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ABSTRACT 

The Plasma Edge Cathode concept can produce high electron current densities while 

avoiding or delaying plasma closure of the extraction gap of an electron source. A plasma 

beam is generated by a surface flashover from a spark plug. An obstacle partially intercepts 

the emitted plasma jet at a distance of approximately 200 mm from the plasma source and 

causes a stationary transverse plasma boundary from which electrons are extracted. The 

plasma should experience negligible extemal electric forces as long as the extraction is 

space charge limited. Thus, it should be possible to avoid the plasma closure of the 

extraction gap and to obtain an extracted electron current density over 100 AJcnfi. 

Experimental electron beam density measurements support this theoretical prediction. For 

an electron beam with a diameter of about 2.5 cm^ the extraction current is smooth and 

electron current densities up to 100 A/cm^ were obtained repeatedly with a duration up to 

2.5 jis for an extraction gap of 4 mm. For a 7.5 cm diameter beam an electron beam 

current density was measured from 2 to 7 A/cm^ at an increased extraction gap of 15 mm. 

The pepper-pot method was used to measure the emittance of the extracted electron 

beam. An extraction gap of 15 mm together with an extraction voltage less than 20 kV 

yielded a relatively smooth pattem on the scintillator. The images were recorded with a 

framing camera. Then they were digitized with a scanner and a computer code determined 

the emittance. A two-frame intensifier camera with an exposure time down to 5 ns was 

built to record the electron beam pattem. A 50 ns exposure time was used to determine the 

effective emittance. Approximately half of the 100 shots taken had a suitable exposure and 

separated spots for evaluation. At higher extraction voltages the pattem was irregular and 

indicated some instability of the plasma surface. The measured normalized emittance is on 

the order of EJ,̂ ^ = 5 X 10"̂  m^ rad^. The normalized brightness was found typically to be 

B„ = 3 X10^ A m~̂  rad"^. The trace space density measurements show a nearly parallel 

VI 



electron beam. A major difficulty with the emittance measurements was the limited 

reproducibility from shot to shot. 

^This work was supported by the Air Force Office of Scientific Research under contract 
No. AFOSR-87-0154. 
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CHAPTER I 

INTRODUCTION 

The research presented in this dissertation is about the design of an electron source 

and its optimization. The introduction section presents general information about electron 

sources. It is not the intent of this dissertation to present an exhaustive review of the 

research that has been done elsewhere, but rather to introduce the reader to the subject and 

provide a list of references. The second chapter presents the theory used for the electron 

beam measurement. Chapter III describes the experimental set up, and Chapter IV presents 

the experimental results. 

It is a fact that the larger quantity of electron beam driven devices demands high 

current density of the electron beams. In addition to that, "well-coUimated" electron beams 

are required for their maximum performance. This quality of an electron beam can be 

described by the emittance, the normalized emittance, the brightness and the normalized 

brightness. The normalized emittance and the normahzed brightness normally can not be 

improved after the beam is generated. This allows comparison of the beam quality at 

different energies. The actual electron beam source becomes an important part of the 

pulsed power systems such as microwave generators (e.g. the relativistic klystron) and 

high-intensity beam-generators, for example, the free electron laser. A sufficient beam 

duration is also required in many systems. There are various electron beam sources, e.g., 

thermionic emitters, cold cathode emitters, plasma cathode e-guns, grid controlled plasma 

cathodes, photoemissive cathodes, ferroelectric electron beam sources, and others. Each of 

these sources has certain limitations of maximum electron current density, emittance, 

brightness, pulse duration, vacuum, life time, cost, etc. 



Thermionic emitters 

Thermionic emitters can provide long pulses, even continuous operation is 

possible. However, they have Umited current density (typically <10 A/cm^), high heater 

requirements, high vacuum requirement, and a finite life. Tungsten is the best pure metal 

thermionic emitter which has a work function of 4.54 eV, and at 1500 K can provide 1.5 

A/cm^. Because modem electron guns operate with a cathode loading of 0.5 - 10 A/cm^, 

one can see the Umitations of pure metal emitters. For guns with a separate insulated heater 

emitter temperatures above 1500 K cannot be used if a long life is expected from the device 

[1]. 

A primary cathode material of a modem high current density thermionic emitter is 

lanthanum hexaboride (LaB^) and tungsten-thorium oxide (W+Th02) . These cathodes 

are less sensitive to gas poisoning and the critical pressures are higher than for oxide and 

impregnated cathodes. Oxygen is the most reactive gas of the common gases and argon is 

the least reactive. Critical pressures of 2x10"" Torr for oxygen, 2x10"^ Torr for carbon 

dioxide, 5x10"^ Torr for air, and greater than 10"^ Torr for argon, nitrogen, and hydrogen 

were measured for lanthanum hexaboride cathodes at 1843 K [2]. A large-area disk of a 

lanthanum hexaboride cathode assembly provides over 600 A (20 A/cm^) of electron 

current in continuous operation of over 400 hours in a plasma discharge [3]. The cathode 

material of lanthanum hexaboride was investigated in guns in pulsed and continuous 

operation (for example, Pierce-type electron guns). The cathode was heated up to 2073 K, 

and at 110 kV extraction voltage the electron emission of a one inch diameter cathode as 

high as 32 A/cm^ was obtained [4]. Large (two inches diameter) LaB6 cathodes have 

produced 1 - 5 |is electron pulses with a current density up to 20 A/cm^. The normalized 

beam brightness was measured to be approximately 3xl0" A/(m rad)^. The cathodes were 

heated to between 1600 -1800 °C, and the extraction potential was 10 kV. The vacuum 

was kept between 10"" -10"^ Torr which the authors indicate, is less demanding than for 



conventional dispenser-type cathodes [5]. The hot-pressed high-density lanthanum 

hexaboride rod cathodes show current densities of 100 A/cm^ at a temperature of 1680 °C. 

When the longevity test was conducted, the current was kept at over 50 A/cm^ for 200 

hours. The authors indicate that the stmcture of the cathode is etched away during the 

emission process while the whole LaB6 surface evaporates as an emission site, 

furthermore, there is no evidence that "hot" spots with enhanced emission are present [6]. 

The modem dispenser cathodes are built of a strongly bonded, continuous metallic 

phase of a refractory metal(s), interspersed uniformly with the emitting material. The 

thermionic emission of electrons with a low work-function of the cathode surface is 

accomplished by a porous metal matrix through which the active metal diffuses to the 

surface. The emission capabilities of tungsten dispenser cathodes depend on the emitter 

temperature, work function of the emitting surface, tungsten-matrix pore size, pore density 

on the surface, and uniformity of pores. This includes oxide-coated cathodes, pure metal 

emitters (dispenser cathodes), and thoriated tungsten. Examples of this are Philips 'B' and 

'M', barium tungstate, iridium matrix cathodes, etc. [7]. The free electron laser technology 

requires electron current densities of 35 - 100 A/cm^. The coated dispenser cathodes have 

become more or less standard in the microwave tube industry. The B-types and M-types 

are called impregnated cathodes. They comprise a porous refractory plug which is either 

impregnated with barium compounds or a reservoir of barium compounds is in the front 

surface. When the cathode is heated free barium reaches the surface of the cathode. The 

alloy based dispenser cathodes perform better when barium is used either as coating or in 

the matrices. 

The "B" type tungsten dispenser cathodes were coated using the technique 

involving the formation of a standard barium oxide (BaO) layer with an optimum surface 

composition near 50% osmium with 50% tungsten. An excellent emission of 50 A/cm^ 

was measured. This dispenser cathode was heated to 1085 °C with a hfetime over 800 

stSa'-
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hours [8]. Scandium oxide in combination with Ba and O shows a superior level of 

electron current to the one obtained from Ba-0 matrix cathodes. The top layer of scandium 

oxide (SC2O3AV) in combination with Ba and O in a dispensing matrix cathode have work 

function values in the 1.5 eV range near 1100 K and emission values of 100 A/cm^. The 

work function in the temperature range of 900 -1100 K is approximately linear between 

1.45 - 1.5 eV. When one considers that the emission at 1100 K takes place at 1000 V 

between the anode and cathode rather than "zero-field," the work function is sUghtiy 

higher, 1.57 eV. Above 1100 K the work function increases more rapidly due to the space 

charge effect given by the geometry being used [9]. A derivative of the M-type dispenser 

cathode was tested. This osmium coated cathode had been developed for free-electron 

lasers driven by an induction linear accelerator. The cathode was a 5.1 cm diameter 

sintered tungsten disk impregnated with 6BaO-CaO-2Al203 and coated with approximately 

4000 A° of an osmium alloy. The vacuum with the "hot" cathode was 1.0x10"^ Torr. 

Current densities of 140 A/cm^ were measured. The pepper-pot-method was used to 

measure the emittance by using a CCD camera with a digital resolution of 0.0174 cm/pixel 

in x-direction and 0.0148 cm/pixel in y-direction. Brightness values exceeding 1x10^^ 

A/m^rad^ were measured [10]. 

NASA-Lewis Research Center investigated a commercially viable thermionic 

emitter suitable to power long-hfe microwave tubes for space communications. The 

commercial-type cathodes investigated were Tungstate, S-type, B-type, and M-type. They 

are capable of deUvering electron currents over 1 A/cm^ while operating in the range of 

1000 - 1100 °C. Electron guns for space operation were designed for a 2 A/cm^ cathode 

electron emission. The Tungstate cathodes hved for 7,000 hours, the S-type failed at 

20,000 hours, the B-type cathodes operated longer then 27,000 hours, and M-type 

cathodes can work over 19,000 hours producing more stable current emission than the B-

type with the true temperature 100 °C lower than for the B-type [11]. 
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The performance of the tungsten dispenser cathodes may be degraded by the 

interaction with corrosive gases present in the vacuum ambient. The predominant 

poisoning gas are the water vapor and the oxygen. The M-type, the iridium-coated and the 

osmium-coated cathodes can be optimized at non-ideal vacuum conditions. The osmium-

coated cathodes with barium calcium aluminate impregnate at near 1310 K can provide full 

emission up to 3 x 10"° Torr of water vapor, or approximately 1 x 10"° Torr of oxygen. It 

is possible to design a tungsten cathode coated with osmium-tungsten. The element-atomic 

ratio is 1.6 and the cathode operates in a full emission mode at 1310 K up to 5 x 10"° Torr 

of water vapor [12]. 

The cylindrical field-enhanced thermionic-emission diode uses a cathode electric 

field to enhance the electron emission. The cathode was made of 1.1 cm long, 25.4 |im 

diameter tungsten material with 3-percent Re filaments. The vacuum system typically 

operated at 1 xlO"^ Torr. The emitter tips were not dulled. The operating temperature for 

this longitudinal cathode was 3175 K which was the hmit for tungsten evaporation. The 

electric field enhances the thermionic emission by a factor of 15.65. A maximum 800 

A/cm^ cathode emission current density was measured. Increasing the temperature of the 

filament to 3400 K doubled the electron current density, but at the expense of the tungsten 

filament deterioration [13]. 

Super-emissive self heated cathodes are investigated for high-power glow-

discharge applications used for example in special high current thyratrons. This cathode is 

a "cold" cathode, but it can act as a thermionic emitter when heated at a sufficientiy fast 

rate. The total current measured was 8-16 kA, and a lower estimate of the cathode 

emission and current density is > 10 kA/cm^ [14]. 
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Cold cathode emitters 

Cold field-enhanced emitters normally lead to fast plasma closure (typically <1 

jxsec) depending on the size of the extraction gap; however, they can be used for high-

brightness electron beam sources. One of its recent uses has been its appUcation to the 

excitation of high power gas lasers. Cold cathode emitters in which electron emission is 

based on the field emission rather than thermionic emission are useful to consider in 

vacuum microelectronics, electron-beam instmmentation, display and microwave device 

technology. In order to achieve field emission from a metal surface, an electric field over 

10^ V/cm must be appUed to the cathode surface. The electron abihty to pass through a 

potential barrier of the conductor surface is described by the Fowler-Nordheim equation. It 

is possible, for example, to reahze that with "tip" cathodes of very small radius [15]. 

Vacuum microelectronics 

Cold cathodes are used in a new class of miniature vacuum field-effect devices 

(vacuum microelectronics). The microelectronics cathodes microfabricated as field-emitter 

arrays provide high current densities from 100 to 1000 A/cm^ which have been obtained 

only on smaU area cathodes with a tip packing density of up to 1.5 x 10^ tips/cm^. The 

size of these emitter arrays varies from a few micrometers up to 13 cm in diameter. These 

microstmctures reduce the potential required for the field emission to tens of volts, and 

approximately 100 mA total current can be obtained from a 10,000-tip array of 1 mm in 

diameter [16]. Low-voltage field emission from a thin-film emitter array was tested. The 

emitter chip consists of a 10 x 10 square array of emitter tips with a spacing between tips of 

10 |xm. At potentials around 30 V a stable emission of 300 nA/tip, or 30 |iA total current 

was measured [17]. Molybdenum field emission tips were studied. These Spindt-type 

cathodes had the anodes at > 5 mm, 1.25 mm, and 2 - 20 iim from the gate electrodes. The 

total transconductance was 0.5 mS [18]. The array of wet, chemically etched silicon cold-



cathodes was found to be temperature insensitive between 130 K and 360 K. The tum on 

voltage of 4 V at 920 nm anode-cathode spacing was lower than the average value for 

similar cathodes. Low currents of 0.2 jxA were measured [19]. Thin-film field-emission 

cathodes with molybdenum points fabricated in a 681-cell matrix with a step of 10 |im 

provide the current density of 2 Aleve?- in continuous operation and 10 A/cm^ in pulsed 

operation. A single-cell cathode provided a 20 |iA electron current with a transconductance 

of 0.1 |iAA^. LaB6 was used to increase the transconductance, but the emission was 

unstable. Using hafnium cones increased the transconductance to 1 |xAA^ with good 

emission stabihty. The carbon cones had the lowest operating voltage of 50 V, but high 

current densities were not measured because of a low conductance of this diamond like 

carbon. Long service life of more than 10,000 hours was expected from the above 

mentioned molybdenum cathode [20]. Field emission of an emitter usually covered with a 

thin oxide layer was modeled numerically. The oxide was included in the work function as 

an additional barrier in the tunneling problem and results were compared with the Fowler-

Nordheim equation [21]. For LaB6 cone emitters the work function was 3.7 eV [20]. 

Carbon-fiber electron field emitters 

One can produce an intense electron beam applying a large electric field to a suitable 

material. In several applications such as free electron laser, microwave generation, and 

collective electron acceleration good uniformity is desirable. Furthermore, low beam 

energies of less than 50 kV are required for laser pumping and microwave generation. 

Fiber cathodes called "tufted" cathodes (woven carbon yam), carbon felt emitters, bmsh 

cathodes, smooth carbon cathodes, and velvet cathodes show good performance. 

A carbon-fiber bmsh cathode made of 10 |xm diameter filaments provided the best 

performance in comparison to blade emitters made of a metal oxide matrix. The carbon 

fiber filaments provided a closure velocity of 1.5 cm/^is and they emitted well at fields as 

7 
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low as 10 kV/cm. The space-charge-limited conditions were reached at approximately 60 

ns at 20 kV/cm electric field [22]. Cloth fiber cathodes have superior properties as cold 

cathode emitters, and they can satisfy the high-current densities over 200 A/cm^ which are 

required for efficient microwave generation. The material used in the publication [22] was 

a 12 cm"l X 12 cm"^ array of 40 tufts with fibers of approximately 10-12 |xm diameter 

and 1 mm long. Those cloth fiber cathodes had much faster tum on time (30 ns voltage 

rise time) than the other cold emitter sources such as smooth carbon cathodes and carbon 

fiber tuft cathodes (60 ns voltage rise time). The smooth carbon cathodes did not emit 

uniformly before the A-K gap closure. The cloth cathodes show the gap closure velocity to 

be much slower (1 cm/|a.s ) than the usual value of 2 -3 cm/|a.s. It was found that the 

electron emission was uniform to ±10% over the central portion of a 2 cm diameter 

cathode. The cathode emitting properties were basically unchanged after 18 000 shots, and 

the reproducibility was better than ±10% [23]. 

The flashboard cathode (low density plasma cathode) was not sufficient for the 

Advanced Test Accelerator injector (Los Alamos Nat. Laboratory). The new design of the 

electron source includes tufted yam cathodes and velvet cathodes of 5.5 cm radius with an 

A-K gap of 13 cm. The tufted carbon yam cathodes yield a current of approximately 10 

kA. The pubhshed normalized rms emittance of 0.45 - 1.2 xlO'^ rad m was low. This 

corresponds to an average brightness of 3.9x10'̂  A/(rad m)^. The velvet cathodes yield a 

current of approximately 9 kA with an average normalized emittance of 2.5x10""̂  rad m, 

and a corresponding brightness of 3.2x10^ A/(rad m)^ [24]. Closure velocity 

measurements show little dependence on appUed magnetic field for both velvet and carbon 

felt emitters. Typical calculated values obtained in Los Alamos National Laboratory were 1 

to 6 cm/|is. An electron beam duration of 0.2 - 2 )is was obtained. An electron current 

density of 75 A/cm^ was measured from an emitting surface of 200 cm^. The number of 

cathode spots corresponds to the total current divided by 10 A/spot [25]. 

8 



It was experimentally found that impregnation of the cathode surface with Csl 

prolongs the diode impedance collapse by the plasma. The diode was driven by a 400 kV 

Marx generator and 1 |xs pulses were applied. Three different cathodes were tested: soUd 

graphite cathode, graphite fiber cathode, and velvet cathode. A saturated Csl solution was 

applied to the surfaces of these three types of cathodes. After drying, a 0.5 - 1 mm thick 

white layer of the salt remained on the surface. The Csl coating improved the results for all 

three types of cathodes. It shortened the onset of the electron current and slowed down the 

plasma streaming into the A-K gap resulting in a delayed time of the fmal collapse. The 

velvet cathode was found to be better than the sohd graphite cathode; however, the graphite 

fiber cathode was found to be the best of aU the three types of electron emitters [26]. The 

brightness from the Csl coated velvet and graphite cathodes is approximately 

109A/(mrad)2[51]. 

Field emission single tip cathodes 

Field emission tip cathodes were made of a commercial grade tungsten wire. Under 

a pulsed operation of 50 kV, electron beams up to 1.2 A and a current density over 10^ 

A/cm^ with a pulse duration from 300 ns to 1.2 |is were measured. The background 

vacuum was better than 3 x 10"^ Torr. The single molybdenum tip provided an electron 

current up to 0.8 A. Usually, the tips were damaged by a vacuum arc initiating when the 

apphed voltage was raised over its critical value and the current density was higher than 

108 A/cm2 [27]. 

Field emission conductor disc cathodes 

An electrostatically focused, multistage electron gun using a cold field-emission 

cathode was developed as an electron source for a free electron laser. The gun works in 

complete absence of a guiding magnetic field. The measured emittance was approximately 
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two orders of magnitude better than in most rf linear accelerators. The cathode was made 

of a spin-formed aluminum disk with a cyhndrical hole in its center. The emitting plug was 

made of six different cathode materials of 2 cm diameter; POCO graphite, smooth reactor 

POCO graphite, grooved POCO graphite, epoxy inlaid POCO graphite and sandblasted 

2024 aluminum, sandblasted 2024 aluminum coated with carbon. POCO graphite is made 

by POCO Graphite Inc., Decatur, TX, and the type used there is AXF-5Q. The accelerator 

voltage was 2.0 MV, and the A-K gap spacing was 1.2 cm. The best results were obtained 

from a microscopically rough reactor graphite cathode. The cathode produces a 1.1 kA 

electron beam with a normalized emittance of 38x10"-̂  (T: cm rad), and a corresponding 

brightness of 74 kA/cm^rad^ [28]. The electron emission from the metal electrodes using 

an electric field of 0.5 to 2.5 MV/cm was studied. The metal cathodes were pulsed to 3 -

10 ns by Gaussian pulses. The background vacuum was kept at 5 x 10"5 Torr. Compared 

to a bare aluminum surface, it was found that anodized aluminum surfaces can hold off 

more than twice the electric field strength without appreciable electron emission. The 

anodized aluminum emitted at 1.0 - 1.5 MV/cm and the bare aluminum field strength was 

lowered to 0.5 - 0.7 MV/cm. The velvet cloth was also tried by using 3 ns pulses. It 

emitted at 100 kV/cm electtic field [29]. 

Plasma cathode electron sources in magnetic fields 

Plasma cathode electron sources are based on a plasma discharge in a magnetic 

field. Intense pulsed electron beams are produced by applying a potential difference 

between an anode and a cathode in a vacuum diode. The source of electrons is a plasma 

that forms on a cathode which is made of a material with a very low work function. An 

inverse magnetron system was used for electrons exttacted in a magnetic field from a glow 

discharge with particle energies of 20 keV. This system was used for heat treatment of 

materials requiring a large cross sectional area beam. At miUisecond-duration, up to 20 A 
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of electron beam current with a 20 - 200 cm^ cross section was obtained [30]. A plasma-

filled diode with a 5-10 T magnetic field provided a constant impedance during the pulse 

generation. The diode was found to work better when it was completely filled with the 

plasma. When the plasma was localized only at the anode region, the diode operation was 

unstable. Steady electron beams of approximately 100 A/cm^ with a 5 |is pulse duration 

were measured [31]. A virgin tungsten cathode under a magnetic field of 0.1 - 0.7 T and a 

current of 2 - 50 A was investigated for the arc motion over the cathode. The current 

density at the moment of cathode spot "death" for a cold cathode was measured at (1.2 ± 

0.5) X lOl 1 Am"2 and for the hot cathode current the density was (3 ± 1) x 10^0 Am"^. 

The cathode spot lifetime was 25 - 50 ns for the cold cathode and 150 - 200 ns for the 

heated one [32]. 

Grid controlled electron sources 

A requirement for grid controlled electron sources is to produce a kiloampere 

electron beam with a nanosecond pulse duration and pulse repetition rates reaching tens or 

hundreds kHz to power free-electron lasers and microwave generators, or for high current 

switching [33,35]. Grid controlled electron sources are more complicated than hot-cathode 

triode systems, and they rely essentially on a controlled balance between plasma expansion 

and erosion by modulating the voltage on a grid. 

A hollow-anode system was used for the plasma generation. The dielectric-arc 

plasma was created in the anode. The electrons were generated from the plasma boundary 

close to the grid, then they were accelerated by the electric field between the grid and the 

collector. A current pulse of up to 1 kA with a duration of less than 60 ns was measured. 

The risetimes and falltimes were in the order of a nanosecond and a pulse repetition rate of 

100 kHz was achieved [33]. A plasma cathode with biased grids combines low average 

power consumption of a plasma cathode and many attractive features of thermionic 
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cathodes. This electron source has a space-charge-limited extractor gap electron flow, fast 

tum on, and no diode closure. The initial work shows a 2 A/cm^ electron beam current 

density for pulse lengths to 160 |xs [34]. The hollow-cathode-plasma electron gun 

overcomes many limitations of the thermionic electron sources suffering from limited 

electron current density ( < 10 A/cm^ ), or field emission electron sources suffering from a 

short pulse duration ( < 1 |j,s ). The hollow cathode is made of stainless steel, 

molybdenum, or aluminum. Uniform discharge inside the gun produces a plasma from 

which the electrons are extracted. The gun is insensitive to vacuum conditions and the 

glow discharge of the A-K gap is obtained at approximately 5 mTorr of He. This multi-

aperture gun accelerates the electron beam through a two-grid accelerator which is at 150 

kV potential. The high-perveance gun (>35 jipervs) reached an electron current up to 750 

A (>50 A/cm^), with pulse lengths of up to 120 jisec [35]. A plasma electron source with 

sectional cold hoUow cathode is formed of 36 individual cathode elements. A 150 keV 

beam with a duration of up to 2.5 msec and a total current of up to 50 A was obtained [36]. 

Photoemissive cathodes 

Photoemissive cathodes are normally driven by short laser pulses illuminating the 

surface of the cathode, stimulating photoemission. They yield short, high-brightness beam 

pulses used for applications in next generation linear colliders and free electron lasers. The 

linear colhders and free electton lasers are still experimental devices and they require the 

photoemissive cathodes for efficient operation at a high-current-density and bunched 

electron beams with low emittance; however, the system is more compUcated and it must 

operate at very low pressures, typically below 10"! 1 Torr to avoid cathode poisoning. A 

beam current of over 200 A has been generated from a 1 cm^ Cs3Sb photocathode 

irradiated by a frequency-doubled, Q-switched pulse from a Nd : glass laser. The width of 

the laser pulse was 532 nm and the electron pulse was 50 ns (FWHM) [37]. A 17 GHz RF 
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acceleration experiment is being built. The expected current density of the beam is 6.7 

kA/cm2 with a beam current of 258 A [38]. 

Ferroelectric electron beam sources 

Ferroelectric electron beam sources have modest requirements to initiate the 

emission process and can be used as the injectors for microwave generation. They have 

superior properties to the previous metallic cathodes based on a simple explosive electron 

emission. The process there may be described as an explosive electron emission on the 

cathodes at so-called triple points (metal-dielectric-vacuum) [39]. Partial repolarization of 

the ferroelectric liberates surface charges and generates an electron beam [40]. The cathode 

materials are ceramics containing compounds of PbZr03, La203, PbTi03, and BaTi03. 

The trigger electrode is usually made of fused silver [39]. The electron source used as a 

cathode is a polarized ferroelectric ceramic disk with silver electrodes coated on both faces. 

A grid stmcture lattice made of silver was etched into the ceramic substrate. The adjustable 

A-K gap spacing was 0.1-5 cm. Electron current densities in excess of 70 AJcvc?- with a 

pulse duration of 300 ns were measured [40]. Single and multiple masks were tried. The 

inversion pulse potential was 2.4 kV, and the following data were taken for 11 and 21 kV 

potential on the A-K gap. The brightness of ferroelectric beam sources exceeds 10^ A/m^ 

rad^ for currents close to jcT The peak gap current varied from 6 A (0.9 jd) to 42 A (4.7 

jcl) [41]. The technology of fabricating of the multipoint large-area cathodes used in the 

explosive-emission mode is described in ref [42]. This technology uses the track etching 

process in an ion-irradiated dielectric film. Local microzones of radial damage (tracks) are 

formed in the microstmcture of a dielectric. Then the surface is coated with a metal layer 

which is later removed again. This foil has identical stmcture to the dielectric. These 

cathodes obey the Child's law [42]. The electron emission from ferroelectric PLZT 
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ceramic (ceramic containing compound of PbZr03, La203, and PbTi03) with permitivity 

of up to 5 X 10^, has a sharp threshold as a function of a trigger-pulse voltage [43]. 

Plasma Edge Cathode 

The Plasma Edge Cathode promises to overcome some of the limitations of 

conventional cold cathode sources. Figure 1.1 shows the concept of the Plasma Edge 

Cathode [44]. The plasma expands from a locahzed surface flashover on a spark plug. An 

obstacle at a distance of approximately 130 mm from the source intercepts the expanding 

plasma and causes a stationary transverse plasma boundary from which electrons are 

extracted. Without an extemal extraction field, the plasma boundary is expected to be 

almost stationary in space. If an extraction potential is applied between an anode parallel to 

the plasma edge and the plasma then electrons are pulled off the plasma and an electron 

beam is generated. If this extraction is space charge limited, then there is nearly no electric 

field intensity at the surface of the plasma and no additional forces should be acting on the 

particles at the plasma boundary [45]. This suggests that the plasma boundary stays 

stationary even under electron extraction. This holds as long as the plasma density and 

plasma temperature is sufficient. 

For an extracted current density one would like to resupply electrons by thermal 

motion which leads to the following relation for the maximum electron current density 

[44,53], 

L.. = ̂ o^Jir-^ • (1-1) 

^ 271 m^ 

For a special case, with a plasma density of ne = 4 x lO^^ cm"^ and with an electron 

plasma temperature of kTe = 1 eV, one expects a maximum current density of 

approximately lOOA/cm^. 
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Figure 1.1. Concept of a Plasma Edge Cathode. 
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CHAPTER II 

THEORETICAL BACKGROUND, DEHNITION OF 

EMITTANCE AND BRIGHTNESS 

This chapter presents the theoretical background for the evaluation of an electron 

beam source. The first part of this chapter describes the formulas and definitions needed 

for a comparison of performance of the Plasma Edge Cathode with other electron sources. 

Emittance and brightness formulas 

The concept of emittance and brightness for characterization of an electron beam 

was developed from the optics analogy [46]. The electron beam is a stream of moving 

particles. The trajectory of each electron is given by a quadmple of values x, x', y, y'. 

These quadmples are points in a 4 dim space, called the trace space. The emittance is 

defined for small inclinations to the beam axis. The emittance is a four-dimensional 

volume-integral in the trace space. For the most part, the two-dimensional x and y 

emittances are defined as the area occupied by an electron beam in the two-dimensional 

trace space which is the projection onto the subspace formed by the values (x,x') and 

(y,y'). Then the x and y emittances become 

e, = — I*f dx dx' [71 rad m] (2.1) 

and, 

£ = —ffdydy' [Tiradm]. (2.2) 

It is difficult to directiy calculate the x and y emittance using the previously written 

integral formulas because the distribution is gradually going to zero. The choice of the cut 
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off level will affect the size of the emittance area. The method presented in this dissertation 

uses a root-mean square spread of the beam in trace space as a measure for some effective 

volume occupied by the beam in trace space. The averages (fu-st and second moments) are 

llil w 
d î A 

< w>= 
dxdx'dydy' 

dxdx'dydy' 

mil d î 
dx dx' dy dy' 

dxdx'dydy' 
(2.3) 

where 
dxdx'dydy' 

= J4(x,x' ,y,y') is the beam current per four-dimensional trace space 

element dx dy dx' dy'. 

The first x-moment and x'-moment can be written as 

J J j j x J,(x,y,x',y')dxdydx'dy' 
< X > ^ A J ^ 

j j j j J4(x,y,x',y')dxdydx'dy' ' 
X y X y 

which is the center of the beam and 

JJjJx'J4(x,y,x',y')dxdydx'dy' 

<x'> = ^^^^ 
J j j j J,(x,y,x',y')dxdydx'dy' 
X y X y 

which is the average inclination of the beam axis. 

The second moments are 

(2.4) 

(2.5) 

jjjji^-<X >)' J4(x,y,x',y') dxdydx'dy' 

< ( x - < X >)^ > = 2 ^ X y x' y' 

j j l j J,(x,y,x',y') dxdydx'dy' 
(2.6) 

X y X y 
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and 

j j j j (x ' -<x '>) ' J , (x ,y ,x ' ,y ' )dxdydx 'dy ' 

< ( x ' - < x ' > ) ^ > ^ - ^ - % . . . . (2.7) 
j j j j J,(x,y,x',y')dxdydx'dy' 
X y x' y' 

The square root of these second moments are a measure for the effective radius of the beam 

and for the effective angular spread of the beam. The y-y' moments can be obtained 

similarly. 

The general case uses an obUque emittance ellipse representation [46,48]. In this 

general case the effective emittance is defined as 

e" = 4^]< (x- < X >)^ >< (x' - < x' >)^ > -(< (x- < X >) >< (x' - < x' >) >)̂  . 

(2.8) 

The effective emittance is four times the rms emittance [48]. The variable x is the position 

of the particle trajectory and x' is the slope of the particle trajectory in the x-z plane. The 

variable <x> is the position and <x'> the slope of the beam axis. The y-emittances, e^, for 

the general case are defined similarly by replacing x by y as follows for the general case: 

e' = 4^|<(y-<y>)'><iy-<y>f>-{<(y-<y>)><(y-<y>)>f • 

(2.9) 

When a diverging or converging electron beam is encountered, the general definition (2.8) 

and (2.9) are used in this dissertation. 

For the special case when the beam emittance is determined at a beam waist, the 

two-dimensional effective emittances [48], e" and e^, are defmed as 

e ' '=4V<(x^^<x>)^>7(x^^^o7>7> . (2.10) 
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In this case < (x- < x >)(x' - < x' >) > = 0. The y-emittance at a beam waist is defined 

similarly by replacmg x by y in formula (2.10). 

The normahzed emittance is defmed as 

en=Pye% (2.11a) 

and 

eI = Pye ' (2.11b) 

where 

P = - (2.13a) 
c 

is the relative velocity, and 

y= I ^ . (2.13b) 

is the Lorentz factor. 

The four-dimensional emittance [48] is defined as the product of the emittances in x 

and y dimension [48], 

£^^^ = £\e\ (2.14) 

The brightness of an electron beam is defined as the total beam current, I, divided by the 

four dimensional effective emittance [46, 48] and divided by 7i2. 

B = ^ = ^ ^ - (2-15) 

The normalized brightness is given by the brightness, B, divided by the square of the 

relativistic constants, P and y. 
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For an ideal linear transport system the normalized quantities are constants of the motion 

even if the particles are accelerated or decelerated. This allows comparison of the quality of 

beam at different beam energies. 

The total electron beam current in equation (2.15) is proportional to the electton 

density and the measured equivalent beam area. The equivalent beam area is an eUiptic disc 

with the area of 

A = 7 r - V < ( x ^ ^ 7 > ) ^ - 7 < 0 ^ ^ ^ ^ 7 > ) ^ - (2.17) 

Using equations (2.17) and (2.13), the brightness is 

B ^ J-A ^ j - V < ( x - < x > ) ^ > - V < ( y - < y > ) ^ > ^̂  ^^^ 
7 i " e ^ e - 71-8* •£• 

where the second moments are averaged over the whole beam and j is the measured current 

density of the electron beam. 

The pepper-pot method 

The pepper-pot method was used to measure the emittance of the extracted electron 

beam [46,47]. The anode has small holes which are arranged in a square array with a 

spacing of Ax = Ay. A scintillator screen is located downstteam from the pinhole plate at a 

distance L. The beamlets emerging downstream from the holes strike a plastic scintillator 

and produce fluorescent tight that is excited by the electron beam proportional to 

J4(x,x',y,y'). 

When the pepper-pot images are digitized, one can approximate the integration of 

the first moment equation and the second moment equation by a summation [49]. For 

example, if the 5x5 array stmcture with the hole spacing of Ax and Ay is summed up to 3(X) 

points in each row and column, the first moments are as follows: 
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5 5 300 300 

<x> = Ax k=l /=! j=l i=l 
5 5 300 300 

IlllJw(io) 
k = l /=1 j = l i = l 

(2.19) 

where Jĵ ^ (i, j) is proportional to the current density of the beamlet that went through hole 

(k, i) at position (k - 2) • Ax and (i-2)- Ay at the scintillator position given by pixel (i,j). 

Figure 2.1 show the anode hole position and the scintillator location. 

A (k-2)*Ax 

U -2)-Ay 

pixel 

pixel 

anode 
scintillator 

Figure 2.1. Anode hole position and scintillator location. 

The fu:st angular moment is 

5 300 300 

< X > = 
1=1 j= l i=l k=l 

5 5 300 300 

k=l 1=1 j= l i=l 

where xUi) is the angle. 

(2.20) 

xUi)=-
u - x , (u . , •i)-(Ax-(k-2)) Îc V pixel (2.21) 
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and Upixel is the step size in x direction in meters, the factor Ax describes the spacing of 1 

cm between two anode holes, and L is the electron drift between the anode and the 

scintillator. The pixel size is typically 0.284 mm on the scintillator at 150 dpi on the 

scanner. Figure 2.2 indicates the relation between the hole position and image spot on the 

scintillator screen. 

J(x,x'y,y') ' ^ ( i j ) 

Intensity Image 

Jk/(i'J) 

x(k) = Ax«(k-2) 

y(/) = Ay(/-2) 

.,., (Upixel • i) - ^ (k-2) 
Xk(i)=—^^ 

y/'O) = 
(Vpixel*J)-^y(^-2) 

kZ^ Anode Hole 

Figure 2.2. Image of an electron beam through a single anode hole. 

The second moments are 

5 5 300 300 

< ( x - < x » ^ > = i i - '"-'-^^ 5 5 300 300 

k=i 1=1 j=i i=i 

where x(k) is the location of a hole in the anode. 

x(k) =(k-2)Ax, 

(2.22) 

(2.23) 
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and 
5 5 3V) 300 

X(x;(i)-<x'»^£XI-'>ci(U) 
< ( x ' - < x ' » ^ > = i i 5 5 300 30.;°''" ' " • (2.24) 

k=l 1=1 j= l i=l 

Similar expressions are evaluated for the (y,z) plane by replacing Ax with Ay, xk'(i) with 

y/'(j), u with V, and Upixel with Vpixel- The second moments in x direction are substituted 

into the general expressions for the emittance, equations (2.9) and (2.10). 

Two-dimensional trace space projections 

The projected two-dimensional trace space density, J(x,x'), is derived from the 

measurements by integrating the trace space density distribution J4(x,x',y,y') over y and 

y'-

J(x,x')= j Jj(x,x',y,y')dydy'. (2.25) 
— oo — o o 

The integration is achieved by a summation of the digitized data 1̂ /(1, j) over 6 and j . 

5 M 

J(x(k),x,(i)) = XXj^/(i'J)- (2.26) 
1=1 j= i 

The integrated ttace space densities J(x(k),Xj^(i)) and J(y(^),y^(j)) are represented in 

matrix form. For example, if a 5x5 square array is used, the density matrix has five 

columns (k) and up to five rows (6) where each one represents one row of five dots on the 

scintillator. 

Space-charge beam expansion 

An electron beam experiences radial forces due to the space charge. These forces 

can change the size of the beam diameter during longitudinal propagation in space. It is 
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assumed that the electron beam has uniform current density, and neghgible electric field in 

the z direction. For rotational symmetric beams the electric and magnetic fields at the beam 

surface are 

E,(r) = -—5 , (2.27) 
27ie, rv. 

and 

B,(r) = ^ , (2.28) 
2;rr 

where r is the beam radius, I is the beam current within r, and Vz is the axial velocity 

component of the beam particles. The radial force on a particle at the edge of the beam is 

the sum of the magnetic and electric field contributions, 

F(r) = qE(r) + q(v x B), (2.29) 

where q is the electron charge and v is the velocity vector. Working out this vector 

equation, the radial force becomes 

F,(r) = q E , ( r ) - q v , B / r ) . (2.30) 

Substituting in the electric and magnetic fields equations and using the fact that the speed of 

light is 

c = 

the radial force is 

(2.31) 

F^(r) = ^ V T ' (2-32) 
' ' ' 27ir„e,cPy^ 

where ro is the minimum radius with zero slope of the beam envelope. The radial equation 

of motion is 

^4 z. 



'^•r 

T: r \ d^r 
F^(r) = ym—J. (2.33) 

at 

Assuming that the minimum radius is ro, (zero slope at the beam waist), and the beam 

expansion ratio of s = ^ , the solution, r(z), is given by the universal beam expansion 
/ o 

function [50], 
r/fo 

fr^\ r ds ql z 2n z ^-—z , ^ , , , 
^(~^= \-f^= = ^h 3n3 3 - ~ = J — . — = V2K—, (2.34) 

r, { ^ ^27i8,m,c^p^y^ r„ ^97r r„ r / 

where z is the beam drift distance and IT is the relativistic poissance of a charged particle 

beam, 
^ q^ 

2-£,m,c^P^f 
" = : 7 - ^ „ 3»3. ,3- (2.35) 

The normalized perveance can be written as 

U__ q^ 
9 7r 271 ê m^ ĉ  p^ y' K = — - . - _ . 3a3 . .3- (2.36) 

The relativistic factor, 7 , is obtained from the electron acceleration potential, U, 
mx^+eU ^̂  ^^^ 

y= \ 2 > (2.37) 
m,c 

where me is the electron mass and e is the elementary charge. 

Figure 2.3 shows the beam expansion due to the space charge. The rotational 

symmetric beamlets are formed at the square array of holes in the anode. The initial 

diameter, 2ro, of the beamlets corresponds to the diameter of the holes drilled in the anode 

plate. The theoretical beam diameter, 2r, at the scintillator screen is determined by the 

relation 

' \ - ^ = ^2K- (2.38) 

or the universal expansion curve 
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f ( - ) = V2K-^. (2.39) 
To r^ 

This function is tabulated in [50]. For a given K, ro and z one can look up T/TQ. 

Space-charge beam expansion of a beamlet that has an initial 
divergence at the anode 

More realistically, the electton beam originates at the plasma boundary with some 

intrinsic divergence. Figure 2.4 shows the theoretical curve of the beamlet expansion due 

to the space charge for an initial divergence at the anode. The diameter of the anode hole is 

d, the final diameter of the beamlet at the scintillator screen is D, and theoretical minimum 

radius of the beamlet is ro. The electrons drift the distance L between the anode plate and 

the scintillator. The extrapolated distance between the minimum of the beamlet radius and 

the anode plate is ZQ. The additional expansion due to the space charge gives an error 

which can be estimated. 

To estimate the divergence error, ro and zo must be found first. There are two 

boundary conditions known for the expansion equation (2.39). At the anode plate the 

radius of the beamlet is 

_d_ 
z=z„ "~ ^ (2.41) 

That substituted into (2.39) leads to the furst boundary condition 

f(f) 
ZQ ^ 2r„ 

r„ V2K • 
At the scintillator screen the radius of the beamlet is 

z=z„ + L ^ 

26 

(2.42) 

(2.43) 



plasma boundary 

2r = beamlet diameter 
imaged on the scintillator 

scintillator 

Figure 2.3. Spread of beamlets due to their space charge. 
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That substituted into (2.39) yields the second boundary condition 

f ( ^ ) 
^ - ^ = - ^ . (2.44) 

r, V2K 

The two equations (2.42) and (2.44) together determine ro and Zo. Ehmination of Zo from 

the two equations leads to an equation for ro 

f ( T ^ ) - f ( T ^ ) + V2K - = 0. (2.45) 
2^0 2r, r„ 

This equation can be written in the form 

D/2ro 
dt n^h 

d/2r„ VliKO r . 
f ^ i ^ - V 2 K - ^ = 0. (2.46) 

The equation is solved numerically for ro where ro depends on D and the fixed geometry of 

the device. After ro is known one can obtain zo from equation (2.42). 

An ideal electron beam with the initial radius of ro has the slope at the anode plate of 

, dr (2.47) 

Performing the derivation of the universal curve using equation (2.38), the initial slope at 

the anode can be calculated as 

The divergence correction angle, Aa, due to the space charge and the fmite diameter of 

holes in the anode plate, is found as the total angle of the white spot minus the slope of the 

envelope at the anode. It is shown in Figure 2.4. 
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correction 

(scintillator) 

Figure 2.4. The initial slope for an ideal beam and the correction. 

The divergence correction angle is 

Aa = 
2L 

V2K 

llni-:^) 

(2.49) 

•2r 

The white spot diameter, D, is derived from the measurements. The measured emittance 

can be written as 

-A ^ IL- ^ 
^ - - " ° ' 2 L ' 4 ~ ^ ' ' ' ° " 2 L ' 

(2.50) 

where Xo is the average measured diameter of the beam hitting the anode and obtained from 

the second moments. The factor of 7i/4 takes into account the 4D ellipse in the trace space 

[48]. The average dot diameter is 

29 



D = — - e . (2.51) 
_ meas V ^ . ^ •. j 
7CX, o 

After D is known one can find ro(D) from the numerical solution of (2.45) and calculate the 

correction of the divergence using equation (2.49). The measured emittance is increased by 

the space charge expansion by 

Ae = 4.x -Aa- —= 7i-x„-Aa. (2.52) 
° 4 ° ^ 

This Ae is indicated in the graphical representation of the data in Chapter IV. 
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CHAPTER III 

EXPERIMENTAL ARRANGEMENT 

General experimental arrangement 

The author of this dissertation took over part of the experimental arrangement from 

his predecessor (Dr. M. Grothaus [53]). The experimental set up consists of a vacuum 

chamber which houses the plasma gun, plasma scraper and an extraction electrode with 

either a Faraday cup collector or a scintillator behind some holes in the anode. In addition 

there are drivers for the gun and for the extraction circuit, and a fast framing camera 

recording images on the scintillator. The current signal collected by the Faraday cup is 

processed by a simple analog circuit. Figure 3.1 shows the Plasma Edge Cathode 

arrangement. 

Vacuum chamber 

The vacuum chamber consists of a four-inch diameter glass tube which is evacuated 

by a diffusion pump. A vacuum of about 1.5x10"^ Torr is reached in four hours of 

pumping. The system reaches ultimately a vacuum of about 6x10"^ Torr in two days of 

continuous pumping. The plasma generated by the plasma gun propagates along the 

vacuum chamber axis and the chamber allows the measurement of the plasma drift up to 

133 cm. 
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Figure 3.1. Experimental setup for the electron beam density measurement. 
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Plasma gun 

A Champion L76V marine spark plug is used as a plasma source. The plasma 

source is mounted in the aluminum flange which is on the side of the vacuum chamber. 

The vacuum side of the spark plug has a coaxial electrode configuration separated by 

alumina and is shown in Figure 3.2. When the gun drive fires, a surface flashover occurs 

on the ceramic between the electrodes. The outer diameter of the ceramic is 5 mm and the 

inner diameter is 2.5 mm. The spark plug has an epoxy seal at the end of the ceramic tip to 

prevent a vacuum leak to the chamber. A Buna-N o-ring provides a vacuum seal around 

the base of the spark plug. 

outer coaxial 
electtode ceramic 

5 mm 

vacuum flange 

Figure 3.2. Surface flashover plasma source. 
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Plasma gun drive 

Two basic plasma gun drive designs were used. The experimental work with the 

small area anode (Figure 3.1) uses the parallel-bus-bar arrangement of the plasma gun 

drive. Two 8-inch wide bus bars connect one or two capacitors to the flange holding the 

spark plug. The gun drive can accommodate one or two capacitors which are either the S-

type capacitors with 2.4 |xF capacitance and maximum charging voltage of 30 kV, or 0.7 

jxF capacitors with maximum charging voltage of 50 kV, both made by Maxwell. The bus

bars with the spark gap and the plasma gun in series are insulated with Mylar sheets to 

prevent arcing. The maximum energy stored in the gun drive at 30 kV charging voltage is 

2.16 kJ using the larger capacitors and 0.63 kJ using the smaller capacitors. 

The coaxial gun drive was inherited from the previous work [53]. It is built of six 

cylindrical capacitors, 0.05 |J,F each, with maximum voltage of 50 kV, made by High 

Voltage Components, Inc. The capacitors are arranged coaxially. Sufficient distance 

prevents the components of the drive from arcing. The coaxial gun drive was used for the 

electton beam current density measurement and the emittance measurement using the large-

area anode. 

Cathode and anode configuration 

The plasma jet propagates from the plasma gun along the vacuum chamber. In 

front of the anode, the plasma jet is transversely shaped by a copper or brass obstacle to 

form a sharp boundary of the plasma jet. It was experimentally found that the L-shaped 

plasma-obstacle works best. This agrees with the very fu:st measurements performed in 

1985 by Dr. Klaus W. Zieher [44]. Figure 3.3 shows the L-shaped plasma-scraper 

mounted on the aluminum flange holding the plasma source. 
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Figure 3.3. L-shaped plasma-obstacle. 

Extraction driver 

Two basic extraction circuits were used. The first version uses four cylindrical 

capacitors made by High Voltage Components, Inc. The total capacitance of the drive is 

0.2 |xF. The extraction capability was increased from approximately 25 kV for the old 

design [53] to 35 kV. This extraction drive was used for the large-area anode 

measurements. 

The electron beam current density measurement with the small-area anode uses the 

second extraction drive. The extraction drive is made by one S-type capacitor 

manufactured by Maxwell Laboratories, Inc. The capacitance is either 0.7 jxF or 2.4 jxF. 

The capacitor is mounted closer to the chamber. That reduces the extraction current path 

and lowers the circuit inductance. The larger capacitance is expected to provide an 
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extended extraction duration. This extraction circuit design radiates less electromagnetic 

noise than the original design of the extraction drive (detail shown in Appendix A). 

Biased Faradav cup for beam current density measurement 

The current density is measured by collecting a fraction of the extracted electrons 

behind 5 or 9 holes in the anode with a biased Faraday cup. The electron collector was 

positively biased relative to the anode, and the +9 V bias was stabihzed for the duration of 

the extraction by a capacitor as indicated in Figure 3.1. 

Using the small-area anode of 4.71 cm2, the Faraday cup bias circuit was 

redesigned from the previous experimental work presented in [53] with two changes. The 

bias capacitance was increased from 9 |i.F to approximately 650 |xF, and the actual size of 

the geometrical loop of the bias circuit above the anode flange was made as small a possible 

to decrease the noise pick up (detail shown in Appendix A). This arrangement performed 

satisfactorily for the small anode when the A-K gap was stable. The small-area anode has 

5 holes of 90 mil diameter. The total area of five 90-mil holes is 0.205 cm2. A Pearson 

coil measured the current in the Faraday cup loop (Figure 3.1). The sensitivity of the 

Pearson coil (model 2878) is 0.05 V/A into a 50 Q load. The calculated current density is 

j = ^"°P^ = 97.56( ^ — - ) • V3,,p,, 

A^Kp,,, cm- 'Vol t ' "°P' 

where Vscope is the signal across the 50 Q load, A5 is the area of the five holes, Kpear. is 

the Pearson coil constant. 

The electron beam current density measurement with the large-area anode of 42.4 

cm2 is sensitive to noise. The original Faraday cup bias loop of [53] was shielded from the 

incoming noise as shown in Appendix A and in [56]. 

The total current collected by the anode is measured by another 0.05 V/A Pearson 

coil (model 110A) mounted on the extraction circuit. The extraction voltage is measured by 
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a 50 Q / 50 kQ voltage divider attached to the anode. The voltage divider has been 

calibrated by applying a pulse voltage from the extraction bank to the open diode circuit 

giving a calibration factor of 1760:1, including a 6 dB attenuator. 

Beam emittance measurement device 

The beam emittance measurement set-up is similar to the beam density arrangement. 

Figure 3.4 shows the beam emittance set-up consisting of the vacuum chamber, the plasma 

gun, the extraction circuit, framing camera, the diode current measurement circuit and the 

extraction voltage probe. The coaxial plasma gun driver and the 0.2 |xF capacitance of the 

extraction drive were used. The framing camera is mounted on top of the vacuum chamber 

and views the image of the BICRON BP-408 organic scintillator through a glass window 

in the anode flange. The first pair of camera lenses are 43 cm from the target. The anode 

area is 42.4 cm2 while the analyzed beam area is approximately 16 cm2. The diode current 

is measured by the 0.05 V/A Pearson coil mounted on the extraction circuit. The extraction 

voltage is measured by the resistive divider attached to the anode. 

Framing camera 

A framing camera was designed for analysis of the electron beam during a short 

time window of typically 50 ns of the extraction pulse which has typically a duration of a 

few |isec. The actual camera body is a box, 19"x 7"x 6", made of 1/4 inch aluminum 

sheets, which give it a mechanically compact stmcture, while its weight remains low at 

about 15 lb (Figures 3.7 and 3.8). The framing camera contains two high-speed gated 

intensifier units made by Hamamatsu (C2925), photo lenses and prisms. The tight beam 

enters the camera from a side port into a beam splitter (Figure 3.6). Two additional prisms 

deflect each beam into a camera lens which focuses the beam onto the photo cathode of 
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Figure 3.4. Experimental setup for the emittance and brightness measurement. 
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each image intensifier (Figure 3.7). These lenses have a focal length of f = 105 mm. From 

there the image is intensified and displayed on a phosphoms screen on the other side of the 

high speed gated image intensifier head. The two phosphoms screens are imaged by two 

pairs of Nikon lenses (f = 50 mm and f = 105 mm) onto a high speed 4x5 Polaroid film 

(Type 57). The C2925 gate drive allows an exposure from 5 ns to 100 |is. The diameter 

of the image intensifier photocathode effective area is 17.5 mm. The multi-channel plate 

resolution is approximately 30 lines/mm [52] that, after 200% enlargement due to double 

lenses, is the 381 dpi resolution on the Polaroid film. Two Philips pulse generators 

(PM5712) trigger the gate driver. The two high-speed gate power supplies and two Philips 

pulse generators are located in a screened box. 

The scaling factor of the scintillator-film was measured by placing a resolution 

target on the scintillator screen. Figure 3.9 shows the resolution target and its image. An 8 

|Lis frame was used to take a picture on the Polaroid film. The scaling factor was 1:1.68. 

The resolution referenced to the scintillator screen is given by the resolution of the Polaroid 

film, 381 dpi, divided by the scaling factor of 1.68. Therefore, the resolution referenced to 

the scintillator is 227 dpi. 
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Figure 3.5. Photo of the framing camera. 
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Figure 3.6. Front view of the framing camera. 
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Figure 3.8. Framing camera design. 
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CHAPTER IV 

MEASUREMENTS AND EVALUATION 

Plasma gun drive measurement 

The current flowing through the gun circuit measured with the B-probe oscillates at 

725 kHz. The gun drive circuit was modeled as a series RLC circuit with the current of 

V - A t 
i ( t ) . _ g H L . 2L 

Z 
gun 

sinco t (4.1) 
o ^ ' 

Z 
gun 

= co„ L. With a capacitance of 0.3 where Zgun is the impedance of the gun drive 

jiF, and at 25 kV gun voltage, the current at the first maximum was derived to be 32 kA, 

the resistance 67.5 mQ, and the inductance 160 nH [53]. Figure 4.1 shows the dB/dt 

response of the parallel-bus gun drive [54]. With 4.8 jiF capacitance, a damped oscillation 

was observed at 208 kHz which yields an inductance of 121 nH. At a voltage of 12 kV, a 

peak current over 75 kA was calculated. With a 0.7 |xF capacitor, the oscillation frequency 

is 481 kHz which yields an inductance of 156 nH. At a charging voltage of typically 27 

kV, a peak current of 57 kA is calculated [54]. The duration of the plasma gun discharge is 

approximately 10 |is. It is assumed that the plasma is generated during the first couple of 

oscillations of the gun drive. The discharge parameters of the gun drive are independent of 

the extraction characteristics. It was experimentally seen that there was no variation of the 

plasma gun drive performance whether the A-K gap is shorted or the size of the extraction 

gap is changed. When the 0.7 |xF extraction-drive circuit was shorted at the A-K gap, the 

current in the extraction circuit oscillated at 300 kHz. At a charging voltage of 28.1 kV the 

circuit was capable of delivering a 37 kA peak current. The circuit inductance of 404 nH 

was calculated from the known capacitance of 0.7 }iF and from the measured frequency 

[54]. 
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It was experimentally seen that when varying the gun-drive voltage (and the gun-

drive capacitance) then the plasma density changes. The plasma density was measured by 

the ion probes and it is not presented in this dissertation. The measured plasma densities 

were about lO^^ cm^ for the 4.8 jiF gun drive. The previous plasma density 

measurements were performed using an ion probe with a 2 nF bias capacitor into the 50 Q 

oscilloscope load. The plasma density at the extraction region was measured earlier to be 

about 2xl0l2cm3 [53]. 

A sufficient plasma density supplied by the plasma source is crucial for the electron 

beam generation. The formula of (1.1) presented in the introduction shows that an 

insufficient plasma density decreases the thermal electron supply to the plasma edge and the 

electron extraction can become source Umited. It was experimentally seen that for the 

vacuum chamber geometry used in this dissertation, for example, the 4.8 fxF parallel-plate 

gun-drive at 12 kV charging voltage supplies a sufficientiy dense plasma in the extraction 

region. For the 4 mm A-K gap and the small-area anode, the electron beam density does 

not have a threshold, or one can say that the beam current increases along with extraction 

voltage through the whole range of extraction voltage of 10 - 35 kV. This indicates that the 

electron supply is sufficient over this range. 

Electron current density measurement for 4 mm gap (small area anode) 

The electron current density measurement was performed with the small-area anode 

and the parallel-bus plasma gun drive. For a 4 mm geometrical exttaction gap and an 

extraction voltage of approximately 23 to 26 kV, a current density of 100 AJcvc? was 

observed repeatedly for up to 2.5 |is before the diode shorted. 

"̂  In the publication [54] the diameter of five holes of the small-area anode was quoted as 
0.36 cm. The correct diameter is 0.205 cm. The correct electron beam current density 
for the small-area anode is therefore a factor 2.5 larger than stated in [54]. 
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Figure 4.1. dB/dt response of the gun drive. 
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Figures 4.2 and 4.3 show typical shots at 25 kV extraction voltage using the 0.7 |iF 

capacitor in the exttaction circuit. A 3 |xs delay between fuing the gun and the extraction 

gave the best results. Figure 4.2 shows an electron current density of approximately 111 

A/cm2 for approximately 2.5 jis. This is approximately two times larger than the 

theoretically expected space charge limited current density of 59 A/cm2. Figure 4.3 shows 

a similar shot at 26 kV extraction voltage. A current density between 99 and 148 A/cm2 is 

observed for approximately 2.4 |Lis while the Child-Langmuir limit is 62 A/cm2. Both 

shots show the extraction voltage decreasing modestiy for approximately 2.5 fxs before 

rapid closure of the extraction gap occurs. The electron beam current is calculated as the 

anode area of 4.71 cm2 times the measured beam density of 111 A/cm2 which yields a 

beam current of 523 A. The measured diode current is larger than the calculated electron 

beam current. This could be caused by a current path closing on the side of the anode. 

After the diode shorts, a high current of over 25 kA peak flows through the diode and 

discharges the exttaction capacitor. 

Not all shots show this characteristic. In some shots the indicated current density 

exceeds 198 A/cnfi for approximately 0.5 -̂  1.5 |xs leading subsequently to a shorted 

diode. Figures 4.4 and 4.5 present examples of such shots. This happens at mainly higher 

gun and extraction voltages and longer delay between the gun pulse and the extraction 

pulse. The extraction voltage together with the electron beam show a large fluctuation. 

This is caused by an unstable A-K gap producing rapid partial shorts and recoveries. The 

actual size of the A-K gap can be smaller than 4 mm, at least on parts of the anode, which 

would lead to higher electric field stress on parts of the A-K gap leading to higher electron 

density but causing an inconsistent electron beam. It was experimentally seen that at higher 

plasma gun-drive energies, the plasma density increases and the short happens more 

rapidly. A higher extraction voltage leads to a faster closure of the diode preceding its 

partial shorts and recoveries. When the extraction delay is set too long (approximately 4 - 8 
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|Xs), closure of the A-K gap happens immediately which experimentally indicates that the 

closure occurs without an extemal electric field. 

The extraction circuit is not shielded. It generates an electromagnetic noise due to 

the time varying current during the beam generation. To minimize noise pick up by the 

diagnostic, the current path outside the vacuum chamber was made shorter. This decreased 

the size of the loop generating the electromagnetic noise. Furthermore, the Faraday-cup 

bias-loop was made smaller to minimize the electromagnetic coupling to the extraction 

circuit. A detailed study of that is presented in Appendix A. During a smooth beam 

extraction there is only a small variation of the A-K gap current which does not induce a 

large noise in the diagnostic (Figures 4.2 and 4.3). This was accomplished only with the 

small-area anode of 4.71 cm2 where the noise-to-signal ratio was small. The scope 

sensitivity was 1 V/div in both current density measurements and the noise-to-signal ratio 

was better than 15%. The unusual density shots presented in Figures 4.4 and 4.5 have a 

higher voltage and current fluctuation. This contributes to the increase of the noise-to-

signal ratio. 

The measured electron current for the 4 mm A-K gap was independent of the gun 

energy, and the electron current density comes close to the maximum theoretical electron 

density of 100 A/cm2 presented in the introduction. It is assumed by the equation (1.1) 

that the parallel-bus gun-drive provides sufficient energy to generate a plasma density of the 

order of 10^^ cm"^ in the extraction region located approximately 18 cm from the source. 

Using a higher charging voltage on the 4.8 jxF parallel gun drive does not increase the 

electron beam current density. It decreases the life expectancy of the plasma gun rapidly 

and the walls of the vacuum chamber become increasingly coated with debris (metal vapor) 

from the plasma source. In addition the switching operation becomes noisy. 
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Figure 4.2. Electron current density measurement (shot number 92-068). 
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Electron current density measurement for 15 mm gap (large area anode^ 

The flat cathode arrangement described in Chapter III was used to measure the 

electron beam current density with the large-area anode (42.4 cm2). The L-shaped bracket 

creates a flat cathode, and it was experimentally found to perform better than the cylindrical 

copper-coUimator [56]. An L-shaped plasma scraper was also used in the fu-st successful 

measurements made on the Plasma Edge Cathode [44]. The A-K gap was adjusted to 15 

mm. The extraction voltage range of 6 to 20 kV was investigated. A Faraday cup was 

placed behind the anode replacing the scintillator screen. The majority of the measurements 

were stable. After closure of the A-K gap, the beam current falls to zero. Figure 4.6 

shows a measurement at 20 kV extraction voltage (shot number 95-09). The beam density 

of 6.4 A/cm2 is steady for 1.3 |Lis. The top trace is the extraction voltage of 3 V/div 

sensitivity with a resistive divider of 1760:1 and one 6 dB attenuator. The bottom trace is 

the e-beam density with a scope sensitivity of 200 mV/div and a conversion constant of 
A/cm^ 

54.05 . The time scale is 400 ns/div. 
mV 

An e-beam density was observed in the range of 2 - 7 A/cm2. Figure 4.7 shows 

the e-beam density versus the exttaction voltage of the A-K gap. Sometimes the e-beam 

measurement indicated an erratic behavior. These shots are excluded in Figure 4.7 from 

the determination of the average current density. The theoretical Cluld-Langmuir current 

density limit for the 15-mm A-K gap is j = 1.49x10"^ ̂ ^2 where V is the A-K gap voltage 

in volts and j is the electton current density in A/cm2. The least square approximation of 

the measured data is given by 1.78x10"^ v3/2 xhis is slightly higher than the theoretical 

values. This indicates that the actual A-K gap is smaller. Using the Child-Langmuir 
relation, the gap ratio is 

1.78x10"^ 1.49x10"^ 

15' ~ d' 
(4.2) 
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Then the measured A-K gap is 13.7 mm. It is desirable to improve the stability of the 

plasma boundary especially for the large area anode in a future development. A stable 

plasma boundary allows to decrease the A-K gap spacing, and the e-beam density would 

quadratically increase due to the Child-Langmuir relation. 

After a full A-K gap closure, the extraction voltage goes furst rapidly negative 

driven by the RLC parameters of the extraction-drive circuit, and the e-beam current density 

is zero during this half cycle. Figure 4.8 shows the extended time scale of such a 

measurement (1 |is/div). During a positive half cycle, the Faraday cup detects an electron 

current extracted from the plasma that moved to the anode. Despite a low anode voltage 

due to a high total current, a significant electric field between the anode and the virtual 

plasma boundary extracts an electron current density over 25 AJcvc? detected by a Faraday 

cup [56]. If the diagnostic current between the anode and the Faraday cup is supported by 

the plasma that entered this region after the A-K gap short, both polarities of the half pulses 

would be detected by the Pearson probe. The plasma generated from the plasma gun is 

conductive in both directions. This is apparent from the sinusoidal decay of the total 

exttaction current. 

Film and scanner calibration 

The film and scanner response was experimentally determined by uniform 

illumination of a sheet of Mylar and variation of the exposure time. The open shutter 

camera was located approximately 7 ft from the sheet which was illuminated by a 60 W 

light bulb. The Polaroid TYPE 57 film was illuminated to the various levels of exposure. 

The open shutter camera had the aperture set to f/4.5 and the basic exposure time was 1/30 

sec. The response of the scanner and film combination was determined by changing the 

exposure time geometrically by a factor of 1.5. 
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Figure 4.6. Extraction voltage and electron beam current density measurement with L-
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Figure 4.9 shows a film strip with the 12 exposures. The (1.5)̂ ^ geometrical series 

was used to increase the exposure time from strip to strip to the right. 

n: pure not not not 
black resol resol resol 

0 1 2 3 

Film ^ ^ ^ ^ l ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ l 
response ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H 

4 

h mmm 

5 6 not 
resol 

pure 
white 

Figure 4.9. The 57 Polaroid film with 12 exposures. 

The film strip was scanned with the HP SCAN JET scanner. The scanner generates integer 

values between 0 and 15 in response to the density of the film. The digital values generated 

from the film-scanner response are averaged over each density strip. The scanner response 

over the strip fluctuates between neighboring integer values due to noise. Table 4.1 shows 

the values averaged for each step through 708 pixels across the film strip in the horizontal 

direction. 

The scanner response versus the exposure is shown in Figure 4.10. The empirical 

scanner-film response is obtained from the graph in Figure 4.10. The empirical scanner-

film response is shown in a look up table of Table 4.2 for the intensity values from 0 to 

15. This look up table is built into a subroutine of the emittance program and the trace-

space density program. 
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Table 4.1. Scanner response. 

n 

0 

1 

2 

3 

4 

5 

6 

Exposure 

(1.5)" 

1 

1.5 

2.25 

3.375 

5.0625 

7.5938 

11.3906 

Scanner 
response 

0 

1.16667 

3.84158 

6.89474 

11.56322 

13.91262 

15 

date: 12/13/93 
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Figure 4.10. Photographic film and scanner response. 
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Table 4.2. Scanner response look up table. 

1st part 

Scanner 
Response 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Intensity 

1 

1.35 

1.70 

2.05 

2.39 

2.74 

3.09 

3.44 

3.79 

4.13 

4.48 

2nd part 

Scanner 
Response 

11 

12 

13 

14 

15 

Intensity 

4.84 

5.43 

6.40 

7.91 

11.44 
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Correction for radial dependence of tight transmission 

The exposure of the camera images must be corrected for a non-uniform light 

transmission of the camera system causing an attenuation of the image on the edges of a 

picture. The framing camera consists of two sets of lenses. Each set has three lenses in a 

series. The fu-st lens is located before the photocathode, the second and the third lenses are 

located after the microchannel plate. The coverage of those lenses (Nikon 105 mm) is 

approximately 23 degrees 20 min for the 24 x 36 mm format. At f 5.6 the illumination at 

the edge of field is approximately 92 percent of the center. At apertures 2.8 and 4, the 

estimated value is approximately 85 percent [571. The total attenuation of the edges from 

three lenses is 0.853 = 0.64. This is less than the measured attenuation on the edges with 

the photodiode and the image intensifier. 

The rim attenuation of the camera-scanner system was found experimentally. The 

uniformly illuminated Mylar sheet was placed at the same distance as the beam images were 

taken. The distance from the framing camera body to the Mylar was 25 cm. The Mylar 

was illuminated with a 60 W light bulb located approximately 6 ft in front of the target. 

Figure 4.11 shows two Polaroid film images which were later digitized. The top picture is 

the higher intensity one. The first lens had an aperture ratio of 2.8, the image intensifier 

gain was set to 0, and the camera frame was 125 jxs. For the bottom image in Figure 4.11, 

the aperture ratio was 22, the gain was 800, and the gate pulse was 160 |is which was the 

maximum length of the gate pulse supported by the Hamamatsu camera. Both images were 

digitized with a 150 dpi resolution. The size of the scanned area was 3 x 3 cm with the 

maximum intensity in the center of the image. This was far enough to have the intensity 

values fall to zero on the edges. In the fu-st digital scan, the maximum intensity did not 

exceed 12 on a scale from 0 to 15. The other digital scan had a slighfly lower maximum 

value. A computer code evaluated the images in an x-slice and a y-slice made through the 

center. Two arrays of numbers were plotted using the Cricket graph on a Macintosh 
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computer. Figure 4.12 shows two intensity curves versus the radius on the film. Both 

digital-scan arrays were multiplied with the empirical scanner-film response built into a 

subroutine of the computer code (presented in Appendix C). Using the fu-st degree 

polynomial interpolation of the Cricket graph, the function of the brighter image shown in 

Figure 4.21 is ŷ  = 5.4154-3.0760r, and the lower image function was found to be 

y2 = 3.8353 -1.9642r. The normalized functions, and the average normalized function are 

yi„ = l-0.56801r, y2„ =l-0.51214r, and y„ = 1 -0.54007r, where r is the radius in 

cm measured from the image center to each pixel with i-j coordinates of the digital scan. 

Finding the maximum intensity center of each image by the least square method and 

recalculating the curve taking into account all measured points, the correction function is 

ŷ  = 1 - 0.562r. The BASIC program uses the function 1/yn to multiply the intensity 

values of the digital-scan matrix. The subroutine calculating this function is incorporated 

into the emittance program and the numerical calculation of J(x,x'), and J(y,y'). 

Figures 4.13 and 4.14 show contour and mesh plots of the digital scans. The 45 

electron beam measurements have the square array dimensions of approximately 1 x 1 cm 

and the attenuation factor on the edge (r = 1.41 cm) is 4.8. If the fiiU area of the image is 

considered, the intensity at the rim is approximately 8 times lower than the intensity found 

in the center where the correction function is equal to one. The BASIC computer program 

has built in a minimum y^.^ = 0.1 to which the correction function is set for r > 1.6 cm 

where y would be smaller than 0.1. 
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Figure 4.11. Camera frames of uniformly illuminated Mylar. 
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Figure 4.12. Intensity change from the center to the edge on the film. 
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Figure 4.14. Contour and surface plot of the digital scan of the lower-intensity image. 
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Time integrated emittance measurement 

The time integrated emittance of an electron beam was measured with an open 

shutter camera. The measurements before 1989 were done by Michael Grothaus [53], and 

in 1990 the time integrated measurements were performed by the author of this dissertation. 

The electron travel distance between the anode and the scintillator screen was in both cases 

7.5 cm. The previous experimental log book [53] contains 57 beam images. Figure 4.15 

shows the pie diagram of success rate from shot to shot. The two sharpest images were 

considered for possible scanning. Figure 4.16 shows the scannable image of the electron 

beam; however, a certain amount of work had to be done to ehminate the background noise 

on the picture. The extraction gap was kept at 14 mm. The computer code calculated the 

time integrated emittance from a digital scan of this picture as e"" = 1.22 x 10"̂  mrad, 

£y = 1.94 X10"^ mrad, and ê ^̂  = 2.38 x 10"̂  m^rad^ The time integrated measurements 

were repeated in the summer of 1990 using an improved plasma gun collimator. The 

extraction voltage was 16 kV, and the delay between firing the gun and the extraction 

system was 2 |j,s. The total of 7 measurements was taken. Two pictures were fuzzy and 

two were underexposed. Figure 4.17 shows the one of 3 scannable pictures which was 

chosen to be digitized and evaluated by a computer code. The time integrated emittance 

was found as e" =7.89x10^ mrad, e^ =8.83x10"^ mrad, and 

ê '̂  =6.97x10"^ m'rad'. 

It was possible to evaluate with difficulties only one image in the previous 

measurement, the measured emittance is not supported statistically. In both sets, the time 

integrated emittance should be worse than the time resolved effective emittance. 
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Figure 4.15. The success rate of the electron beam emittance measurement 
in 1989 performed by [53]. 
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Figure 4.16. Time integrated electron beam measurement in 1989 performed 
by [53] which was possible to digitize and evaluate. 
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Figure 4.17. Time integrated electron beam measurement. 
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Time resolved emittance measurement 

It is a duty to mention that the first time resolved measurement was done by M. 

Grothaus (unpubhshed, 1989). A TRW framing camera was used. It generates a size of 

the image of approximately 5x5 mm. The log book of M.G. contains one picture of the 

pepper-pot structure. There are visible dots on a light exposed background. It was not 

possible to evaluate with the scanner this shot due to its size and the overexposure. 

A first series of time resolved measurements was performed from July 23, 1992, to 

September 27, 1992. Several plasma-gun drivers were investigated. A plasma collimator 

with up to 6 ribs allowing better plasma focusing was tried. The electron drift was 7.5 cm. 

A total of 115 shots was taken. Eighty-five shots were fuzzy, twenty were underexposed, 

nine were overexposed, and one shot appeared to be scannable. The second series of 

measurements from November 4, 1992, to December 15, 1992, was performed with the 

coaxial gun driver. The electron drift was 7.5 cm, and the original cylindrical plasma-

coUimator [53] was used. A total of 14 shots was taken, twelve were fuzzy, one 

underexposed, and one overexposed. The third set of measurements was performed when 

the original colhmator was replaced by the L-shaped plasma colUmator creating a flat 

plasma edge. A total of 42 shots was taken. Seventeen shots were fuzzy, 13 were 

underexposed, one was overexposed, and 11 shots appeared (by inspection) to be 

scannable, but with difficulty. The computer evaluation is not presented because of the 

poor quahty of the images. Figure 4.18 shows two measurements at 21 kV extraction 

voltage, 2 |is extraction delay, and 14 mm extraction gap. The pepper-pot images are 

digitized by a scanner and the computer code calculates the emittance from the digitized 

images. Each white spot has its own /^/w/coordinates. This assignment is not uniquely 

possible if two spots merge or if image spots are fragmented. In this case the distance of 

7.5 cm between the scintillator and the pinhole plate (anode) has to be reduced. 
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The fourth series of approximately 100 electron beam measurements have been 

evaluated for the anode-scintillator distance of 2.5 cm.* Figure 4.19 shows a typical shot 

taken at 25 kV charging voltage on the gun and 14 kV extraction voltage. The extraction 

drive was delayed by 2 jas after fuing the plasma gun. The picture was taken at 3.2 |is 

after the plasma gun fu-ed. The time window used was 50 ns. The effective emittance 

calculated from a digital scan of this picture was e" = 2.2 x 10"̂  mrad, 

ê  = 2.9 X 10~̂  mrad, and ê"̂^ = 6.4 x 10"̂  m^rad^ The top trace shows the extraction 

voltage holding steady from approximately 2.6 |xs to 3.8 |is followed by a breakdown at 

approximately 4 |xs. The bottom trace shows the total diode current. Figure 4.20 shows 

the contour and surface plot obtained from the digital scan of the scintillator imaged by the 

camera. The intensity value reached 12 which is below the saturation level of the scanner 

which is 15. The whole series of measurements has been evaluated and graphically 

displayed in Figures 4.15 to 4.18. Figure 4.21 shows the two-dimensional beam emittance 

versus the extraction voltage. The emittance was measured at 20, 25, 28, and 31 kV on the 

plasma gun. The typical emittance is of order e'''̂  = 3x10"^ mrad both in the x and in the 

y direction. The horizontal line parallel to the x-axis indicates the space charge correction 

with a finite hole diameter taken into account. For the correction angle error of 0.01 rad the 

correction emittance error is 3.75x10"^ m rad. A detailed study of the emittance error is 

shown in the following section. The effective emittance in four-dimensional trace space is 

shown in Figure 4.22. The typical value is approximately ê"̂^ = 7 x 10"̂  m^ rad^. The 

effective emittance has a slightiy increasing trend with higher extraction voltage. 

* Originally the emittance measurement was published in [49] with the following 
simplifications: the upright ellipse is considered by using equation (2.10), the camera radial 
dependence was not considered, the images had a slight angle error while scanned. These 
limitations have been corrected in this dissertation. 
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The time resolved effective emittance should be smaller than the time integrated 

emittance due to the plasma boundary fluctuation and the diode closure effects. However, 

it was experimentally seen when the camera frame was taken during the diode closure, that 

small bright dots appeared on the film. The small bright dots are caused by visible light 

coming through the pinholes during the diode shorting process. That increases the fight 

intensity in the centers of the white spots. This effect can "improve" the appearance of the 

time integrated emittance. Figure 4.23 shows the two-dimensional normalized beam 

emittance versus extraction voltage. The average normalized emittance is 

e^y = pye = 6 X10"^ mrad both in the x and in the y direction. The four dimensional 

normalized emittance is of the order of E[^^ = 5 X 10~^ m^ rad^ and it is shown in Figure 

4.24. The normalized effective emittance shown there increases more rapidly with the 

extraction voltage than the effective emittance. 

Figure 4.25 shows the success rate from shot to shot. Approximately half of the 

100 shots could not be analyzed quantitatively because they were either fuzzy, 

overexposed, underexposed, or had some merged spots. The high-speed Polaroid film has 

a very small dynamic range and is, therefore, very sensitive to under- or overexposure. It 

was possible to operate the extraction circuit up to 40 kV; however, the spots were not well 

separated. At higher extraction voltages the emittance of the electron beam rapidly 

deteriorates, and the percentage of shots which cannot be analyzed increases. When the 

frame was taken during the turn-on of the extraction voltage, the image usually appeared 

fuzzy and dim. If the frame was taken when the extraction gap shorted, then the camera 

image was either overexposed or fuzzy, sometimes with a small amount of light coming 

through the anode holes. When the diode current and the extraction voltage show large 

fluctuations the beam images are fuzzy. Huctuation of the extraction voltage together with 

the extraction current, indicate beam instabilities which most probably are caused by 

instabilities in the plasma or its boundary. The smooth voltage and current traces normally 
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show distinct spots. About two conditioning shots were needed before each emittance 

measurement to clean up the ceramic surface from adsorbed gases. 

The instabihty of the extraction process is not understood. The Rayleigh-Taylor 

instability could be responsible for the erratic behavior, since the massive plasma is 

transversely exposed to the pressure of the magnetic field due to the diode current. This 

current is transient which means that the magnetic field and the electrical current 

presumably exist furst at the surface of the plasma and then penetrate into it. This situation, 

a massive fluid with a volume force (the plasma and its internal pressure) supported by a 

less dense medium (the magnetic field) leads to Rayleigh-Taylor instability. It is not 

possible to make a reliable prediction for the growth rate of the instability without knowing 

the details of the density distribution of the plasma and the distribution of the current inside 

the plasma. There might exist, in addition, an instability due to the action of the L-shaped 

scraper. 

Systematic investigation of the emittance versus frame position on the time axis has 

not been attempted because of the limited reproducibility from shot to shot. Using two 

frames during one shot at different times was not possible because one of the framing units 

did not function satisfactorily. 
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frame 

< ^ 

3.5 HS 4.5 ^s 

anode area = 42.4 cm^ 
extraction gap = 14 mm 
Jcl = 3.58A/cm2 

"I 1 1 
extraction voltage. 

(kV) 

2.5 |is 

timebase = 200 ns/div 

extraction delay = 2 |is 

shot number: 92-454 

3.5 |is 4.5 lis 

anode area = 42.4 cm^ 

extraction gap = 14 mm 

Jcl = 3.58 A/cm2 

Figure 4.18. Electron beam measurement at 20.8 kV extraction voltage. 
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Figure 4.19. Emittance and diode current measurement at 14 kV extraction voltage. 
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Figure 4.20. Surface and contour plot (shot number 93-009). 
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Space-charge beam correction 

The rotational symmetric beamlets pass through the square array of 25 holes in the 

anode. The initial diameter of the beamlets, 2ro, corresponds to the diameter of the holes 

drilled in the anode plate, 0.05 cm. The electron drift is 2.5 cm from the anode plate to the 

scintillator screen. Setting the extraction voltage of the electron diode at 20 kV, the 

relativistic constant, y , obtained from the electron kinetic energy, T̂  = (y - l)m^c^ is 

T^ ^^_ 20x10-
m^c^ 9.1x10"^^ X (3x10') ' 

^ = - ^ +1 = ^TTTTTT^^^r-r-TT^ +1 -1.0391 

and 

P = Jl-4-=0-271738 

The average electron current density was measured as j = 1.78 x 10"^ V^/^. At the 20-kV 

A-K gap extraction-potential, the current density is 5.03 A/cm^. The electron beam 

current of one beamlet is 

I = jTcr' = 6.9371^^^^^ = 0.009885 A, 
J o ^ 

and the relativistic poissance of the beamlet is 

TT 9 1.6X10"^'X0.009885 ^^n^.c^o 
n = -. Ti ^^ ^ T = 0.0014529. 

2 8.85X10"^' X 9.1 X10"'^ x (3 x 10' x 0.271738 x 1.0391)' 

Substituting the electron drift of 2.5 cm, the initial radius of ro = 0.025 cm and the 

relativistic poissance of 0.0014529 at 20 kV, the universal beam expansion equation of 

(2.34) is 

•'i Vin(t) V 9TC 0.025 
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This equation was solved by Mathcad for r using the function "Minerr(r)". The final radius 

of the dot on the scintillator screen is r = 0.031 cm. The final radius is 24% larger than the 

initial radius of the anode hole. The diameter increment due to space charge of the electron 

beam on the scintillator is Ad = 0.006 cm. This is lower than the resolution of the digital 

scan. The Polaroid film images are digitized by 150 to 220 dpi scan resolution which give 

the scintillator screen a resolution of 0.0278 cm to 0.0189 cm. This indicates that the space 

charge increment at 20 kV extraction voltage is less than 37% of the scan resolution. 

For lower extraction voltages, for example 10 kV, the electron beam density is 

smaller due to the measured electron density relation of j = 1.78 x 10"^ V^/^, and the 

electron kinetic energy decreases. The relativistic poissance is smaller and the fmal effect 

of the space charge is also smaller than for the 20 kV calculation shown above. 

The 25 beamlets were also checked for the radial force. The maximum of this force 

acts on the beamlets at the edges of the square array. It was assumed that each beamlet has 

its current density of 4 Acm'^. The 5x5 lattice was approximated with a uniform electron 

beam of 2.84 cm radius, and with the beam current of approximately 0.2 A. The solution 

of the universal expansion equation obtained from [50] is r < 1.01 ro- The acting 

electrostatic force is, thus, not significant and does not radially bend the beamlets on the 

edges of the square lattice. 

Space-charge beam expansion of a beamlet with initial divergence at the anode 

In Chapter II, the theoretical formulas were presented for the effects of the space 

charge on the beamlets with initial divergence at the anode. Table 4.3 shows the spread

sheet calculation of the relativistic factors, the measured current density, the beamlet 

electron current, the poissance and the perveance for extraction voltage range of 4 to 25 kV. 
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Table 4.3. Calculated beam parameters versus the extraction voltage. 

extract 
(kV) 
4.0 
6.0 
8.0 
10.0 

14.0 

18.0 
20.0 

24.0 
25.0 

gamma 

1.008 
1.012 

i 1.016 
i 1.020 

i 1.027 

i 1.035 
j 1.039 

1 1.047 
I i'649" 

i beta 
i 

i 0.124 
j 0.152 
i 0.175 
1 0.195 

1 0.229 

i 0.258 
1 0.272 

J 0.296 
1""a302 

y measured: 
i (A/cm^2) i 
i 0.450 i 
i 0.827 i 
i 1.274 i 
1 1.780 i 

i 2.949 1 

: 4.299 i 
1 5.035 j 

j 6.618.J 
1""7!636 "1 

I beamlet i 
(A) i. 

0.00088 i 
0.00162 1 
0.00250 i 
0.00350 1 

0.00579 1 

0.00844 i 
0.00989 1 

0.01299 J. 
'o!oi'382"1' 

PI 1 
I 

0.00149 i 
0.00149 1 
0.00148 i 
0.00148 1 

0.00147 i 

0.00146 i 
0.00146 i 
0.00145 i 
0.00145 J. 

"o"ooi45"T 

K 

5.269E-05 
5.253E-05 
5.238E-05 
5.223E-05 
5.208E-05 
5.193E-05 

5.163E-05 
5.148E-05 
5.133E-05 
5..n9E-05 

"s.i ' i iE-S" 

It can be seen that the relativistic poissance does not significantiy change its value when the 

extraction voltage is kept in the range of 4 to 25 kV. Table 4.4 shows the beamlet 

diameter, D, at the scintillator. The diameter D is calculated from the emittance equation 

number (2.51) shown in Chapter II. The measured emittance ranged from 5x10-4 to 

5x10-3 m rad. The average root of second moments, XQ, is calculated from the emittance 

program. The second-moments are averaged over the 45 pepper-pot measurements. The 

averages of square roots of the second moments are the following: 

V < ( x - < x > ) ' > =1.2x10"^ m 

and 

^ < ( y - < y > ) ' > = 1.02x10"' m, 

then the average square-root of second moments is XQ 

equivalent radius of a circular electron beam. 

= 1.11 cm. It represents the 
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Table 4.4. Calculated diameter of the beamlet imaged on the scintillator screen. 

emittance] D 
(mrad) I (m) 

,.1QM4 I 7^^17EĴ ^ 
..î vQÊ oi I 8.60E^4 
..LQMi ri.ooE^ 

..Miij04j"L15E^3 

..I-Qii^3ll43E4J3 

.1^9^T5J^03 
.5.0EJ03TTI7EJ53 

'2-QE^3T"i"oo^^ 
"8'0E^3"t"l"r5E-02 

Table 4.5 shows the calculated values for a given emittance range of the initial 

radius ro, emittance-correction angles, and emittance errors. The initial radius ro is 

calculated from the theoretical beam envelope formula of the space charge presented in 

Chapter II, equation (2.46). The Mathcad program on a Pentium 133-XL was used. It 

was assumed that the poissance is nearly constant over the whole range of 4 to 25 kV. The 

emittance-correction angles were calculated using the formula presented in Chapter II, 

equation (2.49). The emittance-errors were calculated from the equation number (2.52) in 

Chapter II. The last column in this table is for a seeded value of ro = 1.5 x 10-^^ cm. This 

is the limit of the computer system. The initial radius ro approaches zero when the 

emittance error converges closer to the uncorrected emittance error. Figure 4.26 shows the 

emittance error versus the emittance. The emittance error with higher measured emittances 

converges to the non corrected anode hole emittance (geometrical resolution of the device). 

The theoretical limit for the angle error occurs when ro approaches zero, then the 

angle error is 
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A c x „ = A . ^ : 0 ^ . 0 . 0 1 r a d . 
2L 2x2.5 

For this the emittance error is given in equation number (2.52). When Aa^ is substituted 

into (2.52) then the geometrical emittance error is 

Ae = e = 71 x„ - Aa = 711.1105 x 10~' x 0.01 = 3.49 x 10^ m rad. 

The uncorrected emittance can not be smaller than the geometrical emittance error of 

3.49 X 10-4 m j-^d. The emittance in the fu-st column of Table 4.5 must be larger than the 

geometrical emittance error. 

Table 4.5. Emittance error due to the space-charge beam expansion of 
a beamlet that has initial divergence at the anode. 

emittance (m rad) 

Aalpha (rad) 

ro (cm) 

Aemittance (m rad) 

6.00E-04i 8.00E-04i l.OOE-03. 

0.01220i 0.011941 0.01180! 

0.01971 0.0078! 0.0016! 
4.26E-04i 4.17E-04i 4.12E-04i 

1.10E-03J 

0.011701 

5.66E-04i 

4.08E-04i 

1.15E-03i 1.20E-03i 1.30E-03 
0.01164! 0.01160! 0.01150 

3.17E-04i 1.70E-04i 4.30E-05 

4.06E-04i 4.05E-04i 4.01E-04 

emittance (m rad) 

Aalpha (rad) 

ro (cm) 

Aemittance (m rad) 

1.40E-03J 1.50E-03; 1.60E-03! 

0.01148! 0.01140! 0.01139! 
9.48E-06i 1.76E-06i 2.77E-07! 

4.01E-04^ 3.98E-04^ 3.97E-04^ 

2.00E-03! 3.00E-03! 4.00E-03j 

0.01123! O.OUOOj 0.01083! 
3.40E-lli(5.00E-26)! 5.00E-46! 

3.92E-04= 3.84E-04i 3.78E-04^ 

5.00E-03 

0.01080 
1.50E-75 

3.77E-04 
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Figure 4.26. Emittance error versus emittance. 
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Brightness evaluation 

The brightness is proportional to the electron beam current divided by the effective 

emittance. The equation number (2.18) in Chapter II describes this fact and it is used to 

calculate the brightness. The equation (2.18) was modified for the emittance code output 

as the brightness at a current density of 1 A/cm^' 

B A ^V<(x-<x>) '>-V<(y-<y>) '> 

The emittance code calculates the brightness of 1 AJcrc? for each of the 45 measurements. 

Then the brightness is a product of the measured electron density and the brightness of 

1 A/cm^, 

B = j-B^^, , (4.3) 

The measured electron beam density is presented in Figure 4.7 and it is increases with the 

power (3/2) of the extraction voltage, 

j = 1.78 X10"^ V^ (A/cm2), (4.4) 

where V is the extraction voltage in Volts. The measured brightness for j = 1 A/cm^ from 

equation (4.2) and the extraction voltage were imported into the spread sheet. The 

brightness is calculated using equations (4.4) and (4.3). The brightness versus the 

extraction voltage is graphically shown in Figure 4.27. Typically the brightness is 

B s 1.5 X10^ A m~̂  rad~^ for a measured electron beam. Figure 4.28 shows the 

normalized brightness versus the extraction voltage. The normalized brightness is the 

brightness divided by the square of the relativistic factors, p and y. The normalized 

brightness is typically of order B„ = 3 x 10^ A m~̂  rad'^ . 
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Figure 4.27. Brightness versus extraction voltage for different plasma gun energies. 
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Two-dimensional projected tracespace densities 

The 45 electron images with a smooth pattem were digitized and evaluated with a 

computer code written in BASIC. The program calculates the projected electron tracespace 

densities in x and y dkections, J(x,x') and J(y,y'). Built-in subroutines compensate the 

images for non-uniform light transparency of the framing camera and for the film-scanner 

calibration. Five electron beam density measurements are presented in this section (Figures 

4.29 to 4.48). Two shots out of the five were chosen with a smooth pattem and uniform 

lattice structure. At the top in Figures 4.29, 4.33, 4.37, 4.41, and 4.45 are the 57-Polaroid 

film images of the pepper-pot 5x5-dot structure. At the bottom are the contour plots of the 

digital scans. Figures 4.30, 4.34, 4.38, 4.42, and 4.46 show the extraction voltage and 

the total extraction current. The 50 ns camera frame was taken at 3.2 jis after fuing the 

plasma gun. The extraction delay was 2 }xs, the extraction voltage (top trace) has 1760:1 

attenuation constant, the total current (bottom trace) has approximately 526 A/div. Figures 

4.31, 4.35, 4.39, 4.43, and 4.47 show the time-resolved density plots of J(x,x') and 

J(y,y') (Mathcad) in two dimensional layout using contour plots. The vertical scale is from 

-0.3 to 0.3 rad. Figures 4.32, 4.36, 4.40, 4.44, and 4.48 show the three dimensional 

view of the above time-resolved density plots (Matlab). 

Figures 4.29 to 4.32 present smooth pepper pot images (shot number 94-41). The 

Polaroid photo and the contour plot of the digital scan show a regular pepper-pot lattice 

with the beamlets coUimated and evenly spaced. The disturbance in the upper right hand 

comer of Figure 4.30 appears in Figure 4.31 of J(y,y') as an angle enlargement of 

approximately -150 mrad. It is caused by a deflected beamlet on the perimeter of the square 

array. The direction of this beamlet deviates significantly from the direction of the other 

beamlets. Figure 4.32 shows the Matiab version of the trace space density plots. 
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Figures 4.33 to 4.40 present two beam measurements with a similar pattem (shots 

number 94-43, and 44). Figures 4.41 to 4.44 show an incomplete pepper-pot electron 

stmcture (shot number 94-46) being registered by the scanner. The beamlets are becoming 

uncollimated and the angle deviation is larger. Figures 4.45 to 4.48 present a low intensity 

shot (shot number 94-51). 
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Figure 4.29. Camera image and digital scan contour plot 
(shot number 94-41). 
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Figure 4.30. Extraction voltage and total current 
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(shot number 94-41, Mathcad). 
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Figure 4.33. Camera image and digital scan contour plot 
(shot number 94-43). 
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(shot number 94-43, Mathcad). 
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Figure 4.37. Camera image and digital scan contour plot 
(shot number 94-44). 
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Figure 4.45. Camera image and digital scan contour plot 
(shot number 94-51). 
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Figure 4.46. Extraction voltage and total current 
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Figure 4.47. Time resolved two-dimensional tracespace projections J(x.x') and J(y,y') 
(shot number 94-51, Mathcad). 
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CHAPTER V 

CONCLUSIONS 

This dissertation presents an experimental investigation of an electron beam source 

(Plasma Edge Cathode). The development of the source was successful. For small-area 

electron-beams, it was possible to achieve an electron current density of 100 A/cm^ with a 

duration up to 2.5 |a.s. These results were achieved repeatedly when the electron beam area 

was 4.71 cm^ and the extraction gap (A-K gap) was 4 mm. For the large-area anode (42.4 

cm^), the anode-cathode gap becomes unstable and the measurements were difficult to 

perform due to the electro-magnetic noise induced in the diagnostic system. Noise 

reduction was performed and the electron beam was successfully measured. An electron 

current density of 2-7 A/cm^ was obtained for the 15 mm A-K gap. 

The pepper-pot method was used to measure the time-integrated emittance of an 

electron beam. The time-integrated emittance measurements were taken with an open 

shutter camera using the large-area anode. The computer code calculated the time-

integrated 2D emittances of approximately e"'̂  =8x10"^ mrad and the 4D emittance was 

calculated as ê '̂ ^ = 7 x 10"̂  m^rad^. The normalized brightness is Bn =3.2x10^ 

A/m^rad^. 

A time resolved emittance was measured with a framing camera that was designed 

and built specially for this experiment. The camera allows analysis of the geometry of an 

electron beam with a temporal resolution of 5 ns per frame. A time window of 50 ns was 

used. An extraction gap of 15 mm together with an extraction voltage less than 20 kV 

yielded a relatively smooth pattem on the scintillator. The success rate (ability to scan and 

evaluate) from shot to shot was approximately 50% (about 100 shots taken). The pepper-

pot electron images were digitized by a scanner and a computer code determined the 

effective emittance. The code compensated for the dynamic range of the scanner-camera-
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film arrangement and for the nonuniform light transmission of the framing camera on the 

edges. The effective emittance was on the order of e''^ = 3 x 10"̂  mrad with some shots 

of 10"̂  mrad. Typically the brightness is B = 2 x 10^ A m'^ rad'^. The normalized 

brightness was found to be typically on the order of B„ = 3 x 10^ Am~^ rad'^ The two-

dimensional projected tracespace densities of J(x,x') and J(y,y') indicate a smooth pattem 

of the pepper-pot structure. Usually the electron beam trajectories were nearly parallel and 

only a few electron images of the pepper-pot grid show a slightly divergent beam. This is 

mdicated on the contour plots as an angle inclination of the 2D tracespace ellipse. 

The Plasma Edge Cathode enables a high electron-beam current density source over 

an area of several cm^. It can operate at a background pressure of 4x10"^ Torr if two 

conditioning shots precede. The cold field enhanced emitters still have higher e-beam 

density (1 kA/cm^) [16] and better normahzed brightness (~ 10^ A/m^rad^) [51], but its 

disadvantage is that the closure of the diode is about a factor 5 faster. 

The essential advantage of the plasma edge cathode over the cold field enhanced 

emitters is that the extraction gap stays open for a time about 5 times longer. The major 

advantage compared to the thermionic emitters and the photoemissive cathode is that the 

Plasma Edge Cathode is insensitive to gas poisoning and ion bombardment. Also there is 

no significant heat load on the surrounding structure. 

A severe hmitation of the Plasma Edge Cathode scheme is its lack of reproducibihty 

from shot to shot and frequent erratic behavior of the extraction process. The cause for this 

has not been determined, but is presumably due to an instability of the plasma of the 

Rayleigh-Taylor type. A primary concem of any future investigation and development 

would be to determine the cause of the erratic behavior and elimmate it if possible. 
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APPENDIX A 

NOISE REDUCTION WITH THE LARGE AREA ANODE 

This appendix explains the electron current density measurement using the large-

area anode and the noise elimination in the system. Since March 1990 until the summer of 

1995, the author of this dissertation has been continuously improving the signal-to-noise 

ratio. Two different sizes of anodes were used for the electron beam measurement; the 

small-area anode and the large-area anode. The small-area anode of 4.71 cm^ had an 

acceptable signal-to-noise ratio and it performed better than the large-area anode. For 

example, the end of the lab book II (-1992) shows higher noise level on the total extraction 

current for the large-area anode; however, the current density trace is unacceptable due to 

the noise level. The "electron current density" flucmates positive and negative by several 

hundrets of milivolts. The first noise reduction done on the experiment was as foUows: 

a. Coils of cables on the ground next to the experimental set up were eliminated and the rest 

of the coaxial cables were moved next to the screen room. 

b. Another experiment sharing the screen room was disconnected to avoid the loops. The 

outer conductors of the BNCs on the screen room have visible blackening due to 

arcing. This indicate a transient potential difference between the experiment ground and 

the screen room ground in the past. 

c. Coaxial cables were positioned so that they did not touch the frame of the experiment 

which eliminated capacitive coupling between the frame and the braid. 

d. Unused coaxial cables in the conduit were eliminated. First trigger (PT-55) output was 

replaced with fiber optics. The cable was not mn in the same conduit with other 

diagnostics. 

e. To make the signal-to-noise ratio better the output signal from the Pearson coil used for 

the total current measurement was attenuated inside the screen room. 
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The emittance measurements presented in Chapter IV u ere performed with the 

large-area anode of 42.4 cm^. The method is based on optical imaging and is independent 

of the electromagnetic noise created by the nature of the Plasma Edge Cathode experiment. 

The experimental consistency of the brightness measurement requires measuring the 

electron beam current density data with the same size anode. The electron beam 

measurement was performed when the scintillator screen was removed and the Faraday cup 

was placed behind the anode to collect a fraction of the electron beam. 

Original measurement set up with the large bias loop 

The experimental configuration of the vacuum diode consists of the large-area 

anode and the plasma edge that represents the cathode. The plasma edge is formed by an 

L-shaped scraper or by a collimator. Figure A.l shows the major components of the 

electron density setup originally used to measure the data presented in [53]. The Faraday 

cup is located behind the anode at a distance of 4 mm, and the circuit is completed by a 9 

|XF capacitor mounted above the top-flange of the vacuum chamber. The electrons are 

collected by the Faraday cup that acts as a current source in the bias loop. The electrons 

create a current in the circuit that is measured by the Pearson coil. 

The large-area anode has a square array of 3 x 3 holes of 90 mil diameter. This is 

consistent with Dr. Michael Grothaus [53] experimental log, lab book #2, page 95. If the 

electron beam is uniform over the whole anode area then each beamlet would have the same 

current density. The expected signal on the oscilloscope would be the total area of 9 holes 

times the expected electron density and times the Pearson coil constant. The total area of 9 

holes is 
^ ^ (0.09x2.54)' _ . , _ . 2 

AQ = 9 X n- — = 0.3694 cm . 
' 4 

If a uniform electron flux of 5 AJcw? over the whole anode area is expected then the signal 

on the oscilloscope would be 
123 



V̂  = 0.3694x5x0.05 = 92 mV, 

where the Pearson coil constant is 0.05 V/A. The measured electron beam current densities 

presented in [53], Figure 4.11, page 48, range from about 1 to 8 A/cm^. This should 

indicate a range of the oscilloscope signal from 18 to 147 mV if no attenuation was used 

and the coaxial cable was terminated by 50 Q at the scope input. 

The Pearson coil used in the small-area anode measurement had a usable risetime of 

5ns (model 2878). The large-area anode measurement uses the Pearson coil with a usable 

risetime of 20 ns (model 1 lOA). The electrons hitting the Faraday cup can be approximated 

as an ideal current source in the bias circuit. The size of the bias loop is approximately 10 x 

13 cm. The impedance of the bias loop and the RC-constant of the circuit can be 

determined fi-om the geometrical dimensions of the loop. One should consider the 

resistance and inductance of the leads, the top-flange, the stmcture holding the anode, the 

electron current source of the Faraday cup diode, capacitance of the bias capacitor, etc. 

Those factors contribute to the time response of the Faraday bias circuit. It was assumed 

that the time response of the original loop [53] is faster than the time constant of the rest of 

the diagnostic. This assumption needs a future verification. A PSpice simulation would be 

the right choice. 

Measurement set up with the reduced-area bias loop 

It was important to decrease the noise level in the electron beam measurements. 

The area of bias loop was decreased to about 13 x 3 cm. Figure A.2 shows the Faraday-

cup bias circuit used for the electron current density measurement. The bias capacitance 

was increased from 9 .̂F to 650 )iF. A "small" Pearson coil (model number 2878) was 

incorporated in the circuit and was isolated by Mylar sheets from the high \'oltage 

surroundings. It was experimentally seen that this design decreased the dB/dt pick up of 

the noise coming from the experiment by approximately 50 % (lab book V, page 44b). 
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Figure A. 1. The large anode electron-beam measurement. 
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The current density measurements with the small-area anode were performed after 

rebuilding the extraction drive (Chapter IV) while the old grounding system was kept. A 

shorter extraction current path outside the vacuum chamber was built. The size of the 

extraction loop generating a magnetic field during the beam generation was minimized. 

During the beam generation a current of about 600 A to 1 kA flows through the circuit and 

the expected oscilloscope signal is over 1 V. During a "calm" extraction process a noise 

level of ± 100 mV was observed (oscilloscope sensifivity was 1 V/div). The extraction 

current fluctuation during the e-beam extraction is governed by an instability of the A-K 

gap (possibly Rayleigh-Taylor instability of the plasma). 

-650 ^LF 

Mylar Pearson Coil 
/ / (small) 

^ '*'^ lOOQ 

V////A 

vacuum chamber 

Faraday Cup 

4 mm 

Figure A.2. The Faraday cup circuit with a small bias loop. 

The end of the extraction process happens when the diode is shorted by the plasma. 

Then a large current discharges the extraction capacitor. This might be superimposed on 

the electron density signal as a voltage oscillating "jump" due to dB/dt pick up of the 

electromagnetic field from the extraction loop. This phenomenon regularly happened on all 

the measurements before the noise reduction. 
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Grounding svstem 

The original measurements of [53], Figure 4.11, page 48, were taken with the old 

grounding system. The author of this dissertation is thankful to several faculty members 

for helping reproduce the previously pubhshed data [53]. Special thanks go to Dr. Thomas 

G. Engel, Dr. Magne Kristiansen and Mr. Kim Zinsmeyer. The old grounding system was 

found to have the following grounding loops: 

1. The screen room was grounded to the trench and to the utihty conduit. 

2. The experiment ground was tied into the utility ground through an extension 

cord power box. 

3. The gun-drive dump relay used as a safety measure was tied between the hot and 

the utility ground instead of to the common utility ground. 

4. The 121V system (pumps, cooling unit, casings of charging units) had the ground 

green wire connected to the utihty ground. 

5. Two coaxial cables connecting the experiment side (trigger units) and the 

screenroom had their braids connected to the screenroom on one side and the other 

end, were connected to the experiment ground through the triggers (PT-55 units). 

6. The screen room was commercially equipped with the two EMI filters (< 400 Hz) 

on the utility line and on the telephone line. An isolation transformer was installed 

to separate the utility line from the screen room power line. 

The original experimental set up, [53] with the large-area anode in place and with 

the cylindrical collimator, was analyzed to determine the noise contribution from the 

original grounding. A Mylar sheet was placed behind the anode to protect the Faraday cup 

from the electron beam. The "current density" measurements taken with the old grounding 

system indicated a noise level over 500 mV during the beam extraction process at higher 

extraction voltages when the A-K gap was becoming increasingly unstable. Figure A.3 
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shows an example shot (lab book V, page 69) at 19 kV charging extraction voltage. 25 kV 

gun voltage, and 2 |is delay between firing the gun and the extraction. The top trace is the 

extraction voltage with a scope sensitivity of 2 V/div. The conversion constant to volts is 2 

X 1760 when one extra 6 dB attenuator was used next to the oscilloscope input. The 

bottom trace shows the "current density" when the electrons were blocked with a Mylar 

sheet. The voltage trace indicates some fluctuations during the extraction process. This 

usually happens at higher charging voltages over 18 kV when the A-K gap becomes 

increasingly unstable. Induced noise seen in the bottom trace of "current density" 

measurement correlates with the extraction-voltage fluctuation seen on the top trace and it is 

of the order of several hundred mihvolts. 

In rebuilding the grounding system, the previously described grounding loops were 

eliminated (Figure A.4). The screen room and the experimental set up were tied to the 

same point of the grounding trench. Two coaxial cables were separated from PT-03 boxes 

using two capacitors, one separating the inner conductor and the other one separating the 

cable braid and the PT-55 casing. The screen room has a 5 kVA isolation transformer. 

The quahty of the new grounding system was checked by placing a 50 

termination attached to the BNC outside the screen room wall. When the 50 termination 

was closed with the cup to prevent the electromagnetic noise entering the diagnostic cable, 

the scope trace showed about 2 mV noise disturbance from the PT-55 extraction-trigger. 

Otherwise there was no disturbance along the trace. 
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Figure A.3. Extraction voltage and "current density" measurement with the 
old grounding system (Mylar is placed below Faraday cup). 
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Figure A.4. Grounding schematic of Plasma Edge Cathode. 
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Noise reduction 

Shielding of the coaxial cable 

A coaxial cable (RGU-400) was used for the current density measurement. One 

end was attached to the screen room wall and the other end was closed with a 50 Q capped-

termination and positioned next to the Pearson coil. The noise level was approximately 10 

mV when the extraction PT-55 fired and about 4 mV during the beam generation. To 

decrease noise pick up by the coaxial cable a copper-braid layer was roUed over the coaxial 

cable. This lowered the noise pick up to about 3 mV when PT-55 firing and less than 1 

mV during the extraction process before shorting the A-K gap. After the A-K gap short, a 

B-dot pick up of an extraction ringing was still present with its magnitude of about 6 mV. 

When the coax was covered with a second braid layer, the scope trace showed a voltage of 

less than 2 mV. 

Shielding of the Pearson coil 

A Pearson coil (model 1 lOA) was connected to the extra-double-braid cable. The 

coil was not included in the Faraday-cup bias loop. This arrangement would only expose 

the coil to a stray magnetic field generated during the beam generation. The coil was 

positioned about 6 inches from its original position shown in Figure A.l and the Pearson 

coil was kept at the same angle towards the stray magnetic field being created by the 

extraction current. Figure A.5 shows the measurement at 18 kV charging extraction 

voltage. The first two traces show the full scope resolution and two bottom traces are BW 

limited by 7 bits. The top trace is the extraction voltage and the bottom trace in Figure A.5 

shows the noise pick-up from the Pearson coil. The magnitude is about ± 200 mV and the 

noise is random. 

A solid copper casing was made by a couple of 0.025" thick layers around the 

Pearson coil which was positioned outside the loop. The plasma gun drive was charged at 
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26 kV and the extraction drive was charged at 20 kV. Figure A.6 shows the noise-pick-up 

shot (lab book V, p. 83b). The sensitivity was 20 mV/div on the bottom traces. The top 

scope prmt out has no bandwidth hmitation; the bottom scope print out is bandwidth limited 

by 7 bits. The noise pick up is approximately less than 10 mV. A half-inch hole was 

drilled through the casmg for a wu:e that carries the measured current. When the Pearson 

coil was positioned outside the loop, the noise pick up shown m Figure A.7 (lab book V, 

p. 84a) was about 10 mV (bottom traces resolution is 10 mV/div) for the same experimental 

condition. 

Faraday-cup bias loop 

The Pearson coil was included m the Faraday bias loop and Figure E.8 shows a 

measurement of the noise induced into the Faraday bias loop (lab book V, p. 85a). The 

Faraday cup is protected from incoming electrons with Mylar foil. The sensitivity of the 

bottom traces is 100 mV/div. Under the same experimental conditions, the noise level 

increased to approximately 100 mV. Figure A.9 shows a graphical sketch of a possible 

explanation of the noise problem. The extraction current loop is a source that generates a 

fast changing electromagnetic field around the experiment. The Faraday bias loop (the 

circuit loop is intermpted between the anode-plate and the electron collector) acts as a 

inductive pick up of that field. There are several current "components" in the extraction 

loop. There is a total diode current before the extraction gap closure. This current slowly 

increases while the A-K gap spacing decreases. After the short of the A-K gap, the 

extraction current starts to oscillate driven by the RLC parameters of the circuit and the A-K 

gap acts nearly as a "metal" short. After rebuilding the grounding system and covering the 

coaxial cable with two extra braids, the low frequency noise caused by the RLC parameters 

of the extracfion ckcuit was not present in Figure A. 8. 

132 



extraction 
voltage 

(kV) 

current 
density 
noise 
(mV) 

31.8 

21.2 

10.6 

^ 

full oscilloscope bandwidth (500 MHz) 
?"]"• r«r-'.~T-j'"frYi-T-]-T'T--^r-rn-rT-1• T'"i-r 

t 

r 
1 . 
L 

r •::x 
• « ; • - ' • 

'r*rT"rT"]"TTri"T~p~r"?~^~T"3 

zi 
-i 

0 fc " * V i , . 

= ^ T - ^ 
i-

2 0 0 w»^4*t'*^-|iHi<»*»«'»A»»!?i»wM»4'^'^'4"|»'M'i4«=4.4»'iii»)w»|i 
y 

100 f-
• - • 

0 c; 

-100 F 
j; 

.•>r«/i:"-»j 
- ' ^ . 

.*-rf 

1.7fi2lZ u? 4,2R202 u» 
time base = 500 ns/div 

^ . ) • 2.e?w yo]t?.''div offffei 
M V I » 1W.9 tt^lt»/div Of fK«i 

ilpftbase " SW M/riiy Dplsy 

.i 

I...J,.J.>,1....\,..L,.L.L.U-Ji..»..i...l,.:_!-i_^.t.i.J.,.'...V-twl..i 

6,752«2 

2.8I0«) Uoli? 
9.990 golia 
t.7e20? us 

Gelta V » 4.489 Volts 
Vwarkerl - 199,9 ii!l>nltfi 
Delta T • KZt999 u? 
Start • 2.59099 ue 

Unark «r2 4.S89 Volts 

3.51999 U9 

reduced bandwidth (100 MHz) 
3 1 . 8 gj-T-i-T ) . t •, •fr"j-rg-T"r'^'V*!TT'r*pT'y"f-r"p-i-T-r'r 

extraction 
voltage 

(kV) 

'i"i—;~.—?-•;-,—n—i—.-T-7-'r"T"r'"r":-"i-"« 

current 
density 
noise 
(mV) 

21.2 r 

10.6 \ 

0 ^ 
V 

200 i|i'ihi>i»lri*!i.liiyiiwii«^iwjiM»itMM<»i^»ji^|itiitiM|».fii»t»i4»iji»^«i^ 

r 

100 I-
i : 

0 
1 • '• * . 

! 
i 
I , 

•J 

•i 

ir*/ 

-100 r 
c .i , . ' . . . . ;i 

- 9 0 0 l»''*--i-'^-.i.-.U.!.~i.,.lJ..J-J-ii-L-t,a,J--lJi..J,_l^,^..!~l,,l_J—LJ..i,,L..A,.l-A..i-J..iHJ-J-,l..l,,i-.i~i^^ 

time base = 500 ns/div 

Figure A.5. Pearson coil noise pick up. 

133 



extraction 
voltage 

(kV) 

current 
density 
noise 
(mV) 

3 1 . 0 j>.p -̂,,p.-̂ .r-T-r-T-"j"T-rrT-T-r 

21.2 f—[-.-

10.6 K ;•. 

full oscilloscope bandwidth (500 MHz) 
.-^••T^-rrf' rr-v T T I "FT" -rrj-r- • • V T ' T - r 

. J ' .%* 

0 

40 

20 

0 

-20 

-40 

V . 
:^tv. — > ' ^ ™ - ~ i " ~ ^ - M » 

4< ^;^4<^H*^i"*'>*'<i<^*^'^'^'t^H«^*Hf^'H4*4i»H«=<4<<M°4<<*^^ •M»H^ 

J : 
I . . » 

.' • • ^ * " ' " " ' I . ' V i J... I . [ - - • • - . n - r . T - . . . » i i M.ii'i Lufiii , • - • - • • 11-- r -1 ri-i ^ M M ] 

r J 

1,76292 U5 

Ch, I - 2.999 i>(>Us/d<v 
Qi« 2 - 29.M M^U»/diy 
Ti»ebapp • S99 w/djy 
DBlta u * 4,299 Volta 
Vnarkorl - 199.9 riVnits 

4 = 2B252 ij» 
time base = 500 ns/div 

. . . . . . . ^ . . ^ . a ^ . ^ ^ ^ ^ ^ ^ ^ ^^ 

5tart 
1,71999 UP 
?r19999 us 

Offspt 
Offset 

VRerkarZ 

ciinn 

• 

-

. 

2.-999 VoitA 
9,999 Volts 
1.76292 ut' 

4.399 Volts 

3,81999 U9 

31.8 
extraction 

voltage ^ 1 - ^ 
(kV) 10.6 

current 
density 
noise 
(mV) 

40 

20 

0 

reduced bandwidth (100 MHz) 

i;^.^L.iJ»^»^<,NH'«^•»'»'^^^H>'>T^•Hi^»^^j•'* 'I iiM»'<i'4i»h>"»""*"4^^-''i"H"*-<»^'=»4^ >•' > 'i-jj 

\- I 

-20 r. 

-40 j_l._k-t-i.JUJ,.l_IJ_U-l_l.J_.U-!JL'_;..i_i_4_)-*.J.-.^i,;-,.*.J-.*..J--<.-J--i-J 

time base = 500 ns/div 

Figure A.6. Noise generated by a fully enclosed Pearson coil. 

J 
i 

J 
a 
.1 

I ,> < i . j ,t 

134 



extraction 
voltage 

(kV) 

current 
density 
noise 
(mV) 

31.8 

21.2 

10.6 

0 

20 

10 

0 

-10 

-20 

i: 

i- r 
1- r 
1 — 

i - I 
I- I 

i-

full oscilloscope bandwidth (500 MHz) 

T T 

• T • 

k 
• ' -^ 

I 

f 
I " 
I" 

mfVt*f 

L...LL 
1:76292 u? 

.̂.v..L: .i..L.I. 

Oh. iK. 
Tif*eba»e 

DeHa V 
Vrtarkprl 
DoJt«! T 

-i„i-.L,J-J±l_L.i_J_Lj_t,J..i..LA.J,^_l..l.i 
4,Zfi29Z us 

time base = 500 ns/div 
2»099 Uoiiff/tf jy Dffgpit 
tt.W M^llfl/tfiy Offset 
59f rs/r* iy Pe]«y 

4,299 VoHs 
199.9 «iV«}3t9 
1.-71999 UP 
2^19999 us 

VMrj tpr? 

Stop 

.J 

.1 

.J 
I 

•4 

.i..x»Lu.-!.J.^.i-.j-j-!i 

5:76292 !>£ 

2.999 yc]t« 
9,999 VoitB 
1,76292 u? 

4;?99 VoU? 

5.81999 rj5 

extraction 
voltage 
(kV) 

current 
density 
noise 
(mV) 

reduced bandwidth (100 MHz) 
>• r ' 

2 0 P*^'MkUa|>=>MiiMi4^>it>'M"h*^4*'i'*<^^^"!<'<'M^=i<E4«iMB^ 

10 

0 b^ 

-10 jr i 
_ 7 f ) LJ._l_L'.|_l_i.,i 

f 

9 
J,-l^t,JJJ..LJ_J-i,.l_J_l_..^#--i»J,a..i-i..L-,',.i.J.J.i.-i..l_l,J-J,-U™! 

4r???92 UP 5:76292 u 
time base = 500 ns/div 

Figure A.7. Half inch hole drilled in the Pearson coil casing. 

135 



extraction 
voltage 

(kV) 

current 
density 
noise 
(mV) 

31.8 

21.2 , 

10.6 |i, 

full oscilloscope bandwidth (500 MHz) 

j-rv-T]'r-rTnrT-T'-T-7'-r-i'nrVT-"r-T-r-iTr-t-'i-T-r-i-i--r'T-j-n'-T--.'n-'r-T-?-v-\--^ ^,~,. 

'<< 
•I. 
I . 

0 . w l - - ] ^ ^ ^ 

L.a. 

r 

200 I 
\: 

100 |: 
c 

0 I: 

-100 I 
F 

- 2 0 0 LJ_i.i£.\-.l^-L.k.,i, 

, 
K 

^ 

• . * ' • 

^l^i. 

' 
, 

f ' ' 

- • 
* 

k 1 Ltok A.k.M W(J^A 

^ 
• -

*, ' 
..... 

. . L ^ , 

1 
1 
1 

1 a 

i -
• t 
J. 
1 
f 
> 

JjJ 

.« ;..,,, 
" . • " • • • • • - ' • • I 

i 
.4 

..I.,!—•l..!>.*..Ji>.l.jM^,.L..J>,j,«i 

time base = 500 ns/div 

reduced bandwidth (100 MHz) 

extraction 
voltage 

(kV) 

current 
density 
noise 
(mV) 

31.8 ^ 

- 2 0 0 iL.i~j..:Jx.4.4...<i>~<» '̂i>^ '̂>>'~*->^ 
S.lwm^t 4,2g>«f2 IJ8 F,7B292 MB 

time base = 500 ns/div 
C.h, 1 - 2/999 Voitp/djv (̂ ,'f̂ frt - 2,999 VDJî  
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The high-frequency noise of approximately 100 mV is not regular. The capacitive 

pick up current is induced in the Faraday cup loop by a high current variation in the 

extraction ckcuit. The extraction-current fluctuation is caused by an instability of the A-K 

gap. The plasma edge does not have a flat surface during the beam generation. It might 

look more like a boiling water edge m a pot on a stove. The A-K gap at some points 

becomes temporarily smaller which increases the electric field between the plasma (cathode) 

and the anode. This causes an increase in electron beam density in those regions which 

causes an unstable plasma edge lasting no more than two microseconds. 

Analysis of the Faradav bias loop 

When the space below the aluminum flange and the anode was shielded with the 

copper sheet. The noise level shghtly decreased to less than 100 mV (lab book V, p.85b). 

To test the "low frequency" noise components induced into the diagnostics, the loop was 

closed without capacitive coupling of the Faraday cup. The top part of the bias loop was 

electrically shorted to disregard the Faraday-cup circuit below the aluminum flange (Figure 

A. 10). This configuration induces all current components generated by the extraction loop. 

Figure A.l 1 shows the induced signal into the above loop from the extraction 

circuit (lab book V, page 86b). The sensitivity of the bottom trace (channel 2) is 100 

mV/div. The noise is over 200 mV during the beam generation and over 600 mV after the 

short of the A-K gap (lab book V, page 86a). One can observe "low" frequency 

mstabilities of the A-K gap during the extraction process induced into the "current density" 

trace and the main RLC discharge of the extraction after the A-K gap short. 
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Figure A. 10. Faraday-cup bias loop was tested for "slow" noise components. 
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Figure A.ll . Faraday-cup bias-loop is shorted above the aluminum flange. 
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Figure A.12 shows the bias loop disconnected next to the Pearson. In this case, the 

capacitance of the coaxial feed-through and the capacitance of the Faraday cup do not 

contribute to the noise pick up. The circuit is more like a dipole antenna rather than 

inductive loop picking a magnetic flux from the extraction cu-cuit. 

an 

Pearson 

9pF 

Top aluminum flange 
Copper plate 

Figure A.12. Disconnected Faraday-cup loop. 

Figure A. 13 shows the noise level from such an antenna. The measurement was 

taken again with the average experimental conditions of 26 kV reading on the gun-drive 

power supply, 20 kV on the extraction power supply, and the delay between the gun and 

extraction was 2 p-s. The first trace is the extraction voltage with 2 V/div and the bottom 

trace is the "current density trace" with 100 mV/div resolution (lab book V, page 87a). The 

top print out is the full scope sensitivity and the bottom one is BW limited by 7 bits. The 

noise from the Pearson probe contains high frequency components with a magnitude of up 

tolOOmV. 
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The Faraday-cup bias-loop is completed through a capacitance of the vacuum flange 

feedthrough and a capacitance of the Faraday coUector. The calculated distributed 

capacitance of the coaxial feedthrough was approximately 21.4 pF. The Faraday cup 

capacitance for spacing of 4 mm between the anode and the collector is 1.4 pF. To verify 

that a plasma also does not interact with the anode stmcture inside the vacuum chamber, a 

33 pF capacitor was included in a circuit loop above the top-flange (Figure A. 14). Figure 

A. 15 shows a 200 mV noise-level shot where channel two has a sensitivity of 100 mV/div 

(lab book V, page 89b). This finding of a high frequency noise is similar to one presented 

in Figure A.8 where the Pearson was included in the Faraday-cup loop. 

YTTZ^^ 

H ; 

Pearson 

33pF _L 9^F 

^m 
top aluminum flange 

Figure A. 14. Simulafion of the capacitance inside the vacuum chamber. 
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The noise elimination work has shown that the beam can not be measured using the 

large-area anode if any one of the following problems has not been solved. 

1. grounding of the experiment without the ground-loops 

2. grounding and isolation transformer of the screenroom 

3. shielding of the coaxial cable which transmits the "current density signal" 

4. shielding of the Pearson coil 

5. shielding of the Faraday cup bias loop 

On Febmary 22, 1995, Dr. Mike Grothaus helped the author of this dissertation to 

eliminate the noise from the system. The experimental set up was retumed to the original 

configuration (original Faraday cup bias loop). Neither researchers found differences in 

the origmal set up which would help to eliminate the noise problem. 

In the spring of 1995, a shield around the Faraday bias loop was built. The bias 

loop must be fully enclosed to prevent the electromagnetic noise pick up. The shield is 

shown in [56]. The metal container has a high voltage feedthrough for the coaxial cable 

connected to the Pearson coil. The new electron beam density measurements with the large 

-area anode were presented in [56]. 
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APPENDIX B 

EMITTANCE COMPUTER CODE 

The emittance computer code is written in BASIC and calculates the emittance from 

the digitized images. Figure B.l shows the flow chart of the BASIC computer program. 

Originally, the code located each image spot and stored the information in a separate matrix 

of the RAM. The code operation required that all spots must be separated. The assignment 

was not uniquely possible, if two spots merged or if image spots were strongly 

fragmented. Then the threshold intensity level of the digital scan had to be considered; 

however, it lowered the available dynamic range of the scan. Later, the assignment of 

spots was checked manually by plotting a contour plot of each digital scan using Mathcad. 

Each image then has a data allocation file of its white spots. The emittance program version 

shown in Figure B.2 runs automatically for all the 45 measurements. The program has the 

general information in the main input file which contains for each cycle the scan number, 

the scan resolution, and the image center location. For each cycle, the code reads its data 

file and its data-allocation file. Each cycle contains two loops, the first moment calculation 

and the second moment calculation. The usual time for the whole mn (45 measurements ) 

is approximately 1 hour and 20 minutes on the Pentium 133-XL. The electron drift 

distance from the anode plate to the scintillator screen (shown in Figure 2.1) was the same 

for all 45 measurements. It was put into the program as L = 2.5 cm. The hole spacing of 

the square array of the anode is the same for the 45 measurements of Ax = 10 mm by Ay = 

10 mm. 

The trace-space density program calculates the 45 measurements also automatically. 

The code is faster because it uses only one loop cycle for each digital scan. 
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Figure B.l. Emittance and brightness computer code. 
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Figure B.2. Emittance and brightness automatic calculation. 
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APPENDIX C 

EMITTANCE PROGRAM TEST 

The emittance program was tested with a pattem of 25 white squares generated by a 

600 dpi laser printer providing the 150 dpi print resolution. Figure C.l. Each white square 

had its side of 2.65 mm which would appear on the scintillator as 5.68 mm. The expected 

theoretical data were calculated using Mathcad. The first moments are < x > = 0.03 m and 

< x' > = 0 rad. The second moments are calculated 

a a 

-t-

<(x-<x>)^ > = ^-^ 
- - . - „ - - a 

2 ^ _ -tt - a 
1-acl-a r r2 -a («2 -a r 1*3-3 r3-a n'i-a(>l-a (•p2-ac2-a /•/•3-ap3-a 

__J__^dxdyda+ j j ^ J^__dxdyda+ J[_J^_^dxdyda 
- a - a - a 

continued: 

+ [{~1 " (x-3)Mxdyda-H f f " f ' \x-3) 'dxdyda-+-
J Js—a "3—a J J4—aJ4—a 

+ 

-a - a 
r4-a M-a n'4-a /•4-a 

-a 

continued: 
a 5_ 5_a 

-hf f "7 V-3)'dxdyda 

+ 

=2.027x10-" m' 
« . 5 - a r 5 - a 

+ 
-a 

no-a r^-a 

V<(x -<x>)^> = 0.01506 m 

and 
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a 

, J a-dxdyda+JJ^ J a^dxdyda + 
< (x - < x' >)- > = ' ' 

a 
•1-arl-a 

-a .'2-a 
- g 

ll,..l>dyda+ |fX>''y<*«+ jn->''y' '« 
continued: 

-« - a 

" -3 -3 ,3 

+ JlXa '̂̂ ^^y^" + J r-X>'d^dyda -h 

a 
f4-a/«4-a 

-a J4-a 
-a - a 

continued: 
a 

^T =4.2993x10-' rad-
5-a i«5-a no-a c^-a 
,̂ .L'*''dyda ^5-a J5-a 

- a 

V < ( x ' - < x ' > ) ' > =0.06557 rad 

Where a is the half length of the white square and a is the half angle given as 

a = ^-^ = ^^^:^ = 0.1136rad. 
electron drift 25 

The analytic x-emittance is 

e = 4-^< (x- < X >)' >< (x' - < x' >)' > = 4V2.O27 X10^ + 4.2993 x 10"' 

£"=3.73x10"^ mrad, 

and 

£•' =3.73x10"'mrad. 
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The 4D analytic emittance is ê '̂  = e'' x e- = 1.39 x IO"' m'rad-. 

The printed image was digitized by 150 dpi. The emittance program calculated the 

first moments as follows: 

< X > = 0.030895 m < y > = 0.029984 m 

< X' > = -4.985 X10-' rad < y' > = 6.1738 x 10"' rad' 

The second moments are 

< (X-< X >)2> = 1.959 X10-" m^ V<(x-< x>)2 > = 0.0140 m 

< (y- < y >)' > = 1.929 X10-" m^ V< (y- < y >)' > = 0.0139 m 

< (x' - < X' >f > = 3.950 X10-' rad' V< (x' - < x' >)' > = 0.0628 rad 

< (y' - < y' >)' > = 3.957 X10-' rad^ V< (y'" < y' >)' > = 0.0629 rad 

The emittances calculated by the code are following: 

8̂  =3.519x10-'m rad 

ê  =3.495x10-'m rad . 

8̂ "̂  =1.230x10-'m'rad' 

The second moments from the computer code were compared to the analytical 

results from the Mathcad. The difference of the distance was less than 8%, and the 

difference of the angle was less than 5%. The difference between the analytic emittance 

and the one obtained from the test image (Figure C.l) is less than 12%. This is a 

satisfactory agreement. 
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side of one square = 2.65 mm (film) 

print resolution = 150 dpi 

Figure C.l. Program test pattem. 
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