case, theé diode impedance is
predictable within a factor of two over a broad range of anode=-cathode

gaps and diode pressurés.
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CHAPTER V - SUMMARY AND CONCLUSIONS

The accelerator described in Chapters I and II has proven to be a

very reliable research tool, To date approximately 2000 shots have

been made at aﬁerage currerts of 60 KA , average voltages of 325 KV
and with peak currents of 125 KA and peak voltages of 600 KV .
These shots have yielded data on:
o a) _the propagation characteriétics of the beam in various
drift tube configurations32
b) the éffects of an external axial‘magnetic field on beam
. . s 24
propagation characteristics
c) the effects of drift tube pressure and gas type on beam param-
eters
' . ; . 34
d) microwave radiation from the beam
e) the fluence distribution of the beam as a function of drift

o o 3
tube pressure and axial position (z).2

The plasma cathode used to generate the beam for these experiments
is of interest for its own sake because it:
a) can provide uniform emission and laminar £low (Chapter ITI)"

over a large area. Since

o 2
d 1 1
oC PR, . S O —— . —_
Zy 72 .2 Az 2 (102)
D C D

for a glven input voltage and (low) impedance a large area éathode
allcws larger gaps and therefore relaxes the dimensional tolerances.
These larger gaps can become qulte 1mp0rtant for very high-current
'(mégamp) -machiﬁes in which more anode ions will be released, and

at longer (80;100'n3ec) pulse lengths because diode impedaﬁde

-119-
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collapse may then be limited by ion transit times in the gap.
b)_ provides good shot-~to-shot reproductibility (if pinching does
not déstroy the anode or evaporate anode material onto the cathode
surface)
¢) is 1ong lived (i.e. is easily faced off if it receives surface

damage) .

The dielectric £ill of the plasma cathode has been shown to make

an important contribution to the uniformity of cathode emission by means

of a surface multipactor or flashover effect which supposes that enough

. of the dielectric is vaporized to cause a plasma sheath to form in front

of the cathode. Electrons released from this sheath under space~charge-
limited conditions then determine the overall diode imﬁedance, ZD
(Chapter TII). |

Diode impedance has empirically been shown to be equal to or just
greater than that .predicted by Child's Law for the pinched modé of the

dibdé and less than by a factor of approxiﬁately two for the .

Zen1D
usual case of laminar flow (Chapter II).
The impeédance predictions'assume that little or no voltage exists

across the anode-cathode gap prior to the ‘arrival of the main pulse (V ).

Should such a '"pre-pulse" voltage exist the diode impedance will be

. greatly different from that of the non "pre-pulse" case (Chapter II,

 Section D.3) as evidenced by NRL results.11 Some success has been

had in ellmlnatlng "pre-pulse' voltages by special cathode shank
de51gns.31
) S VA 25 '
The models of Friedlander et al and de Packh™ have proved very
useful for estlmatlng diode plnch condltlons (Chapter IV) Such con-

ditions are of extreme interest because they pre-determlne the -
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propagation characteristics and fluence distribution of the beam in the

drift tube.23’31

Diode pinching has been observed to occur (radiographs, distributed

calorimeter measurements) for values of v/Y/ above 82% of
_ measured

pIY/ as defined by Friedlander, and a minor correction to his

critical
S s = 0 has been offered,
initial - ‘

Fast-streak and framing-camera studies indicate .1) the diode pinch
build-up time is generally about 30 nsec and that 2) the severity of

pinching is pressure dependent (Figures 50c-e) whereas the overall

diode impedance, ZD’ is pressure independent - at least over the avail-

3

able range of 5 x 10~ to 10-5 torr.

‘The masking techniques used in the streak-camera studies are difectly
applicgble for use in the drift tube, and similar measurements should be
carried out in the. drift tube as a function of axial position , =z.

lWhen undesirable,diode pinching may be decreased (or eiiminafed) by
employing: |

._a) the extension of the anode-cathode gap into an axial magnetic--
field of the same order as, or greater than, the self-magnetic

field of the beam (Chapter IV, Section A,3)

b) catﬁode designs such as the narrow ridge cathode may be used
to generate a hollow beam, and for which preiimiﬁary measurements
;support Hammer'323 predictions of increased beam stébility for a

given p/Y ratio (Appendix B).

e) a-coﬁbination of (Chapter IV, Section B.3)

.1. ‘the lowest possible.operating pressure
2, use of gases other than aif which are more difficult to

" jionize
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3. cathode and anede of the highest melting point materials

gonsis#ént with electron-foil penetration depth etc,
14

~d) . convex cathode and concave anodes, Friedlarder et al ' have

considered this geoﬁetry analytically and it looks quite promising

" since the E field lines in the gap are divefgent,' {would there-

fore cause the initial electron trajectories to be divergent) and

would better counter-balance their self magnetic field, (There

has however, been some difficulty with the convergence of their

computer program.)



‘P.=-V /e and Y= (1- B)

APPENDIX A

HIGH CURRENT RELATIVISTIC ELECTRON BEAM CHARACTERISTICS - A SUMMARY

The theoretical development of relativistic electron beams began-

in 1934 whean.H;-Bennett27 showed that electrostaticaily neutraliZ¢d

'high current electron streams could be magnetically self-focueing, The

"Bennett Pinch Relation"

R LA, (T, +T,) S L (103)
' H'o o ‘ T

where N 'is'the number. of electrons.and singly charged ione/meter
k is the Boitzmann constant
i is free space permeability (4 x 10_7)

T _,T. are electron and ion temperature in degrees Kelvin

- specified a critical current above which the streem would be pinched.by_:"

its own magnetic field. The validity condition of this.relation Being'“

v, << v, where v

. £ v, are the beam transverse and axial velocity

components respectively,
In 1939 Alfven28 defined a current 11m1t IA = .17000 BY where
~1/2 due to the pinch forces of the beam s

se1f~magnet1c field, and showed that for currents. 1ess than, equal to,

or greater than Tps the particle orbit would ‘be (respect1ve1y)sxnu501dal

'about perpendlcular to or even backward to its 0r1g1na1 propagat1on ax1s

In 1957 and 1958 .7. D Lawson29’30 extended the concept of perveance
to include relativistic and space- charge effects by deflnlng a. generallzed

perveance K whlch can be reduced to Bennett s cr1t1ca1 current: relation

- -123-
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‘Lawson's model assumed V. T 0 and no collisibﬁs in the beam; In
a cylindrically symmetric beam with constant radius (r = a), the radial :
'electrig field_is':Er = 2Ne.er (l-f)/a? statvolt/cm ,whére N is the
number of.éleétrdhélém' and f is the ratio of 51ngiy charged ions to i
électrons, Iif the electrons are travellng thh a veIOC1ty B c parallell
-ﬁo.thé axis and the ‘ions are at rest, By = 2Ne_er.pz/a . The radial
- force on a‘electr0n=1n thé3beam~at.a.distéhcé"r f:om the axi§ is

2. 2

— .'_d r A 2 _ e r L "7ﬂ:_,j;
fr T e T W B - D=5 (104)
dt . . _ S.a’ .
at the beam edge, r =a . . .
2N e e . .
- Rl _ 2 247
F_ = " (1 - Bz )y = Yﬁ Bz_c 3 {105)
: - dz S
or
rdzr 2v 2 -~ ‘ o
5 = - (L-p, - D) (106)
dz B Y . :
A
where v o= Neezféﬁ € mc2 = Nr_ is the number of electrons per classical -

- electron radius (r0 = 2,82 x 10-15:meters) and I may be written as . °

Neﬁc = 17000VB8. K, the generallzed perveance is deflned .as
(1 - B - £) ‘ .
k = 2 (107)
: Y 2
v gz -

and:reduqes Eo .15,000 I/V3/2_= 15000 k' for a nonfrelativistic, non
néutralized béam,.where. k' is thg.usuél'perveance,-in”unifs'of amps - -
per'(volt)3/2 . | o S
The_solutioﬁé.to. r (dz r/dz)"= K'-are‘shown'ianigure 55;
' .for pdsitive pervéance the beam dlverges whilé_for'negative per~ -
~ Veance an 1n1tlally parallel beam of radius’ ‘r.= f°' g@nyerggg’in.é

distance less than : ( )1/2 . Lawson indicateS'that only beaﬁs'”'

-
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Fig. b55.

Solutions to rg——

it

K. (After Reference 30)
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for.whiCh K < } can.exist for more than a fery'shortldisfance._
Lawsﬁn ﬁegt considered a more.general model alldwing small‘initial
transverse velocities, He found |

3 )

2 2N e'r '
; d™r de, 2 e 2
le::i—tE - r (5o :l = :—2-“— (L -8B, - £) | (108) ‘

Neglecting angular motion and considering the projectionof the trajec- -

tory on a plane through the axis he sets x =r cos 6 . This gives:

dzx 2N e2 9
= - —x(1-p -6 =0 (109)
SodeT Ya - - L
or .
1 a% 2 Rx \ S
C dt a : :
and using
2 2 . _ :
i - p? 24z 11y
-dt dz : '
“he found
X . B - o (12
a - o . .

or, the equation for simple harmonic motion.

7 Eor 'K <0, the solqtion is a sinuéoidal trajectbry of;Waveleﬁgth.
o= 2_“3/(-K)l/2'. .The requirement of small transversé;veiqcities
impiieé the'coﬁdition that = A << 2ra  which implies :-K << 1 ; This 
égrees'with thg previous conclusion drawn frqm Figure_SS.

. Further pEYSical insight into the condition K << 1 ‘(which for

£ =1, becomes V/Y'<< 1 ﬁay be had by considering the Larmor radius-

of a beam eleétron expressed in terms of the beam radius, a.’
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v Ymcv ‘thv .
= -Z 2 - 2 g2 (113)
. ®LARMOR @ eB. e 21 :
c 8] _
_roa | " (112
=3 3 _ (114)

where Qc is the electron cyclotron frequency. TFor w = Y,ae_= a/2

or electrons at the beam edge will turn around causing the beam to break
up. In addition, for p/Y = 1 the Debye length is of the same order as
the beam radius_and piasma oscillations are pdssiéle.'-sﬁabie béams'
would include only those for IA < 17,000 ﬁY or for Lawson (? = Yj
IL < 17,00Q Bv ., | |

Recent experiments at TLon Physics Corporation22 and Physics Inter-

- 3 : . ,
- national Company 1 have shown that for drift-tube pressures < .01 torr

beams of current greater than about IA/Z were unable to ﬁropagate.

For pfessures > .1 torr Physies International Corporation and Cornmell

University experiments have shown currents considerably greater than I,

can be propagated, Hammer23 was led to consider and answer affirma-

- tively the question: '"Can theoretical self-consistent beam models be

constructed which allow the propagation of relativistic electron fluxes

in excess of 17,000 BY amperes?" Hammer has proposed three models

to explain the observed current fluxes.
"The first theovetical model discussed is a self-consistent, fully
relativistic electron beam equilibrium consisting of mono-energetic

electrons having the same canonical axial momentum, paftially or fuily

' neutralized by infinitely massive possible ions. It is found thét’by_

concerntrating its current density in a sheath of thickness c/i{Jpb , the

ratio of the velocity of light to the beam plasma frequéncy,'this equili-~

brium is able to carry arbitrarily large total beam current.
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In the second theoretical.model, the initial-value problem of an
electron beam prepegating in arplasma of density large compared to the
beam density is eolved in the time asymptotic limit, The'beam velocity
is assumed large eompared_to the plasma thermal velocity, and at the

initial time the beam is not electrostatically neutralized, nor is there

- any backstreamlng plasma current tending to cancel the beam s self-magnetlc-

field., The solution 1nd1cates that the plasma neutralizes the beam .

charge density, and a counter-streaming current carried by slowly MOving

plasma electrons is induced which tends to cancel the beam magnetlc

field. 1In the limit of the beam radius belng large compared to c/@P s

where ¢ is the velocity of light and Wp is the background plasma

freguency, the magnetic neutralization is nearly complete and a nearly

- field-free environment is obtained through which a beam with arbitrary

current can propagate.

The final theoretical model treated is a uniform beam propagating

in the presence of a uniform axial magnetic fieid In the 11m1t in

. Whlch the axial field is large compared to the maximum selfnmagnetlc
"field of the beam, it is found that superimposed on the-uniform axial

- motion are-twbjrotations - a high frequency gyration with small radius

about a guiding center which slowly rotates around the beam axis. This-

result holds regardless of the degree of neutrallzatlon ot total current
123 '

in. the beam T



APPENDIX B

FAST STREAK CAMERA STUDY OF A HOLLOW ELECTRON BEAM

As mentioned in Appendix A, Hammer23 has predicted that a fully

relativistic self-consistent equilibrium is possible for an electron

‘beam '"which concentrates it's current density near the edge of

. beam so that beam electrons have left high field regions before

the

they

have a chance to turn around on themselves." He further indicates

that an experiment to launch a high-current-density shell beam into

a background plasma of density approximately equal to the beam den- |

sity would serve as a useful check on his proposed equilibrium model.

Although no such beam has been launched into a pre-ionized

back-

. ground gas at Cornell, preliminafy measurements on the narrow ridge

cathode of Figure 31 indicate that such a "hollow" Abeam is in fact
more stable in the diode gap than solid beams for a given ratio of
v
/Y/measured to V/Y/critical '
The radiograph and streak camera photograph of such a beam are
shown in Figure 56, The radiograph indicates that the emission is some -
what enhanced on the downstream (right) side but no pinching of the
beam is .evident in either the radiograph or streak photograph. The
data for this shot and those of a skewed and pinched-splid beam are
compared:
Shot/date  Beam Emission I Z, Gap -V/Y/meaSUred V/Y/critical
type Pattern T i : . R
‘8611 27s W 2,93 _ o
8 of Solid Skewed 372 72Ka 5.20 290" W = . 840
5/8/69 : and ' T
Pinched 7 ‘
18 of  Hollow Slightly 314 80.5 3.90 .226" . 202 = 845
5/8/69 Skewed’ : : ‘ : '

{(The emission points in the central section of'the'hollqw beam can be re-

roved by machining away the metal in this seétion,‘thus opening

- -129-

the gap theré.)f
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@D
E
=
(b) =
50 nsec
a Streak Rate = =t
Magnification = 1/2 k Rat 50mm

Fig. s Radiograph and Streak Camera Photograph of Emission
‘ - From Narrow Ridge (Hollow Beam) Cathode

Shot #18, 5/8/69

VD= 314 KV,ID= 80,5 KA,ZD= 3.94
2 2 = 3,75 = 0.845
YlMeasured|Y|Critical 7.43
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