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AN INTENSE NON-RELATIVISTIC CESIUM ION BEAM 

Michael Carl Lampel 

ABSTRACT 

The Heavy Ion Fusion group at Lawrence Berkeley Laboratory has 

constructed the One Ampere Cesium Injector as a proof of principle 

source to supply an induction linac with a high charge density and high 

brightness ion beam. This is studied here. An electron beam probe was 

developed as the major diagnostic tool for characterizing ion beam 

space charge. Electron beam probe data inversion is accomplished with 

the EBEAM code and a parametrically adjusted model radial charge 

distribution. The longitudinal charge distribution was not derived, 

although it is possible to do so. The radial charge distribution that 

is derived reveals an unexpected halo of trapped electrons surrounding 

the ion beam. A charge fluid theory of the effect of finite electron 

temperature on the focusing of neutralized ion beams (Nucl. Fus • .£!" 

529 (1981)) is applied to the problem of the Cesium beam final focus 

at the end of the injector. It is shown that the theoryDs predictions 

and assumptions are consistent with the experimental data, and that it 

acounts for the observed ion beam radius of -5 cm, and the electron 

halo, including the determination of an electron Debye length of 

-10 cm. 
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Chapter I ~ INTRODUCTION 

Intense ion beams are interesting because of their great promise 

as drivers for inertial confinement fusion (ICF). Multiple intense 

beams of heavy ions with several GeV kinetic energy per ion and total 

power in the 100 TW range focused onto a deuterium-tritium pellet for 

a duration of ~20 ns is one scenari 0 whi ch may produce a successfu 1 

thermonuclear burn in a manageable microexplosion. This goal places 

stringent requirements on the ion beams to have low emittance, high 

current, and small energy spread. 

As part of the development program for such beams the Heavy Ion 

Fusion group at the Lawrence Berkeley Laboratory has developed a proto~ 

type ion injector capable of supplying a low energy high quality cesium 

beam to an accelerator. This machine is caned the One Ampere Cesium 

Injector (Fig. 1.1). It is designed to supply one ampere of Cs+ 

ions at 2 MeV kinetic energy with nearly uniform density and laminar 

flow focused to a radius of 7~8 em. It is a three stage drift tube 

accelerator. The drift tube lengths are picked to allow for a 3 jlS 

long pulse. As shown the beam waist is designed to occur near the end 

of the third drift tube. The major diagnostics are located in the 

diagnostic tank downstream of the accelerator. 

Naturally, a major effort to characterize the actual beam produced 

was a large part of the injector development. Diagnostic tools 

included large and small Faraday cups, scintil1ators used with an opti

cal multi~channel analyzer (OMA), and the Electron Beam Probe (EBP). 

These diagnostic devices were used to measure ion beam emittance 9 cur

rent, space charge distribution~ and the beam envelope. The 



scinti 11 ator and OMA, and the Faraday cups are standard di agnosti c 

devices for measuring these beam characteristics. The Electron Beam 

Probe (ESP) was developed as an independent tool for determining total 

current and the space charge distribution. Unlike the other devices 

it is a non-destructive ion beam diagnostic, enabling its simultaneous 

use with another device, such as the large Faraday cup. 

Electron beams have been used from time to time in the past as 

probes for pl asmas. Uses have included detect; on of pl asma waves 

(Ref. 1.1) and examination of plasma potential well structure (Ref. 

1.2). A Russian paper (Ref. 1.3) suggests a method of utilizing an 

electron beam to probe both the magnetic and electric fields of an ion 

beam with cyl indrical symmetry. However, until now an electron beam 

probe has not been applied to the measurement of a partially neutral-

ized ion beam with the intent of determining ion and electron charge 

distribution. So this probe enables a look into the regime of non-

neutral non-uniform plasmas. 

The EBP is sensitive to space charge density and there is no need 

(or way) to render the probe insensitive to any electron space charge 

present. In contrast, a Faraday cup measuring ion current must be 

insensitive to any electrons present if it is to work correctly. This 

particular difference between measurements with the ESP and the small, 

movable Faraday cup led to the discovery and examination of a trapped 

f . + b halo 0 secondary electrons present ln the Cs eam. 

The examination of this halo and the ion beam, the origin of the 

halo, and a theoretical model for halo-ion beam dynamics whose predic~ 

tions are compared with experiment comprise the heart of this 

dissertation. This is of interest for two reasons: (1) For proper 
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acceleration the total space charge present must be strictly 

controlled. This is most easily accomplished by elimination of all 

electrons. (2) The understanding of the halo-ion beam system may have 

a bearing on the question of the final focusing of an ion beam, neu

tralized by electrons with finite temperature, onto a DT target. 

ul ts Summarized 

A self consistent picture of how the ion beam generates and main

tains its halo of trapped electrons can be understood as follows. The 

ion beam when it is roughly thirty centimeters in diameter passes 

through a strongly focusing grid mounted on a 30 cm diameter drift 

tube. Some small fraction of the ions which are lost to the beam gen

erate secondary electrons off the grid and drift-tube surfaces. 

Roughly 80% of the ion beam space charge is neutralized this way. The 

electrons very rapidly become isotropic and have a IItemperature" about 

equal to the remaining potential of the ion beam a few hundred elec~ 

tron volts. 

As the ion beam continues to drift it is focusing. The change in 

potential as this happens does work on the electrons, heating them. 

In fact, the heating occurs in such a way that the Debye length of the 

electrons is a constant. For the case at hand AD - 1/2 Rb, 

Rb "" original RMS ion beam radius. As the radius of the ion beam 

becomes less than the electron Debye length the electrons no longer 

contract with the beam. As the ion beam contracts even more, a core 

of high density ions appears in a halo of low density electrons, just 

what is seen empirically. 
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This model will be examined for consistency with the experimental 

data in chapter five. Before that the experimental apparatus and oper

ation will be outlined in chapter two, electron beam probe optics in 

chapter three, and the empirically fitted experimental data in chapter 

four. This chapter concludes with a brief discussion of the inertial 

confinement fusion program. 

OVERVIEW OF INERTIAL CONFINEMENT FUSION AND THE LBL PROGRAM 

Introduction and Thermonuclear Reaction: Lawson Criterion 

While the work done for this thesis was performed within the 

framework of the Heavy Ion Fusion group at the Lawrence Berkeley 

Laboratory, in a larger sense the framework includes the national and 

international effort directed toward inertial confinement fusion. A 

short summary of this effort is appropriate. A detailed review is 

given by Keefe (Ref. 1.7). 

Thermonuclear fusion of light nuclei offers promise as long term 

energy source because of the tremendous energy avail able in a small 

amount of fuel. The whole effort of research is directed toward ignit

ing the fuel and controlling the burn so that neither too much nor too 

little energy is produced at a given time. 

A variety of cand; date reactions that have been cons i dered are 

shown in Table 1.1 (Ref. 1.4). The prime candidate for the first com

mercial controlled thermonuclear burn is the reaction D+T:;. 4He+N 

yielding 17.6 MeV per reaction and having the greatest yie1d compared 

to input energy of any of the listed reactions. Just as important for 

a firs t attempt is that it requ ires the lowest pl asma temperature to 

start. Later systems may move to reactions producing only charged 
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TABLE 1.1 Fusion Reactions 

Threshold Maximum 
Reaction plasma energy 
energy temperature gain per 
(MeV) (keV) fusion 

o + T il> 4He + N 17.6 4 1800 

0+0 il> 
3He + N 3.2 50 70 

0 + 0 il> T + P 4.0 50 80 

0 + 3He il> 4He + P 18.3 100 180 

6Li + P il> 3He + 4He 4.0 900 6 

6Li + 0 il> 7Li + P 5.0 > 900 6 

6Li + 0 il> T + 4He + P 2.6 > 900 3 

6Li + 0 il> 2(4He ) 22.0 > 900 22 

\i + P il> 2(4(He) 17.5 > 900 18 

11B + P il> 3(4He) 8.7 300 30 

particles so that more efficient direct conversion to electrical energy 

may be possible. 

For a successful deuterium-tr iti um emonucl ear burn two condi ~ 

tions need to be satisfied simultaneousl One, the plasma temperature 

should be near kT "" 20 KeV. Two~ the hot plasma must remain hot and 

confined long enough for a significant amount of fuel to burn. This 

last is related to the Lawson criterion. Quite simply it can be shown 

that in the initial stages 

Energy out 2xlO~13 n T (cm 
Energy in 
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where n . (-3) is particle denslty cm and T is the confinement time 

(sec.). Thus the Lawson terion for scientific breakeven: 

While for an economically feasible commercial reactor: 

Achieving Fusion on Earth: Magneti c Confi nement and Inertial 

Confi nement 

On the earth two methods of plasma confinement and heating present 

themselves, in historical order, inertial confinement and magnetic 

confinement. Large scale inertial confinement was shown to be a suc~ 

cess with the explosions of the first hydrogen bombs. At the time no 

feasible method of scaling this process to manageable proportions for 

commercial power plant operation was known. Thus hope came for harnes-

sing this power from the concept of magnetic confinement. The under

lying principle of magnetic confinement is to satisfy the Lawson cri-

terion by maximizing T, the confinement time, while allowing n, the 

dens i ty, to rema i n sma 11 a tiny fraction of atmospheric density. 

After more than three decades of work overcoming physical and techno

logical barriers completely unguessed at in the beginning, the realiza-

tion of scientific breakeven in a magnetic confinement vessel is 

expected in the U.S. with the operation of the Tokamak Fusion Test 

Reactor, TFTR. Other countries, working alone or collaboratively 

expect to achieve this goal on similar machines very soon as well. 
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Exciting as achieving scientific breakeven is it is not the goal 

of these programs That goal is providing an economically competitive 

power plant based on the enormous potential energy supply reliance on 

hydrogen isotopes can provide. It is the economics of power production 

and reactor design from which the rekindled interest in inertial con

finement fusion derives motivation now. 

The concept of imploding a small pellet of nuclear fuel to create 

a IImicroexplosion ii releasing several megajoules was first proposed by 

the 1 aser communi ty ear lyon (Ref. 1.5). At the time 1 asers seemed an 

ideal driver capable of del ivering easily focused intense pulses of 

radiation to provide power densities great enough to compress matter 

to one thousand times solid density and hold it there long enough for 

a significant burn. Confidence was high that one decade could see 

development of both target designs and lasers showing scientific break~ 

even and leading to rapid commercial development. 

A pellet, or target, is a small sphere containing the D~T fuel 

(Fig. 1.2). In fact there are many possible designs which one might 

use depending upon the characteristics of the driving pulse and the 

desired yield. For instance, a de from the fuel, the materials in and 

thicknesses of surrounding layers vary considerably between a design 

developed for a laser driver or a heavy ion beam. Still, targets fall 

into two major classes u~>ingle-shelP and IIdouble~shell" (Fig. 1.2). 

Each has an outer layer of ablative material. Just as in a rocket, 

when energy from laser light or short range ions is deposited there, 

the ablative material is ejected, creating an inward force upon the 

remaining material. In the single shell design there may be several 

layers within, with the fuel always the innermost layer. Under ideal 
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conditions compress lonal heat; ng can be quite modest (on average 

- 200 eV) but a small volume in the center can be raised to - 20 keV 

by the converging shock wave created in the fuel. This is the condi

tion necessary for ignition to occur at the center and a burn wave due 

to a-particle heating to pass into the rest of the fuel. The double

shell design is a modification in which a shell of dense material, 

containing O-T fuel, is suspended in the center. Thus, the imploding 

outer shell coll i des wi th and transfers energy to the inner shell. 

driving the inner fuel to ignition. The burn wave then propagates 

outward to the main fuel layer and ignites it. Double shelled targets 

of multiple layers have also been considered. 

Laser target interactions are far more complex than originally 

contempl ated (Ref. 1.6). Coupl ing 1 aser beam energy into the target 

is much less efficient than originally hoped with best coupling occur

ring at a wavelength a fraction of a nanometer. Lasers have been 

developed to operate at such frequencies but the optics of such a sys

tem is formi dab 1 e. Moreover the eff; ci ency of such 1 asers is not 

expected to exceed 5% by very much. if at all. Together with the low 

coupling efficiency noted above. this means extremely powerful lasers 

will be needed for ignition. Keefe (Ref. 1.7) points out that the 

major problem facing the laser is that operation with favored double

shell targets will demand an energy input per pulse approaching 10 MJ 

following the best estimates~ 100 times the energy of the originally 

proposed Nova glass laser (Ref. 1.8) and thus would carry far too high 

a price tag for commercial operation. 
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Nevertheless, laser fusion research is continuing in this country 

primarily at the Lawrence Livermore National Laboratory where Novette 

(a scaled down Nova) will continue to be used in beam pellet studies. 

Proposals from the accelerator community for the use of particle 

beams (Ref. 1.9) emphasized that not only would an intense beam of high 

energy heavy ions provide a particularly effective driver for pellet 

implosion, but that several decades of accelerator development and 

operation could be capitalized upon to greatly shorten the engineering 

steps between scient; f"j c breakeven and a working power pl ant Still, 

physics issues concerning the pellet must be resolved, as well as prov~ 

ing the feasibility of applying accelerator technology successfully. 

The central issue for the pellet physics is whether a small amount 

of O-T fuel can be burned successfully under 1 aboratory conditions. 

The major driver issue, as can be appreciated from the 1 aser fus ion 

community's difficulties, is the ability to couple energy from the beam 

to the surface layers of the pellet. 

Successful implosion occurs, given proper target design, when the 

driver, laser or particle beam, supplies the following: 1) A specific 

energy depos ition into the pusher of - 20 MJg 2) A total energy 

of Q:::,; 1 MJ, an order of magnitude more than required for an ideal 

implosion, after accounting for fluid instabilities, imperfections in 

the target, and illumination asymmetries. 3) Focused power on the 

order of - 2x1014 W/cm2. 4) A shaped pu"lse rising from an initial 

low power to peak for the last 10 ns or so. For a commercial power 

plant it is necessary for the driver to have a high repetition rate 

(1-1O Hz), high efficiency (1O~30% or more), long lifetime, and long 

term reliability. 
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While beam-pellet interactions will determine the ultimate utility 

of using particle beams, and is a major research area for any program, 

other considerations playa crucial role in determining what type 

accelerator and what type of particle are best suited for ICF. These 

considerations lead to driver requirements for power production as 

shown in Table 1 2 (Ref. 1.7). These requirements are based on consid-

eration of beam-pellet interactions, the implosion dynamics, and the 

need to provide economical electrical power to the nation. 

As just mentioned, successful implosion of a target demands an 

irradi ance S ~ 2x1014 Wcm , a specific energy depos ition 

W ~ 20 -2 MJg , and a time scale t ~ 10-8 s. Now W '" StiR, 

where R is the particle range in gcm-2• It can be shown that 

because of the necessary irradiance, energy deposition, and time scale 

the range of any ion is constrained to -2 R "" 0.1 gcm • This leads 

to dramatic differences in beam current and kinetic energy required, 

depending on the mass of the ion. Typical specifications are 

(Ref. 17): 

1) for electrons: - 1 MeV and 100 megamperes; 

2) for protons: - 5 MeV and 20 megamperes; 

3) for heavy ions (A ) 200): ~ 10 GeV and 20 kiloamperes. 

It has been pointed out that a laser capable of producing 10 MJ 

per pulse might have a prohibitive cost. At the other end pulsed power 

technology can cheaply and efficiently provide the energy and power 

needed using light ion beams. A major program is ongoing at Sandia 

National Laboratory to investigate this approach. At present the 

major obstacles to overcome are: 
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L Space ch arge forces of megamperes of protons (or any 

light ion) at energies at or be10w 10 MeV. 

2. Large beam emittance (transverse phase space (X,X I , y9y l)) 

limiting focal spot size. 

3. The single pulse nature of the pulse power technology 

being used. 

At this point in time it seems real breakthroughs in physics under~ 

standing and advances in technological expertise are needed to solve 

th es e pr ob 1 ems. 

TABLE 1.2 Driver Requirements for Power Production 

Energy ~ 1 to 10 MJ 

Power - 100 to 600 TW 

Pulse shape - control needed 

(Driver efficiency) x (target gain) = nG > 10 

Focusing - to a few millimeters at 5 to 10 m from the reactor wall 

Reliability ~ > 80 on~tirne 

Li time ~ 30 years 

Repetition rate ~ 1 to 10s~1 

Cost ~ (a few) x 108 $ per GWe of electrical output 

HEAVY ION FUSION 

The remaining major effort addressing inertial confinement fusion 

revolves around the concept of using heavy ions to produce a driver. 
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Space charge defocusing forces are reduced by orders of magnitude. For 

not only are heavy ion beams stiffer with respect to a given space 

charge field due to their much higher mass but because, for instance, 

kiloamps of 10 GeV 207 pb provide the same power as mega-amps of 

10 MeV protons the total space charge is 1 ess by several orders of 

magnitude. Thus, kiloamps of high kinetic energy heavy ions are much 

easier to focus than protons, opening up the possibility of using con

ventional accelerator technology to provide a driver. 

Thus a heavy i on beam seems the best choi ce as a driver. Of 

course, this method still needs to be proven. Are there unexpectedly 

complex ion-target interactions? Is there an accelerator technology 

that can economically accelerate beams of heavy ions to currents of 

kiloamperes and particle energies of several GeV? The answer to the 

first question can be (and is) explored using conventional accelerators 

such as the Bevalac at Lawrence Berkeley Laboratory. The answer to the 

second is being sought in the Rand 0 programs sponsored in the U. S. 

by the Department of Energy. 

At Berkel ey we in the Heavy Ion Fus ion group have pursued the 

deve10pment of the 1 inear induction accel erator as a promis ing answer 

to the second question. Induction linacs can be very efficient (> 25%) 

and can handle multi-kiloamperes of current in a conceptually simple 

design requiring a beam, or several beams, to be accelerated in a sin-

gle pass through the accelerator and then aimed at and focused onto the 

pellet. This type of accelerator is capable of the necessary repeti

tion rate, and if multiple beams were accelerated simultaneously an 

elimination of emittance degrading beam manipu1ations could be 

achieved. 
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An induct i on 1 inac does need an in 

particle energy 3 - 10 MeV because at 

induction acceleration is high. The Cs 

prototype of such an injector. 

to provide a beam with 

low v 0 ties the cost of 

1 Amp 2 r~eV Injector is a 

In transporting~ accelerating, and focusing ese intense beams 

two beam characteristics are critical; emittance and space charge. 

Emittance of a beam is the area occupied in (x,x l ,y,y',z,Z8) phase 

space, where the angle Xl = dx/ds with s as path the beam cen~ 

troid follows. Generally z is taken as the beam path, with energy 

spread and timing errors replacing I). The quantities (x,x'), 

(y,yi) are generally considered independent. Together the two pairs 

(x,x i ), (y,yft) are labeled transverse emittance. Energy and ming 

errors can affect the beam in many ways. Transverse emittance plays a 

key role as well in determining -instabilit-ies and in putting con~ 

strain on focus ing the beam; for instance, with a gi ven di stance a 

beam must travel through a reaction chamber to a pellet, the emittance 

determines how large the beam must be to begin with, if it is to focus 

to a spot the size of the pellet. 

Now, space charge is also a k characteristic in determining beam 

instabilities (through betatron tune depression) and focusing 

constraints. Space charge may be one of the toughest problems to over-

come in achieving HIF as it is in Light Ion Fusion. Several i shave 

been put forward on neutralization of ion beams to enhance focusing by 

reducing space charge forces. 

The HIF group at Berkeley has designed several experiments to 

explore some of these problems in preparation of construction of a 

proof-of-principle heavy ion induction linac. The Single Beam 
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Transport Experiment explores a range of parameters for a high space 

charge beam to check various instabilities predicted by theory and 

simulation (Ref. 1.10) for an electrostatic focusing channel. The 

Neutral ized Beam Focusing Experiment examines a novel method of strong 

focusing by neutral izing an ion beam with cold electrons and then 

applying a solenoid magnetic field (Ref. loll). The 1 Jlmpere Cesium 

Injector demonstrates production, acceleration, and focusing of an 
. + 
lntense Cs beam to a point suitable for injection into an induction 

linac (Ref. 1.10). The Long Pulse Induction Unit has demonstrated 

acceleration of that beam once it has left the injector (Ref. loll). 

The program is now moving on the design of a high temperature experi~ 

ment (Ref. 1.12). The goal of this experiment is the heating of a 

target plasma to greater than 50 eV enabling study of ion plasma 

interactions. 
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Chapter 2 - DESCRIPTION OF THE APPARATUS 

This chapter covers des ptions of the H Ces ium Injector and 

its design and operation and the design and operation of the diagnostic 

devices used to acquire the data analyzed in this thesis. These topics 

will be covered in the following order: The Cesium Injector. Then the 

Electron Beam Probe. Next, the placement of the diagnostics in the 

diagnostic tank. Finally, the auxili diagnostics used: the large 

Faraday cup, the small Faraday CUP. the Electron Beam Probe (EBP). and 

the Bi as Cyl inder. 

The Cesium Injector 

The Heavy Ion Fusion Group of the Lawrence Berkeley Laboratory has 

1 " C +1 constructed a arge aperture contact lonlzed s ion source and 

drift tube linac as a cesium ion injector prototype. The system con~ 

figuration is shown in Fig. 1.1. A contact~ionization (Ref. 2.1) ion 

source was chosen because in principle it is very bright. The contact 

ionization source is a 28 cm diameter iridium coated plate. heated by 

filaments placed behind, to a temperature of 1200oK~1400@K. The plate 

is supplied with neutrals from a water~cooled Cs metal reservoir. A 

spark plug above the reservoir is fired into it vaporizing Cs which is 

sprayed onto the hot plate. Most of the cesium atoms are adsorbed on 

the surface as ions. The emission rate is dependent upon the frac-

tional coverage of the anode (hot plate) with cesium atoms and on the 

temperature of the anode. 

The Cs+1 injector was designed with the aid of Herrmannsfeldt1s 

EGU N code (Ref. 3). The object of the des; gn was to transport and 
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accelerate a beam of ions to 1 ampere at 2 MeV. The optics were chosen 

to provide the required current focused to a small (- 8 cm radius) 

waist that would allow the beam to enter the smaller aperture of induc

tion modules for further acceleration. 

When the diode (the first accelerator gap) is in space charge 

limited operation 9 where the Child-langmuir current is less than the 

emission limit, the beam is uniform in the transverse direction and is 

insensitive to the non-uniformities of the Cs coverage and of the anode 

temperature. The Pierce electrode enhances the extracted beams uni

formity and allows the beam to propagate across the gap without suffer

ing expansion due to the high space charge present. The appl ied volt

age across the gap is obtained by simultaneously pulsing the anode (hot 

plate) positive and the cathode (first drift tube with grid) negative. 

Crowbars on both cut off the voltage pulse and thus the Cs beam. 

An ion transit time through the first acceleration gap is roughly 

one microsecond. So large transient current fluctuations are possible 

through a 1 arge fraction of the 3 J,lS pulse. In fact transients 

occurred through a large fraction of the Cs beam (Fig. 2.1). However, 

by properly tailoring the voltage transients are effectively suppressed 

(Fig. 2.2). It has been found (Ref. 2.2) that this is accomplished by 

applying a time dependent voltage pulse approximating the analytic 

form: 

V := V for t ~ T • 
o 
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Once the beam is generated it passes into the fi rst of three 

stainless steel 60 cm diam. drift tubes. The second and third drift 

tubes are progressively longer because the beam is lengthened as it is 

accelerated. The second acceleration occurs in the gap between drift 

tube 1 (DTl) and drift tube 2 (OT2) when OTl is grounded through its 

crowbar and OT2 is pulsed negatively by its Marx generator. All pulse 

power for acceleration is provided by four 500~000 volt Marx genera~ 

tors, one for the source and one each for the three drift tubes. They 

are all controlled, as are the crowbars, through several stages of 

switches by a single master timer which the operator se When the 

beam head reaches the end of the second drift tube the second drift 

tube is crowbarred to ground and the third drift tube is pulsed to 

negative voltage. When the beam head reaches the end of the third 

drift tube it is crowbarred and the beam then drifts into the diagnos~ 

tic tank~ or induction modules. 

The beam is focused as it passes through the acceleration gaps 

between drift tubes. At the front end of each drift tube is a gri d 

(98%, 98% and - 88% transparent respectively). The first two are fl 

and the last curved (in both vert. and horiz. dimensions). The third 

grid is curved to provide the strong electrostatic focusing needed to 

bring the beam radius from nearly 26 cm to an 8 cm waist where it would 

enter either induction modules (since installed) for additional accel~ 

eration or the diagnostic tank. Control of the focusing, and hence the 

beam envelope~ is achieved by altering the firing and crowbarring times 

of the three drift tubes with respect to each other through the master 

timer. Th i s was the method of IItUI1 ing" the accelerator when beam 
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quality eroded over running periods of a few weeks due to line voltage 

drift, and changes in Marx and crowbar firing for unknown reasons. 

The pressure in the system was typi ca 11 y 2xlO~6 Torr wi th an 

operating range from ~ 5xlO~7 - 7x10 6 Torr. The lower limit was 

set by ultimate pump speed (including an LN cryopanel) whi le the upper 

1 imit is due to inability to operate the electron beam probe because of 

phosphor plate flashover (which will be described in a later section). 

Both the background gas pressure and the imperfect transparency 

of the gri ds served to reduce the beam current. The three gri ds 

reduced the beam to ~ 85% of the diode output and at 1.5xlO-6 torr 

the gas reduced the beam by another 6% so that - 80% of the diode out

put was left to enter the diagnostic tank (or an induction module). 

Although designed to operate at 2 MeV, 1 A the majority of experi

mental work was done at 1 MeV or 1.2 MeV with a corresponding drop in 

Child~Langmuir current. As noted before, due to grid and residual gas 

effects beam current was cut down to - 80% of the diode current. 

Therefore about 250 mA at 1 MeV was expected with a pulse length of 

- 3 fjS. 

While operating, the beam envelope was found to agree substan.-

tially with the calculations done by EGUN (Ref. 2.4). However the 

location of the beam waist was never precisely determined. It is quite 

1 ikely that the waist location drifted somewhat during the course of 

longtime accelerator operation due to changing focal properties as Marx 

generator voltages drifted. 

18 



ELECTRON BEAM PROBE 

The electron beam probe is depicted in Fig. It consists of 

a pivoted electron gun whose beam is di rected across the di agnos ti c 

tank to land on a P22 green phosphor coated plate. A polaroid camera 

is used to record the traces produced on the phosphor plates. 

The electron gun (Fig. 2.4) is a commercially available gun pro~ 

duced for use in black and white television sets and has a price of $5 

per gun when purchased in small quantities (l~2 dozen). The electron 

gun is powered by the OIHIF E~beam Diagnostic Probe Gun Power Supply 

(Fig. 2.5). The wiring diagram ( g.2.6) shows normal operating 

ranges for the gun elements. The electron beam is accelerated from the 

(negative) cathode potential to ground potential so that no electric 

field due to the gun is present in the diagnostics tank. e typical 

accelerating potential for the electron gun was 5 kV. The simple 

accel-decel~accel focusing arrangement used in the gun is well known 

(Ref. 2.5) and for this application provided excellent results. The 

electron beam spot on the phosphor pl ates was kept under 3 mm diameter, 

with no focusing adjustments over a wide range of path lengths (-20-

100 cm). The gun was pulsed using an HP214 pulse generator providing 

a 3 IlS long +200 V square pulse fed to the electron gun grid through a 

150 nf, 20 kV 'isolating capacitor. Additional electron gun current 

enhancement was achieved when necessary by using a PARC EGG pulser 

connnected to the cathode through another capacitor. Both pulsers were 

slaved to the Cesium Injector master timer to achieve synchronization 

with the ion beam pulse. When mounted in the diagnostic tank the elec

tron gun, wire leads, and pivot are all shielded by a stainless steel 
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sleeve (Fig. 2.7) to prevent sparking initiated by ions, electrons, and 

gas bursts. 

The phosphor coated plate was made by rolling stainless steel 

sheet metal to have a radius of curvature of 12 11
, equal to the inner 

radius of the diagnostic tank. The plate was then sprayed with a solu

tion of P22 green phosphor, a binding agent, and a solvent. Once the 

pl ate was dry a 2.5 cmx2.5 em grid pattern was overlaid using 1.5 mm 

draftsmans tape. The plate was set into the diagnostic tank and held 

in place by a lead brick. By using two such plates, each ~12.8 cm 

wide, placed end to end, over 1SO@ of the diagnostic tank circumference 

was covered. 

The accelerator typically ran \fJith a repetition rate of 0.2 Hz 

controlled by a master timer. In order to gather data the polaroid 

camera used had to be synchronized with the pulse. To do this a cir

cuit was constructed to override the master timer and pulse the accel

erator when the camera shutter was opened by tying the camera's bulb 

switch to an HP power supply. The best data acquisition method was 

found to consist of letting the master timer pulse the machine two or 

three times between manual firing. The camera was timed to be as close 

to the .2 Hz repetition rate as possible, but an operator induced ti~ 

ing error of ~ 0.1 sec enters into the cycle at this point. This in 

turn affects the beam envelope and energy because of the di fferent 

recharging times the timing error all ows the Marx generators whi ch 

determine the accelerating voltages. Moreover, slight variations in 

focusing can have a disproportionately large effect upon the production 

of secondary electrons. This is because a small change in angle for 

ions at the outer fringes of the beam can easily change by factors of 
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about unity the rel atively small number of ions co 11 iding with the 

third drift tube. Thus timing errors directly affe beam neu aliza~ 

tion in a major way, thus contributing to pulse pulse data scatter. 

The major operating difficulty of the ESP was phosphor plate 

flashover. It was found that, except for a a dri breakdown due 

to a crosbar ilure~ flashover was avoided below a pressure of 

1 
~6 =7x 0 Torr, as long as a nearby i on gauge was turned off. The 

next most troublesome prob1em was the electron gun its f starting a 

discharge. This discharge was avoided by severa'] steps: 1) leaving 

the just mentioned ion gauge off; 2) operating gun below 15 kV; 

3) using the sinless steel sleeve described previously; 4) keeping 

the electron gun and surrounding hardware as clean as possible. 

The el on gun was mounted to allow rota on in the transverse 

plane of the diagnostic tank. As viewed from u tream of the gun, 

positive rotation was clockwise, with 0" defined as the electon gun 

pointing strai ght down. The fiel d of view of the Pol aroid camera in 

azimuthal extent ran from "to +58" @ 

THE DIAGNOSTIC TANK AND AUXILIARY DIAGNOSTICS 

+ Four different diagnostic devices were used in studying the Cs 

i on beam: 

1) A large Faraday cup (LFC) to measure total beam current. 

2) A small mov le Faraday cup C, R~8 probe) ~ in two 

different configurations, to measure ion beam current 

profile. 
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3) The electron beam probe (ESP) for measuring net charge 

distribution (e~,Cs+), as described in the previous 

section. 

4) A bias cylinder used in conjunction with the ESP for 

measuring the electron energy distribution. 

Di agnos ti c Tank 

As shown in g. 2.3, the diagnostic tank containing the electron 

beam probe, Faraday cups and voltage cylinder is located at the end of 

the drift tube accelerator with a 1619 diameter isolation valve in 

between. The diagnostic tank is two feet in diameter and originally 

nearly six feet long. An additional three foot section was added after 

the R~8 probe was removed to give additional drift distance for the ion 

beam (see small Faraday cup section). When the EBP was being used the 

SFC was retracted into a port to prevent interference. The separation 

between the bias cylinder and the ESP was enough that any deflection 

of the electron beam due to voltage on the cylinder was negligible. 

Large Faraday Cup 

During the experiments di scussed a 1 arge Faraday cup was pl aced 

at the downstream end of the diagnostic tank. This cup was used to 

monitor the total ion current on a pulse to pulse basis, so that data 

collected with the EBP was done with as nearly identical current 

pulses as was possible. 

Th i s cup was used as an absolute measure of the ion current. A 

major problem was the generation of plasma and secondary electrons off 

the collector when hit by the ion beam. Therefore the cup was 
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constructed as follows ( g. 8): The collector and a biasable grid 

were placed behind a grounded grid. Also the collector was surrounded 

on the sides and rear by a grounded cylinder. Separation between col~ 

lector and grids is 0.5 11 so that plasma generated by the ion beam 

impact cannot cause a breakdown interfering with the signal. The cup 

is normally operated wi th collector biased to +250 V and the first 

grid biased to ~500 V. In this manner secondary electrons generated 

off the collector are retained~ preventing spurious current 

amplification. At the same time free electrons in the diagnostic tank 

or traveling with the beam are rejected by the negative second grid 

preventing signal interference. The biasing is done through battery 

boxes capable of ~1 KV to +1 KV range. The collector signal is passed 

through the battery box and shown on a Tektronix 7834 storage oscillo~ 

scope ~ equi pped with a Pol aroid camera. 

Small Faraday Cup 

The small Faraday cup (SFC) is a 1 cm2 aperture current monitor~ 

ing device built for scanning across ion beam (Fig. 2.9). In this 

manner ion beam current density can be measured directly. 

Two different mountings for the SFC have been used. In the orig~ 

inal mounting, the SFC was movable in r~ 8, and z. This configur~ 

ation, called the R~8 Probe 9 gave maximal freedom of movement permit~ 

ting detailed scans of the entire ion beam. Unfortunately this 

confi gurati on, even when the R~8 Probe was not being used, interfered 

physically with the electron beam probe operation. Rails (Fig. 2.10) 

that supported legs for the R-8 probe to travel along blocked parts of 

the phosphor coated plates and interferred with nearby electron beam 
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trajectories. Therefore, during most of the ESP experimental work the 

R~8 probe assembly was removed from the di agnos ti c tank. The SFC was 

remounted on a rigid coaxial cable extending through a sliding seal, 

allowing travel across a diameter of the diagnostic tank (from top to 

bottom) a few cm upstream of the electron gun location. In this con

figuration the SFC could be drawn into a side port and out of the diag~ 

nost;c tank proper. This second configuration also permitted the LFC 

to be located at the downstream end of the diagnostic tank. 

The small Faraday cup consists of three components: collector, 

ring, and outer box. The outer box is grounded and has a 1 cm2 

aperture in the upstream side to allow a beamlet through. The collec

tor is oppos ite the aperture, on the inside of the box, and several 

centimeters separate the two. Placed within this spac;:e is the ring 

with its axis concentric with the apetureis center. The collector is 

biased positively to prevent secondary emission and the ring is biased 

negatively to prevent any electrons from the outside to hit the 

co 11 ec tor. 

Bias Cylinder 

After early measurements wih the ESP had given the unexpected 

result that significant numbers of electrons were trapped in the ion 

beam potent; alit was real i zed th at a method of s tr i ppi ng them out of 

the beam woul d be very useful for a number of reasons. First, the 

presence of electrons is not desired during the acceleration and focus

ing of the i on beam. Second, the EBP derived total current coul d be 

checked again the current measured on the 1 arge Faraday CUP9 provid-

ing one t of the i nvers ion techn ique used for the ESP data. Th ird 9 
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if the electrons could be stripped out as a function of energy informa-

tion helpful in the determination of the ele on dynamics might 

obtained. This last measurement could be done in at least two ways: 

Collecting the electrons directly as they are stripped out of the ion 

beam; or using the ESP to determine the 

ind irect 1 y • 

ectrons stripped out 

The method of stripping the electrons that was used was biasing a 

cylinder the beam passed through~ upstream of the ESP. Applying posi~ 

tive voltage to the cylinder allowed a measurement of the electrons 

stripped out because they were colle d onto the inder. Negative 

voltage wou'ld also strip electrons from the ion beam because the ion 

beam potential was not great enough to pull 1 the electrons through 

the negative potential inside the cylinder, however in this case elec-

trons were ejected from the cylinder so di electron current 

measurements could not be made. 

Generally, so there are no physical ob uct<ions to the beam, a 

cylinder like this should have a diameter a few times the beam diameter 

and no grids at either end to in wi the beam. Then, to ob in 

a region inside the cyl inder that is nearly equipotential (to ~l%L 

independent of r ad; us ~ the 1 inder 1 ength oul d be at 1 eas t fi ve 

times the diameter. 

the EBP was limited. 

However~ in the diagnostic tank space upstream of 

The EGUN calcul d envelope showed that the ion 

beam diameter as -15 cm. The beam passed through a valve of -40 cm 

diameter~ therefore 9 the most practical cylinder diameter was -30 cm~ 

if, to make use of all available space~ the cylinder was placed par~ 

tially inside the valve. But there was less than 1.5 m in the 

upstream end of the diagnostic tank, so a suitably long cylinder could 
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not be used. Therefore a short (30 cm) cylinder was used with 0.5 mil 

crosswires at each end supporting a 0.5 mil axial wire running through 

the cyl inder. Transparency with these wires is better than 99.9% 

reducing the number of secondary electrons to acceptable levels 

« 5 rnA). Moreover the wires ensure that the potential in the center 

pl ane of the cyl inder stays within 2 of the appl ied voltage on the 

cyl inder. The cyl inder is connected through high voltage coax both 

inside and outside the diagnostic tank to a 22 KV~ 5.5 rnA trickle power 

supply. The voltage on the cylinder was varied from ~20 kV to +20 KV 

during experiments. 

A Pearson probe ferrite core was used to measure the electron cur~ 

rent on the cyl inder. The probe was placed on the inner conductor of 

the coax connecting the power supply and the cyl inder. Output was 

viewed on the Tektronix storage scope. The cal ibration of the Pearson 

probe was 0.1 V/Amp and had a response time of a few nanoseconds. 

Signals of a few tens of millivolts were typical~ with pulses lasting 

several microseconds, so that the probe was well within its linear 

response range during its operation. 

26 



Chapter 3 - OPERATION OF THE ELECTRON BEAM PROBE 

In duct i on 

This chapter is concerned with describing the EBP data used in 

deriving the ion beam radial charge distribution, with the method used 

to invert the data, and with examining the val idity of this method •. 

The azimuthal defle ion data is ob ined from measurements of the 

photographs of the electron beam spot deflections To invert the data 

a model charge dis ibution is first assumed; the n~del parameters are 

adjusted un the difference (in a least squares sense) between cal

culated and experimentally measured azimuthal deflections are 

minimized. The computer code EBEAM is the tool used to calcul ate 

deflections for model distributions and wi 11 be discussed in detail. 

The validity of the inversion method is examined by: 

1) Testing for the sensitivity of EBEAM to violating the 

assumption of azimuthally symme ic el 

the diagnostic tank. 

ic fields in 

2) Comparing azimuthal deflections as calculated by EBEAM 

to deflections calculated analytically for a particular 

two-<limensional case. 

3) Comparing calculated deflections for large electron gun 

angles done with EBEAM to c culated deflections using a 

modified EBEAM and a finite length ion beam model to 

determine the significance, if any, of ignoring finite 

1 ength effe s. 
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Principles of Electron Beam Probe Operation 

As described in Ch. 2, the EBP electron gun directs a beam across 

the di agnos ti c tank to produce a spot on the phosphor pl ates 

(Fig. 3.1). In the presence of the changing space charge fields due 

to the drifting ion beam the electron beam path changes as well, so 

that the spot is moved rapidly (-3 ~s) through a curve on the phos

phorus plates leaving a trace that is photographed. By changing the 

elec tron gun angl e between pu lses a sequence of such traces, a data 

set, is collected (Fig. 3.2). 

For the 30 cm radius diagnostic tank and small electron gun 

angles, changing the electron gun angle by 1@ displaces the electron 

beam as it passes near the tank axis 5 mm radially from its previous 

trajectory, about twi ce the 2-3 mm beam diameter. Tak ing the electron 

beam diameter as the resolution obtainable with the probe then 0.5" 

increments are the smallest useful changes in electron gun angle. The 

electron beam can also be pulsed at 10 MHz with the HP pulse generator, 

allowing -1 cm axial resolution of the cesium beam. 

Measurement of the electron gun angle and the azimuthal deflection 

is made using a microscope fitted with a micrometer. Electron gun 

angles range from --7@ to -58@ with an RMS measurement error of ~.1 Q. 

Azimuthal deflections range in magnitude from 0 cm to < 15 cm and have 

an RMS error of :::I: 1 mm. As wi 11 be di scussed 1 ater neither of these 

errors plays a major role in the uncertainties associated with the 

derived radial charge distributions. 
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The EBEJIM Code 

EBEAM is a two-<limensional code igned to calculate electron 

trajectories given the electron gun angle, through a model charge dis~ 

tribution to determine azimuthal deflection which it then compares to 

the experimentally measured deflection. It does this for each measured 

deflection in a data set and then produces an overall estimate of how 

nearly deflections the code calculated agree with the experimentally 

measured deflections. The minimization of discrepancies in a least 

squares sense between calculation and experiment through modification 

of parameters leads to a model dis ibuti on that is a best fit to the 

actual distribution. A cutoff on parametric adjustment of the model 

distribution is naturally imposed when discrepancies between the ca 

culated and the experimental deflection data become equal to the 

experimental measurement uncertainty of the azimuthal deflect; ons. A 

useful measure of this discrepancy is the RMS deviation, C!, between 

model data and experimental data; where: 

and 

n '" number of data 

AC = EBEJIM calculated azimuthal deflection 

AE ~ experimentally measured deflection 

The azimuthal deflections are calculated in a straightforward 

manner. The program starts with the parametric inputs for the trial 

charge distribution, the experimentally measured deflections and their 
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electron gun angles, 9-g , the initial kinetic energy of the elec

tron beam, and the initial position of the electron gun in the diagnos-

tic tank. 

The program is now in a position to calculate the electron orbit 

through the space charge. It does this by calculating the electric 

field at the electron gun and then, assuming constant acceleration for 

a small distance, calculates a new position and velocity, and then con-

tinues to do this step by step. The (n+l) !st step is related to the 

n'th step by the equations 

EBEAM uses Cartesian coordinates for expressing all vector quantities. 

The electric field is calculated by determining the charge per unit 

length, Q, within r and using Gauss! Law for an infinitely long 

cylindrically symmetric charge: 

The charge/length, Q, is calculated in a separate subroutine which 

contains the parametrically controlled model radial ch arge 

dis tr i bu t i on • 

All this assumes an azimuthally symmetric beam centered in the 

diagnostic tank. However, if the ion beam is displaced from the 
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center by a small amount it is a very good approxi mati on to take the 

electric field as azimuthally symmetric about the displaced ion beam 

axis. A provision for this is in the EBEAM code and allows for a sen-

sitive method of determining the location of the ion beam axis, within 

the diagnostic tank. 

An estimate of the effect an off axis beam would have on the elec-

tric field is readily calculated. The potential, including image 

charge, for a displaced line charge in a grounded cylinder is: 

where 

z '" x +; yin th e com p 1 ex plan e 9 

z* '"" complex conjugate, 

and b '" cylinder radius, 

2:1 '" displacement of line charge 

and Zimage '" placement of image charge"" b
2 

The complex electric field produced by this potential can be written 

s impl y as 



Now from data to be presented in Ch. 4, Table 4.2, beam displace~ 

ments are known to be generally less than 4 mm. The tank radius is 

300 mm. Taking a 3 mm displacement for an example the location of the 

image charge is at 200 b or 30,000 mm "" 30 m. The electric field due 

to the image charge is roughly 1% of the magnitude of the source elec~ 

tric field. Image charge forces are negligible. 

The electron gun because it is at ground potential and extends 

roughly nine centimeters into the diagnostic tank is another perturba~ 

tion in the otherwise symmetric radial electric field. The major 

effect is to make the electric field more intense between the gun mouth 

and the beam. 

An approximation for the effect this perturbation has on the elec~ 

tron beam trajectory was included in EBEAM. Because the fiel d inten~ 

sifies so that the potential between the beam and the gun mouth is the 

same as between the beam and the tank wall, 

7 

tank wall 

-fbearn radius 

~ ~ 

Eu • d 9, '" f
un mouth 

beam radius 

Eu "" unperturbed electric field due the ion beam, 

Ep "" perturbed electric field induced by electron gun. 

The potential of the perturbed part of the field, between gun and beam, 

can be written as: 
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lectron gun mouth wall 

beam radius ectron gun mouth 

The right hand side of this equation is easy to evaluate. The approxi

mation is then to take this potential and add it to the potential of 

the electron gun itself~ 

thus modifying the electron beam initial kinetic energy. Calculation 

of the trajectory is through the unperturbed electric fiel d but wi th a 

perturbed kinetic energy. Typically this correction was less than 10% 

of the unperturbed kinetic energy, with higher order corrections 

negligible. 

Model Distributions 

The EBEPM code uses a model charge distribution Pm(r), charge! 

volume~ to calculate Q, the total charge/length~ within a radius R: 

R 

Q = 2w f rdr Pm(r) • 

o 

The model charge distribution Pm(r), is a linear combination of 

functions with parameters to control amplitude and width. These 

functions are: 
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1) Gaussian~ having amplitude and width as two parameters. 

2) Gauss ian times radius squared: 

again with amplitude and width as parameters. 

3) Trapezoid distribution of given amplitude and width~ with 

a linearly falling edge of a given slope~ giving three 

parameters. 

4) The Bennett mode 1 : 

and width parameters 

Figure 3.3 compares distributions (lL (3), and (4) for equal rms beam 

rad i us and current. Us ua 11 y two tr i a 1 funct ions at a ti me are used 

together to build a model distribution. When electrons are present one 

trial function is positive and one negative, however when electrons are 

not present two functions are still used to enable modeling of the 

large radius tail of the ion distribution. Azimuthal deflection vs. 

electron gun angle for distributions (1),(3),(4) are shown in 

Figs. 3.4,3.5, and 3.6 respectively. Note that distribution (3) as 

shown in Fig. 3.5 has a sharper breaking slope at maximum deflection 

indicative of the sharp break in the distribution and rapid falloff at 

th e mo de 1 I sed ge . 

An important feature to note~ besides the linearity of the initial 

deflection at small angles, is the shape of the curves at large angles. 

Well beyond the unneutralized ion beam rms radius, when the electron 

beam path is outside all (or nearly all) the charge~ the defle ions 

show the same dependence. Many measurements at 1 arge angl es simply 
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remeasure the total charge of the ion beam~ giving confidence this 

single most important beam characteristic can be accurately determined. 

Simple Harmonic Oscillator 

Before discussing the applicability of the two dimensional model 

to what is essentially a three dimensional problem it seems worthwhile 

to check if the program is a good representation of two dimensional 

electron beam deflection. The first check is to assure that the step 

size, lit, is small enough that the approximations are very good. The 

best test of this is to halve the step size to make certain that this 

has no effect on the results: Halving the step size in EBEAM changes 

calculated deflections by less than 5 parts in 104• A second check 

is to compare computational resul against analytic results, if a 

solvable case exists. For the electron beam there is one model charge 

distribution for which the orbit equations can be easily written: a 

uniform charge of radius R and density p. 

Consider a uniform charge density, p, of radius R. It is 

straightforward to calculate the orbit of an electron with energy 

and angul ar momentum £, within this distribution. The electrostatic 

potential is: 

-12 
EO = 8.85x10 F/m 

This is a two dimensional harmonic oscillator potential for which the 

equation of an ellipse is the orbit of a particle within the bounds of 

this potential. 

The velocity of the particle is: 
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with 

v ::: elll (r) 

The angul ar momentum: 

9, := mvr sin Gv Gv "" angl e between v and r • 

Substituting for v and writing V expl icitly: 

Now rmax and r min occur when 

rmax =: 

min 

sin s '" 1-v Rewriti ng: 

1/2 

Making use of the well known fact that orbits in a harmonic oscillator 

potential are ellipses the equation for the orbit can be written: 

The problem being considered is shown in Fig. 3.7. Only the arc PS for 

which r < R (the particle inside the potential) is of interest. This 

arc represents the path an el ectron woul d take if 1 aunched and 
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collected at a radius R at points P and S respectively. PQ 

represents the undeflected path, 0 is the defle ion, the length of 

arc between Q and S. The angle of PQ, a, is given by 

Point P is the intersection of circle and ellipse. For an eccentric 

ellipse little error is introduced if the coordinates of P are taken 

I 2 2 
(~, rmin~l~(R /rmax ))· as Two other angl es are defi ned 

From the examination of the two isosceles triangles POS and POQ it 

is apparent the angle, 9-0, subtended by arc QS is: 

Thus the def1ection, 0, is: 
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To obtain the final result showing that the deflection, 0, is linear 

in the initial angle, &g' for small angles, the small angle 

approximation for sine and tangent are used. Thus: 

-r. x mln 
a "" 

~ 4 2 R2 rmax - rmax 

Recall 

1/2 

2£oE (2:~Er 2 9,2 £0 
rmin "" ---ep mep 

Now 

9,,,,, ~R sin 9g "" ~R &g &g « 1 • 

Expanding the inner square root in the expression for r min and 

cancelling terms 

r . if!! R& • mln g 

This result is hardly surprising, but from the derivation it is seen 

th at th is express ion for r . mln is val id for 

or 

For instance, for R "" .3 m, E "" 5500 eV, p "" 2x10-7 C/m3 
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This shows the simple expression for rmin is good as long as the 

small angle approximation is appropriate. 

Finally, noting that 

and taking x = ~; 

and 

D 

Using the values given for R,E,p (.3 m, 5500 V, 2xl0~7C/m3); 

d "" 0.0581. 

The EBEPM code was also used to calculate the azimuthal deflection 

of an electron within the uniform charge distribution of p "" 

~7 2 2 x 10 .e/m and R "" 0.3 m. Table 3.1 shows how theory and code 

compare. Theory and simulation agree to - 6%, indicating a slight 

error in the code (although as noted previously the numerical integra~ 

tion is accurate to a few parts in 10,000), but agreement is good 

enough for confidence in EBEPM in general. 

The case for small angles examined has a problem of real interest 

(to the author at least:) associated with it. Both experimentally and 

numerica1ly with EBEAM it is seen that small angle deflection is linear 

in the initial angle (electron gun angle) of the electron's velocity. 

However, in attempts to work out a simple theory for small angle 
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deflection for more general (and applicable) distributions of space 

charge, an easily evaluated approximation for the general coefficient 

d in the equation, 

D "" d9 g D = deflection, 9g "" init. angle 

has not been found, but if an analytic expression could be found some 

real insight into the dynamics of the problem would be gained. 

TABLE 3.1 

Comparision of Theory and Code Deflection Calculation 

Deflection Angle, 9g (degrees) Deflection, D (cm) 

Theory ESE AM 

1 " 0.101 0.097 

2" 0.203 0.193 

3" 0.304 0.290 

4" 0.406 0.386 

5" 0.507 0.482 

6" 0.609 0.577 

7" 0.710 0.672 

8" 0.812 0.766 

g" 0.913 0.859 
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The Applicability of the Two-Dimensional Simulation 

to the Three-Dimensional Problem: The Three-Dimensional Simulation 

Now that EBEAM has been shown to agree with an analytic theory in 

two--dimensions, it is worthwhile to examine its range of validity in 

application to the actual three--dimensional analysis. Is the azimuthal 

deflection produced by the two--dimensional model equal to the maximum 

azirruthal deflection produced by a beam of finite length, in particular 

a beam of 3 m length? 

First a model of the electric elds produced by a real beam is 

needed. This is suppl ied by making use of the exact solution of the 

potent; a 1 of aline ch arge of fi n ite 1 ength in free space (ref. 3.2): 

where A is the 1 ine charge density and a the 1 ine length. The real 

boundary conditions including ground potential being at r ~ RW' 

the diagnostic tank radius, tend to make the actual electric field of 

the ion beam look more 1 ike that of an infinite beam than this model 

represen The nearness of the equipotential of the tank wall makes 

the electric field more nearly radial than it' otherwise would be. 

Therefore the model used is an upper bound on the discrepancies between 

real world and two dimensional simulation. This model should be appli~ 

cable for large angles of the electron gun, when the electron beam path 

remains outside the ion beam radius. 
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The EBEAM code was modified to calculate both azimuthal and longi

tudinal deflect; on. A few 1 ines of code su ce to add cal cul at; on of 

axial position and velocity given an equation for the axial electric 

field. The code was also modified to simulate the passage of the ion 

beam past the electron gun. Figure 3.8 shows a trace for large elec

tron gun angle (> 20") calculated by the code. Figure 3.9 shows the 

agreement between the two dimensional and three dimensional calcula

tions of azimuthal deflection at large angles. From the evidence the 

two dimensonal s imul ation is a very good model to use in determining 

the ion beam radial charge distribution. 
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Chapter 4 ~ THE EXPERIMENTAL DATA 

This chapter presen the Electron Beam Probe data and the model 

distributions of radial charge which are derived using EBEAM@ 

Supporting data from the Pearson probe and the small and 1 arge Faraday 

cups are presented as welle 

The R~ probe was used to scan the ion beam to obta in current 

density profiles. The beam was found to be off~center and elliptical 

at first. However, explanations and corrections for both problems were 

found. The distorted beam shape was due to an asymmetry of the third 

drift tube grid; this was easily corrected. The beam was recentered 

by adjusting the tilt of the third drift tube. Changing the tilt to 

first order changes the position of the electrostatic lens (DB grid) 

and so changes the beam focal spot. The original misalignment was 

traced to the hot plate being tilted at a small angle. When ESP 

experiments began in earnest the R...g. probe was removed because of its 

interference with the phosphor plates. The small Faraday cup was then 

remounted on a sliding rod. The large Faraday cup was also placed at 

the end of the diagnostic tank at that time to allow continued current 

monitoring. 

The experimental data is organized into data sets, each set 

representing one experimental run. The data sets in turn are organized 

in groups according to different configurations of the accelerator. 

These configurations are: 

1) A thin, relatively transparent curved grid on DT 3 (the original 

configuration of the accelerator). 
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2) A thick less transparent grid on DT3 to attempt an enhancement of 

secondary electrons produced from this grid over that in (1). 

3) The original thin grid back on DB, and an aperture plate on the 

end of DT2 to scrape off ions from the outer edges of the beam in 

an attempte to reduce secondary electron production off the inner 

surface of DT ~3. 

4) The original configuration (1) but with the voltage cylinder 

replaced with a biasable hexcel grid allowing a much higher frac

tional beam neutral ization. 

Information for all the data discussed is summarized in Table 4.1 

and 4.2 according to individual runs and experimental configurations. 

Experimental Errors 

Before launching into a discussion of the data and its implica~ 

tions a brief discussion of experimental errors is needed. For any 

datum provided by the electron beam probe operating with the bias 

cyl inder four quantities need to be measured: the e...gun voltage, the 

cylinder voltage. the e-gun angle, and the azimuthal deflection. All 

four are subject to some uncertainty. In general the two voltage 

measurements are good to about ±50 V generally 1% or less of the oper

ating voltages, and are treated as complete1y known quantities. The 

other two measurements are more difficult and less accurate. 

El ectron gun angle and azimuthal deflection are both measured off 

the Polaroid pictures taken pulse to pulse. The trace appears on the 

phosphor plates against a 2.5 em x 2.5 cm grid. The grid is uncertain 
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Da ta Set 

~1~82 

2~B2 

14~B2 

1-82 

1~82A 

9-2~82 

1O-22-82a 

10-22-826 

10~22~82y 

Table 4.1 

Ion Beam Line Charge and P 

Vo ltage 
Cylinder 
Bias (kV) 

Net 
Line Charge 
(EBP) (6/m) 

Neutr izat<ion 

Total 
Line Charge* 
( C) (elm) 

act. 
Neutralization** 

(l~NLC/TLC) 

Configuration I : Th i n Gri d No Aperture Pl ate 

0.0 4xl0-B 12.8xlO ~8 0.B1 

-10.0 10. Oxl0~8 12. 0.22 

+12.5 12.2xlO-8 11.9xlO~8 0.00 

Configuration II: Thick d No Aperture Plate 

0.0 2x10~B 12. 0.75 

+10.0 13.4xlO-B 12.BxlO-8 0.00 

+4.0 9.8xlO-8 12.8xlO -8 0.23 

Con guration II I: Thin Grid with Aperture Plate 

0.0 6xlO~8 12.8xlO~8 0.72 

+5.0 10 .9xlO-B 12.8xl0~B 0.15 

+15.0 13.6xlO-8 . J-8 12.Bx_O 0.00 

Confi gura ti on IV: Hexcel id Replacing Voltage Cylinder 

~30-B2 0.0 lxl0~B 12.8xl0-8 0.76 

30~82A .0 <: 10-9 12.Bxl0-8 1.00 

6-30~82B ~5.0 3.8xl0-8 12.8xl0-8 o 70 

30~~82C +5.0 7.5xl0-8 12.8xl0-8 0.41 

-8 2.8xlO Clm 1 ine charge corresponds to 150 mA for 1 MeV Cs+ 

**Fractional Neutralization is underestimated by ~10% due to neglect of 
electrons extending AD beyond front and rear the ion beam. 
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a Set 

6-2-82 

9-1-82 
9-1-8 
9-2-82 

10-22-82a 

6-30-82 

1.0 

1.5 
5.7 

o 
1.5 

3.5 

-2.5 
3.3 

4.0 

8.0 

9.0 

5 

o 

i 
) 

e 4.2 

am ial s ions a 

i 

2 .0 (2.6) ) 
16.5 (3.1)2) 

2 .0 (2.9) ) 

23.0 (_r2 (2.6)2) 

.5 (_r2 (3.5)2) 
2 .3 ( (3.3)) 

2 .1 (3.1) ) 
2 .5 (2.4) ) 
2 .0 (2.7) ) 

7 (4.2)2 

ion. p 

- 1.4 (11.7)2) 

+ 0.7 exp( (7.1)2) 

2 - 1.1 (9.5) ) 
(5.7)2) 
(9.2)2) 

- 0 ( .2)2) 

+ 0 (9.4)2) 

(8.5)2) 

7 (3.9)2) - 2.4( (6.9)2) exp( (6.9)2) 
(3.2)2) _ 0 ( (7.1)2) ( (7.1)2) 
(3 0)2) _ 0 ( (7.1)2) (_r2 (7.1)2) 

r ius. R == ) I ( B = 

aB = r 55; an ion. 

iU5* 
(em) 

o 

3.9 

5.6 

2 

(J 

) 

3.3 

3.1 
o 

3.0 

7 

3.0 

7.1 

3 
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in two regards; first, the point of origin ~ 0" un angle ~ is not 

located to better than two millimeters pu ing an absolute error of a 

few tenth s of a degree on e~gun angl e measurement. Al so the gr i d 

itself is subject to line to line errors of a millimeter [Grid errors 

affect both angle and deflection measurement but can be corrected for 

by averaging over several grid spacings.] A second level of error is 

introduced because the pi ctures are measured with a mi crometer under a 

microscope~ but again the measurement error amounts to less than a 

millimeter if care is taken. Generally total relative errors of one 

or two millimeters are acceptable when measuring over lengths of 5,10, 

20 cm. If this was all there was to the matter, then. a precise deter

mination of radial density could be expe d due to fairly precise 

measurements. 

The greatest uncertainty comes in when a s of data is to be 

collected. Though e~gun and cyl inder voltages remain the same and 

individual e-gun angle measurements remain accurate to -0.1 ". pulse to 

pulse variations in the injector produce variations in the beam and so 

variations in azimuthal deflection These variations in deflection can 

be a centimeter in the worst cases. This uncertainty was reduced by 

averaging over two or three pulses~ assuming errors in timing or volt~ 

age in the accelerator are dis ibuted about the correct value. After 

taking a large amount of data (several thousand pulses) the rms varia

tion of data was determined to be 3~4 mm after averaging 2 or 3 pulses 

for each datum. Th i s number is used to determi ne whether a model di s

tribution is acceptable. If the RMS deviation (as defined in Ch. 3) 

cr ~ 3 mm generally the model reproduces the data as well as can be 

expected. 

47 



Demonstration of the Existence of Negative Charge 

The scan from &-1~82 (Fig. 4.1, Table 4.1) is typical of what was 

first observed. This data is in conflict with the curves predicted by 

EBEAM at large electron gun angles (Fig. 3.5) for a uniform charge dis

tribution of radius 4-6 cm. In particular the rapid dropoff of deflec~ 

tion at large angles does not agree with the predicted slow dropoff due 

to the assumed 1 ogarithmi c potent; al encountered by the el ectron beam 

when its path lies outside the ion beam radius. 

Several effects might cause this disagreement, among them electron 

beam image charge forces, ion beam image charge forces, or an error in 

EBEIlM. Of these, the 1 ast one was addressed in the previous chapter 

and shown as being less than 6% of total deflection. The image charge 

forces induced by the electron beam itself are far too small to account 

for this departure from the simulation, the electron beam charge being 

rough ly six orders of magn itude 1 ess than the ion beam charge. At the 

same time ion beam image charge effects are small because the ion beam 

is only one millimeter off center as determined by EBEAM. These ano~ 

alous effects being negligible, the only explanation of this rapid 

falloff is negative charge density at larger than expected radii which 

affects the electron beam path. As the deflections are less the fields 

encountered must be smaller leading to the conclusion that negative 

space charge exists at radii beyond the expected cesium ion beam 

radius. Fi gures 4.2A and 4.2B show a model fit to the data from 6~1-82 

and the model charge distribution. Note the negative charge distribu

tion, which extends to roughly 20 cm, without which the azimuthal 

deflections EBEAM would calculate would be much too large. 
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Of course~ the real c1 incher in demonstrating the presence of 

negative space charge, presumably elec s~ is to perform an experi-

ment which shows expl icitly some contr over it. To do this the 

Voltage Cy1 inder, as described, was developed. Data on 1-82 was 

taken with the Voltage Cylinder at ground potential. Figures 4.3A and 

4.3B respectively show data taken on 2~82 and the best compu fit~ 

and the model charge distribution used to obtain the fit. In this case 

the Voltage Cy1 inder was biased ne tively about lO~OOO volts~ sweeping 

electrons from the ion beam. The large angle deflection follows very 

closely the code calculations. model dis ibution is a simple 

Gaussian beam profile: 

with r in cen meters. This demon ates at the negative space 

charge exists and is electrons. 

As additional proof of the existence of electrons (removing nega~ 

tive ions would have too much inertia to be swept away by 10 kV)9 

Fi g. 4.4 shows the varia on of azimuth flection with bias cy1 inder 

voltage at a fixed electron gun angle (e-gun angle). As the cy1 inder 

voltage increases de ection increases as well up to some maximum 

deflection. This maximum indicates that all electrons have been swept 

out of the ion beam. 

Corroborating this last observation Fig. 4.5 displays the electron 

current measured by the Pearson probe vs. Voltage Cy1 inder voltage. 

It is worthwhile noting that9 while the Pearson probe data is only 

obtained for positive bias~ the vol ge cylinder works with either 
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positive or negative bias. Negative voltage prevents electrons passing 

through the cyl inder from upstream~ positive voltage traps electrons 

in the cylinder and collects them on the walls and wires. There is a 

small negative current (off the cylinder) with negative bias due to a 

small number of secondary electrons knocked off the cylinder and its 

equipotential wires. This small current is less than 5% of the ion 

current. 

An inference as to the electron energy di stribut ion can be made 

from these two measurements. Note that both azimuthal deflection and 

electron current increase near ly 1 i near ly before approach ing maxi mum 

when they rapidly bend over and become flat. This indicates that the 

number of electrons biased out of the beam is linear in applied voltage 

indicating in turn that the electrons are uniformly distributed in 

energy up to some maximum where the knee occurs. 

Model Distributions Used 

Chapter 3 covered how a model charge distribution is constructed 

from different radial functions~ each with parameters controlling 

amplitude (charge density) and width (beam radius). The functions used 

most extensively were the Gaussian~ the modified Gaussian (A r2 

exp(~r2/cr2)), and the trapezoidal (uniform to some radius and then 

a linear falloff). Also examined was the Bennett model~ (A/(1 + 

(r/cr)2)2) although it was not used extensively. 

When tting any set of data from an EBP scan only two functions 

were combined to construct the charge distribution. This was done to 

keep the number of parameters controlling the model distribution small. 

To obtain a good fit with only four parameters controlling the model 
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charge distribution density and radius fit 30~40 data poin would 

indi cate that the model producing a good t m; prov; de informati on 

as to the underlying dynamics shaping the ion beam. 

However~ the data from the EBP can be fitted equally well using 

any number of combinations of two functions. For instance Figs. 4.6~ 

4.7 and 4.8 allow ts to the da scan of 9~1~82 and the model 

charge distributions used to obtain them. The first model is composed 

of two Gaussian functions 9 the second of a ussian and a modified 

Gaussian~ the third a trapezoidal function and a modified Gaussian. 

Their RMS deviations are 3 mm, 3 mm, and 2.5 mm respectively, virtually 

indistinguishable in light of experimental measurement error and data 

scatter. Therefore one concludes that this level of measurement 

precision no sense of underlying beam processes lay in the data. One 

does get informati on about the net charge whi ch, when compared with 

other EBP data or LFC data, yields an estimate of electron charge as a 

fraction of ion charge. The RMS radii of the positive core and nega~ 

tive halo are also consistently determined by all three models. 

Althou gh there is no discern ib 1 e difference between the dis tr ibu 

tions based upon the EBP experimental evidence 9 all the theoretical 

analysis will be done using models built from two Gaussian func ons. 

The SFC provides a picture of the ion distribution of the ions alone 

that seems well t by a Gaussian with an enhanced 11 g.4.9). 

And, as will be discussed in Chapter 5, there are strong theoretical 

reasons to expect the actual electron distribution to more closely 

resemble a Gaussian than any other simply represented distribution. 

Using a Gaussian with a negative amplitude will allow for simple 

es ti mates of electron temperature and Debye 1 ength in an attempt to 
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construct a self~consistent picture of the partially neutralized ion 

beam. 

The First Experimental Configuration 

The final scan complementing those done on &-1-<32 and &-2~82 is 

from 6~14~82. In this case the bias cylinder was biased at +12 1/2 KV. 

Figures 4.10A and 4.10B display data and computer fit, and the derived 

radial charge distribution respectively. Examination of all these data 

sets shows that while the radial charge distribution for &-2-82 (~10 KV 

on the bias cylinder) shows no explicit negative charge a small amount 

remained that was revealed only at the higher +12 1/2 KV bias cylinder 

potential. Table 4.1 gives the net line charge and corresponding cur~ 

rent as well as measured beam displacement for all the data sets to be 

discussed. This table shows 6~2~82 data yields an equivalent current 

of only 118 mA due to the presence of trapped electrons , well below 

-150 mA measured on the LFC, while 6~14~82 data yields 144 mA which is 

with; n -5%. 

The Second and Third Experimental Configurations 

With the discovery of secondary electrons, determining their 

source, as well as possible effects neutralization might have upon the 

ion beam became a primary goal of this research. The second and third 

acce lerator confi gurat ion s were des i gned to f acil Hate the determi na~ 

tion of both the electron source and, to a smaller extent, any effects 

on the ion beam. The two most 1 ikely sources of electrons are the 

third drift tube grid and the DT3 wal L Therefore, the experiments 

were designed to differentiate as much as possible these two 
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possibil ities. In addition it was hoped that information about elec~ 

tron distribution and energy might provide additional clues. 

The second set of experiments were performed with the original 

DT 3 gri d repl aced wi th a lith; ck &I gri d made up of 1/4 18 hexcel in the 

center with 1/4" wide bands (edge on to the beam) mounted on a templ ate 

to obtain the desired curvature. Thus if electrons were coming from 

only the grid~ neutral ization could go up signi cantly with the 

modification. However~ as Table 4.1 and gs. 4.11 ( 1~82A data set) 

and 4.12 (9~2~82 data set) indicate~ ere is no apparent increase in 

neutral ization. Comparison of the ~1~82 data set and its derived 

charge dis ibution th 1~82A and 9~2~82 data and th derived dis~ 

tr ibut ions demons trate the same behav i or (an el i minat i on of negat lve 

space charge with higher bias cylinder voltages) as the original three 

sets of data. Tabl e 4.1 ows that the Vol ge Cyl inder at +10 kV 

1~82A) allows a net current of 158 mA to be calculated in good 

agreement wi the large Faraday cup measurement -150 mAo In addi~ 

tion to ESP data, a comparison of current drawn onto the Voltage 

Cyl inder for posi tive bi as for times before and after the grid charge 

(Figs. 4.13, 4.14) shows a slightly smaller average current drawn off 

after the change. One possibility is that while the grid itself pro

duces more electrons the ion beam envelope is changed so that fewer 

secondary electrons are produced off the wall of the third drift tube. 

If electrons were produced in this manner in the original configura

tion, it may be that a reduction in this production overcompensates for 

increased secondary production of the grid. 

The hypothesis was partially tested by the third set of experi~ 

ments done. The original grid was replaced on DT 3. Additionally the 
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aperture of the end of DT 2 was reduced om 24 91 to 1811 diameter by 

placing a 411 wide ring around the edge. Thus if an unusually large 

fraction of electron production is from the ions near the beam edge 

this should reduce beam neutral ization substantially. 

In this regard it is worth comparing the measurement of electron 

current on the Voltage Cylinder (Fig. 4.5) after the accelerator was 

modified to th e th ird experimental confi gur at; on, to the prev ious 

measurements (4.13, 4.14). A large decrease is immediately apparent. 

Electron current has dropped to roughly half previous levels. At the 

same time i on beam current measured on the LFC rema ins the same as 

before. The aperture reduction from 24Bi to 1811 is a reduction in area 

of -44%. The ion beam envelope is 20 11 in diameter at the end of the 

second drift tube corresponding to -20% reduction. Thus the reduced 

area of the beam does not completely account for fewer electrons. So 

between -20% and -40% of the neutralizing electrons apparently come 

from the third drift tube itself. 

Let us return for a moment to the question of less electron pro~ 

duction from the thicker grid. Although not conclusive, the knowlege 

that 20%-40% of electrons come from the drift tube wall does mean that 

the proposed explanation for reduced neutralization is plausible. A 

different grid might substantially affect the small numbers of large 

radii ions. The number of secondary electrons would in turn be 

affected by any change in the flux of ion hitting the DB wall. 

However it is still inconclusive evidence and other unthought of 

mechanisms may very well playa part. 

In an attempt to determine more precisel y the or; gin of the neu

tralizing electrons 9 the azimuthal electron beam deflection vs. bias 
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cylinder voltage was observed. This was done in 

configurations using the two di DT 3 

three experimental 

and the aperture 

plate. Selected angles for the on gun were used to attempt 

observation of electrons at small ii as well as at large radii. 

Figures 4.4, 4.15 and 4.16 show typical resul small « 20@) 

medium (- 20"), and large (> ") ectt~on gun esc 

As Fig. 4.4 ows~ at small angles the azimuthal deflection 

measured is independent of vol appl i e VoHage Cyl inder. 

This is true for all three configur ons examined. Therefore this 

experiment did not distinguish between any ib le differences of 

electron distributions at small radii. dependence of azimuthal 

deflection vs. VoHage Cylinder bias ectron~gun angles is 

supporting evidence for the already easily observed electron space 

charge at larger radii. 

Two possible explanations the absence of azimuthal deflection 

variation with voltage present themselves. Fi , tha t the probe is 

simply insensitive to the number of el ons esent at smaller radii. 

cond~ that no electrons exis d at small cause of some 

of dynamics. This will be discussed in Ch. 5 includes the theory 

of electron dis ibution as the major c. 

A simple neutralization experiment was carr d out on the cesium 

ion beam (configuration IV, Tables 4.1, 4.2). Replacing the bias 

cylinder moun d at the gate valve upstream of the diagnostic tank with 

a biasable hexcel grid (1/4 11 thick) in ad, the ion beam could be 

flooded wi th secondary electrons. The from 6--30-82 show a series 
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of scans with no bias 9 ~1 kV 9 kV, and kV bias on the grid (Fig. 

4.17~4.20) and the best fit charge distribution. The data from the 

o kV case when compared with data from 14-82 and the Faraday cup 

(Table 4.2) show that the ion beam is -80% neutralized. In this case 

the electrons are distributed through the beam with no great evidence 

of existing as a negative charge density at large radii. However~ the 

data for the ~1 kV case shows an ion beam nearly completely neutral ized 

at large radii with a positive core. This could be compatible with a 

hot el ectron gas model of the neutral izing secondaries 9 1 KeV being the 

IItemperature Bi of the injected electrons of the hexcel grid. In the 

o kV case the electrons picked up off the grid are cold, having at most 

-10 eV k ineti c energy. Because the i on beam is liflooded u the space 

charge potential is much smaller as well, so that in the absence of an 

applied potential to the grid the electrons stay cold. 

The data from 6~30-82B9C (Fig. 4.19 and 4.20) serve to show the 

hexcel grid approaching operation similar to the Voltage Cylinder. At 

kV the grid, as the cylinder, simply sucks in electrons while 

retaining any that might have been knocked off its surface. On the 

other hand very few 5 KeV el ectrons waul d be reta ined by the ces ium 

beam in the kV bias case. 

Ti me Resol ved E1 ectron Beam Probe Data 

Figure 4.21 displays a comparison of a time resolved vs. an 

unresolved EBP trace. The initial rapid deflection, 220 ns~500 ns, 

agrees well with expectations of a longitudinal electric field exsiting 

only over a few centimeters near the head of the ion beam. This is due 

to three factors: 1) The geometry of the ion beam, -3 m long with 
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-5 cm r ad; us; 2) the geometry of the di agnos ti c tank ~ 3 m long and 

30 cm radius; 3) the presence of electrons in~ and surrounding ~ the 

ion beam. The electrons not only suppress the over'all magnitude of the 

electric field but also smooth out the field by adjusting their 

distribution. 

From 550 to 1650 ns the ion beam is being neutral ized slowly. The 

cause of this is not understood. From 1650 ns to the end of the pulse 

the neutral ization is more rapid. is is due to the head of the ion 

beam hitting the end of the diagnosti c tank. Because the deflection 

is already seen at 110 ns~ meaning the head of the beam has entered the 

tank, 1650 ns is taken as the me of fl i ght through the diagnosti c 

tank. A 1 MeV Cs+ beam moves with a velocity of mills, thus 

o = vt = 1650 ns x 1.2 mm/ns = 1980 mm 

o = drift distance 

1980 mm is in good agreement with the 2 m length of the diagnostic tank 

(before the additional 1 m section was added on). 

If this neutral ization could be eliminated then the ESP could be 

used to analyze the longitudinal, as well as the radial, charge 

dis tribution. The observation of the time dependence of the neutral i~ 

zation does provide another method of measuring the beam time of fl ight 

and its location within the diagnostic tank. Modulating the gating 

pulse as shown in Fig. 4.21 was achieved with the HP214B pulse genera~ 

tor set to produce 30 pulses in a train each -30 ns wide and 110 ns 

between pulses. 
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Summary 

The cesium ion beam radial charge distributions have been fit 

using two Gaussian functions to build the preferred model distribut'ion. 

These fits have RMS deviations from the data generally on the order of 

the experimental error, 3 mm. Negative space charge composed of 

trapped secondary electrons were found to exist, their source being in 

part the grid of DT 3 and in part the inner wall of DT 3. These elec

trons appear IIhot!l in the sense that they are similar to the 1 KeV 

injected electrons seen in the hexcel beam neutral ization experiment. 

However~ other mechanisms, to be discussed in the next chapter (Ch. 5). 

cannot be ruled out a priori as causes of the derived charge distribu

tions general form: A relatively high density positive core with a low 

dens ity I!hal0 II of negative charge extending beyond. Although deta 11 s 

from one set of data to another vary. this general form remains valid 

and provides excellent agreement with experiment for the case 0 V bias 

on the Voltage Cylinder. 

The ion beam. when stripped of nearly all neutralizing electrons. 

is well described by a Gaussian radial charge distribution with an 

enhanced tail at large radii. This agrees well with small Faraday cup 

measurement of ion distribution. Also 9 the total current calculated 

from the derived distributions agrees to within 5% of the large Faraday 

cup measurement of -150 mA ion current. 
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Chapter 5 - THEORY OF THE E CTRON DISTRIBUTION 

The development of a sel sistent picture the electron halo 

and the cesium ion beam is the aim of is apter. The picture that 

is argued for was ented inCh. L It is recapitul ated now: 
-+ 

Through a time dependent process the Cs neutralizes roughly 80-90%; 

of its charge as it es throu gh ird drift tube grid. The 

electrons can be viewed as a two dimension with a temperature 

corresponding to a mean thermal energy approxima y half the residual 

space charge potential, De bye 1 ength, 

can then be cul to be - 10 cm. We 

apply the theory developed by Lemons Thode ( • 5.1), according 

to which the Debye length is an iabatic invariant when the ion beam 

contracts as it drifts, heating the ec ons. Further, w'nen the beam 

radius becomes less than the Debye length electrons no longer contract. 

Thus if the i on beam contrac to suff; dentl y 1 ess than the Oebye 

length a high density core of ions develops inside a halo of low den-

sityelectrons. Qualitatively this a EBP derived charge 

distribution. The rest of this chapter addresses beam neutral ization, 

electron equilibrium~ and the effect on the ion beam envelope in detail 

to discover if the theory and the experiment are in agreement. 

Cesium Beam Neutral ization 

In Chapter 4 evidence was presented supporting a uniform energy 

distribution of electrons. Al ough no direct measurements were made 

of the neu 0.1 ization process the do. available do allow inferences 

as to what occurs. Re 1 that the i on beam~ <~ 26 cm radius, passes 
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through the curved DB grid from the acceleration gap into the drift 

tube where the accelerating gradient drops 0 rapidly to zero. 

Electrons are produced from both the grid and the tube surfaces. These 

electrons, in the absence of space charge fields. would move into the 

acceleration gap due to the residual electric field leaking through. 

However when a potential inside the drift tube due to the space charge 

becomes sufficiently large, electrons begin streaming into the ion beam 

as well (Fig. 5.1). Experimentally it is found the beam traps - 80~90% 

of its charge in electrons. Because the full potential of the ion beam 

is 4800 V (for 150 mA). this indicates that the potential developed to 

get sign ifi cant s treami ng is - 480~960 V If the el ectrons come in 

uniformly from different grounded surfaces. all starting out with a few 

tens of electron volts kinetic energy, then when they end up in the 

beam it might be expected that a uniform energy distribution from tens 

of eV's up to the residual space charge potential energy of 480-960 V 

would form. This is because. if the electrons flow in steadily. the 

first ones pick up extra kinetic energy equal to the space charge 

potential energy, while later ones pick up less as the potential is 

reduced. This continues until the beam charge is suppressed suffi

ciently by the electrons at which point net electron flow effectively 

stops. As this process occurs~ high energy electrons are lost while 

lower energy ones are trapped but. at the end, electrons with kinetic 

energies as great as the residual space charge potential energy remain. 

Because of the symmetry of the beam and the dri ft tube, there is no 

mechanism by which the electrons can gain a large azimuthal velocity, 

hence they form a two dimensional gas. 
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As the electrons come in they start bouncing around in the poten~ 

tial well (Fig. 5.2). Because the potential is changing as the ion 

beam continues to drift into the dri tube and because the electron 

orbits, confined mainly in radial and axial planes, are irregular to 

begin with, the electrons rapid1y isotropize in radial~axial velocity 

space and become uniformly distributed in configuration space. Even a 

relatively slow 100 eV electron travels the ion beam length of 3 meters 

in less than 500 ns and bounces through the beam radially in under 

100 ns. Therefore in the 3 llS it takes the ion beam to pass through 

the grid the elec ons have bounced around many times. This is very 

similar to the process which occurs in a so-called racetrack potential 

(Ref. 5.2). Consider a particle in a circular two dimensional water 

bag potentiaL The symmetry of the potential if the particle is con~ 

fined with in a radi us R keeps the part; c1 e on a closed orbit 

(Fi g. 5.3a, Ref. 5.3). However if the potential symmetry is broken by 

turning it into a tadium ll (Fig. 5.3b~ Ref. 5.3) all memory of the 

particleBs initial conditions are lost as the orbit starts to wander 

through the volume. 

A characterization of the electrons trapped in the well is possi~ 

ble in one of two related ways. The electron temperature, Te~ and 

the electron Debye length AD can be defined. The electron temper~ 

ature for 2-D gas is: 

kT e "" ~ maxi mum k ineti c energy"" average k ineti c energy • 
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This is derived defining kTe :: 1/2 mi tr ue for an ideal two 

dimensional gas and assuming that the electron energy distribution is 

rectangular. The Debye length is then: 

(1) 

where ne is determined by knowing the fraction of electrons in the 

beam and assuming uniform density at the grid and a radius <: 30 cm for 

the beam. 

The Invariance of the Debye Length 

It has just been argued that the electron distribution should be 

nearly uniform below a maximum energy, Em. The extremely useful 

results that the Oebye length is an invariant, can be obtained by mak-

ing use of the properties of such a distribution. Consider a two 

dimensional gas (no azimuthal motion) with such an energy distribution. 

Assuming uniform spatial distribution the density is given by: 

(2) 

with vm = maximum velocity~ H( x) is 

the Heaviside function~ equal to 0 for x <: 0 and 1 for x :> o. 

Because motion is in the pl ane iv can be taken as dv z dv x 

without loss of general ity With e "" tan -1 
vx/vz and d

2
v "" 

v dv de., the integral for n becomes: 
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00 

ne 0: f dv II H(vm~v) 0: vm
2 

o 
( 3) 

Now, using the same method, the pressure is found by taking the 

second moment of ne: 

00 

P e 0: f dv 
a 

Thus the general result follows: 

p 
e "" constant 

ne 

( 4) 

(5) 

This constant can be related to the Debye length in a manner consistent 

with Eq. (1): 

( 6) 

Hence the Debye 1 ength is seen to be an invariant for a two~ 

dimensional gas with a rectangular energy distribution. This result 

will be used extensively in the remaining discussion, much of which 

closely follows the development of Lemons and Thode. It must be 

pointed out, however, that this result is certainly not strictly appli

cable to the Cesium ion beam being studied. This is primarily because, 
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although the electrons are essentially confined to two-dimensional 

motion, the geometry is radial which modifies the equations, e.g.: 

00 

2 ""I d
2 

'If r ne -
o 

Nevertheless the utility of having an invariant is so great that 

the Oebye length will be taken as such. Two considerations which 

ameliorate this inconsistency are that: 

1) The electrons spend most of the time at larger radii 

where the geometry approaches a Cartes ian geometry for 

which AD is invariant. 

2) At small radii the angular momentum, ignored in this 

analysis, plays a significant role in reducing the den.-

sity from what it would be if all the electrons actually 

had exactly zero angular momentum. 

Thus one might expect the electron distribution to be insensitive to 

geometry (particularly where the electron distribution has been meas

ured with the EBP) and AD still approximately constant. 

Basic Equations for Electron EqUilibria 

A convenient model to use to find the electron equilibrium is 

presented by Lemons and Thode (Ref. 5.1) in discussing the focusing of 

intense ion beams. Because it has a certain amount of relevance to the 
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present problem and because it is simple enough to solve analytically 

the problem they discuss is presented here. 

Consider a uniform hard edge ion beam. Electrons that are 

comoving neutralize the beam but have a "temperature" T. The radial 

electron distribution can then be solved for self-{:onsistently. The 

so 1 uti on requ ires the definiti on of el ec tron temperature given in the 

previous section assuming the uniform electron energy distribution, 

rather than a Boltzmann distribution 

Assuming azimuthal symmetry, only ni(r) the radial ion, and 

the radial electron density profiles, and the 

radial electric field playa part in the non~relativistic treatment. 

The electrostatic field is determined by Poisson's equation (in 

Gaussian units): 

(7) 

The ions are uniform to the beam edge r "" a en vanish so that 

The electron distribution is determined by radial force balance. 

(9 ) 

Pressure and density are ated us in9 Eq. (6) res ted here: 
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(10) 

It is important to note that Eqs. (9) and (10) are consistent with 

each other. Al though Eq. (10) was derived under the assumption of a 

uniform distribution, both Pe and ne are local variables 

related to each other through a global invariant the Oebye length. 

Therefore, once the Debye length for the electrons has been established 

at the grid, where the beam is assumed to be uniformly partially neu~ 

tralized by an electron distribution uniform in velocity space as well, 

from then on the Oebye length (as is the emittance) is a global invari-

ant independent of the beam evolution. A different viewpoint is that 

Eq. (10) becomes the definition of the Debye length while Eq. (9) pro-

vi des the additional rel atlon needed to determi ne P e (r), and 

ne(r). For overall charge neutrality to hold of one additional 

constraint is applied: 

OJ 

f dr r(ni-ne ) ~ a 
o 

(11) 

Equations ( 11) can be so1ved for ne , Pe , and Er in 

terms of modified Bessel functions of the first and second kinds, 

In and Kn. In particular the solution for ne is given by: 
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Defining R == a1'/2 the rms ion beam radius it is apparent that 

R/AO describes local beam neutral ization; when RhO» 1 local 

neutral ization is good~ when R/AD~. 1 it is poor. gures 5.4A 

an d 5.48 (Ref. 5.1) ill us tr ate th i s res u It. 

The average temperature of the electrons can be evaluated in terms 

of the constant P efne 2"" 4ne2AD 2 and modi ed Bessel functions: 

dr I" ne 

In the event that ion beam focusing ;s gradual the electrons are 

heated and the equation for the temperature can be evaluated to find 

out by h ow mu ch • 



App' icabil ity to the Ces ium Ion Beam 

+ The Cs beam has a profile assumed uniform at the on grid 

whi ch eva lves to approxi mately Gauss i an (modified by a non-Gauss i an 

ta il) as determi ned by the SFC scan in the di agnos ti c tank. The 

details of the model therefore are not d ctlyapplicable. Yet the 

model~ especially the idea of Debye length invariance, enables a sel 

consistent analysis of the available data. Of greatest interest is 

determining, if possible, electron evolution to the observed distribu~ 

tion~ including a determination of the electron distribution in the 

core of the ion beam. 

Assume for a moment that the electrons are produced uniformly from 

the third drift tube grid, and that the beam is therefore fairly uni~ 

formly neutral ized by electrons with a Debye length roughly equal to 

the beam radius. Assume the electron distribution will not contract 

with the ion beam. Therefore the electron temperature goes up instead, 

while only details of the electron distribution change. Meanwhile the 

ion beam contracts to somewhat more than one eighth its original 

radius, the ion density rising by about sixty~four times. Thus if the 

electron density was originally equal to the ion density, after con-

traction the electron density is - 1.6% ion density. 

qualitatively quite well with the observed cesium 

This agrees 

and electron 

distributions. A comparison of maximum negative charge density 

(p (r=O)) with the core density (unbiased bias cylinder) give percent

ages of: - 305% (6-1-82), - 2.7% (9~1~82), - 3.3% (10~22~82Q) in fair 

agreement with the figure of 1.6% estimated above. 

We note that the empirically derived electron densities are 

roughly a factor of two greater than the estimate which assumed the 
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electrons do not contract at all. Thus, empirically, the evidence is 

that the electrons contracted to about half the original volume. 

Because the beam length is invariant this implies radial contraction 

by a factor of-{2 assuming the electrons stay uniform in distribution. 

For a hard edge model this means electrons contract from 30 cm radius 

to 21 cm in, surprisingly good agreement with the empi cal charge dis

tributions given in Ch. 4. However the gate valve is also 20 cm radius 

so it could be that electrons at larger radii are scraped off. 

Another way to check to see if the model of Lemons and Thode 

agrees quantitatively with the data is by calculating the Debye length 

of the electrons and comparing with an empirical estimate of AD 

derived from the EBEAM determined radial charge distribution. At the 

grid where the electron and ion distributions are assumed nearly uni

form the electron density and temperature can be estimated given the 

electron charge, which is about 80%~90% of the ion charge, thus allow~ 

ing AD to be calculated. Table 5.1 gives initial electron charge 

density, temperature, and Debye length calculated using data from 

Table 4.1. It also shows the estimated Debye 1engths from the empiri~ 

cal distributions ob ined by simply equating Debye length to the width 

of the negative Gaussian function. Again agreement is quite striking. 

The calculated and empirical Oebye lengths compare very well (see 

Table 5.1). In fact for configurations II and III agreement is better 

than 8%, really excellent considering the crudeness of equating the 

electron distribution to the negative Gaussian function. These results 

are strong justification for accepting the theory presented as esse~ 

tially correct, in particular the invariance of the Debye length, and 
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the two-d i men s ion a1 ity of the el ectron gas upon wh i ch the Te 

estimates rest as well 

Table 5.1 

Electron Gas Parameters 

E1 ectron Density 
* 

E1 ectron Temperature Debye Length 
** 

Neo Teo ( e a 1 eu 1 ate d) (empirical) 

CO NF IGURA no N I 

323 eV 8.4 em 9.9 em 

CONF IGURAT ION II 

354 eV 8.8 em 9.5 em 

CONF IGURAT ION II I 

435 eV 10.0 em 10.2 cm 

*Neo is estimated from fract. neut. data (Table 4.1) 

**T "" 1/2 (remanant beam potential) eo 

Still the possibility that the electron distribution is quite 

different, indeed that it might be hollow cannot be completely ignored. 

The next section takes up the question of finding a hollow beam 

equil ibrium. 

The Unlikelihood of a Hollow Electron Distribution 

It is possible to examine the question of whether the electron 

halo is hollow or not by mak ing use of the formal ism developed by 
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Lemons and Thode, and expanding a bit u ito si an ion beam 

of uniform density nio and radius a. f an on gas 

equal in charge to the ion space charge, cons; a 1"0 ting gas, rota~ 

tion frequency, 00, a fraction of the ion equations used 

by Lemons and Thode are modified by al So (3) ( 5) : 

(3' ) 

o ~ f ~ 1 

where is the centrifugal force term due to un iform rota~ 

tion, R is the diagnostic tank radius f is the fractional 

neutral ization of the ion beam. Again ne, and Pecan 

be solved for in terms of the modified Bessel functions In' Kno 

The radial electron density has the form: 

for I" ~ 11 

for r > 11 

With 

2 moo I 
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(Xa) - (R/X)K1(XR)) + (mro2R2/4ne 2) - (l-f}n 0.
2/2 

AG "" ~;,.,.,.,.~--=--~~---------------~--
B 

(R(X)I 1(XR) 

From exam; n ing the express ion for ne above it is clear that the 

rotational term has large effect when 2 2 a W - wp/2 "" 
2 

150 mA Cs with -40 W N2-2n n 10 e 1m • For em radius p 

1.7xl08 rad/sec. Fi gures 5.5 and 5.6 show ne (r) for the frac-

tional neutral ization f "'" 0.9; the former shows the distribution for 

the 1 atter for The 

first case corresponds to an average energy of rotation of - 10 eV, the 

second to - 5 KeV rotational energy. Clearly a hollow radial distribu-

tion given any electron energy spectrum requires rotational energy far 

greater th an any conceiv ab 1 e meeh an ism mi ght prov ide. Therefore th e 

conclusion that the electron distribution closely resembles the one 

given by Eq. (12) rather than (12') (with due modification for differ

ent ion distributions) is the one which best fits both experimental and 

theoretical evidence. 

Effect of Partial Neutralization Upon the Ion Beam Envelope 

Lemons and Thode derive an envelope equation for the RMS ion beam 

radius. They assume both a paraxial beam and one which evolves self 
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similarly with the RMS radius. They assume electron and ion total 

charges are equal. The equation obtained is: 

( d ~)2 + 2 ~ K [K (R) 
d Z R 0 

(13) 

~ 

where R "" RIA 0 ~ 

2 2 2 K "" 2NL Z. e 1M. Vis the ion beam perveance, 
1 1 Z 

as defined in Ref. 5.1. 

Zi '" i on charge state and NL is the 1 ine density of 

the beam. 

The second term on the left hand side of the equation contains the 

effects of the partially neutralizing electrons. In the limit of an 

unneutralized beam AD» R they verify that the expression reduces 

to the well known result for that case. The case at hand corresponds 

to a small range of R, with AD:;': R always true. Fortun ate 1 y the 

ion beam emittance is sma 11 enou gh -6 ) 2x10 'IT m~rad. 

(Ref. 1.10) that use can be made of the curves calculated for the zero 

emittance case giving the final beam RMS radius (Fig. 5.7, Ref. 5.1). 

The curves are labeled by beam perveance and initial focusing angle 

wh ich for the ces ium i on beam is tan2 l.jJ/K !!:! The experimentally 

verified EGUN code (ref. 2.4) provides information on the envelope of 

the unneutralized ion beam, in particular that the RMS ion beam radii 

at the th ird dri tube grid, the beam waist and the ESP location are 

73 



18.2~ 4.0~ and 7.1 centimeters respectively. Making use of Fig. 5.7 

and using AD "" 10 cm the RMS ion beam waist in the presence of 

electrons is found to be -1.3 cm. Thus the difference in the final 

radius for the two cases is a factor of three. No direct measurements 

of the ion beam waist were made~ however the RMS radius of the beam at 

the EBP position as measured on &-14-82~ 9~1-829 and 10-22-82 are 4.0, 

3.9, and 5.6 cm respectively (Table 4.2). The first two are about 

1.8 times sma 11 er th an the 7.1 cm derived from EGUN, the 1 as tis -1. 3 

times smaller. Given that there are not as many electrons as ions in 

the system in contrast to the assumptions made by Lemons and Thode, the 

smaller measured radii clearly indicate the effect of the trapped 

electrons upon the ion beam. This supports the theory although the 

comparison of beam radii is crude due to the inability to measure the 

ion beam waist. 

Conclusion and Summary 

The val ue of the EBP and the success of the computer code EBEAM 

in deriving empirical charge distributions is established. Even with 

the different distribution functions used the data inversion consist~ 

ently gave empirical charge distributions with the same RMS ion beam 

radius, the same total current, and in very good agreement with the 

LFC. The EBP performed consistently and proved itself as a useful non~ 

destructive diagnostiC of beam space charge. Time resolution (-100 ns) 

of the data has been demonstrated and can provide information on the 

longitudinal space charge distribution, as well as information on beam 

n eu tr ali z a t i on • 
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This last chapter has attempted to present a theory which gives a 

self-consistent explanation of the data presented in Ch. 4. In parti

cul ar the points addressed were: 

1) The formation of an electron halo with an RMS radius of 

~10 em measured at the position of the EBP, and if the 

dis tr i b ut ion ish 011 ow. 

2) The origin of the electrons in the halo. 

3) The ion distribution with an RMS radius of -4 cm as 

measured at the pos; tion of the EBP instead of an RMS 

radius of -7 cm predicted by the EGUN code. 

4) That the electronic charge~ the ion beam trapped is 

-80%-90"10 of the total ionic charge. 

Us ing a model proposed by Lemons and Thode ~ part; cul arly the idea 

of an invariant Debye 1 ength, it was shown that: 

1) The electron distribution RMS radius was the electron 

Oebye length as calculated from knowledge of electronic 

charge and assumptions as to mean electon energy and 

energy distribution and; 

2) The ion beam RMS radius of -4 cm is consistent with the 

cal cul at i on done by Lemons and Thode for a beam with the 

same characteristics except th they assume 100% charge 

n eu tr ali z a t i on i n th e mo del • 
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3) The calculated density of electron is at r "" 0 for a 

Oebye length of -10 em, 3.5% of ion density, agrees very 

well with the empirical results of 3.5% ( 1~82), 2.7% 

(9~1-82)9 and 3.3% (10~22~82a). 

Therefore theory and experiment are in substantial agreement in the 

regime of the Cs beam studied, of one ampere and one megavolt, 

although the theory was originally addressed to kiloampere and 

mega-ampere ion beams with kinetic energies of ~10 MeV to 10 GeV. 
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Figure 2,7 ESP Electron Gun with Sleeve 
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Figure 2.8 The Large Faraday Cup (LFC) 
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Figure 2.10 R-G Probe Support Rails 
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