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1.0 Abstract

Thisreportsummarizesthe resultsof a oneyearresearchprogramat the
Universityof Michiganto investigatethe physicsandtechnologyof
microsecondelectronbeamdiodes. Theseexperimentswere performedon
the MichiganElectronLongBeamAccelerator(MELBA)at parameters:
Voltage- -0.65 to -0.9 MV, current= 1-50 kA,andpulselength-0.5-5
microseconds.

Majoraccomplishmentsinclude:
1) thefirsttwo-wavelength(CO2 and HeNe)laserdeflection
measurementsof diodeplasmaand neutrals,
2) Measurementsof the effectson magneticfieldgradienton
microseconddiodeclosure,
3) demonstrationofgood fidelityofprocessedx-raysignalsas a
diagnosticof beamvoltage,
4) Extended-pulselengthscalingofelectronbeamdiodearcingand diode
closure,and
5) InnovativeCerenkovplatediagnosticsofe-beamdynamics.



2.0 Experimentalre=,,=archobjectives
The objectivesof thisresearchwereto investigatecrucialphysics

and technologyissuesconcerninglong-pulseelectronbeamdiodes. This
encompassedelectronbeamdiodeclosureaswellas newtechniquesfor
diagnosingand studyingdiodeclosure. Theseobjectivesaresummarized
inTable2-1.

Itshouldbe notedthat in a singleyearweaccomplishednearlyall
thegoalslisted.We successfullydemonstratedsimultaneousCO2 and
heliumneonlaserdeflectionmeasurementsasan unambiguousdiagnostic
ofbothplasmaand neutralparticledynamicsinlong-pulseelectronbeam
diodes. We studiedthe effectsofmagneticfieldgradientson long-pulse
electronbeamdiodeclosureandcompared touniformmagneticfields. A
newcathodewasdevelopedthatgenerated5 microsecondelectronbeams.
A demonstrationwas madethatX-raysfroman e-beamdiodeare an
effectivemeansofmeasuringthecathode voltage. Electricstress
criteriawereextendedby the multimicrosecondpulsesfromthe MELBA
machine.We demonstratedthatCerenkovplatesarean effective
diagnostic.Theseaccomplishmentsare presentedinthisreport.

Table 2-1. UM Experimental ResearchObjectives

diode plasma closure studies: direct measurementsof diodeplasma
- heliumneonlaserdiagnosticmeasurementsofcathodeand

anode plasma
- CO2 laserdeflectionsystem:developmentand

MELBAmeasurements

diode diagnostic research,development, and analysis
- investigateX-raydiagnostics/analysisfor

measurementsofe-beam diodevoltage
- electricaldiagnostics:analysisofdiode

perveancedata toobtainclosurevelocities
- explorenewdye laserdiagnosticsofdiodes

cathodedevelopment
- profiledvelvetcathode
- largearea toroidalcathode

electricalbreakdown in ps e-beam diodes
- obtainscalingdata on arcing/shortingtimestoextend

parameterrangebeyondMcGeochcriterion
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3.0 ExperimentalConfigurationand Diagnostics

The experimentalconfigurationfor the MELBAdiodeclosure
experimentsis presentedinFigure3-1. Threecathodeswere employedin
theseexperiments,as depictedin Figure3-2. The first,a planarcathode
"A"wasusedfor mostof theexperimentsreportedhere. An important
featureof thiscathodewasthe shieldedguardringwhichcoveredthe
edge of thevelvet. A secondcathode"B"wasdevelopedduringthis
research,as shownin Figure3-2. Ce:hodeBwasa quasi-Changprofileon
the endof a hemisphericalcathodestalk. The thirdcathode"C"was
utilizedbrieflyas a largearea cathodewhichwas designedtohave
minimaledge emissionenhancement.

The MELBAmachinewasemployedfor theseexperimentswith
parametersas giveninTable3-1. LANLfeltwas employedfor neadyall
of theseexperiments.

Table 3-1. UM MELBAExperimentalParameters

Cathode voltage: -0.65 to -0.9 MV

e-beampulselength:0.5-5

A-K gapspacing:6-10.3 cm

Cathode electricfield: ~ 70-110 kV/cm

diodecurrent: 1 to50 kA

aperturede-beamcurrent:20-40 A, (J=~15-30A/cm2)

magneticfield= 600-800 G

A wide rangeofdiagnosticswere,developedand utilizedin these
experiments.Thesediagnosticsare summarizedinTable3-2. These
experimentsrepresentedthe firstsimultaneous2-wavelength
measurementsofdiodeplasmaand neutrals.The CO2 laserdeflection
diagnosticwasfoundtohave tha advantagethat the longwavelengthmade
itidealformeasurementsofdi(_Jeplasmas. Incombinationwiththe
heliumneonlaserthe CO2 lasermade itpossiblefor the firsttime to
distinguishbetweencathode p_sma and neutrals. Thiswillbe discussed
infurtherdetailinthe followingsections.
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Table 3-2. Diode diagnostics developedand utilized

* beamvoltage

* cathodestalkcurrent

* anodecurrent

* aperturedanodecurrentcollector

- cathodeplasmaand neutrals;C02 and HeNe laserdeflection

* Cerenkovemissionmeasuredto characterize
e-beams;also utilizedradiationdarkeningof
glassinsingleshot

- largearea Cerenkovplatefore-beam
uniformity

- smallarea Cerenkovplatefore-beam
velocityratio_z= v-L/vii

* X-rays; scintillator, fiberoptic, PM tube in
Faradaycage

* diode opticalemission;fiberopticbundle,PM
tube in Faradaycage
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4.0 Effects of Gradient and Uniform Magnetic
Fields on Diode Closure

Diode closure experiments were performed for three cases:
1) Gradient magnetic field (25% gradient)
2) Uniform magnetic field, and
3) Unmagnetized case.

The MELBA generator could be operated in either a crowbarred mode
or a non-crowbarredmode. Figures 4.1 - 4.3 show the voltage and
current traces (non-crowbarred shots) for the three magnetic field
cases for cathode A: Figure 4.1 shows the gradient magnetic field
(shot M1850); Figure 4.2 shows the uniform magnetic field (shot
m1852); and Figure 4.3 shows the unmagnetizedcase (shot M1851).
The results of these experiments are discussed below in terms of
the Child-Langmuir modeling of the perveance. The crucial factor in
these experiments is the edge emisssion which is determined
experimentally by the anode current to_the wall current.

If the radial/edge effect is to be neglected then we expect the
diode current (which is a measure of the total current) would follow
the C-L planar model as does the anode current. This implies that
the ratio of anode to diode current be essentiallyone. In the cathode
A data, this is not the case as shown in Table 4.1. Thus it was
concluded that radial/edge effects may indeed be large for cathode
A, and the analysis presented below suggest that this is indeed the
case.

Table 4-1
Ratios of Anode to Diode current for the cathode A Data

Case Peak IA/ID
Gradient B (M1850) 58%
Uniform B (M1852) 44"/0

Unmagnetized (M1851) 30%

The models employed in the analysis are:
a) radial model
b) planar model
c) total model

A brief description of each follows:
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a_ Radial Model

Using the radial non-relativistic Child -Langmuir (C-L)
equation (see Bob Parker's thesis, and J. Appl. Phys. 45, no _, 1974 )
as in the J. Coogan handout,

20.
I = (1. 83x 10-_d----_V

-u--

with I in amps, V in volts, do in cm and re in cm which implies the
perveance for the radial case, Pr, iS

6) re
P_= (11. 498 x 10-.

where,
re isthecathodeplasma radius;
do isthe initialAK gap spacing(shortestdistanceto anode);
a isthe'geometricedge factor'givenby (fora planarcathode),

=]n(__l 2Gn(__ll' + 11 de __ 47 de 4
where,

v isthe closurevelocity;
t= h-to istimewithto being the initialtime,

b_ Planar Moclel

Using the planar non-relativisticC-L equation (see R. B. Miller's
book),

,)A.,,vl
I = (2. 34x10- 7"L

with I in amps, V in volts, d in cm, and Ae, in cm2, gives the
perveance, Pp,

2

Pp= (2. 34x10-e)-_ -

assuming a uniform area, Aeff, approximately equal to _ro2, where,
re = cathode plasma radius (in cm);
d = do-v(h-to), do = initial AK gap spacing;
v - closure velocity;
t - time, to = initial starting time.

Thus, for comparison(as J. Coogandoes), the expected d = do-vt
(with a given closure velocity) can be plotted with the d obtained
from the measured planar perveance,

L
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(2. 34x10-')A_d= pp

Note that using the AK gap comparisons (d from Pp) will always give
a straight line slope with the initial AK gap, do, at t=to (from d=do-
vt) as the y-intercept.

c_ Total Model

Assume that the total perveance is just a linear combination of
the planar and radial models such that,i

Ptotal= Pp+ Pr.i
t

A comparison of the three currents (diode, anode, and wall) using
the above models is needed in order to show if the radial/edge
effect is large. The comparisons are made in the following way:

1) Total (diode) current with total (including 'edge' effects)
perveance.

2) Anode current with planar C-L model.
3) 'Wall' (anode subtracted from diode) current with radial C-L

model.
The comparisons are applied as follows:

a) For a non B-field case, we expect that the anode current
(measured) will be mostly composed of the planar emission (axial)
closure, in which a straight line slope will be given for the
measured experimental values lying in the C-L region since,

is linear.
By choosinga diode closure velocity and plotting d = do-vt

superimposedon

(2. 34x 10-') A.a

p,
and adjusting re (the cathode plasma radius, which only changes the
y-intercept), we can match the two lines in the C-L regime
(manipulatingboth the velocity and re may have to be done several
times to obtain the 'best fit'). Also plotting (1/Pp) 1/2 for both
theoretical and measured Pp by manipulating the closure velocity and
the cathode plasma radius should give the same answer.
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b) Also for the non B-field case, we expect the 'wall' current
(measured) to be mostly due to radial emission closure. Due to the
(1/0_)2 function, we cannot expect to find a linear relationship as for
the planar case. But one can still plot (1/p)1/2 for the radial
measurement (from the 'wall' current) and compare with (l/Pr) 1/2
from the radial C-L prediction. Again, as for the planar case, a best
fit is found by manipulating both the velocity and the cathode
plasma radius.

c) We expect the diode current (measured) to contain the total
effects, radial and planar emission, so a best fit is found by
comparing the meaured (1/p)1/2 (from diode current)to the
predicted (1/Ptotat)1/2. Again, the manipulationof the velocity and
cathode plasma radius is used to find the best fit .

The results for the three magnetic field cases for cathode A are
shown in table 4-2. As shown in table 4-2, the gradient field case
has the slowest closure velocity , 4.2 cm/l_S, the unmagnetized case
has 4.4 cm/l_S, and the uniform field case has the fastest closure
velocity at 5.0 cm/l_S. Note that the closure velocity does not
depend on the comparisonof the current (diode, anode, wall) to the
model (total, planar, radial); only the effective radius (effective
area) depends on the model and current used. Examplesof the fit are
shown in figures 4-5 through 4-10.

Notice also the differences in the effective radius (in table 4-2)
given by the three models. The anode/planar comparisonshow large
values of the effective radius suggesting edge/radial effects are
present for cathode A. The 'wall'/radial comparisongives an idea as
to how large an effect the edge/radial emission is on the analysis.
A smaller effective radius implies more delivered current from the
diode to the anode (as observed experimentally), but not necessarily
a negligible effect on the closure velocities. The diode current
incorporatesthe total effects thus should give the best measure of
reff.

In using the diode current model (including'edge' and radial
effects), one can see the effect of the axial magnetic field on the
cathode plasma radius. Recall that the radius of the carbon felt is
3.8 cm, and that the radius of the total cathode (the corona ring,
spacing rings, and stalk itself) is 7.0 cm. As shown in table 4-2 the
uniform field gives the smallest reff at 4.7 cm, the gradient gives
5.75 cm, and the unmagnetized case gives the largest reffof 7.0 cm.
Note that in the unmagnetized case, reff matches that of the total
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radius of the cathode stalk, thus suggestingthat 'edge' emissions do
play a role in the cathode A planar experimentalsetup. The
magnetized cases, gradient and uniform, have refflarger than the
carbon felt radius also suggesting that there is 'edge' emission, but
the applied magnetic field has a definite effect on the 'edge' plasma
electron motions. Figure 4-4 has an example of what the two field
cases look like (note that the figure does not necessarily represent
the exact field lines nor the dimensions of the experimental setup
for the above shots).

Table 4-2
Closure Velocity and 'Effective' Radius for cathode A

Using Diode
Current and 'Total'
Model

Shot# Closure Velocity reff (cm)
(cm/_s)

M1850 (Gradient) 4.2 5.75
M1851 (No Field) 4.4 7.0
M1852 (Uniform) 5.0 4.7

Using Anode
Current and Planar
Model

Shot# Closure Velocity reff (cm)
(cm/l_s)

M1850 (Gradient) 4.2 6.2
M1851 (No Field) 4.4 7.0
M1852 (Uniform) 5.0 6.9

Using 'Wall'
Current and Radial
Model

Shot# Closure Velocity reff (cm)
(cm/l_s)

M1850 (Gradient) 4.2 5.0
M1851 (No Field) 4.4 7.0
M1852 (Uniform) 5.0 2.75
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5.0 Cathode Resea__.l and Development

A newcathode(B) was developedinordertoreduceradialdiode
closureeffectsobservedon the previouscathodedesign(A),whichhada
relativelylargeedgeenhancementdue toa small-radiusedge. The new
cathodedesignutilizedan existinghemispherical-end(HE) cathodestalk,
whichwasnotpreviouslyemployedinthe LANLdiodeexperiments.The
hemispherical-endcathodewas initiallyfabricatedas a non-emitting
stalkfor resistiveloadtestingof MELBA. Withfreshanodizationthis
stalkwaspreviouslyoperatedup to the full I MV MELBAvoltageover
severalmicrosecondswithoutsignificantelectronemission.
Subsequentlya holewasddlledandtappedin the hemisphericalendof
thiscathode. In orderto minimizeedgeemissionand radialdiodeclosure
a quasi-Changprofileformwasfabricatedby scalingdowntheradiusof
thecathodeutilizedon EGUN testfacility. The aluminumcathodeform
wascoveredbyvelvet,and screwedontothe large (HE)stalk(Figure5-1).
Thismade it possibletostretchthe fabricaroundbetweenthetwo
sections,so thatthe edgeswere hidden. Edgeemissionwasgreatly
reducedbythe resultantcathodeshape.

Cathodemodelingis depictedinfigures5-2, 5-3, and5-4, which
showtheelectronbeamtrajectoriescalculatedbythe Hermannsfeldtcode
for uniformmagneticfield,gradientmagneticfield,and unmagnetized
cases,respectively.It can be seenthatthe electronflowisextremely
wellfocused,especiallyinthe gradientmagneticfieldcase. Thisagrees
withthe experimentsdiscussedbelow.

Experimentswere performedon cathodeB forthreecases: Gradient
magneticfield,uniformB fieldand unmagnetizedforan A-Kgapof 12 cm.
Radialemissionwasdiagnosedbythree techniques:firstby measurement
andcomparisonof anodeand diodecurrents,and second,byplacingX-ray
filmunderthe leadshieldingwhichcovers thediodechamber(suggested
by LouRosocha).The thirddiagnosticfor radialemissionwasan x-ray
scinitillator(locatedon the outsidewallof the diodechamber),fiberoptic
coupledtoa photomultipliertubeinthe Faradaycage.

Experimentalresultswere striking. Inthe magneticfieldgradient,
we measuredsmoothelectronbeam pulselengthof4.5-5 microseconds
beforeshorting,(Figure5-5), yieldingan effectiveclosurevelocityof2.4
crn/_ anda perveanceclosurevelocityof2.3 cm/_. Uniformmagnetic
fieldcasesgavesimilarlylong,smoothpulselengths(Figure5-6) and a
perveanceclosurevelocityof about2.4 cm/14s.The unmagnetizeddiode
gaveonly3 IZSpulselength(F'_ure5-7), indicatingan effectiveclosure
velocityof4 cm/I_Sand a perveanceclosurevelocityof3-3.8C_l_S.
Dataanalysisofperveanceclosurevelocitiesisgivenin Figures5-8, 5-9,
and 5-10 forthesameshotsforeachcase. Itshouldbe notedthese
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closurevelocitiesfit tne planarChJld-Langmuirmodelalmostperfectly
withoutincludingradial/edgeemission.CathodeBclosurevelocitiesare
summarizedinFigure5-11. Also,notethatthe uniformmagneticfield
had a slightgradientdue to the largeA-Kgap intheseexperiments,

X-raymeasurementsshowedthattheradialelectronemissionfrom
cathodeBwas lowerthantheoldcathodeA. As expected,we observed
slightlygreaterradialemissionof electronsfor the unmagnetizedcase
comparedto the magnetizedcases. The currentmeasurementsshowed
that the ratioof anodetodiodecurrentwas increased(radialcurrent
decreased)as summarizedinTable5-1. Anode(axial)currentisalmost
100%ofdiodecurrent(--zeroradialcurrent)forgradientmagneticfields.
Note thatthe A-Kgap was almostequaltothe radialgap, so significant
increaseintheanode/diodecurrentratio(decreasesin radialcurrent)can
be achievedinour newcathode designswithsmallerA-K gaps.

The mostremarkableresultsobtainedwere the long-fiatvoltage
pulsesobtainedforcathode B. Figure5-12showsthat thediodepower
was almostfiatst 4 GW for4 microsecondsyieldinga deliverede-beam
energyof about16 kJ ina smallspot. The increaseindeliveredelectron
beam energywasdemonstratedbythedamageto the graphiteanodeplate
(118inchthick)whichwas severelycrackedand brokenbythe electron
beam duringthisrun.

Table 5-1
Ratios of Anode current to diodecurrentfor first experiment on
the new cathode B.

Case peak IA/ID average IA/ID

GradientB 99=/o 85°/=

uniformB 100% 70=/=

unmagnetized 68=/o 56=/=

Anothercathode"(3"was developedinordertoprovidelargearea with
minimaledgeemissions.Thiscathode isdepictedinFigure5-13. It
consistsofa toroid/platewiththe fiatsideof the platecoveredwith
graphitefelt. Figure5-14 showsthe E-Guncodemodelingofcathode C. It
can be seenthat the edgeenhancementofthe electricfieldis verylow.
Sincewewere notableto shieldtheedgeof the felt in initial
experiments,the resultshasevidenceofarcing. Timeconstraints
preventedusfromgivingthe cathodethe requirededge shielding.
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6.0 CO2 Laser and Helium Neon LaserDeflectionas a Diagnostic
of Microsecond Electron Beam Diode Closure

Extensivelaserdeflectionexperimentsusinga heliumneonlaserto
detectcathodeplasmaand neutralsindicatedthat the HeNe wavelength
wastooshortto measureelectrondensitygradientsinlong-pulsee-beam
diodes. In orderto obtainimprovedsensitivitya CO2 laserwas builtfor
usewithan existingfast infrareddetector.At the CO2 laserwavelength
of 10.6micronsthe deflectionfroma plasmadensitygradientwillbe 290
timesas greatas that at the HeNewavelengthof0.62 microns. The
deflectionfroma neutralgasdensitygradientwillbe nearlythe sameat
bothwavelengths.

The CO2 laserwas fabricatedfroma 1 inchglasstube, 1 meter long,
surroundedby a concentricwaterjacketforcooling. The endsof the tube
consistof saltwindowsorientedat Brewster'sangle. A mixtureof 10%
N2, 10% CO2 and80% heliumisflowedthroughthe tube at a pressureof 8
Torr. A 15 mA pinkdischargeis maintainedbetweenelectrodesat
oppositeendsof the tube usinga 5000 voltfull-waverectified,unfiltered
powersupplythrougha 25 kiloohmballastresistor.

The end mirrorisa fullyreflectingcoppermirrorwitha 10 meter
radiusof curvature. The outputmirrorisa 65% reflectinggermanium
minor,coated forantireflectanceonthe outputside. This mirrorsystem
givesa fundamentalradialmode with6 mmdiameter. An adjustable
aperturewithinthe lasercavityallowsselectionof this mode. Lasingat
10.6 micronsproducesa powerdensityof3-10W/crn2ina spot of 6 mm
diameter,fora totaloutputpowerof 1-3 Watts. The calculated
divergenceof thebeam is2.6 X 10-3 radians,givinga 5 cm spotafter 20
metersofpropagation;observationsconfirmthisvalue.

A RaytheonIR101 PbSnTeliquidnitrogencooleddetectorcoupledto a
RaytheonDA-20preamplif'wrprovideshighspeedmeasurementof the
lasersignal. The detectorhasa responsivityof 20-60 V/W; the
preamplif'mramplifiesthis by 10,000and candrive50 ohms. The CO2
lasersignalis passedthroughthe diodeandimagedona knifedgebefore
enteringthe detectorin the Faradaycage.

Resultsof these experimentsaredescribedindetailin the following
articlewhichis beingpublished0in ReviewofScienti_ Instruments.
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Deflection of carbon dioxide laser

and helinm-neon laser beams in a long-pulse

relativistic electron beam diode

R.A. Bosch, H. Chlng, R.M. Gilgenbach, P.L.G. Ventzek,

P.R. Menge, J.J. Choi, and T.A. Spencer

Intense Energy Beam Interaction Laboratory

Nuclear Engineering Department

The University of Michigan

Ann Arbor, Michigan 48109-2104
._ -

Deflection of carbon dioxide and helium-neon laser beams has

been used to measure plasma and neutral density gradients during

the operating mode and after the shorting time of a long-pulse

field-emission electron beam diode. Plasma density gradients of

(1014-1015) cm -4 were observed throughout the diode during the

final microsecond of the 2-3 _s electron beam pulse. The

neutral density gradient was less than 1 x 1018 cm -4 during the

electron beam pulse. Upon diode-shorting, neutral density

gradients increased to (1018-1019) cm -4 over -1 _s, and decayed

over many microseconds. Plasma density gradients of ~ 1015 cm -4

were also observed after shorting. These experiments

demonstrate the value of carbon-dioxide laser and helium-neon

laser deflection for diagnosing plasma and neutral particles in

long-pulse electron beam diodes.

PACS numbers: 41.80.Ee, 52.70.Kz, 84.70+p



I. Introduction
P

Field-emission electron beam diodes can be used to provide

. long-pulse electron beams with energies of ~ 1 MeV, pulse length

~ 1 _s, and multi-kiloampere currents. 1 In a typical diode, an

electric field of hundreds of kilovolts per centimeter is

applied between parallel plates separated by a few centimeters.

The cathode may be covered with felt or velvet to provide

electric field enhancement at the tips of fibers. The

application of the electric field initiates a series of events:

1) cathode turn-on in which plasma spots form on the cathode and

coalesce into a plasma layer over several ns, providing an

electron source; 2} operating mode, a time period on the order

Of ~2 _s (for anode-cathode gaps of several cm) during which

electrons from the cathode plasma are accelerated towards the

anode at energies ~I MeV, and the diode impedance drops towards

zero; and 3) shorting, a high-current, low-impedance arc with

decreased voltage between anode and cathode, during which the

diode becomes filled with neutral particles and plasma.

The diode impedance during the operating mode is typically

that of a vacuum diode whose anode-cathode separation decreases

linearly with time at a velocity of several cm/_s. Researchers

have frequently relied upon the time-dependent diode impedance

to infer the diode properties. 2 The impedance behavior has been

ascribed to the diode filling with cathode plasma (the expansion

of the cathode plasma created during turn-on plus additional

production), in which the boundary of the plasma-filled region

moves from cathode to anode at a uniform velocity. For
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sufficiently-high energy deposition in the anode by the

accelerated electrons, anode plasma is also formed. 3,4

Cathode plasma and cathode neutrals have been previously

observed with optical interferometry using a nitrogen laser at

_=0.3371 _m in a relativistic electron beam diode with

anode-cathode gap of 2.4 mm and 100 ns pulse length.5 In a

diode with 1.5 mm gap and 35 ns pulse length, the energy

deposition in the anode by accelerated electrons was sufficient

to create an anode plasma which was observed in addition to

cathode plasma by visible interferometry using a rti_y laser at

- 0.6943 _m. 4 Cathode and anode plasmas were observed with ruby
i

laser interferometry in a relativistic electron beam diode 6 and

a magnetically insulated ion diode 7 with anode-cathode gaps of 5

ram. Deflection of a helium-neon laser (k - 0.633 _m) by cathode

plasma density gradients has been previously observed with a 1.2

cm diam cathode in the long-pulse diode of the present

experiment at the University of Michigan. 8

Sensitivity to plasma has been one limitation of visible

light probing techniques. Sensitivity has been insufficient to

observe plasma densities less than ~ 1 x 1016 cm -3, limiting

observation of plasma to the regions within a few mm of the

cathode or anode. In addition, the contributions of plasma and

neutrals to the measured refractive index cannot be separated

with a single wavelength measurement when both species are

present. This limitation is important after the diode shorts.

In this paper, we describe two-wavelength deflection

measurements using carbon dioxide (CO2} and helium-neon (He-Ne)
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lasers traversing nearly identical paths through a planar diode

with anode-cathode separation of 8 cm. The CO 2 laser deflection

from plasma density gradients is 280 times as great as that of

the He-Ne laser because of its longer wavelength (10.6 _m as

opposed to 0.633 _m), while the deflection from neutral

gradients are nearly the same (within 3%). As a result,

increased sensitivity to plasma density gradients is provided by

the CO 2 laser, allowing observation of plasma throughout the

diode. From the knowledge of the deflection of both CO 2 and

He-Ne lasers at the same time and location, both the plasma and

neutral density gradients may be deduced. With this additional

capability, density gradients after the shorting time, when both

neutral and plasma species are present, have been deter_+.ned.

With laser beams skimming the cathode, a cathode plasma

density gradient was observed during the final _s of the 2-3 _s

electron beam pulse, peaking at - 1.5 x 1015 cm -4 near shorting

time. The neutral density gradient was less than 1 x 1018 cm -4

during this time period. Upon shorting, a neutral density

gradient indicative of cathode-produced neutrals was observed

near the cathode, increasing to - 6 x 1018 cm -4 over - 1 _s, and

decaying over many microseconds. The cathode plasma density

gradient reverses direction at shorting time and disappears over

the following _s, consistent with the cathode plasma being

pushed away from the cathode by the expanding neutral cloud.

Several _s later, plasma density gradients of several 1014 cm -4

appear, with density increasing away from the cathode.

/g
i



Cathode plasma density gradients of ~ 1 x 1014 cm -4 prior

to shorting were observed with CO 2 laser deflection at distances

of 1.5 cm and 4.5 cm from the cathode_ With the CO 2 laser

skimming the anode, a plasma density gradient of 2 x 1014 cm -4

increasing towards the anode was observed during the final 0.5

_s preceding shorting.

II. Apparatus

This experiment was performed using the Michigan Electron

Long Beam Accelerator (MELBA), operated with parame'ters of peak

voltage =- 900 kV, peak diode current of 50 kA, and pulselength

of ~ 2 _s. This accelerator consists of a modified Marx

generator, in which the voltage is compensated by a

reverse-charged resistance-inductance-capacitance (RLC) ringing

circuit. 9 The cold cathode was an aluminum disc of 10 cm diam

covered with carbon felt, separated from the carbon anode plate

by a distance of 7 cm. A shielded guard ring (OD -- 14 cm)

covers the edge of the fabric cathode, exposing 7.6 am diameter

of fabric. A current density of 30 - 125 A/am 2 was thereby

produced. Voltage was measured with a resistive divider, while

anode G_rrent was measured with wide-band current transformers

(Pearson Electronics 110A) on four isolated current return

paths.

A schematic of the experiment is shown in Figure 1. A 5 mW

He-Ne laser is directed through the diode, upon a 10.8 m path

into a Faraday cage, through a He-Ne line filter, to a

photodiode quadran t detector (Silicon Detector Corporation
p

SD-380-23-21-051) with a very fast differential amplifier.10



With the resultant laser spot size (- 1 cm), the detector output
°

is proportional to the laser spot position over a distance of -

1 cm, so that deflections up to _0.5 mrad can be measured.

A 1-5 W CO 2 laser provides a 7 mm beam for infrared laser

deflection. The beam traverses 6 m, then is reduced and focused

using a NaCl lens pair 2 m from the diode, with best focus in

the diode. This provides a beam diameter of - 5 mm on its 7.6

cm path through the diode, which is nearly identical to the

He-Ne path in the diode. Because of diffraction effects, the

CO 2 beam diameter cannot be significantly reduced over a 7.6 cm

path length. The beam is then directed on a 11.3 m path to the

Faraday cage, and focused onto a detector using a NaCl lens with

I0 cm focal length. A knife edge bisects the beam (diam ~ 4 cm)

as it exits this final lens. The detector used was a

liquid-nitrogen-cooled Raytheon IRI01 PbSnTe detector with

Raytheon DA-20 preamplifier (bandwidth of 20 Hz to 4 MHz),

filtered with a i0.6 _m line filter. The portion of the beam

intersected by the knife edge changes with the laser spot

position, so that the detector signal varies linearly with laser

spot position over a distance of ~ 2 cm. Deflections up to ± 1

mrad can thus be measured.

Response curves of the CO 2 and He-Ne laser deflection

•systems are shown in Figure 2. A position shift of 1 cm over

the 10 m path from the diode to the detectors corresponds to a

deflection of 1 mrad. Deflection signals were converted from mV

to mrad using the slope of these curves at the initial laser

spot position. Because the CO 2 laser power varied from shot to

shot, the curve in Fig. 2(a) was normalized to the laser power



for each shot. Electrical noise upon the deflection signals was

monitored during each data run by performing shots with the

laser paths blocked.

III. Theory

Laser deflection results from plasma and neutral density

gradients (dne/dz and dnn/dz) in the diode according to:

= L d_/dz = L ( K e dne/dz + K n dnn/dz ) (i)

where e is the deflection angle in radians, L is the path length

through the diode (7.6 cm), z is the distance from the cathode

to the laser path, _ is the refractivity of the medium in the

diode, Ke is the Gladstone-Dale constant for plasma electrons

(in cm3/electron), and Kn is the Gladstone-Dale constant for

neutrals (in cm3/atom). Ke and Kn have opposite signs, so that

the laser is deflected in opposite directions by plasma and

neutral density gradients.

Ke equals (2 nc)-l, where n c is the critical plasma density

for the laser wavelength. K e depends upon the laser wavelength

as k2; Kn depends upon the neutral species composition, but has

little dependence upon laser wavelength. Ke -- 5.0 x 10 -20

cm3/electron for the CO 2 laser beam (k = 10.6 _m), while Ke =

1.8 x 10-22 cm3/electron for the He-Ne laser beam ( k s 0.633

_m) .10 Thus, the CO 2 laser deflection is 280 times as sensitive
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to plasma electrons. For neutral carbon atoms, K n = - 6.25 x
0"

10 -24 cm3/atom for the CO 2 laser and - 6.4 x 10 -24 cm3/atom for

the He-Ne laser, ii a difference of only 3 %. A summary of the

laser deflection parameters is given in Table I.

From equation (I), we can write:

8COC(7.6 cm) [(5.0xl0-20cm3)dne/dz -(6.25x10-24cm3)dnn/dz] (2)

eHeNe=(7.6 cm) [(l.8x10-22cm3)dne/dz -(6.4x10-24cm3)dnn/dz] (3)

Multiplying eq. (3) by 0.97 and subtracting it from eq. (2)

yields :

eCO _- (0.97)eHeNe = (7.6 cm)[ (5.0 x 10-20cm3}dnedz ] (4}

Equation (4) allows the plasma density gradient to be determined

from the measured deflections. Similarly,

eHeNe - (0.0036)eC0 C (7.6 cm)[-(6.4 x 10-24cm3}dnndz] (5)

For CO 2 and HeNe deflection angles of the same order of

magnitude, the C_ contribution to eq. (5} is negligible, so

that the HeNe laser deflection may be attributed to neutral

density gradients. This is the case in our results. The CO 2

deflection minus 0.97 times the HeNe deflection is proportional

to the plasmadensity gradient. Prior to diode shorting, the

He-Ne deflection was not observable, so that the CO 2 deflection

is proportional to the plasma density gradient.



IV. Results

Observations with He-Ne and CO 2 laser beams simultaneously

skimming the cathode have showed deflection angles of the same

order of magnitude for both lasers. This indicates that the

observed He-Ne deflection results from the neutral density

gradient. In Fig. 3, we display data for laser beams skimming

the cathode. The He-Ne deflection is not observable during the

operating mode of the diode, indicating that the neutral density

gradient is less than 1 x 1018 cm -4. Upon shorting,

cathode-produced neutrals produce a density gradient of carbon

atonL_ building to 6 x 1018 cm -4 over - 1 _s, and decreasing

over several microseconds. Similar He-Ne deflection signals

were observed in other locations near the cathode. When the

He-Ne laser skimmed the anode, the deflection signal was similar
i
!

but inverted, consistent with anode-produced neutrals.

Subtracting the neutral-produced deflection from the CO 2

deflection signal yields the plasma-produced deflection, shown

in Fig 3(e). This is a bipolar signal indicating a

cathode-plasma density gradient building to - 1.5 x 1015 cm -4

during the final microsecond of the operating mode. The

deflection reverses direction at shorting time and builds to a

comparable angle in the opposite direction, indicating that

plasma density increases away from the cathode. This is

consistent with the cathode pladma being pushed away by

cathode-produced neutrals after the shorting time. A plasma

density gradient of 5 x 1014 cm -4 increasing away from the

cathode is observed 4 _s after shorting, showing the presence of
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plasma during the arc, On some shots, this feature was not

observed, while other shots showed several plasma density

gradient peaks during the arc.

• At other locations within the diode, CO 2 laser and He-Ne

laser deflection were performed on separate shots. The He-Ne

deflection was not observable (< 0.05 mrad) during the operating

mode, indicating that the neutral density gradient was less than

1 x 1018 cm -4 . Upon shorting, the He-Ne deflection increased

over ~ 1 _s, sometimes in an irregular fashion, and then

gradually decreased over many microseconds. Near the cathode

(anode}, the neutral density+increased in the directio_ of the

cathode (anode} : Shot-to-shot variability prevented a complete

analysis of the post-shorting CO 2 signals, for which both plasma

and neutral gradients contribute. However, the contribution

from the neutral density gradient following shorting could

frequently be identified as a slowly decreasing deflection, upon

which larger deflections from plasma gradients were

superimposed. Because of the small (unobservable) neutral

density gradient prior to shorting, the CO 2 laser deflection

observed prior to sho_ting+ is proportional to the plasma density
f

gradient.

In Figure 4, we show the CO 2 laser deflection signals for

several shots at various positions within the diode. Prior to

shorting, the deflection is proportional to the plasma density

gradient. A plasma density gradient of 2.6 x 1015 cm -4

corresponds to a 1 mrad deflection. After shorting, the

majority of the deflection is attributable to the plasma density

gradient, summed with a smaller slowly-decreasing neutral



density gradient signal. For deflections attributable to plasma

gradients, a scale for dne/dz is shown in Fig. 4.

Figure 4 (a) shows the CO 2 laser deflection when the laser

• was positioned 1.5 am from the cathode. A deflection from a

cathode plasma density gradient of ~ 1 x 1014 cm -4 is observed

prior to shorting, and develops into a bipolar plasma signal

• with peak plasma density gradients of ~ 1 x 1015 cm -4 . Compared

with the bipolar signal observed with the probe skimming the

cathode, this signal has about one-half the magnitude, occurs

1-2 _s later, and lasts nearly twice as long. Finally, a

slowly-decaying neutral-produced gradient remains, with about

one-fifth the magnitude observed skimming the cathode.

Figure 4(b) shows the CO 2 deflection at a position 4.5 cm

from the cathode (3.7 cm from the anode}. At this position near

the center of the diode, several cm from cathode or anode, a

deflection from a cathode plasma density gradient of ~1x1014

cm -4 was observed 0.5 _s prior to shorting. To our knowledge,

this is the first detection of plasma during the operating mode

of a relativistic electron beam diode several cm from either

electrode.

In Fig. 4(c), we display a signal with the 002 laser

skimming the anode. When this _ata was taken, observations with

the laser path blocked showed that negatlve-golng electrical

noise signals were associated with transient arcs during the

first 2 _s of the pulse. Consequently, the first negative-going

voltage pulse on the laser deflection signal is likely to be
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noise. During the final 0.5 _s of the pulse, a plasma density

gradient of 2 x 1014 cm -4 is observed, with density increasing

towards the anode. The anode surface energy deposition by

accelerated electrons is expected to be ~ 300 J/g by this time.

This is comparable to the absorbed dose of 330-500 J/g required

for the observation of anode plasma from a graphite anode in an

earlier study of relativistic electron beam diodes. 3

Consequently, the plasma density gradient may result from

anode-produced plasma. Alternatively, the observed plasma

deflection may result from cathode-produced plasma which has

flowed to the anode and stagnated. Upon shorting, the

deflection reverses, and after 1 _s, only a slowly-decreasing

signal associated with anode-produced neutrals remains. Three

microseconds later, plasma deflection signals are again

observed.
•

In Fig 4 (d), we display a signal with the CO 2 laser located

1.5 cm from the cathode, for a shot in which a transient arc

precedes shorting. A cathode plasma density gradient of 2 x

1014 cm -4 is apparent during and after the transient arc. This

indicates the ability to examine plasma created during transient

arcs. The large negative deflection signal for t > 4 _s is

clipped by the response of the knife-edge/detector:°iystem.

In Fig. 4(e), we display a signal with the CO 2 laser

located 1.5 cm from the cathode, for a shot in which the diode

voltage is crowbarred at 1 _s. A pulse similar to the cathode

plasma pulse of Fig. 4 (a) is observed, but there is no

persistent signal from a neutral density gradient. This is



consistent with observations that neutral-ablation is prevented

by voltage crowbarring.

The data of Figures (3) and (4) demonstrate the ability of

CO 2 laser deflection to detect cathode plasma throughout the

diode during the operating mode. In conjunction with

simultaneous He-Ne deflection observations, the post-shorting

deflection signals, which include deflection from plasma and

neutrals, may be interpreted.

V. Summary

Deflection of He-Ne and CO 2 laser beams by a relativistic

• electron beam diode allows measurement of plasma and neutral

density gradients. The He-Ne laser deflection is primarily a

result of neutral density gradients of (1018-1019) cm "4 . Prior

to shorting, neutral density gradients are not observable (<

1018 cm -4) . The neutral gradients build up during the first

microsecond after the diode shorts, and decay over many

microseconds. Near the cathode (anode), the neutral density

increases in the direction of the cathode (anode).

The CO 2 laser deflection is largely a result of plasma

density gradients of (1014-1015) cm -4 during the final

microsecond preceding diode shorting, and during the subsequent

arc. Near the cathode (anode), the plasma density prior to

shorting in_reases in the direction of the cathode (anode}.

Near the middle of the diode, plasma density increases in the

direction of the cathode prior to shorting.

With CO 2 laser deflection, plasma density gradients as

small as ~Ix1014 cm -4 can be observed throughout the diode.

f

!



• Thus, CO 2 laser deflection is a promising plasma diagnostic for

long-pulse relativistic electron beam diodes. The He-Ne laser

deflection provides a diagnostic of neutral density gradients.

When CO 2 laser deflection is used in conjunction with He-Ne

laser deflection, plasma and neutral density gradients may be

determined prior to shorting and during the subsequent arc.
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Parameter _.__ H eNe Lase_

Wavelength 10.6 _m 632.8 nm

Power 1-5 W 5 mW

Detector Knife-edge/PbSnTe/cooled Solid state quadrant

Ke 5.0 x 10 -20. cm3/electron 1.8 x 10 -22 cm3/electron

Kneutral -6.25 x 10 -24 cm3/atom -6.4 x 10 -24 cm3/atom
(Atomic Carbon)

Minimum Observable 5 x 10 -5 radian 5 x 10 -5 radian
Deflection

dne/dz (minimum) 1 x 1014 cm -4 4 x 1016 cm -4

dnneutral/dZ 1018 cm-4 1018 cm-4
(minimum)



Figure Captions :

Figure 1: Experimental configuration.

Figure 2: Calibration curves for laser deflection systems:

(a) C02 laser calibration curve.

(b) He-Ne laser calibration curve.

Figure 3: Laser deflection data with lasers skimming the

cathode.

(a) Cathode voltage.

(b) Anode current.

(c) He-Ne" deflection signal.

(d) CO 2 deflection signal.

(e) CO 2 deflection minus 0.97 times the He-Ne deflection.

Figure 4: Voltage pulse, anode current pulse, and C02 laser

deflection signals for five shots.

(a) Laser positioned 1.5 cm from the cathode.

(b) Laser positioned 4.5 an from the cathode (3.7 om from

the anode).

(C) Laser skimming the anode.

(d) Laser positioned 1.5 cm from the cathode, for a shot

with a transient arc preceeding diode shorting.

(e) Laser positioned 1.5 om from the cathode, for a shot

in which the voltage is crowbarred after 1 _s.

3/



7.0 X-Ray Emissionas a Voltage Diagnosticfor Microsecond
Electron Beam Diodes

A seriesofexperimentswereperformedin orderto determinewhether
X-rayemissioncan be utilizedas a diagnosticfor electronbeam diode
voltage. The basicidea isthatfilteredx-raydetectionsignalscouldbe
post-processedas a diagnosticof e-beamvoltage.X-ray-emissionvoltage
diagnosticswouldhaveseveraladvantagesovercapacitiveprobes: 1)
Totallynoninvasive,theycouldbe installedon theoutsideof the diode
withoutbreakingvacuum,2) Highsignalto noiseratio,sincethe
scintillatorlightis transmittedbyfiberopticcabletoa photomultiplier
tubelocatedin the Faradaycage, and 3) Inexpensive.

The X-rayprobeemployedin theseexperimentsisdepictedin Figure
7-1. Two 1/8"piecesof NE102 scintillatorare mountedon the end of a
lucitelightguidethattaperstoa fiberopticcable;theseelementsare
enclosedina coppertubewhichissealedat the end bya copperplug. The
fiberopticcable runsthroughpolyethylenetubing(formechanical
protection)toa Hamrnamatsuphotomultipliertube inthe Faradaycage. In
this preliminaryset of experiments,X-ray filterswereconstructedby
wrappingmultiplelayersof 0.34 cm thickleadsheetaroundthe end of the
x-rayprobein a lead-sandwicharrangement.The experimental
configurationisdepictedin F_gure7-2.

Measurementsweremadeat twolocationson the MELBAdiode:1) On
topof the aluminumdiodechamber,and 2) In-linewiththe MELBAanode.
Forcomparisonallof the shotspresentedherewere takenwitha uniform
magneticfield(~ 500 G). Typicaldatasignalsfor three layersof lead on
the topprobe locationareshownin F'_gures7-3 (M2035)and 7-4 (M 2032).
The x-raydata signalshavebeenshiftedintime by 110 ns inorderto
synchronizethe signals.

Interpretationofa singlex-raypowersignalcanbe done inseveral
ways. The simplestscaling(p 47 inthe 1986 NRLplasmaformulary)of
X-ray power (X) to beampoweris:

X/IV - KV, whereI isthe e-beamcurrentand V isthebeam voltage,
and K isa constant,

Then onecan solveforV:

V = (X/IK)I/2,

so that the beam voltagecan be foundby takingthesquarerootof the ratio
of the X-ray signaltothe current. Theseinitialexperimentaldata have
beenplottedwitha numberof differentnormalizationsin Figures7-5 and
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7-6. Itcan be see... =atforthe topmeasurement,the. 3y signal
increaseswithtimeasthe beamvoltagedroops.Thiscanbe explainedby
the increasingcurrentand by the relativelythinfilter(3 layers)onthe
x-rayprobe.

MUchbetterresultswereobtainedwhenthe x-rayprobewas locatedin
frontof theanode,with3, 4, and 5 sheetsof leadaroundthe probe.
Typicaldata are shownin Figures7-7 (M2037), 7-8 (M2039),and 7-9
(M2041). It canbe seenthatthe amplitudeof thex-raysignalsdecreased
relativeto the topprobelocationwhenthex-rayprobewasplacedin line
withtheanode. Thisispartlybecausethe anodematerialiscarbon,which
wouldgivelessx-raysby comparisonwiththeZ fromthe wallsof the
aluminumchamber. It shouldbe notedthatan empiricalanalysisof this
datain Figures7-1O,7-11, and 7-12 showsexcellentagreementof the
squarerootof thex-raysignalwiththe beamvoltage. The squarerootof
x-raysdividedby beamcurrentgivesa lessaccuratereproductionof the
voltage. Detailedcomparisonsofvoltagetosquarerootof x-raysignalare
presentedinfigure7-13. It can be seen that the best representationof
the voltageis given by the square root of the X-ray signal for the front
measurementwith 5 layers of lead (M2041), the secondbest result is the
front measurementwith 4 layers of lead (M2039),followedby the front
measurementwith 3 layers of lead (M2037). The top measurements
yielded worse agreement.

Data from these experiments indicates that x-ray emissioncould be a
sensitive,inexpensivediagnostic for voltage in electronbeamdiodes.
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8.0 Electric Stres= in Microsecond ElectronBeam =,,odes

We haveanalyzedMELBAdiodedatainordertocomparetherelationship
betweenpeakelectricfieldand shorting/arcingpulselengthwiththe plot
of diodeelectricfieldversuspulselength,referredto as theMcGeoch
criterion:1,2

Ek=70/t112
NotethatsinceMELBAshotsmayor may notShowsignsofarcing(voltage
notchduringthe pulse)beforethediodeshorts,we havecompiledthe data
for a numberof cases:
1) Average Electdcstress(VoltagedividedbyA-Kgap)

a) versusarcing time (firstnotchinvoltage)
b) versusdiode shorting time(totalpulselength:diodevoltagedropsto

zero)

2) Peak electric stress (from Hermannsfeldtcode)
a) versus arcingtime
b) versusshorting Ume
Notethat MELBAshotswhichshortedbeforeanyapparentarcingwere

plottedassumingthat thearcingtimewasequalto the shortingtime.
Data forall fourof the abovecasesare plottedfor boththeoldcathodeA
(planargraphitefelt witha guardring),anda newcathode (B), describedin
section3. Our oldcathode(cathodeA) had a relativelyhighpeak electric
stressdueto the smallradiuson the outeredgeof the cathode. The second
data setis MELBAdata for the case of ournewquasi-Changprofilecathode
(B) on the hemispherical-endcathodestalk;thiscathodeB configuration
gavethe longestpulses(4.5-5 I_S)andmaximumdeliverede-beam energy
obtainedon MELBA(discussedinsection5).

Figure8-1 of average electricstressversusardng timeshowedthat
cathodeA diodesliebelowthe McGeoch(MG) lineforthe unmagnetized
case,but magnetizeddiodeslienearand abovethe McGeochline. Cathode
Barcingtimedata liesmostlyabovetheMG lineforthe magnetizedcases
becauseof the longpulselengthsoftheseshots.

F_gure8-2 data on average elecVicstressversusshort/ng timeshow
thatcathodeA data lieson theMG linefortheunmagnetizedcase and
slightlyabovethe MG linefor magnetizedshots. ForcathodeB, the long
pulselengthof the magnetizedshotsmovedthemfurtherabovethe MG line
thanthe unmagnetizedshots.

The plotof peak electricstressversusarc/ngtime (Figure8-3),
illustratesthatthe highpeakelectricstressof cathodeA placesthedata
wellabovethe McGeochline. CathodeB hasconsiderablylowerpeak
electricstressbut longerpulses,whichalsopushesthedata above the MG
line. Inbothcathodes,the magnetizeddata isfurtherabovethe MG line
than the unmagnetizedshots.
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Intheplotof I. , electricstressversusshortingt. (Figure8-4),
= bothcathodeA andcathodeB liewellabovethe MG lineforboth

magnetizedand unmagnetizedshots.
In summary,it appearsthat the McGeochlineplotisa reasonablygood

approximationfor averageelectricstressversusarcing time, forthe
unmagnetizedcase. Inthe magnetizedcase,welldesignedcathodesat long
pulsesmayoperatesignificantlyabovetheMcGeochline. Peakelectric
stressdatacanliewellabovethe MG lineforcathodes(A) withlarge edge
enhancement. However,cathodes(B) with lowedgeenhancementgive
longerpulselengthswhichalsopermitoperat!onabovethe McGeochline. It
ispossiblethattheoperatingregimeof long-pulse(>2 I_S)diodesmay
flattenoutthe E vs. • operatingcurvenear60-70 kV,permittingmuch
longerpulselengthsat thesefields.

The physicalmechanismsforarcingand diodeshortingrequirefurther
investigation.Notethatthe anode materialwas Pocographite;cathodeA
usedgraphitefelt/glyptal,whereasincathodeBexperimentsthe cathode
surfaceswerevelvet/glyptal.Otheranodeandcathodematerialscould
yielddifferentscaling.2Sincethe plotteddata onlyincluded
non-crowbarredshots,the electricstressstandoffof thesedata was
reducedfromitsidealvaluebecausetheglyptalcoatingwasdamagedby
diodeshorting.It isclearthat the electrostaticdesignof thecathodeand
magneticfieldconfigurationare importantinoperatingsignificantlyabove
the McGeochcriterionfora givenvoltageand A-Kgap. If the physical
mechanismsforbreakdownare found, it maybe possibletodesigndiodes
whichwir_operatewellabovethe McGeochline.
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MELBA Cathodes

Cathode A: Old planar cathode with guard ring

Cathode B: Profiled cathode on hemispherical .
cathode stalk

Cathode C: Large Area Planar cathode
with Toroid o
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Anode Cun_nt (21 kA/div)

0 1000 200O
Time (ns)

Figure a,"l Voltage and anode current for the gradient magnetic field
condition for me planar cathode (shot M1850).

Voltage(3I0kV/div)
.

Anode Cun_t (8.7 kA/cUv)

o lOOO " 2000

"lime(ns)

Figure_-_ Voltage and anode current for the uniform magnetic field
condition for the planar cathode ( shot M1852).
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Figure ,_,._ Voltage and anode current for the zero magnetic field
• cendltlon for the planar cathode (shot M1851).



Figure 4-4
Magnetic Field Lines for the Gradient and Uniform Cases
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Thic_ess of carbon felt is
0.2_

Drawing of a new planar cathode
(C) .with a toroidal guard ring
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DSA G02 DIGITIZING SIGNAL ANALYZER
date: 5-SEP-90 time: 22:58:15

400mY .....: ........ , ,.............. , , ,...... , ....

... ;--_-,_,.... _.-_-._....

iOOmV j/div
MPMTM2035

trtg'd I
i

ANDM2035 •

DCURM2035 1
I
!

i
-600mY

530ns 200na/d iv 2.53.us ..
Figure.7-:3Fromtopto bottom:(1) voltage(310 kV/Div),.(2)X-ray .......
signal(100 rnV/D]v)[TheX-ray probeison top ofthe dioderegion
coveredwith3 sheetsof lead], (3) current(anode)(14 kA/Div),
(4) current(diode)(22.7 kA/Div).



DSA 602 DIGITIZING SIGNAL ANALYZER

date: 5-SEP-90 time: 22:12:18

730mV .........' _ '

ANDM2032

lOOmV
/dtv

DCURM2032

trig'd

MPMTM2032

!
I

I

-270mV ,----
630ns 200ns / dlv 2.63us '
Figure._ Fromtopto bottom:(1) current(anode)(7 kNDiv), ..........
(2) current(diode)(22.7 kA/Div),(3) voltage(310 kV/Div),(4) X-ray
signal(100 mV/Div)[TheX-rayprobeis ontopof thedioderegion
coveredwith3 sheetsof lead].
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Datafrom "m2035" DataFrom"m2035"

.,." " :N_ 4 ,,
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p,

"",; ...... ;o....;""4.°° 0" ;oo; , o 14o ;0oo _.ok" ,oo 1ooo 1,oo 1.o 1,o0
line (ll) Ille (it)

M2035 (On topof the diodecoveredwith3 sheetsof lead)

Fromtopto bottomon the right:(1) sqrt(x-ray)(_/), (2) x-ray signal/
voltage(V/310kV), (3) sqrt(x-ray/current(anode))(0.38_/V/kA),(4)
x-my/(voltage*current(anode))(0.46 mV/(kV)(kA)),(5) x-ray/current
(anode)(0.143V/kA), (6) sqrt(x-ray)/current(anode)(0.143VV/kA).

Fromtopto bottomon the left:.(1) voltage(kV), (2) x-raysignal(V), (3)
sqrt(x-ray/current(diode))(_/0.022V/kA), (4) x-ray/(voltage*current
(diode))(711_V/(kV)(kA)),(5) x-ray/current(diode)(0.022 V/kA),
(6) sqrt(x-ray)/current(diode)(0.022VV/kA).

Figure.'_- 3
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M2032 (On topof the diodecoveredwith3 sheetsof load)

Fromtopto bottomon the right:(1) sqrt(x-ray)(VV),(2) x-raysignal/
voltage(V/310kV), (3)sqrt(x-ray/current(anode))(0.38VV/kA),(4)
x-my/(voltage*current(anode))(0.46 mV/(kV)(kA)),(5) x-ray/current
(anode)(0.143V/kA),(6) sqrt(x-ray)/current(anode)(0.143_/V/kA).

Fromtopto bottomon the left: (1) voltage(kV), (2) x-raysignal(V), (3)
sqrt(x-ray/current(dlode))("40.022V/kA), (4) x-ray/(voltage*current
(diode))(71pV/(kV)(kA)),(5) x-ray/current(diode)(0.022 V/kA),
(6) sqrt(x-ray)/current(diode)(0.022_/kA). '

Figure.7- Co



DSA 602 DIGITIZING SIGNAL ANALYZER

date: 6-SEP-90 time: O:I0:20
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1
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i
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63One " 200ns/dtv 2.63us
Figure.7-:FFromtopto bottom:(1) voltage(310 kV/Div),(2) X-ray .....
signal(100 mV/Div) [TheX-ray probeis infrontof thedioderegion
coveredvAth3 sheets of lead],(3) current(anode)(7 kA/Div),
(4) current(diode)(22.7 kA/Div).

i



DSA 602 DIGITIZINGSIGNAL ANALYZER
date: 5-SEP-90tlme: 21:01:24
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Rgure.7_ Fromtoptobottom:(1)voltage(310kV/DIv),'(2)X-ray
signal(100mV/Dtv)[TheX-rayprobeisinfrontofthedioderegion
coveredwith4 sheetsof lead],(3)current(anode)(7kA/Div),
(4)current(diode)(22.7kA/Div).
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DSA 602 DIGITIZINGSIGNAL ANALYZER
date: 6-SEP-90time:14:57:13
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/dtv _

MPM

I
! notl ]
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i
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+ i
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530ns 200ns/d iv 2.53us
Figure.:/-</Fromtoptobottom:(1)voltage(310kV/Div),(2)X-ray "- "
signal(100mV/Div)[TheX-rayprobeisinfrontofthedioderegion "
coveredwith5 sheetsof lead],(3)current(anode)(7k/VDiv),
(4)current(diode)(22.7kA/Div).
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Dam from "m2037" Datafrom "m2037"
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fine (is) time (Ul)

M2037 (In front of the diode covered with 3 sheets of lead)

From top to bottomon the right: (1) sqrt(x-ray) (_/), (2) x-ray signal/
voltage(V/310kV),(3)sqrt(x-ray/current(anode))(0.38VV/kA),(4)
x-ray/(voltage*current(anode)) (0.46 mV/(kV)(kA)), (5) x-ray/current

(anode) (0.143V/kA), (6) sqrt(x-ray)/current(anode) (0.143W/kA).

From topto bottom on the left: (1) voltage (kV), (2) x-ray signal (V), (3)
sqrt(x-raylcurrent(diode)) (V0.022 V/kA), (4) x-ray/(voltage*current
(diode))(711_V/(kV)(kA)),(5)x-ray/current(diode)(0.022V/kA),
(6)sqrt(x-ray)/current(diode)(0.0_/t_).

Figure. :/-/0
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M2039 (in front of the diode covered with 4 sheets of lead)

Fromtopto bottomon the right: (1) sqrt(x-ray)(-_/),(2)x-raysignal/
voRage(Vml0kV),(8)sqrt(x-ray/o,rrent(anode))(0.=/V  A),(4)
x-ray/(voltage*current(anode))(0.46mV/(kV)(k_),(5)x-ray/current
(anode)(0.143V/kA),(6)sqrt(x-ray)/current(anode)(0.143W/kA).

Fromtoptobottomontheleft:(1)voltage(kV),(2)x-raysignal(V), (3)
sqrt(x-raylourrent(dlode))(V0.022V/kA),(4)x-rayl(vollage*ourrent
(diode))(71p.Vl(kV)(l_)),(5)x-caylourrent(diocle)(0.022VN,A),
(6)sqrt(x-ray)/current(dlode)(0.022VV/kA).

Figure."7-I I
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M2041(In front of the diodecoveredwith5 sheetsof lead)

Fromtopto bottomonthe right:(1) sqrt(x-ray)(_/), (2) x-raysignal/
voltage(V/310kV), (3) sqrt(x-raylcurrent(anode))(0.38_/V/kA),(4)
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Average Electric Stress vs. Arcing Time
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Average Electric Field vs. Shorting Time
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Peak Electric Stress vs. Arcing Time
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Peak Electric Stress vs. Shorting Time
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