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ABSTRACT

Investigation of Multi-charged Heavy Ion Production in an

Electron Beam Ion Source. ( December, 1977)

Robert Wray Hamm, B. S., University of Southwestern Louisiana;

M. S., Florida State University

Chairman of Advisory Committee: Dr. Robert A. Kenefi'rk

Measurements of multi-charged heavy ions produced in an Electron

Beam Ion Source (EBIS) have been carried out with a test model ion

source 20 cm in length. This test model utilized an electron gun placed

external to the bore of thp focussing solenoid in order to achieve elec-

trostatically focussed electron beams and isolation of the vacuum sur-

rounding the electron gun from the vacuum in the ionization region with-

in the solenoid bore. An ultrahigh vacuum system utilizing liquid ni-

trogen (77° K) cryopumping was used to achieve the low pressures needed

in th> ionization region for the operation of this ion source.

Several technical problems limited the operation of this test model

and prevented a thorough investigation of the ionization processes in

the ion source, but the experimental results have shown qualitative a-

greement with the theoretical calculations for the operation of this

type of ion source. Even with the problems of an insufficient vacuum

and electron beam focussing field, measurable currents of C and A

ions have been produced. The present experimental results suggest that

the approach taken in this work of using an external electron gun and

cryopumping in the EBIS to achieve the large electron beam current den-

sity and low vacuum necessary for successful operation is a viable one.

Such an ion source can be used to create highly-charged heavy ions for

injection into a cyclotron or other type of particle accelerator.
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CHAPTER I

INTRODUCTION

In recent years, the use of heavy ion beams in scientific research

has greatly increased. This growing use of heavy elements as accelerated

projectiles has stimulated study of the ion sources used to produce them.

The expanding requirements for ion sources for the large new heavy ion

accelerators currently in operation or under construction have provided

the impetus for the present study on the development and performance of

a aew type of ion source.

In the historical review and introduction which follows, the need

for new types of ion sources for highly-charged heavy ions is illustrated

and the Electron Beam Ion Source (EBIS) is shown to be a solution for

this need. Chapter II presents the theory of the EBIS and its operation.

A description of the apparatus designed and constructed at Texas ASM

University is presented in Chapter III, and the preliminary results ob-

tained from this device are given in Chapter IV. Interpretation of these

results, and a summary of their implications is presented in the final

chapter.

A. History of Heavy I.m Accelerators

The formation and acceleration of ions heavier than helium occurred

only a short time after the appearance of particle accelerators. Sloan

and Lawrence (1931) constructed a linear accelerating device for mercury

ions as the first heavy ion machine, and Alvarez (1940) next demonstrated

the acceleration of carbon ions in the 37-inch cyclotron at Berkeley.

Neither accelerator produced beams useful for nuclear studies, and it was

some years later before heavy ions became useful as tools in nuclear

physics. iJuclear reactions induced by heavy ions were first detected by

Miller et at. (1950) using carbon ions accelerated in the 60-inch cyclo-

tron at Berkeley. The low beam intensity (1G5 particles per second) an*3

large energy spread made these beams unsuitable for most experimental

The citations in this dissertation follow the style of the Reviews

of Modern Physics.



work, but they were sufficient for the production of transuranic elements

(Ghiorso et at., 1951). Later, a paper by Breit, Hull, and Gluckstern

(1952) pointed out many of the characteristics of heavy ion reactions

and suggested several types of experiments, which then led to further de-

velopment of heavy ion production and acceleration.

In the 3arly work at Berkeley on carbon ion acceleration, C ions

were extracted from the ion source within the cyclotron and accelerated

on the third harmon z of the deuteron acceleration frequency. Since

some of the accelerating particles were stripped to C in the residual

vacuum of the cyclotron while near the center, it was then possible for

these fully stripped ions to be accelerated on the first acceleration

harmonic for the deuteron {Miller, 1952). This method was also used for

carbon ion acceleration at Birmingham (Walker and Fremlin , 1953), Stock-

holm (Atterling, 1954), and Saclay (Debraine, 1955).

Since this essentially stochastic method provided heavy ion beams of

very low intensity and poor energy resolution, work was begun on the de-

sign and construction of cyclotrons to accelerate a specific charge state

of ions extracted from the source. In 1953, motivated by weapons re-

search, Livingston (1954) and co-workers at Oak Ridge accelerated intense

beams of N ions directly from an ion source in a specially built cyclo-

tron. In 1957, N ions were also extracted from an ion source and ac-

celerated in the 120-cm cyclotron at Leningrad (Alkhazov et at., 1956).

A large number of accelerators either constructed or modified to acceler-

ate heavy ions then followed-very quickly. These included cyclotrons,

Alvarez-type linear accelerators, and electrostatic machines such as the

tandem Van de Graaffs (Hubbard, 1961).

After this initial work, the development of heavy ion accelerators

flourished and the emphasis then turned to the production of heavier ions

and higher energies. The appearance of the variable energy isochronous

cyclotron presented the potential for acceleration of all heavy ions at

variable energies, and this versatile cyclotron, as well as the other

types of machines listed above, provided the heavy ion beams used for the

experimental work done in the 1960's (Livingston, 1970). During this

time, large heavy ion accelerators were proposed and constructed in order

to extend the range of elements and the limit of possible energies



(Blann, 1971). Synchrotrons and linacs are now being used for very high

energy heavy ions, and many new forms of heavy ion accelerators, inclu-

ding combinations of already existing types, have been proposed (Grunder,

1975, 1976).

B. Uses of Heavy Ions

Since the earliest days of heavy ion acceleration, the leading users

of heavy ions have been nuclear physicists and nuclear chemists. A great

volume of experimental work in nuclear physics and chemistry has been

successfully completed in the past 25 years through the use of heavy

ions, and this field continues to be important and interesting. The

properties which make heavy ion beams useful for the study of nuclear

physics and chemistry are their large charge and mass. The large charge

produces a strong polarizing force and the large mass causes the heavy

ion to have large linear and angular momenta. Thus, in a nuclec_" colli-

sion, a heavy ion can transfer large amounts of energy and angular mo-

mentum to the target nucleus, allowing the study of the nucleus in high

excitation and high spin states. The large baryon number also enables

the transfer of many nucleons to the target, creating exotic new nuclear

species. A heavy ion may also possess a composite character which en-

hances the transfer of clusters of nucleons, making it useful as a tool

of nuclear spectroscopy, in addition to its uses in scattering, fission,

and fusion studies (Fisher, 1975).

In addition to the study of nuclei and nuclear reactions by nuclear

physicists and chemists, researchers in atomic physics and astrophysics

have begun to use heavy ions. Even more recently, heavy ions nave re-

ceived wide-spread applications in biology, medicine, and materials

science.

In atomic physics, heavy ions are being used as tools in the x-ray

emission analysis of elements (Mowat et dl.t 1973) as well as in atomic

structure studies of highly stripped ions and their interactions with

atoms (Salzborn, 1976). Heavy ions are used in astrophysics to interpret

the spectra of stars and the origins of cosmic rays. Materials science

currently makes use of heavy ions in reactor damage simulation studies,

ion implantation, and basic solid state research, such as channeling stu-

dies (Saltmr.rsh, 1975). Biological and medical interest in heavy ions



centers on basic radiobiology and radiation therapy (White, 1971).

C. Conventional Ion Sources

In the early heavy ion ecceleration work at Berkeley, a spark-type

source was used (York et at., 1946), but most subsequent heavy ion accel-

erators have utilized an arc-type source. These sources are usually of

two types, the Penning discharge source (Penning, 1937) and the duo-

plasmatron ion source (Von Ardenne, 1956). Both have been developed and

modified for heavy ior. production at many accelerator laboratories

(Bennett, 1971). Even today they remain essentially unchanged from their

initial forms. Both of these ion sources utilize an arc-type electrical

discharge which is collimated by a magnetic field parallel to the axis

of the source. This arc discharge results in very short operational

lifetimes, and charge state production is limited to less than +10 for

practical currents1 of the very heavy elements.

For the acceleration of heavy ions in a linear electrostatic accel-

erator, the maximum attainable energy per nucleon is directly proportion-

al to the charge-to-mass ratio of the ions, Q/A. However, for a cyclo-

tron the maximum energy per nucleon is given by

£ O 2
max = k( — ) Mev/nucleon, (1.1)

_ _ A

where k is a geometrical constant determined by the size and maximum

field of the magnet (k = 147 at Texas ASM), and Q/A is the ratio of the

charge state to the atomic mass of the ions. Thus in either case, the de-

sign and use of heavy ion accelerators is very strongly dependent on the

performance of the ion source. In designing such an accelerator, the

size and hence the cost of the device needed to accelerate heavy ions to

a given energy decreases as tne charge state of the ion being accelerated

increases. For a machine already in use, the maximum attainable energy

is thus increased as the charge state of the ions is increased.

D. New Ion Source Concepts

The great surge of interest in heavy ions which occurred during the

Practical currents are defined as > 10u/sec for nuclear studies
and > 109/sec for atomic studies.



1960's, and the subsequent development of large heavy ion accelerators

made obvious the limited technology of the ion sources used for he?vy

ion production (Lind, 1970) , as well as the fundamental importance of the

ion source in the design of a heavy ion accelerator (Livingston, 1970).

The need for ion source research is still evident, as pointed out by the

Report of the Ad Hoe Panel on Heavy Ion Facilities (1974) : "We therefore

here simply emphasize that the performance of the ion source is critical

for the performance of the accelerator complex and, for this reason, the

Panel strongly recommends encouragement of ion source research and de-

velopment." The surge of interest in heavy ions which occurred in the

1960's had brought about a great amount of development work on conven-

tional ion sources. In addition to this work, research was also beguf.

on several new ion source concepts including the laser source, plasma

source, and electron cloud source.2

The laser ion source uses laser irradiation of solid heavy elements

to produce highly-charged ions in a very dense expanding plasma. The ion

pulses produced by these short laser bursts have very small emittance and

are very short, but magnetic mirror confinement can be used to make long-

er ion pulses (Peacock and Pease, 1969). Although the laser source can

theoretically produce large yields of very highly-charged heavy ions

(Tonon, 1972), it suffers from a poor duty cycle and problems in the

lifetime of the laser, as well as problems involving the extraction of

the highly-charged ions from the laser-initiated plasma burst. The for-

mer problem may improve rapidly because of the intense development of

fast repetition, high-power lasers for use in fusion studies.

The plasma source, currently developed in several different forms

(Peacock, Speer, and Hobby, 1969; Sucker, 1970; Alexeff and Jones, 1972;

Apard et at. , 1973 ) , uses energy transfer to an electron plasma by

either electron-cyclotron-resonant-heating or by a beam-plasma interact-

ion in a magnetically contained plasma. These sources are all very large

and require very large power input to generate and contain the plasmas.

In general they have large emittance values that are not very useful for

2The development of ion sources of negatively charged heavy ions
for use in tandem electrostatic accelerators is not relevant to this
work. An excellent review of this work is given by Dawton (1972) and
updated by Middleton (1976).



accelerator injection, and are limited to charge states for heavier ele-

ments that are not an improvement over conventional ion sources.

In an electron cloud ion source, a closed or open cloud of energetic

electrons is used to create positive ions which are then trapped in the

potential well of the electrons while they are stripped of their bound

electrons by successive electron impact ionization collisions with the

energetic electrons. The electron cloud itself is contained by an exter-

nally applied magnetic field. The HIPAC source (Janes et al.t 1966) rep-

resents one of the earlier studies of such an ion source. However, the

toroidal configuration of the HIPAC was originally intended for fusion

research and it suffered from plasma instabilities and difficult ion ex-

traction. The electron ring ion trap (Keefe et at., 1974) also suffers

the difficult extraction problem, and must use an electron injector ac-

celerator. In contrast to these closed electron cloud ion sources, the

open electron cloud ion source does not suffer this extraction difficulty.

The electron beam ion source, which uses a linear electron beam, is such

an open electron cloud ion source.

E. Electron Beam Ion Source

The electron beam ion source, as originally proposed and studied by

Donets, Ilyushchenko, and Alpert (1968), consists of a very dense ener-

getic electron beam magnetically focussed within a series of cylindrical

electrodes placed along the axis of a solenoid. The space charge of the

dense cylindrical electron beam creates a radial potential well. Posi-

tive ions created from a gas or vapor injected into the electron beam are

then confined within the beam by this potential well and an axial poten-

tial applied to the electrodes at each end of the beam. Successive elec-

tron impact ionizations of the confined ions then causes them to become

very highly ionized. The ion containment time required for the produc-

tion of a particular charge state is determined by the density of the

electron beam. After this period of time, the axial potential trap is

removed and the highly-charged ions are axially extracted from the elec-

tron beam.

In recent years the EBIS has shown promise as a new approach to the

creation of useful beams of multi-charged heavy ions. Theory, as well

as preliminary results, show that it is capable of producing high charge



states of all elements up to uranium. It appears to have a long opera-

tional lifetime and a very small ernittance, and produces a very stable

ion beam. The theory predicts that good yields of very highly-charged

heavy ions can be attained by using very dense electron beams within a

ve y good vacuum. Also, the EBIS has several variations in its operation

which make it adaptable to a particular type of accelerator, as well as

useful for other types of studies with multi-charged heavy ions.

The investigation of the EBIS began in 1967 by Donets and co-workers

at the Joint Institute for Nuclear Research in Dubna after the work of

Redhead (1967) had reported the production of highly-charged ions by

electron bombardment of electrostatically confined ions. Experiments

performed with a 2.3 keV electron beam of 12 A/cm2 current density in a

16.5 cm long solenoid and at a pressure of 2x10 8 Torr revealed that ions
+5 +6 +7 +19

of C , N , 0 , and Au were extracted from the ion source with a

maximum containment time of 10 msec. The relative intensities of the

charge states of nitrogen measured in their preliminary work indicated

that the ionization occurred primarily in successive steps as predicted

by theory (Donets, Ilyushcnenko, and Alpert, 1969). However, the ioniza-

tion cross sections deduced from these measurements seemed to be more

than five times greater than the theoretical values.

Following the reports of this work, a source of this type was begun

in 1970 by the ion source group at the Institut de Physique Nucleaire in
+5

Orsay, France. The source at Orsay (SILFEC) has produced ions of C ,

0 + , A + , Kr+ , and Xe+ with a 2 keV electron beam of 10 A/cm2 cur-

rent density in a pressure of 10~9 Torr for a maximum containment time

of 180 msec (Arianer et at., 1975). Work is presently continuing on im-

provement of the SILFEC, with the goal of producing an ion source for

the GANIL heavy ion accelerator project in France (Arianer and Goldstein,

1976) with ion currents greater than the present 10^ to 10^ ions/sec.

After his earlier success at Dubna with the EBIS, Donets began work

in 1971 on a cryogenic version (KRION) of this ion source. This new

version was similar to the original EBIS except that a longer, cryogenic

solenoid was used. This allowed a larger magnetic field, lower pressures-,

and low energy consumption of the solenoid in the restricted environment

of a high voltage terminal. For containment times of up to 39 msec, this



source has produced ions of C b, N , A , and xe with a 2.5 keV

electron beam of 30 A/cm 2 current density in 4j vacuum of 2x10 11 Torr

(Donets and Pikin, 1974). The containment time of 39 msec was limited

by the fact that the electron gun could only be pulsed for a maximum of

40 msec every 2 seconds. This was necessary to allow the cryogenic sys-

tem time to dissipate the heat generated within the solenoid by the in-

ternal electron gun without letting the superconducting solenoid become

normal. The successive ionization cross sections deduced from these

measurements for carbon and nitrogen ions have been compared to various

theoretical values, and again appear to exceed them (Donets and

Ilyushchenko, 1974). The goal in the construction of the KRION was to

produce more than 108 ions/pulse of bare carbon, nitrogen, and neon nuclei

for injection into the synchrophasatron in Dubna, and it is present?

being installed on that accelerator. A new KRION is also being built to

study the ionization processes vithin it (Donets, 1976).

Work began also during 1971 by the ion source group at the Institut

fur Kernphysik in Giessen, Germany, on a different approach to the EBI5

which would allow a continuous extraction of the ions. This group used

a strong field ionizer of the type developed by Glavish (1968) for a

polarized ion source to show '•.hat multi-charged xenon ions could be pro-

duced by injecting an atomic :.si on beam instead of the hydrogen beam

normally used in polarized ion sources. Using this experience, they

built a modified strong field ionizer to be used as an EBIS (Clausnitzer,

Klinger, and Salzborn, 1973). This ionizer uses the electron beam to

radially trap the ions and to further ionize them as in any other EBIS,

but differs in that the atoms are ionized by electron bombardment only

during their axial drift through the ion source. The atoms are injected

through the electron gun as an atomic beam and drift through the ioniza-

tion region to the j.on extractor. The axial potential on the electrodes

reflects the electrons rather than the ions so that a large electron

density can be attained within the ionization region. With a 4.2 keV

electron beam of 10 A/cm2 current density and a transit time of 1 msec

in the vacuum of 5xlO"8 Torr, ions of up to Kr and Xe have been

observed (Clausnitzer et at-, 1975). This ion source is now being used

extensively for measurements of atomic charge exchange cross sections of



highly-charged ions passing through various gases (Klinger, Muller, and

Salzborn, 1975) and has delivered nanoampere noble gas ion beams for

over several hundred hours. Measurements on this ion source and compari-

sons with model calculations have indicated that successive ionization

is the dominant process taking place in the production of the highly-

charged ions (Clausnitzer et al-t 1976).

A similar approach to a continuous operation EBIS began at the

Institut fur Angewandte Physik in Frankfurt, Germany in 1973. This

time-of-flight EBIS (TOFEBIS) also does not confine the ions along the

axis but does use the electron beam to ionize and radially contain the

ions. However, in the TOFEBIS the ions are injected axially as an atomic

beam at the electron collection point, and are extracted through a small

hole in the cathode of the electron gun, just the reverse of the ion

beam flow at Giessen. The work on this EBIS concept is currently in pro-

gress, with the design goal beiag to build an ion source for highly-

charged heavy ions to inject in the UNILAC linear accelerator in Danrir-

stadt, Germany (Becker and Klein, 1976; Kleinod et at., 1976).

Still another approach to the EBIS has recently been undertaken at

the Bhabha Atomic Research Centre in Bombay, India by Jain and Divatia

(1975). By applying an rf-resonant voltage to the electron beam, they

hope to run the EBIS at much higher pressures than normal by throwing

out the unwanted low charge states formed in the electron beam from the

residual gas. This work has just begun, and the construction of this

device, the resonant EBIS (REBIS), and the testing of this concept is

yet to come.

At the Cyclotron Institute of Texas ASM University, feasibility

studies on using an EBIS as an external heavy ion source for the 88-inch

variable energy cyclotron began in the fall of 1972. The construction

of an axial injection system for the polarized ion source had given the

impetus for increasing the heavy ion energies from the cyclotron by the

use of this new type of external ion source. The design and construct-

ion of the Texas ASM EBIS began in January, 1974. Construction of a

full scale test model, as well as a shorter test model were undertaken.

These models were designed to be as flexible as possible in form in or-

der to test the operation of the EBIS in several modes, and to study the



mechanisms of containment and ionization within this type of source.

The production of an ultrahigh vacuum within tho EBIS and the formation

and focussing of a very dense electron beam are stressed in the design

of this device in order to achieve ion outputs useful for cyclotron in-

jection. Cryopuinping of the ionization region in the EEIS and an elec-

trostatically convergent electron gun placed external to the solenoid

field were the methods proposed and carried out in order to achieve

these conditions. Since construction of this ion source began in 1974,

these methods have also been adopted in the EBIS research at other lab-

oratories (Donets and Ilyushchenko, 1974; Becker, Klein, and Kleinod,

1974; Arianer, MacParlane, and Ulrich, 1975).

10



CHAPTER II

THEORETICAL DESCRIPTION

A. Operating Principles

The EBIS is a linear ion containment device. The .basic ccnfiguration

of such a source is shewn schematically in Fig. l(a). A very dense elec-

tron beam is magnetically focussed through a series of cylindrical elec-

trodes placed along the axis of a solenoid. The potential distribution,

shown in Fig. K b ) , is applied to this series of insulated electrodes to

prevent the axial escape of the positive ions created by the electron

beam. The negative space charge of the electron beam produces a potential

well which radially traps the positive ions. The depth of this well can

be calculated from Gauss' law assuming a uniform cylindrical electron beam

of radius v „, and is given by

480 I E
Ai/ = — s. {i + 2 In — } volts (2.1)

vyi r

e rf
where I is the electron beam current in A, E is the energy of the elec-

e e

trons in keV, /?„ is the radius of the drift tubes, and T?~ is the radius

of the electron beam. The minimum in this potential well occurs on the

axis of the electron beam, and its variation is essentially parabolic with-

in the beam, and logarithmic between the beam and the drift tube (Smith

and Hartman, 1940).

The positive ions created by electron impact ionization collisions of

the electrons with neutral atoms inside the drift tube are thus trapped

in this potential well. These ions can then be confined within the elec-

tron beam by this potential well until they have become highly ionized by

further electron impact ionization collisions. After this confinement

period the ions are axially extracted from the electron beam by lowering

the axial potential applied to one end of the ion source, as shown in

Fig. l(b). The electrons and ions are separated in the fringing field of

the solenoid by the negative potential of the ion extractor. As a result

of this axial extraction of the confined ions from within the small

11
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FIG. 1. (a)Basic configuration of the EBIS; (b)Applied axial potentials

during containment and extraction.
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diameter electron beam, an ion beam of a very small emittance is produced.

B. Ionization Tl.eory

Several assumptions are made in order to predict the EBIS output.

First, one assumes a monoenergetic, uniform density electron beam with

complete axial symmetry of the beam and the magnetic and electric fields.

Then, as has been shown experimentally (Donets, Ilyushchenko, and Alpert,

1969; Arianer et at., 1975), the main .ionization process is successive

electron impact ionization collisions. Electron-ion recombination is cal-

culable and known to be negligible, and ion-ion charge transfer losses

are neglected because of their large coulomb repulsion. Finally, the ions

are assumed to be distributed uniformly throughout the ionization volume,

of the electron beam with a Maxwellian energy distribution.

The first assumption simplifies calculations for the electron beam

in the E3IS and, though it is not completely correct, it enables one to

give a rather good description of the ion source output. The electron

beam has only a very small energy spread due to thermal motion and this

causes a variation of the beam density with radius. However, only the

potential well shape is changed, not the well depth, and axial symmetry

still exists.

The validity of the important second assumption, the step-by-step

ionization of the trapped ions, can be seen from the ejtperimental measure-

ments of electron ionization cross sections (Schram, 1966). These data

show that the multiple ioniaation of an atom is approximately an order of

magnitude less likely than a single ionization for each additional elec-

tron being removed during the collision. Thus, if one knows the cross

section, 0. {E ), for going from charge state (i-1) to charge state i at

the electron energy E , one can calculate the average time required for

this transition to have unit probability by

u - 3 7 W •
where j is the electron beam current density in A/cm and e is the charge

6

2

on the. electron. The mean containment time necessary to produce a specif-

ic charge state q is then given in this simplified model by summing over

13



the transition times for all the charge states up to q:

•H ei=l

Calculation of these containment times for the production of certain

charge states of a specific element requires knowledge of the ionization

cross sections, 0. (E ). These values are known experimentally for only

a few multi-charged ions, so they must be calculated in most cases.

Theoretically, no exact description of this quantity exists for all elec-

tron energies, charge states, or elements. The general formulation that

has been used for these cross sections is the Bethe (1930) approximation:

a. - 1.63X10"20 I ln(Ee/Ii) , (2.4)
1 I,<E E 'I.

i e e v

where I. is the ionization energy of the ith electron of the ion in keV.

This formula was used for the HIPAC calculations (Janes et at., 1966),

but is only valid for electron energies that are much greater than the

ionization energies of the electrons being removed (E »I., for £=1,2,...,
e v

q). Becker, Klein, and Schmidt (1972) have modified this description to

make it agree with the known experimental cross sections near the max-

imum by dropping the summation, multiplying by a factor of ten, and using

the ionization potential for the most easily removed electron when going

from the (i-l)th to the -z'th ionization state:

a. g 1-63*10 (E/Tjm
V E •!. a I

e v

In addition, the functional dependence of the electron impact ioni-

zation cross sections has been represented by several empirical formulas.

The work of Drawin (lc>61) is one such representation that has been used,

but does not reproduce the known cross sections within experimental er-

rors. Then Lotz (1967a, 1967b, 1968) used the work of Rudge and Schwartz

(1965) and the data collected by Kieffer and Dunn (1966) to derive the

semi-empirical formula:
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N

a. = T ai'<?i ln(E /I.) { 1-b .exv \.e . (1-E /I.) ]} , (2.6)

e %

where the summation is over the N subshel.Ls of the atom or ion, a-, b.,

and care constants taken from experimented data, and q . is the number of

equivalent electrons in the ith subshell. The fits of the Lotz formula

to some of the data reported by Kieffer and Dunn (1966) are shown in Fig.

2. iMost experimental data can be approximated by this formula within

10% over the whole energy range between the threshold energy and 10 keV,

and all experimental results can be approximated within experimental er-

rors. This success was the basis for the use of the Lotz 3emi-empirical

formula in the theoretical projections made in the present work (Hamm

and Kenefick, 1973). The extrapolation of this formula to high charge

states has been shown to be valid in this energy range for several dif-

ferent elements (Donets and Ilyushchenko, 1974; Donets and Pikin, 1975).

In order to calculate the ionization cross sections with this for-

mula, the successive ionization potentials of the electrons of the ele-

ments are needed. Once again, only a small number of these potentials

have been experimentally measured (Mocre, 1970). These numbers have been

calculated by Carlson et at. (1970) for all charge states of all known

elements with an approximation formula using only the quantum data from

the neutral atoms of tue elements. The values calculated in this manner

are in good agreement with the available experimental data, and have been

shown to be in good agreement with Hartree-Fock-Slater calculations for

very highly-charged heavy ions (Becker, 1'lein, and Schmidt, 1972).

Using these values for the successive ionization potentials and the

Lotz relationship (Eq.(2.6)) for the successive ionization cross sections,

one can then use Eq.(2.3) to calculate the mean ionization time required

for a particular charge state a. Fig. 3 shows iruch a calculation for

several charge states in krypton, showing the normalized containment time,

T.. (J =1), as a function of the normalized electron energy, E /I*. The

minimum in each curve occurs near the electron energy that corresponds

to the maximum in the cross section for the removal of the last electron.

This maximum in the ionization cross sections is seen experimentally to
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krypton as a function of the normalized electron energy.
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occur at ^2 to 3 times the ionization energy of the particular electron

being removed. This fact can then be used to minimize the containment

time for a particular charge state by an appropriate choice of the elec-

tron beam energy.

Since others have shown the validity of this simplified model,

one can also study the time evolution of all of the charge state abundan-

ces of an element by solving the set of differential equations given by:

~i = k.C. ,- k.,.C. , i=O,l,...,q , (2.7)
~ T 7 I* Is —X. U>J- Is
(It

where C.=/V.//i/,, and k .=-3 a ./e, with the condition that Cn(t=O) =1 and

C. (t=0)=0 for i~i\. Here N. is the number of ions of charge state i and
^ t

i]„ is the number of initial neutral atoms present. The value of q is

given by either the number of electrons in the atom (Z) or by the maxi-

mum degree of ionization obtainable with the electron energy being used,

this being the last electron when E >I..
Hi

The results obtained from these equations for the ions of argon, as-

suming an electron beam energy of 2.5 koV, are presented in Fig. 4. The

charge state distribution is plotted as a function of the normalized con-

tainment time T'., which is the containment time in seconds for a current
Is

density of 1 A/cm2. The normalized containment time found from Eq. (2.3)
+8

for A at the electron energy given here is indicated in the figure by

the arrow. The proportionality of the ionization cross section to the

number of equivalent electrons-in the electron shells is clearly seen in

argon by the break in the charge state distribution for the +5 and +14

ions. The distribution of the +15 and +16 ions is due however to the

fact that the last electron that can be removed in argon by a 2.5 keV

electron is the 16th one. The two remaining electrons in the innermost

shell are bound too tightly to be removed by this energy.

Additional parameters can be added to this simple ion time evolution

theory to account, for the continuous injection of atoms and other ioniza-

tion processes. Such calculations have been done by Baron (1973), Darling,

Meghan, and Davis (1972), and Salop (1973, 1974). The effect of these

additional parameters on the EBIS measurements in this work will be des-

cribed later.
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using the above assumptions for this successive ionization theory,

one ignores the other production and loss mechanisms and calculates the

upper limit of the ion production within this ion source by assuming that

the ion charge density is equal to the electron beam charge density

throughout the ionization volume at the end of the containment time T for

maximum production of the qth charge state. The average current for the

charge state q is then found by taking the product of the electron charge

density and the ionization volume, multiplying by the fraction of total

ions found in charge state q, and dividing by the time required for each

ion pulse. This yields as the expression for the maximum current of par-

ticles with charge state q:

I = 5.28X10"* £ ~S~- )iA' <2-8)

q e

where 1 is the ionization length in cm, and x' is the normalized contain-

ment time in seconds for the maximum production of charge state q. The

quantity f is the ratio of the charge density of ions with charge q to the

total ion charge density, and 3 is the correction factor which accounts

for the entire ion production cycle, including the neutral atom injection

time T. ., the containment time T , and the extraction time T . . This

correction factor is then given by

T. ,+T +T .
3 = ">3 1 ext ( 2 > 9 )

and is always a quantity greater than unity.

The value for the quantity / can be determined for any charge state

at its maximum value from the solution of Eq. (2.7) as shown in Fig. 4

(p. 19). Thus, for a given ionization length and set of electron beam

parameters, one can then solve Eq. (2.8) by calculating x' with the aid of

Eq. (2.3). The results obtained from such a calculation are shown in Pig. 5

for parameters obtainable with the Texas ASM prototype EBIS. The charge

states in the calculation were chosen such that the final energy of these

ions accelerated on the Texas A&M cyclotron would be 10 MeV/nucleon. The

electron gun extraction voltage was set at 7 kV and the atom injection

10
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FIG. 5. Estimated upper limit currents for the Texas A&M prototype

EBIS.
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and ion extraction times- were chosen to be 100 )isec. Extraction of the

ions from the one meter long electron beam was assumed to be complete,

and residual gas contributions to the ion output were assumed to be negli-

gible. One now turns to the assumption of a negligible background gas

contribution, which can readily be translated into a vacuum requirement

within the EBIS.

C. Vacuum Considerations

The background gas atoms are also ionized and trapped by the electron

beam and will thus cause the electron space charge to be neutralized more

rapidly. If one assumes that the ions created from the residual gas are

a fraction C of the total ions trapped in the beam at the neutralization

time, then the residual pressure P within the ionization region can be

shown to be given by

P < 1.5X10 - — Torr, (2.10)

where a (E ) is the cross section for the ionization of the background
r s —16

gas in units of 10 cm2. In a baked ultrahigh vacuum system, the main

residual gas is the hydrogen evolved from the walls of the system (Wheeler,

1972). Thus, the ionization cross section for hydrogen can be used for

Another vacuum requirement is given by the charge exchange between

highly-charged ions and the residual gas atoms during their ionization,

extraction, and transport. The charge exchange within the ionization

region has been shown to yield a pressure limit of

1? <: 3.0xi0~? £e_ Torr (2.11)

when the cross sections for the low energy ions are assumed to be given

by atom-atom collisions (Becker, Klein, and Schmidt, 1972). As for the

charge exchange during extraction and transport of the ions, very little

is known about the charge exchange cross sections for highly-charged

heavy ions at the extraction energies used in the EBIS. Recent experimen-

tal data (Crandall, 1977) and extrapolation of a semi-empirical theory

22



(Schmelzer, 1970) indicate that these cross sections will be at worst

10 cm . Using this estimate, the vacuum requirement for extraction

and transport of the ions can be calculated from

Pt < -3.03X10"
5 —- Torr, (2.12)

t Xj

where T is the transmission ratio of ions over the path L measured in m.

For an extraction, acceleration, and transport path of 10 m, a transmission

of 99% yields a required pressure of 3.0x10 Torr in this region. The

requirements for the vacuum in the ionization region can be demonstrated
+12

by a typical case, such as the production of A ions at 2.5 keV with a
-16 •>

required j »T. of 3,0. At this energy, a =0.09X10 cm (Kieffer and

Dunn, 1966), thus if one uses 3 =102 A/cm2 and assumes the residual gas
e

contamination to be 1%, the following values are obtained from Eqs. (2.10)

and (2J.1) :Pr<3.5xio"
10 Torr and P^l.oxio"5 Torr.

Clearly, the first requirement calls for ultrahigh vacuum techniques

within the ionization volume, with the ultimate residual pressure deter-

mining the residual gas contribution to the total ion output of the ion

source. The second requirement then serves as an upper limit to the pres-

sure of the working gas that can be used in the ionization volume. The

importance of this pressure limit in describing the ion production within

the electron beam will be examined later in this chapter. Finally, the

transport pressure limit P shows that ultrahigh vacuums are also needed

in the ion transport system to obtain complete transmission of the extract-

ed ions. Though the transport vacuum required is not nearly so severe as

the ionization region residual pressure, it must not affect the operation

of the ion source with the electron beam on and the working gas being in-

jected into the source. This means that the pumping impedance must be

high between these two regions, or differential pumping must be used.

D. Electron Beam Focussing

The containment time required for the ions in the EBIS to be able to

reach a given charge state is inversely proportional to the electron beam

current density, while the number of ions available per pulse from the

EBIS is directly proportional to the electron beam current. Maximum out-

put from this ion source thus calls for maximizing both of these
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quantities. However, an additional constraint on this procedure consists

of keeping the electron energy near the maximum of the ionization cross

section of the cliarge states desired.

Since most electron guns operate under space-charge limited condi-

tions to minimize current fluctuations due to changes in the temperature

of the emitting surface, the current emitted from an electron gun is given

by

I = P'V^ A, i (2.13)

where VQ is the voltage applied between the electron gun anode and cathode

in V, and P is a geometrical quantity for the gun in A/V , defined as the

"perveance". For a given electron gun design and gun voltage, the elec-

tron beam current is thus fixed, so the only method of increasing the

electron beam current density is to decrease the size of the electron

beam. Since there are several types of electron guns of varying perveance

and convergence, there are several methods available for injecting high

current, high density electron beams along the axis of a focussing sole-

noid.

The simplest method is from an electron gun placed inside the sole-

noid along the axis of the uniform magnetic field. This type of electron

focussing is known as immersed or confined flow, and gives an electron

beam that has the same diameter as the cathode. The beam envelope has

an outward scalloping structure, with the magnitude of the scallops in-

versely proportional to the focussing field of the solenoid. Thus, the

maximum current density that can be obtained is equal to the emission cur-

rent density of the cathode when a very large focussing field is used,

and such emission densities never exceed 100 A/cm2 (Jenkins and Trodden,

1965).

Another type of confined flow is that in which the electron gun is

placed on the axis of the solenoid in the fringe field so that the elec-

tron trajectories follow the magnetic field lines. Thus the electron

beam is "compressed" and the current density achieveable from such a

semi-immersed electron gun is greater than the totally immersed gun by

the convergence ratio of the fringing field, usually only a factor of

2 or 3. The beam still has a scalloped structure, and requires a very
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large focussing field. The properties of both types of immersed gun elec-

tron beams have been very thoroughly studied because of their use in elec-

tron beam tubes (Ivey, 1954; Susskind, 1956; Dow, 1958; Beck, 1964).

The third method of magnetic beam focussing uses a Pierce type con-

vergent electron gun (Pierce:, 1954; Brewer, 1957) placed external to the

bore of the solenoid and shielded from the magnetic field. This type of

focussing, founded or principles given by Brillouin (194^, achi . JS a

smooth beam by a balance of the space-charge, centrifugal, and Lorentz

forces acting on the electrons. The use of the electrostatically conver-

gent electron gun in this manner yields current densities of up to several

hundred A/cm2, values which are much higher than those for immersed flow.

This method is usually called Brillouin flow, or space-charge-balanced

flow, and has also been very thoroughly studied because of its extensive

use in traveling-wave electron tubes (Wang, 1950; Mendel, 1955; Brewer,

1959). The properties of these beams have been studied both theoretically

and experimentally (Smith and Hartman, 1940; Cutler and Hines, 1955; Cutler

and Saloom, 1955; Herrmann, 1958; flmboss and Gallagher, 1964).

By using the equations of motion for the electrons in a magnetic

field, Busch's theorem, and Gauss' theorem, one obtains the axial magnetic

field necessary to focus the electron beam in each type of flow:

B o = 1.477'C — 7 7 ^ — kG, (2.14)

where V is the electron beam voltage in kv, r. is the focussed electron
® J

beam radius in mm, and C is a function that is determined by the type of

flow being used. For Brillouin flow, C=l; for the semi-immersed flow,

C={l-(ii> /tii )2}~ , where \b /i) is the ratio of the magnetic flux through
CO CO

the cathode of the electron gun to the. magnetic flux through the focussed

electron beam. The completely immersed flow yields C as a calculable
funct: on of (r -2? J /r. , where r is the maximum radius of the focussed

max / / max
beam. This value can be computed numerically. For instance, using
(r -r ,)/*» =0.1 yields C = 4, and (r -Pj/r~=0.01 yields C=25. These
max j j max j J

results show .that Brillouin flow is the most efficient form of focussing

in terms of the magnetic field strength required. In addition to this,

25



the smooth cylindrical beam and high current density obtainable with this

method make it the most desirable form for use in an EBIS.

In the case of Brillouin flow, the electron gun cathode and anode

are shielded from the field of the focussing magnet, and the electron

beam is ideally injected into the steeply rising magnetic field. The

shielding is always imperfect because it must contain an aperture for

the beam to pass through, so the magnetic field does not actually have

the shape of a step function. The study of this transition region in

the focussing system, and the placement of the electron gun and magnetic

shield to achieve the conditions of Brillouin flow has been performed by

several groups. Molnar and Moster (1951) have studied the relationship

between the magnetic field strength, aperture radius, beam radius, and

shield position necessary for Brillouin flow. Other theoretical and

experimental studies have been conducted by Muller (1953), Bevec, Palmer,

and Susskind (1958), and Shimada and Nishimaki (1969). These studies all

show that the optimum electron gun and magnetic shield positions are such

that the electrostatic minimum of the electron gun in the absence of a

focussing field should occur at the point on the axis where the magnetic

field has fallen off to about 70% of its full value. This value is pres-

ently accepted by most designers of Brillouin flow systems. This entrance

condition is relatively insensitive to the form of the build-up of the

magnetic field through the shield. However, the theoretical description

of the magnetic field variation in the transition region that most cor-

rectly describes the actual field on the axis of a hole of radius a in a

thin magnetic shield of high permeability with a uniform field Bo on one

side of it is given by

B z f 1 - •n-1{ta-~1(a/z) - 1 ^ / a ) 2 > , z/a>0 (Inside shield)

B° ( TT"1 {tan~l(-a/z) + 1 + ^ / a ) 2 > , z/a<0 (Outside shield)

where the origin, z/a=0, is located at the inside face of the shield, and

the thickness of the shield is unimportant as long as it is thick enough

to avoid saturation.

The magnetic field build-up in the transition region can also be
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used in Brillouin flow to further converge the electron beam as it tra-

verses this region. By a suitable choice of electron gun placement and

magnetic field build-up, the electron beam is adiabatically compressed

by the increasing magnetic field. This method of electrostatic compres-

sion followed by magnetic compression was first proposed by Pierce (1954).

The resultant total beam area compression can be very high, and the

magnetic field required for focussing is the least possible for a given

beam, but the entrance conditions for a well focussed laminar beam are

rather sensitive. Experimental, as well as theoretical studies have

been conducted on this method. Geppert (1960) first reported work with

a total area compression of an electron beam of 130 to 1, with a 16 to 1

compression by the magnetic field. A total area compression of an elec-

tron beam of 1350 to 1 has been reported by Kikushima and Johnson (1963),

and experimental studies on magnetic compression have been reported by

Vaidya and Ghandi (1964), Amboss (1969), and Seeger (1969). These studies

show that electron beam current densities of greater than 1000 A/cm are

possible with this method of focussing.

The problems involved in correct placement of the electron gun and

magnetic field build-up have now been minimized for designers of electron

beam focussing systems by the advent of digital computer analysis pro-

grams that very closely follow the experimental results observed in these

systems. Thus a designer can numerically study the effect of changes in

a focussing system very easily and produce rather quickly a system that

yields a well focussed beam. One early program capable of this type of

work was written by Boers (1965), while the most widely used electron

beam design program is by Hermannsfeldt (1973).

While the Pierce-type electron gun used for the present EBIS work

was designed by the manufacturer with the aid of t|he Hermannsfeldt pro-

gram, the placement of the magnetic shield and electron gun in the EBIS

was studied here theoretically with the Boe.vs program, since the labora-

tory computing facility dictated the use of the less complex computer

code. However, calculations repeated on the electron gun design with

this code duplicated the results obtained by the manufacturer using the

more complex code by Hermannsfeldt. Predictions of beam focussing and

theoretical fits to experimentally measured beam properties calculated
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with Boers' code are presented in a later chapter.

E. Ion Containment Dynamics

The influence of positive ions created within a magnetically focus-

sed electron beam was mentioned in work by Pierce {1944) , and the trap-

ping and extraction of these ions from within an electron beam has been

studied by Hines, Hoffman, and Saloom (1955) with an EBIS-liJ-.e structure

(the figure on p.1160 of this reference is similar to Fig. 1, p. 12 of

the present work). Their work is an extension of earlier work by

Spangenberg, Field, and Helm (1947) and they have studied the pressure

limitations for complete space-charge neutralization of an electron beam

both theoretically and experimentally. The neutralization pressure has

also been studied by Hopson (1963) as the required pressure for the elec-

tron beam to generate a plasma. Both of these investigations used mag-

netically focussed cylindrical electron beams that produced singly

charged ions from the neutral atoms injected into the device. The suc-

cessful results of these analyses imply tnat this EBIS can be analyzed

in a similar way in order to determine the dynamics of the ion contain-

ment.

According to the classification of electron streams by Lawson (1959)

or Harrison (1963), the EBTS is also just a neutralized electron beam

since the streaming motion of the electron beam predominates; that is,

the probability of a primary collision is « 1 for electrons in the beam

of the EBIS. This is in contrast to a plasma stream where the thermal

motion of the electrons is as important as the streaming motion. Since

such a neutralized stream is influenced by the collective properties of

the free charged particles in the applied electric and magnetic fields,

the mathematical tools of plasma physics can be used to study this sys-

tem. A large amount of material already exists about the behavior of

such streams from other devices that use electron beams, and the experi-

ments on these devices are essentially in good agreement with theoretical

treatments. Such neutralized beams are on the whole less complicated

than neutral plasmas. Among the processes that occur in such beams are

atomic collisions and transport phenomena, as well as the collective

phenomena of space-charge flow and charge screening.
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The appropriate parameters to characterize the EBIS "stream" are

the kinetic temperatures, number densities, fundamental lengths, and

natural frequencies of the constituents. If one assumes that the ioni-

zation of residual gases is negligible, the charged constituents in the

EBIS are the beam electrons, the secondary electrons emitted curing ion-

ization, and the ions being confined in the electron beam. However, it

will be assumed initially that the secondary electrons are unimportant

in characterizing the EBIS and can be ignored. Later discussions of the

processes in the EBIS will show the validity of this assumption.

The concept of temperature is rather difficult to delineate in the

EBIS, and is only useful as a calculational parameter. Kinetic theory

relates a temperature to the mean translational energy of each constitu-

ent in a plasma. Each mode of energy storage can thus be parameterized

by a temperature, so that in a non-equilibrium situation such as the EBIS

each constituent can have several temperatures. Also, the difficulty is

increased by each constituent having its own temperatures. Usually one

denotes the neutral gas temperature as T , the ion temperature as T. and

the electron temperature as T . In the magnetic field, the charged par-

tides can have temperatures corresponding to motion parallel or perpen-

dicular to the field, denoted as Tlf and Tx respectively. However, since

the streaming motion of the electrons predominates in the EBIS, one can

neglect the temperature component perpendicular to the magnetic field and

use the usual plasma notation (Chen, 1973) to give the temperature as:

kT = 2E /3 = 0.67 V keV, (2.16)

e e e

where V is the potential through which the electron beam is accelerated

in kV, T is in °K, and k is Bolczman's constant. The neutral gas atoms

to be ionized in the EBIS are assumed to have thermal energies given by

T =0.04 eV (Jancel and Kahan, 1966), and the resulting ions are assumed

to have temperatures T. that are different for each charge state. An
I*

approximate method for determining these temperatures will be examined

later, showing that the ion temperatures are only a few eV for all of

the ions that are contained in the EBIS.

The number densities of the constituents in the EBIS are denoted by

n for the electrons and n. for the ions. The electron number density
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is given approximately by n =J /(eU ) cm if the secondary electrons are
s e e

ignored, where V is the electron velocity in cm/sec. This density is

independent of time, whereas the ion number densities, n.(t), are func-

tions of time. The ion densities can be approximately determined by the

successive ionization model given in Eq. (2.7). As previously stated,

this is only approximate since the ion loss mechanisms have been ignored

in this calculation. At the end of the edutainment time T , one then

assumes that quasi-neutrality exists in the homogeneous beam of the EBIS

so that

n - 5* i'n.tt ) . (2.17)
e z ^ %

The properties of the electron beam can all be described in terms of

two potential differences within the EBIS, as seen in Fig. l(b) (p. 12).

The electron energy of the beam is determined by V and the electron cur-
e

rent is determined by Vo for the Pierce-type electron gun, with the ratio

V /VQ varying from 0.5 to 1.0 and Fo varying from 1.0 to 10.0 kV in the

EBIS. Assuming that the electron gun has a constant perveance and that

the electron beam is focussed by the magnetic field into a smooth Bril-

lcuin flow, one obtains an electron beam of an approximately constant

radius for these operating values of V and Fo. Using a perveance of

2.0*10 6 for the electron gun, and the Brillouin focussing field given

by Eq. (2.14) for a beam radius of 0.5 mm, yields for the electron beam

in the EBIS the following parameters:

E = e'V keV
e e

I = 6.32X10"2 vl^ A
S 3 1/ < 2 - 1 8 >

Bo = 0.743 W0/Ver kG

) = 8.05 V& A/cm2.

Thus, using this description one finds that the electron density in

the EBIS is

n - 2.74X1010 VQ (Vo/V )
Vz cm"3. (2.19)

Since Eq. (2.7) gives the relative number of each charge state for the
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containment time T , one then can determine the number density for a

given charge state q after space-charge neutralization:

q*n ~ t-n , (2.20)
<7 e

where n is determined by Eq. (2.19) and f=qn /(\in.).

The fundamental lengths of interest in the EBIS are the mean free

paths for elastic and inelastic collisions, Larmor precession radii in

the magnetic field, and Debye length. The mean free path for elastic

collisions is obtained by assuming binary Coulomb collisions with a cut-

off distance for scattering given by the Debye screening distance. This

assumption has been shown to be valid (Rose and Clark, 1967) and it makes

the total Coulomb cross section finite. Thus for Coulomb collisions be-

tween charged particles, the mean free path is given by

K - n^c.

where n. is the number density of target particles and a is the classi-

cal Coulomb cross section with a cut-off scattering distance. This cross

section is given by

ac = TT~ ' (2-22)

where

(2.23)

In Eqs. (2.22) and (2.23), qj and q2 are the projectile and target charg-
2

es respectively, mV is twice the relative kinetic energy of the parti-

cles, and n and T are the projectile number density and temperature re-
2

spectively. For the EBIS, ZnA-20 and m V =3kT, so that for electron-

ion elastic collisions, using Eqs. (2.16) and (2.19) one obtains
V ( rr •) 3/2

Xc - 6.1X10
7 -| I -2- cm, (2.24)

where q is the charge of the ion.
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For the inelastic collisions of the electrons with the ions, the

total mean free path is given by A.=(n0o ) , where 0. is the total ioni-

zation cross section for the gas being ionized and n0 is the initial num-
-16 2

ber density of gas atoms. Using the approximation that a -10 cm for

most gases used in the EBIS and nQ-0.ln , yields

I vQ e

The Debye screening length characterizes the screening effect of

oppositely charged particles on the field of a charged particle and is

derived and defined by Spitzer (1956) as

cm. (2.26)

For the EBIS one obtains, using Eqs. (2.16) and (2.19),

XD = 0.116 {V&/Vo)^ cm. (2.27)

The last fundamental lengths used to describe the EBIS are the

Larmor precession radii, given by r =my. /(eB), where v. is the velocity
L -3

perpendicular to the magnetic field B. For the electrons, r =3.37x10
X ( E / V B ) cm; but E,=kT eV and the transverse electron temperature

•*- o J- el.

nas been shown by Brewer (1959) to be given by {r /vji T , where T is
O j C O

the cathode temperature and r and r,, are the cathode and beam radii
o I

respectively. Since T -1150 °K in the EBIS, and the ratio v /•?„=!', one
G c* j

obtains for the electrons,

and similarly for the ions one obtains,

l>. = 0.145 zL cm, (2.29)

where q is the charge of the ion of mass A.

The Larmor radii are associated with one of the fundamental frequen

cies of the electron beam, the cyclotron frequencies which are defined
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as co -qh/xa, for . particle with charge q and mass m in a magnetic field
a

B. Using v =10 /2u, one obtains the frequencies for the EBIS:B B

V g B = 2.82X10
9 BQ Hz, (2.30a)

and

V. = 1.54X106 <?B0/A Hz (2.30b)

for the electrons and ions respectively. The other fundamental frequen-
2 ]A

cy is tne plasma frequency, defined as a) =(4rmq /&) . For the electrons

and ions in the EBIS, these plasma frequencies are

V = 8.97X103 n1'1 Hz (2.31a)
ep e ,

and

V. =2.1 — 2 _ _ Hz (2.31b)
iP (An.)V2%

respectively.

The ranges of values for all these quantities are shown in Table 1

for the design conditions within the Texas ASH EBIS. For the quantities

involving ion charge and mass, A ions are assumed since production

of these ions is one of the design goals for this IBIS.

Having calculated these basic stream parameters in the EBIS, one

can examine them to determine the properties of the dynamics of the ion

containment. The energies and densities in the EBIS indicate that it is

a complex non-equilibrium stream. The mean free paths indicate that the

electron-ion elastic collisions are much less important than the ioniza-

tion collisions. The number densities are certainly large enough to

make the collective effects of space charge and screening important.

However, the Deoye length of the electrons is approximately equal to the

diameter of the beam, therefore a sheatn cannot form around the beam to

shield it from the applied electric and magnetic fields. Thus the dyna-

mics of containment can be examined microscopically for an individual

ion within the electron beam.

The effect of the magnetic field on the fundamental processes in

the plasma can be seen from the calculation of the Larrnor radii. The

electron radius of gyration r ,. is seen to be muth smaller than the
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TABLE 1. Calculated parameters for the design conditions of the Texas

ASM EBIS.

Quantity Symbol Range of Values Units

Electron energy

Ion energy

Electron current

Electron current density

Electron beam potential

well depth

Electron number density

Ion number density

Electron mean free path for

ion elastic collisions

Mean free path for ionization

collisions

Debye length

Electron Larmor radius

Ion Larmor radius

Electron cyclotron frequency

Ion cyclotron frequency

Electron plasma frequency

Ion plasma frequency

Primary electron transit time

Secondary electron drift time

Transverse ion oscillation time

Mean time for electron ionization

collision

Ion-ion self-collision time

E
QE.
i,
I
e

AV

n
p
n.
^

A
e

h

r

VeB
V.
IB

V.

oso

i.

a

0.5-10.0

1.0-10.0

0.06-2.0

8.0-250.0

100.0-1000.0

3.O-4O.OX1O10

0.0-1.0X1010

4.0-60.0X105

4.0-25.0X103

0.7-1.2

2.0-8.0X10"2

1.25-2.0

2.0-8.0X109

0.3-1.0X106

1.5-5.5X109

1.0-3.0X105

2.O-8.OX1O"10

0.5-8.0X10"8

2.0-5.0X10"7

2.0-6.0X10""

0.5-1.5X10"6

keV

eV

A

A/cm2

V

e~/cm3

ions/cm3

cm

cm

mm

mm

mm

Hz

Hz

Hz

Hz

sec/cm

sec/cm

sec

sec

sec

electron beam radius and the Debye length. This means that the electrons

have a small thermal rotation superimposed on the solid body rotation

of the electron beam that occurs during injection into the magnetic
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field. The Larmor radii of the ions in the EBIS are seen to be greater

than the Debye length or electron beam diameter. This important calcula-

tion shows that the effect of the magnetic field on the ions is negligi-

ble, only causing the ion orbits to precess slightly within the electron

beam diameter. Thus the ions are magnetically free to fall through the

potential drop of the electron beam and be electrostatically confined,

much the same as they would be in an electrostatic well caused by ambi-

pclar diffusion in a non-neutral plasma.

In order to study the confinement process further, the required con-

tainment time T must be compared to other characteristic times involving

the constituents in the EBIS. These are the electron and ion transit

times in the beam, the mean collision times, and the energy relaxation

times. For the electrons in the beam, the transit time in the EBIS,

given by T =l/v , is found to be
t e

T = 0.55X10"9 V Vz sec/cm. (2.32)
t e

Similarly, for the slow electrons created during ionization, the drift

time is

T = 1.7X10"8 E~l/Z sec/cm, (2.33)
se es

where E is the energy of the slow electrons in eV. Also of interest

is the transverse oscillation time of tne ions in the potential of the

electron beam given approximately by

Tosa = ̂ ose = °-45x!°"6 *> {^j)H ^' (2.34)

where Av is the effective space-charge potential depth in V for the ions

of atomic mass A and charges q (Jain and Divatia, 1975) .

The mean collision times are related to the mean free paths given

earlier by the relationship T ~X /v. The electron ionization mean col-

lision time is then

T. = 1.9X10 V' sec. (2.35)

if

The values given in Table 1 (p. 34 ) for these transit times and mean

collision time indicate that the electrons in the beam suffer very few

collisions in their passage through the EBIS. Also, the ions are seen
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to execute many oscillations between ionizing collisions. The slow sec-

ondary electrons will also diffuse axially along the EBIS to the ground-

ed collector much faster than they are produced by ionization collisions

if the reflection of these electrons by the ion extractor voltage is

negligible. However, if these electrons are reflected, it is also pos-

sible for them to gain energy very rapidly by collisions with the other

electrons.

The energy exchange between identical parcicles due to Coulomb col-

lisions, as shown by Spitzer (1956), has a "self-collision time" given

by

11 4 AV2T*''2
T = •LX'q A J sec. (2.36)
SO i* , .

n q Ink

Using the EBIS parameters, one obtains for the electrons

, (kT ) 3 / 2

T = 1.66x10 2£__ Sec, (2.37)
es

where n is the number density of slow electrons in cm"3 and kT is
es 4 es

their mean temperature in eV. For the ions one obtains

A

T.. = 7.12X105 2 — Sec. (2.38)

Thus, Eq. (2.37) indicates that those slow electrons which do not

escape are heated very rapidly by collisions with the beam electrons,

once their density reaches only a small fraction of the electron beam

density. That such a process occurs for these secondary electrons is

borne out in the fact that the simple successive ionization theory with-

out ion loss mechanisms, the largest of which would be ion-electron re-

combination with the secondary electrons, fits the experimentally meas-

ured charge state distributions (Donets and Pikin, 1975).

For the ion-ion collisions, the self-collision time gives a measure

of how quickly a Maxwellian distribution of ion energies is formed. To

evaluate this time in the EBIS one uses n =fn /q and obtains
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\V ) A V (eV)
T.. = 2.6X10"5 U f f- sec. (2.39)
VV [V}

As shown in Table 1 (p. 34 ) this yields an ion energy relaxation time

that is much shorter than the ion containment time for all ions being

produced in the EBIS, particularly if the ion temperature remains low.

Examining the ion heating and cooling processes during ion confine-

ment, one finds that the ions gain their energy from the potential ener-

gy of their position at ionization within the electrostatic potential

of the electron beam and also from electron-ion elastic collisions. But

the electron-ion elastic collisions impart energy to the ions at a very

slow rate, given by Jancel and Kahan (1966) as

2

^ = 2.8X10"9 eV/sec, (2.40)

or, for the EBIS

= 77.0 — ^ eV/sec. (2.41)
' e

For the case of A , this rate is only a few hundred eV/sec. In the

stripping process, at each ionization the potential energy of the ions

changes by e4>, where (j> is the potential at the ionization position. The

total energy then acquired by the ion during ionization to charge state

q is given by

E. = e I <j)(r.) (2.42)
1 *

where ${v.) is the electrostatic potential at the -ith ionization position
i

v.. Janes et at. (1966) have shown that for an ion oscillating very rap-
i

idly in a potential well with a constant depth Aufl the ion energy acquir-

ed during ionization to charge state q can be calculated statistically

by

E± - q'e-".L , (2.43a)

where
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.f± = 1.1 AU0g~
1/3 . (2.43b)

In the EBIS Auo is not a constant since space-charge neutralization is

occurring as the ionization takes place. This further reduces the ener-

gy the ions acquire during ionization.

In addition, the ions are subject to a cooling process since ener-

getic ions that escape the decreasing potential well lower the average

energy of the ions remaining in the well. Linder and Hernqvist (1950)

have shown that even at space-charge neutralization, there may still be

a potential depression of a few volts in the electron beam which traps

the ions. This would indicate that the ion energy must be less than

approximately one eV per charge. This happens because the potential well

at space-charge neutralization arises from the unneutralized charge,

n~n , but since these are both large numbers, n~n may be large enough
e e +

to produce a small potential depression even though n /n is approximate-

ly unity. Here n is the total density of positive ions.

In order to numerically determine the ion energy, the microscopic

parameters for an ion are assumed to be average values for an ensemble

of ions describable by a set of fluid equations. Such an approach has

been taken by Wieseman (1972) for ions electrostatically trapped in a

potential due to ambipolar diffusion in a charged plasma containing ener-

getic electrons. He assumes that energy relaxation between the ions oc-

curs very rapidly, as in the EBIS. Following his hydrodynamical proce-

dure for representing the energy balance of the ions in the electrostat-

ic well, and assuming his approximations as being applicable to the EBIS,

one writes his result for the EBIS as

2
kT. - 5.5X10-1* kT 3- + kT . (2.44)

t e A g

But in the notation that has been used in this work, kT =2eV /3, and
e e

kT =0.04 eV, so- the ion energy in the EBIS is
9

2
kT. = 0.37 V 2- + 0.04 eV. (2.45)

i- e A

One of the observable consequences of the ion temperature is the

emittance of the ions extracted from the ion source. The emittance of
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an ion beam is defined as the area of a two dimensional phase space oc-

cupied by the particles in the beam. For a beam with axial symmetry/

eacn particle has a radial position r and a radial divergence r'=dr/dz.

The area in r-r' phase space occupied by all the particles in an ion beam

is the emittance of that ion beam. This area is usually approximated by

an ellipse of uniform density with area i'ô o' w n e r e ro anc* J >o a r e t n e

maximum values. Since v'^ depends on the axial velocity (beam energy) ,

the ernittance is energy dependent. This dependence is removed by defin-

ing a normalized emittance. The normalized emittance is defined as

e = •nror'Q&, (2.46)

where r and v' are as defined as above; and $=V/c, where V is the ion

axial velocity and a is the velocity of light. But r'$=ra, where

r=yA = (2£^/m) =(2kT ./m) . Thus the ion temperature is a direct measure
"is

of the radial velocity of the ions trapped in the electron beam. Using

the ion temperature given in tq. (2.45), one can define the EBIS norma-

lized emittance as

f °= 0.146 r f ° ^ L i l V + M i l mm-mrad. (2.47)

If one assumes that the extraction radius is -2 rnm, and solves this equa-
+R — 6

tion for Kr at V =10 kV, one obtains e= 0.054x10 m-rad. The value
&

of emittance calculated by Ton That (1972) for this beam using a simula-
-6

ted particle computer code is e=0.056><10 m-rad, and an emittance oalcu-
+25

lated by Becker, Klein, and Schmidt (1972) for U ions at an electron
-6

energy of 2.5 keV yielded e=0.042*10 m-rad. Thus, as stated earlier,

the Texas ASM EBIS is expected to produce ion beams of small emittances.
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CHAPTER III

EXPERIMENTAL APPARATUS

A. General Description

A cutaway view of the prototype EBIS constructed at Texas ASM is

shown in Fig. 6. This model uses a one meter long solenoid for focussing

the electron beam within the ionization region. The electron gun is

placed in a vacuum chamber external to the solenoid bore, and shielded

from the magnetic field by a pole piece used as one face of the cubical

vacuum chamber. This vacuum chamber is pumped by an electrostatic get-

ter-ion pump. The vacuum chamber on the other end of the solenoid con-

tains the electron collector-ion extractor assembly, electrostatic focus-

sing lenses, and the feed-throughs to the ionization region. The vacuum

in this chamber is produced by a liquid nitrogen cooled titanium sublima-

tion pump in parallel with a turbomolecular pump. Both chambers are iso-

lated from the hot filament pumps by large stainless steel gate valves

which allow pump cleaning and filament replacement without venting the

vacuum system, while keeping the conductance to the pumps very high. The

ionization chamber located within the bore of the solenoid contains the

cylindrical electrodes through which the electron beam is focussed. This

system of electrodes (drift tubes) is located within a cylindrical liquid

nitrogen dewar that also contains a liquid helium cryopumping surface,

and a shielded line for injecting the working gas. The twenty drift

tubes are each mounted independently on two insulators to allow precise

alignment of the assembly along the axis of the solenoid, and they are

vacuum gapped to allow pumping of the region within the drift tubes by

the cryosurface. The insulators are also used to support the voltage

leads necessary for application of the axial potentials to the electrodes.

After this prototype had been constructed, the one meter solenoid

was found to have magnetic field inhomogeneities that were not correct-

able, so the solenoid was disassembled and a shorter magnet was construct-

ed from some of the useable coils. A new ionization chamber was con-

structed for this short solenoid to test the electron beam focussing
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FIG. 6. Cutaway view of the Texas ASM prototype EBIS.



system, and to study the ionization processes as was to be done with the

prototype. The results obtained from this test model, as well as the

preliminary results from the prototype/ can be used to establish the de-

sign of an EBIS for use with the Texas ASM cyclotron.

The ionization region of the short test EBIS is shown in Fig. 7.

The six drift tubes are mounted on an assembly that slides into the vac-

uum chamber, and a liquid nitrogen cryosurface runs through the vacuum

chamber. This test EBIS uses a 20 cm magnet for electron beam focussing,

and only has liquid nitrogen cryopumping within the ionization chamber.

However, the rest of the device is the same as that for the prototype

described above.

In both cases, the complete ion source system is electrically ground-

ed and connected via a vacuum insulator to a magnetic analysis system,

consisting of a C-magnet with an isolated high voltage vacuum chamber.

This chamber contains current measuring instrumentation inductively coup-

led to a grounded recording system.

B. Vacuum System

The main components of the EBIS vacuum system are shown schematical-

ly in Fig. 8. The chief material used in fabrication of the system was

type 304 stainless steel. Stainless steel flanges with copper gaskets

were used for most of the demountable seals, with Viton "O"-rings used

on the few seals which did not permit copper gaskets because of structur-

al limitations. Standard ultrahigh vacuum (uhv) techniques in welding

and cleaning of all parts were practiced (Guthrie, 1963; Wh&eler, 1972).

Except for the vacuum insulator to the high voltage analysis system, no

glass was used in order to avoid a large helium background by diffusion

from the atmosphere. The entire vacuum system was designed for bake-out

at 200° C.

Sines the ultimate pressure obtainable in any vacuum system repre-

sents an equilibrium between the rate of gas production in the system

and the rate of gas removal from the system, the gas removal should be

maximized and the gas production should by minimized. The uhv materials

and techniques described above served to minimize the gas production due

to outgassing and permeation from the system components. The vacuum
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pumps were selected in order to maximize the gas removal, with simplicity

of operation and the EBIS vacuum requirements as prerequisites in the

choices.

Pumping during bake-out and stand-by operation is supplied only by

a Welch turbomolecular pump (260 liters/sec for air). During source op-

eration a liquid nitrogen cooled titanium sublimation pump (15,000

liters/sec for sir) is operated in parallel with the turbomolecular pump

on the extractor chamber. Such a combination has been shown to attain

vacuums of 10"11 Torr (Henning, 1972). Pumping of the electron gun

chamber is carried out with a 10 inch Granville Phillips Electro-Ion pump

(1400 liters/sec for air), with roughing carried out by a mechanical pump

and a liquid nitrogen trap-valve. The analysis system is pumped by a 4

inch IJRC VHS diffusion pump, with a liquid nitrogen chevron baffle (1200

liters/sec for air). In the one meter prototype, once the ionization

chamber has been pumped to a good vacuum with the pumps on each end of it,

the ultrahigh vacuum within it is produced by the cryopumping of a liquid

helium cooled surface (1000 liters/sec for air), and the liquid nitrogen

dewar surrounding the cryosurface. The cryopumping in the short test

model is provided only by a liquid nitrogen cryosurface at this point,

causing the residual pressure to be at least an order of magnitude great-

er in the ionization region. However, the ionization region in the test

model is not so conductance limited for pumping by the extractor chamber

pumping system, so this increase is reduced somewhat by the larger con-

ductance .

Pressure calculations have been carried out for the vacuum system of

the prototype source. A lumped conductance approach was used for repre-

senting the complicated pumping geometry as shown in Fig. 9. The flow

equations for this system are then given by:

P2 = Q2 + C 8(P rP 2) + C7(P3-P2)/S
6 2 (3.1)

F 4 ^4 <-6 ̂ t F 3 ; / b
P u



FIG. 9. Lumped conductance representation of the EBIS vacuum system

used for pressure calculations.

where S = C.S./{C.+S.) is the effective pumping speed of the ith pump,
ê  i i xi

The variables in these equations, as represented in Pig. 9 above,

are defined and evaluated as follows:

a) Q is the gas load of the electron gun chamber due to wall and

electron gun outgassing; 6.0x10 Torr-liters/sec.

b) C1 is the combined conductance of the electron yun chamber

flange and gate valve? 2030 liters/sec.

c) S is the pumping speed of the electrostatic sputter pump;

1400 liters/sec.

d) Q2 is the gas load in the ionization chamber due to outgassing;
_9

3.5x10 Torr-liters/sec.

e) C2 is the effective conductance of the drift tubes; 125 liters/

sec.
f) S2 is the local pumping speed of the cryosurface of total area

2
400 cm . Since only half of its surface is exposed to the gas

load, this effective pumping speed is taken to be only half of

its total pumping speed for the entire surface; 1000 liters/sec.



g) Q3 is the gas load due to outgassing in the extractor chamber;

8.0x10 Torr-liters/sec.

h) C is the combined conductance of the extractor chamber flange,

gate valve, and titanium pump baffle; 950 liters/sec,

i) C5 is the combined conductance of the elbow and bellows on the

turbomolecular pump; 380 liters/sec,

j) S3 is the pumping speed of the titanium sublimation pump;

5000 liters/sec,

k) s is the pumping speed of the turbomolecular pump; 260 liters

liters/sec.

1) Qh is the gas load in the analysis chamber due to outgassing;
-7

1.2>:10 Torr-liters/sec.

m) C^ is the combined conductance of the pump line and manifold

on the 4 inch diffusion pump used on the analysis system;

10 liters/sec,

n) SI) is the pumping speed of the 4 inch diffusion pump with the

cold trap and valve on it; 850 liters/sec,

o) C is the combined conductance between the analysis chamber and

extractor chamber; 6.5 liters/sec,

p) C? is the effective conductance between the extractor chamber

and ionization chamber; 9 liters/sec,

q) Cfl is the effective conductance between the ionization chamber

and the electron gun chamber; 0.1 liters/sec.

Using these values to solve Eqs. (3.1), the calculated pressures are
- 1 0 - 1 1 - l O

given as follows: Px =7x10 Torr, P2 =4*10 Torr, P3 =1.3><10 Torr,
-9

and P^ =7x10 Torr. A similar calculation for the 20 en EBIS yields
-1 o

approximately the same results with P2 =5x10 Torr being the only

significant change.

Another calculation of interest is the lifetime of the liquid

helium cryosurface in the prototype EBIS. Assuming a gas load of 10

Torr-liters/sec for the ionization chamber during operation yields a

lifetime of about 400 hours, at a consumption rate of about 0.75 liters

per hour. The lifetime of the cryosurface is here assumed to be cover-

age of the surface by 200 monolayers of gas. This consumption rate does
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not cover the helium loss in the transfer tube to the system, but only

the losses due to gas adsorption, radiation heating, and heat conduction

of the helium lines within the vacuum system of the EBIS. The transfer

tube, a standard vacuum-insulated transfer line with a 1/8 in. transfer

line inside a 3/4 in. vacuum jacket, should have a loss rate of about

the same magnitude as the cryosurface, yielding a total helium consump-

tion of about 1.5 liters per hour. This rate, high but not intolerable,

is necessary to obtain the residual vacuum needed in the rather inacces-

sible ionization region. Much of the cost however, could be reduced by

a recovery system for the gas, or by use of a helium refrigerator.

C. Electron Beam System

The electron beam is formed in the electron gun chamber by the

Pierce-type electron gun, injected into and focussed through the ioniza-

tion region by the magnetic field of the solenoid, and stopped by a

grounded collector at the opposite end of the ionization chamber in the

entrance to the extractor chamber. As stated earlier, the stability of

the electron beam in the EBIS is maintained by Brillouin focussing, so

the electron gun and focussing system were designed for this type of

electron flow.

The electron gun chosen for use in the EBIS is a modified Pierce-

type convergent gun of the type widely used in the traveling-wave tubes

built by the electronics industry. This 112-2B electron gun has a per-
-s y?

veance of 2.0x10 A/V and an electrostatic beam areal convergence of

about 36. It is designed to operate from one to ten kV, with a nominal

operating voltage of 6 kV. Operating characteristics for this electron

gun as measured by the manufacturer are given in Table 2.

The 112-2B electron gun is a scaled version of the 112-2A test gun,
-6 3A

a demountable electron gun with a perveance of 2.22><10 A/V . The

scaling was calculated to yield an electrostatically focussed beam of

1.0 mm diameter at 6 kV, but in order to make the cathode of the gun re-

placeable with the alignment accuracy required, an alignment hole was

drilled in the center of the cathode causing a slightly larger beam.

3Built for the Texas A&M Cyclotron Institute by Hughes Aircraft
Company, Electron Dynamics Division, Torrance, California.
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TABLE 2. Operating characteristics of the 112-2B electron gun.

Voltage (kV)

Beam Current (A)

Anode Current (A)

Perveance (A/V^2)

2

0.192

0.0025

2.15X10"6

Minimum Beam Radius (mm) 0.74

4

0.

0.

2.

0.

515

0064

04X10"

69

6

0

0

1

0

.918

.0115

.98X10"

.67

7

1.

0.

2.

0.

17

0147

00X10"

65

Minimum Beam Distance

from Anode (miri) 3.8

Minimum Current

Density (A/cm ) 24

4.0

85

4.1

180

4.1

261

This small hole also caused the beam density to bp. more sharply peaked

than the beam from the uniform cathode, much the same as the beam from

a cathode with a hole in it caused by ion bombardment (Cutler and Saloom,

1955). However, the electron beam emitted by the 112-2B gun is still

very laminar in its flow.

The demountable structure of the electrodes in this gun is primarily

for experimental testing cf electron gun designs, but has been very use-

ful for the experimental work on the development of the EBIS. For the

112-2B gun used in this work, the cathodes have been poisoned several

times by bad vacuum conditions, and the anode and focus electrode have

been coated by material sputtered with the electron beam. Thus all the

electrodes have been removed for cleaning or replacement several times,

and no deterioration in beam quality or gun performance has resulted.

The mounting method for the electron gun in the EBIS and the magnet-

ic shim used to shield the cathode from the magnetic field of the sole-

noid and obtain the proper entrance condition for injection of the beam

into the magnet are shown in Fig. 10. The shim is fabricated from low-

carbon iron and is nickel-plated to reduce outgassing in the ultrahigh

vacuum of the electron gun chamber. The wall of the vacuum chamber on

which the shim is mounted is also nickel-plated mild steel, so that the

r
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FIG. 10. Electron gun mounting and magnetic shielding configuration.
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shim and chamber wall are part of the flux return sheath enclosing the

solenoid. This mild steel chamber wall was heli-arc welded to the other

walls, all made of type 304 stainless steel, and then nickel-plated.

The magnetic shim has a 5.6 mm diameter hole of thickness 3.3 mm,

and the electron beam is focussed through this hole into the drift tubes

along the axis of the solenoid. The results of Molnar and Foster (1951)

show that for these entrance conditions, the electron beam has a diameter

of approximately 1 mm within the drift tubes, whose inside diameter is

3 mm.

The electron beam is maintained at this focussed diameter through

the drift tubes by the uniform magnetic field of the solenoid. The mag-

netic field axis must be aligned very precisely with respect to the elec-

tron beam axis for complete transmission of the beam through tlj solenoid.

Deviation of only a few milliradians from the optimum alignment has been

shown to affect the beam transmission very drastically (Nishihara and

Terada, 1968). To allow for alignment of the magnetic axis and electron

beam axis in the EBIS, the solenoid was constructed with a 2 1/4 in. in-

side diameter, while the ionization vacuum chamber was constructed with

a 2 in. outside diameter. The solenoid originally built for the proto-

type ion source was a one meter long, air core, water-cooled magnet

capable of producing an axial magnetic field of 9 kG at a current of 500

A. The magnetic axis of this solenoid was measured and found to havo

local deviations along the length of the magnet greater than 10 mrad.

In addition, it had a large linear tilt with respect to the axis of the

bore, with a curvature on each end. First order corrections could be

made to align the magnetic axis with the electron beam axis by tilting

the solenoid with respect to the ionization chamber and off-setting the

aperture in th? shiji on each end of the solenoid, but deviations of more

than 5 mrad still existed.

This solenoid was disassembled and some of the double wound pancake

coils were used, along with a piece of the original inner bore tube and

outer flux sheath, to construct a shorter version of this magnet. The

shorter solenoid has a length of 20 cm and consists of 12 double wound

pancake coils with 10 turns of wire in each layer. This magnet produces
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an axial field of 7.5 kG with a current of 500 A. The magnetic axis

still has a linear tilt, most probably due to the pitch of the large hol-

low windings, but the local deviations of the magnetic axis about this

tilted axis are less than 2 mrad. The axial magnetic field for this

solenoid, with the shims in position on each end is shown in Fig. 11 (a).

The field build-up through the small hole in the shim on the electron

gun chamber is shown in expanded view in Pig. 1 K b ) , along with the theo-

retical description of this build-up as given by Eq. (2.15).

As the electron beam leaves the solenoid, it begins to blow up in

the fringing field, and is collected by a water-cooled, grounded electron

collector. An extensive theoretical study by Ton That (1972) has estab-

lished a desired shape for such an electron collector, and the beam en-

velope calculations of Bevec, Palmer, and Susskind (1958) were used to

obtain the dimensions of the electron collector for the electron beam

in the Texas ASM EBIS. The position of the electron collector and the

calculated beam envelope are shown in Fig. 7 (p.45 ) for the test EBIS.

Computer calculations have also been made for the electron beam sys-

tem to study the electron gun and the injection of the electron beam into

the magnetic field of the solenoid. This computer simulation has been

done with a modified version of the electromagnetic focussing program

EMGUN by Boers (1968). The simulation of the 112-2B gun is shown in Fig.

12 for an operating voltage of 2 kV. The calculated perveance is 2.15x

-6 Vo

10 A/V , exactly the measured value, and the calculated beam minimum

occurs 3.9 mm in front of the anode face, which is only 0.1 mm greater

than the measured position of the minimum. The experimental current

density measured by the electron gun manufacturer and the computed cur-

rent density at the beam minimum are shown in Fig. 13. The agreement

is rather good, the difference being due to the fact that thermal effects

are ignored in the computer calculation.

For the electron beam injection calculations, the geometry in Fig.

10 (p. 5 2) for the relative electron gun, drift tube and magnetic shim

positions was assumed, along with the measured magnetic field shown in

Fig. 11 (b) (p. 56 ), and the magnitude of the magnetic field was varied

until a smooth focussed beam was obtained. Such a calculation for the

electron gun operating at 6 kV is shown in Fig. 14. The focussed beam
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finite difference space charge code EMGUN (Boers, 1968). Also shown is the predicted cathode

current density and the space-charge compensated equipotentials.



1.00

if)

LU
Q

K.75

C
U

R
R

E
N

UJ
>.50
1-

LU
Q:

.25

1 1 1 1 1 1 1

—

1

/
" / •

1 / , e 0 1 1 • •

1 1

) ©\

\

1 1 1

' 1 • • ' 1

© THEORY
EXPERIMENT

-

\

\

© \

, 1 0V. . 1

-1.0 -0.5 -0.0 +0.5

Radius (mm)
+ 1.0

FIG. 13. Comparison of the measured electron beam current density at

the beam minimum with the calculated current density for an

electron energy of 2 keV with no magnetic focussing.

55



2.0-

= 6000 VOLTS
I = 0.921 AMPS
P = 1.98 x I0"6 A/V~'2

B = 2500 GAUSS
SCALE:
I UNIT = 0.254 CM

0
4.0

AXIS

FIG. 14. Calculated focussing of the electron beam in the EBIS for an electron energy of 6 keV.



has a slight ripple in it and the focussing field is larger than the

Brillouin value, but these are due to a small flux threading the cathode.

This flux can be eliminated in future work by an axial compensating coil

behind or around the cathode. Also, the calculated beam in all cases

has a small translaminar stream that is not prominent in the experiment-

ally measured beam. This stream, and a large current loading on the edge

of the cathode are present in all of the calculations. These problems

are probably due to the large mesh spacings necessary to study the com-

plete beam injection into the magnetic field, although they were also

seen in calculations made by Boers (1968) for a very similar electron

gun.

D. Trapping and Pulsing System

The gas to be ionized in the electron beam is injected radially into

the drift tubes by a 3.2 mm diameter tube plugged into the wall of the

first drift tube within the region where the ions are contained. This

stainless steel line^is brought into the ionization chamber near the e-

lectron collector, and is isolated from the tube to which it delivers

the neutral gas by an insulator fitting that joins it to the drift tube.

The gas flow through this tube can be controlled very accurately with

a Varian Model 951-5100 variable Leak Valve. This valve is bakeable and

useable at pressures below 10 Torr, producing precisely controlled
-10

gas flow rates down to 10 Torr-liters/sec by the use of an optically

fiat sapphire and captured metal gasket seal.

The six drift tubes in the test EB I S have an inside diameter of 3 mm

and the four in the containment region have lengths of 32 mm each, while

the front tube has a length of 28 mm and the last tube has a length of

19 mm. The tubes each have a gap of about 1 mm between them, and the

first tube is mounted into the magnetic shim with an insulator so that

it is approximately 1 mm from the electron gun anode. The potentials

are applied to these drift tubes (see Fig. l(b), P- 12) by 0.5 mm wires

threaded through the insulators used to support each tube. These wires

are attached to a feedthrough in the extractor chamber, and are brought

to the ionization region in an insulator that is located in a pumping

slot made in the electron collector assembly.
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The electronics system used to apply these and the other potentials

in the EBIS is shown schematically in Fig. 15. The synchronizer unit

simultaneously drives the anode regulator on the electron gun and the

pulse ampliiier on the drift tubes so that the electron beam, as well as

the ion trap, can be pulsed. A delay built into the circuits causes the

electron gun to be turned on at least for 20 ysec before the trapping

potertial is applied to the drift tubes.

The electron gun cathode potential is variable from 0 to -3.5 kV,

and the anode can be pulsed from the cathode potential to a maximum po-

tential of +4 kV. This method of pulsing the electron gun gives an elec-

tron beam pulso with a rise time of 20 ysec, but it he.3 a fall time of

2 msec, limited by the drive circuitry. The electron beam pulse width

is variable from 30 ysec to 2.2 sec at a repetition rate of 1/3 to 500

Hz. The electron gun can also be operated in a CW mode by simply dis-

connecting the anode regulator from the synchronizer unit. The filament

heating the cathode of the electron gun is driven by an ac power supply

floating at the cathode potential. The power requirement for the heater

is 3 A at 12 V.

Trapping and extraction potentials are supplied to the drift tubes

from two resistive networks driven by powar supplies adjustable from 0

to +650 V. The trapping potential applied to each of the end drift

tubes is variable independently of the plateau voltage applied to the

tubes where ions are trapped, and the voltage applied ~o each tube can

be varied by changing the connections of the tubes to the resisti.ve net-

work. The containment pulse width is variable from 30 ysec to 1.1 sec.

The rate at which the confinement potential is lowered is also variable,

from 30 ysec to 1 msec.

At extraction, the constant potential on the electron gun cathode

is applied to the ion extractor, with an additional voltage, variable

from 0 to 0.5 kV, added to this potential. This additional potential is

necessary to prevent the electrons from axially escaping or striking the

extractor, and it also helps to focus the ions extracted from within the

electron beam in the fringing field of the magnet. The ion extractor,

with an inside diameter of 6.4 mm, can be adjusted before pumpdown with

respect to the grounded electron collector, and the whole extractor-
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collector assembly is adjustable with respect to the fringing field of

the solenoid during operation, as shown in Fig. 7 (p.45 ).

Focussing of the extracted ion beam into the analysis system is ac-

complished by an asymmetric electrostatic lens assembly mounted in the

extractor chamber, as shown in Fig. 16. The fir^t element, El, is mount-

ad just beyond the ion extractor, and the 2-3 mm gap between them is

shielded by a grounded cylindrical electrode to preserve the cylindrical

symmetry of the focussing system. This lens and ground ring are mounted

on the electron collector-ion extractor assembly. In order to be able

to remove the assembly from within the ionization chamber, a large gap

is required between El and the second electrostatic lens, E2. This sec-

ond lens and the last lens, E3, ire mounted on the extractor chamber lid.

Thus, they are fixed in position with respect to each other, and with

respect to the acceleration electrode attached to the analysis system.

As seen in Fig. 16, the inside diameter of the lenses is progressively

increased from the inside diameter of the extractor electrode to the

25.4 mm inside diameter of the acceleration tube in the analysis system.

This allows for space-charge effects in the ion pulses, and also makes

a Ion? focal length possible for the last acceleration gap. The ion

beam can then be focussed into the magnetic analysis system with the op-

timum condition {i.e. small magnification) for ion separation. The po-

tentials applied to the three lenses are each variable from 0 to -10 kv,

while the potential of the analysis system, and the acceleration tube

connected to it is variable from 0 to -20 kV.

E. Analysis System

The ions extracted from the EBIS and focussed into the analysis sys-

tem by the electrostatic lenses are charge state analyzed in q/m by a

uniform field, rectangular pole C-magnet. The analysis chamber floats

at the potential of the last acceleration lens, and is isolated from the

pole tip of the C-maynet by insulator sheets. The ions are deflected

through an angle of 30° into an isolated faraday cup floating at the vol-

tage of the analysis system.

In order to minimize the problems of focussing with the rectangular

pole magnet, ,the pole edge is set perpendicular to the exit direction of
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FIG. 16. Cutaway view of the ion beam focussing lenses in the EBIS.
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the deflected ion beam, and an intermediate radial and vertical image is

formed at the effective entrance edge of the magnet by the electrostatic

lenses. This neutralizes the astigmatic effect of the vertical magnet

edge focussing, thus minimizing the effects of zero radial focussing by

rectangular pole edges.

In the EBIS test configuration the electron collector is at ground

potential and the ions are then accelerated into the isolated analysis

system through a maximum potential drop of -20 kV. This is the reverse

of what is necessary for injection into the accelerator, but the rela-

tive focussing conditions are the same in each case, and this test con-

figuration makes experimental adjustments on the ion source much easier

than would a high voltage environment. However, the test configuration

does necessitate the measuring of small ion currents at high voltages.

These measurements are accomplished in this test EBIS by an induc-

tively coupled current amplifier. The current on the faraday cup, or on

the whole analysis system, can be read as an integrated current on a

meter floating at the analysis potential, or it can be switched into an

isolated xlO inductive loop and time monitored on an oscilloscope with

the use of a Tektronix Model P6042 current meter. The current amplifier

is calibrated with a Keith-ley Model 261 picoammeter source, and has full

scale deflections of 100 nA to 500 UA, in half decade increments. The

current meter and oscilloscope can both be calibrated by manufacturers'

procedures to an accuracy of t-5%, but the error in reading the pulse

shape and height on the oscilloscope and the noise picked up on the high

voltage faraday cup leads to absolute ion currents probably not accurate

to better than 120%.
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CHAPTER IV

EXPERIMENTAL MEASUREMENTS

A. Vacuum Results

Since the vacuum requirements in the EBIS are so severe, as shown

in Chapter II, much effort went into the achievement of the ultrahiqh

vacuum necessary for operation of this ion source. Vacuum testing was

carried out on the original one meter prototype source as well as on the

short test model.

The measurements on the origin. 1 ionization chamber were made with

it attached to the large extractor chamber on one end, but with the

electron gun chamber on the other end replaced by a blank-off tube con-

taining a nude Bayard-Alpert ionization gauge. The opening to the ion-

ization chamber was 3.8 cm, and the blank-off tube was small enough to

not significantly add to the gas load of the chamber. The pressure

measured by this gauge was thus a good indication of the vacuum attained

within the ionization region in terms of a nitrogen equivalent pressure.

After leak testing the system and attaining a pressure of less than

l.OxlO"6 Torr in the extractor chamber, the system was baked at 175° C

for 24 hours. The titanium pump was then turned on and operated during

the cooling down of the system. The liquid nitrogen dewar on the tita-
-9

nium pump was then filled. A pressure of 5.0x10 Torr was measured in
-8

the extractor chamber and a pressure of 2.0x10 Torr was measured at

the end of the ionization chamber. When the cryogenic surfaces in the

ionization chamber were cooled with liquid nitrogen (77° K ) , the pres-
-10

sure in the extractor chamber fell to 7.0x10 Torr and the pressure
— 9

at the end of the ionization chamber fell to 1.5xio Torr. This pres-

sure in the ionization chamber did not change when the valve to the a-

nalysis system was opened, and the pressure in the extractor chamber
~io

only rose to 9.0x10 Torr. The pressure in the analysis system re-

mained constant at 3.0x10 Torr throughout the test period of several

hours.

The electron gun chamber was also tested separately at a later date
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with this blank-off tube set up with a faraday cup in it to make elec-

tron current measurements with the electron gun. After baking this sys-

tern at 175° C for 24 hours, a pressure of 1.0x10 Torr was quickly at-

tained in the chamber, as measured by the nude Bayard-Alpert gauge lo-

cated in the large flange on the rear of the chamber opposite the elec-

tron gun- This pressure only rose to 2-3.Oxio Torr when the cathode
-8

of the electron gun was heated, but would increase beyond 1.0x10 Torr

when the electron gun was turned on for the current measurements to be

described later.

Further tests on the completely assembled prototype vacuum system

were discontinued because the one meter solenoid had been found to be

unuseable, and vacuum testing of the test model system began. Since

the electron gun chamber and extractor chamber had already been tested

separately, the entire source was assembled and tested under operating

conditions.

During a typical operating cycle of this system after exposure to

atmosphere, the system is first roughed down simultaneously with the

mechanical pump on the turbomolecular pump and with the liquid nitrogen

trapped mechanical pump on the electron gun chamber. The analysis sys-

tem is roughed out separately with the by-pass valve on the pumping

manifold used with the diffusion pump. When the pressure of the rough-

ing line on the turbomolecular pump falls below 1000 microns, the turbo-

molecular pump is turned on to prevent backstreaming and to assist in

the pumpdown. r.y the time the turbomolecular pump has reached the max-

imum speed of the rotors, the pressure in the extractor chamber is be-

low 1.0x10 Torr. The mechanical pump on the electron gun chamber is

valved off and a Varian helium leak detector is used as the backing

pump for the turbomolecular pump in order to helium leak test the sys-
-6

tern at a pressure on IG-02 below 1.0x10 Torr. After the system has

been leak tested, the liquid nitrogen trapped mechanical pump on the

electron gun chamber is opened up again and the Electro-Ion pump is

turned on. The mechanical pump is left on during the automatic bake
cycle of the pump and afterwards until the pressure in the pump has

— 5
reached about 5.0x10 Torr. The mechanical pump is then valved off

and the Electro-Ion pump and turbomolecular pump are allowed to pump



several hours. The pressure in both chambers is now usually below

1.0x10 Torr. The entire system, except for the Electro-Ion pump, is

then baked at 175° C for 24 hours, the pressure in the chambers usually

rising to above l.Oxio Torr during the first few hours and falling

slowly after that to an equilibrium pressure of about 1.0x10 Torr.

Before the system is cooled, the titanium filaments in the titanium

pump and the two nude ion gauges in the system are degassed. During the

cool down time the titanium sublimation pump is operated about once

every 1/2 hour without liquid nitrogen in the dewar. After the entire

system has cooled off, the pressure in the electron gun chamber is
-9 -8

^5.0x10 Torr and the pressure in the extractor chamber is 'vl.OxlO

Torr. The electron gun cathode heater is then brought on and degassed

at a power of about 20 watts (heater voltage of 9 V ) , and the cryogenic

surfaces in the titanium pump and ionization chamber are cooled to 77° K.
—9

The final pressure in the electron gun chamber is then about 1.5x10
—9

Torr with the electron gun off and about 3.0x10 Torr with the electron

gun in operation. These pressures are about one-half of these values

after several days of ion source operation. The final pressure attained
—9

in the extractor chamber is usually about 2.0x10 Torr, and it also
decreases slowly as the source is pumped for several days. In fact,

-l o

pressures of 7.0x10 Torr have been obtained in both chambers on sev-

eral early experimental test runs.

The analysis chamber is evacuated by the diffusion pump system with

the usual procedure for such a system, and the usual operating pressure
-e

of 3-5.0x10 Torr is achieved in a few hours without baking unless the

chamber has been exposed to the atmosphora for a prolonged period of

time. As in the vacuum tests with the prototype, the analysis pressure

remains constant when the valve to the extractor chamber is opened, and

the pressure in the extractor chamber only increases about 20% in the

test model system.

During one of the operating runs, residual gas spectra were taken

with a Granville Phillips Spectra Scan 750 residual gas analyzer at-

tached to the extractor chamber. These spectra were taken at several

stages of the pumpdown process and are shown in Fig. 17. The first

spectrum was taken after the system had been evacuated with only the
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_7

turbomolecular pump to a pressure of 1.7X10 Torr. in the extractor

chamber. The largest component in the residual vacuum is clearly the

water vapor/ with peaks of hydrogen, nitrogen and carbon monoxide, as

well as heavier gases and vapors also present. In the second spectrum,

the titanium pump had been turned on before the system was baked, with
— 8

the pressure in the extractor chamber dropping to 4.3x10 Torr. This

spectrum clearly shows the effectiveness of the titanium in removing

the hydrogen and water vapor in the system.

The last spectrum was taken after the system had been baked for 24

hours at 175° C and the cryosurfaces had been cooled to 77° K. The ul-

timate pressure, after the titanium pump had been used for several hours,
-9

reached 2.0X10 Torr and the residual gas is seen to consist of very

small quantities of all of the gases present before the bake-out, but

with the lighter gases reduced by the largest factor. All of these

peaks are consistent with the gases given off by the polymers used in

the ion source, with a few also from the other materials. The lack of

any oxygen peak indicates that the system is indeed leak tight, but the

peak at mass 57 indicates that there has, however, been some backstream-

ing of mechanical pump oil through the cold trap or turbomolecular pump.

Some of the peaks in the final spectrum may also be due to contamination

of the vacuum system by the residual gas analyzer itself since it gave

rise to a pressure increase when first turned on even though it had been

baked. In the experimental runs after the residual gas analyzer was re-

moved, the ultimate pressure attained was lower than when the analyzer

had been attached to the system.
B. Electron Beam Measurements

As mentioned previously, tests have been made on the electron gun

to check the electron current given off by the cathode as well as to

study the focussing of the electron beam through the magnetic shiiti and

solenoid. The electron beam current is shown in Fig. 18 as a function

of the operating voltage of the electron gun. The points measured by

the manufacturer, Hughes Aircraft Company, are included in the data, and

the theoretical current for a constant perveance of 2.0x10 A/V 2 is

also shown. The data shown in this figure include current measurements
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on the electron gun with the blank-off mentioned earlier, as well as the

measurements made during injection of the electron beam into the magne-

tic field. In all cases the cathode heater power was approximately 18

watts, giving a cathode temperature of 'V'llSO0 C.

Measurements were made on the injection of the electron beam into

the oriental one meter solenoid with a pinhole aperture that could be

moved across the electron beam. The aperture had a diameter of 0.25 mm

and the current that passed through it was collected on an isolated

faraday cup. The measurements made with this device showed that the

electron beam had a very rippled structure, and that it was located 3 mm

off of the axis of the solenoid after travelling only 30 cm into it.

Further magnetic field measurements revealed that the magnetic shim was

not sufficient to prevent cathode flux linkage, and that the magnetic

axis of the solenoid had the large local variations described earlier.

These injection tests were discontinued and the magnetic shim and sole-

noid were removed and reconstructed.

The new magnetic shim and solenoid were used in the test model EBIS

described in the previous chapter, and electron beam injection and trans-

mission has been studied with this system. The transmission of the e-

lectron beam through the six drift tubes in the test model is shown in

Fig. 19 for two different operating voltages. The theoretical value of

the Brillouin focussing field is indicated for each curve. The focussed

electron beam radius used for calculating the Brillouin field was taken

to.- be 80% of the unfocussed electron beam minimum, as shown earlier to

be the case for this particular set of entrance conditions. It can be

seen that the transmission of the electron beam through the 3 mm i.d.

drift tubes exceeds 99.5% for a focussing field about 16% greater than

the theoretical value.

The electron beam transmission was achieved by minimizing the cur-

rent measured on the first 5 drift tubes by adjustment of the position

of the solenoid with respect tQ the beam axis with a focussing field

less than the Brillouin value. Then, with the focussing field turned

up above the Brillouin value, there is virtually no loss on these tubes.

The current lost on the last drift tube can then be minimized by exter-

nal shimming of the magnetic field in the extractor region to give the
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transmission measured above. The current lost on this last drift tube

is still, however, the largest part of the total beam lost, indicating

that the magnetic axis has a sharp curvature in the fringing field on

this end.

The transmission of the electron beam was measured first with all

the drift tubes at the constant potential of the electron gun anode.

Under ideal conditions, this condition would maintain perfefct Brillouin

flow for a beam entering under the proper entrance conditions. The

trapping potentials necessary for operation of the EBIS were then ap-

plied and the transmission of the electron beam decreased as shown also

in Fig. 19 (p. 74). As before the trapping potentials were applied,

most of the current loss was on the last drift tube, with only a very

small increase in the losses on the other five drift tubes. The large

fluctuations in the transmission as well ac the decrease in transmission

indicate that the electron beam focussing is disturbed by the trapping

potential and the electron beam becomes scalloped. This effect was qua-

litatively seen to decrease in magnitude as the electron energy was in-

creased. Since the trapping potentials remained essentially constant,

this defocussing effect is then due to the potential differences that

are necessary to trap the ions axially with the electron beam.

C. Ion Production Results

After an operational vacuum had been attained and the transmission

of the electron beam through the ion source had been optimized, measure-

ments of the total ion current produced in the ion source during a con-

tainment cycle began. When the positive ion output had been optimized,

the ion beam was focussed into the analysis system. The transmission

of the ion beam into the analysis system was studied by measuring the

ion current c,oing straight through the system into the faraday cup

placed at the end of the beam line. The ion beam waa then analyzed by

the use of the magnetic field and the faraday 6up placed at the end of

the 30° bend.

The ion measurements were carried out at lower electron energies

than the projected operational value of 6 kV in order to reduce the arc-

ing in the source and to keep the outgassing due to electron bombard-
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ment to a minimum. The total ion output measured in the analysis system

during a containment cycle is shown in Fig. 20. The small level of ion

current that is detected at all times during the electron gun pulse is

due to ionization that occurs in the region between the ion extractor

and the end of the containment trap. The main ion pulse is seen to ap-

pear at the end of the containment time, and integration of the charge

in this pulse reveals that the space-charge compensation in the elec-

tron beam is almost complete. Table 3 gives the operating parameters

and actual space-charge compensation obtained during source operation

with residual gas.

TABLE 3. Space-charge compensation observed in the Texas ASM EBIS.
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After the extracted ion pulses had been optimized to maximum space-

charge compensation, the total ion current was measured as a function

of the containment time. Such a measurement is shown in Fig. 21 for the

last set of ion source operational parameters given in Table 3 above.

The space-charge neutralization of the electron beam in only a few mil-

liseconds is a clear indication that the vacuum in the ionization region

is not sufficient for production of highly-charged heavy ions. This was

true for all of the experimental measurements, since the space-charge

neutralization time was always less than 3 milliseconds for all of the

experimental runs. However, the observed ionization of residual gas

during this time was sufficient to study ion production within the EBIS

with the external electron gun, and to determine the conditions that

would be necessary for the EBIS to produce ions for injection into the

cyclotron.

.̂fter the ion source became operational and the output of positive

ions had been detected, it was found that the ions could not be trans-

ported through the analysis system. An ion collector was placed in the
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FIG. 20. Ion current during a typical operating cycle of the EBis.
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PIG. 21. Total ion current from the test EBIS as a function of the

ion containment time.



beam line after the gate valve V-03 and after several realignments of

the electron gun, drift tubes, ion extractor and focussing lenses, most

of the ions could be focussed through a 1.59 cm hole onto the ior. col-

lector.

Using this ion collector the energy spread of the ion beam was

qualitatively found to be approximately equal to the potential differ-

ence along the drift tubes during their extraction. This measurement

was done by extracting the ions and focussing them into the beam line

which was at ground potential, and applying a positive retarding po-

tential to the ion collector. The ion current on the collector decreas -

ed with increasing voltage until the voltage was the same as the poten-

tial drop along the drift tubes during extraction, at which point the

current on the collector went to zero.

The ion collector was then removed and the ion beam was transported

through the analysis system. The ion beam was detected on the faraday

cup placed at the end of the beam line going straight through the ana-

lyzing magnet, and the transmission was optimized by moving the magnet

and analysis cha..iber. The optimum position of the analysis system was

found to be very far from the optical alignment, indicating that the

ion beam was still being steered very badly during extraction, and pos-

sibly through the initial focussing lens. The ion beam transmission

through the 1.59 cm hole onto the ion collector placed in the beam line

was a.80%, but the transmission through the 2.54 cm apertures at both

ends of the analysis chamber and into the beam line after the analysis

chamber was only 40%. The transmitted ion beam and the total extracted

ion beam both had the same time structure, and since the focussing was

by electrostatic lenses, it was assumed that the relative ionic compo-

sition of both beams was the same.

This transmitted ion beam was then analyzed magnetically by bend-

ing the ions through a 30° bend into a faraday cup located behind a

4 mm slit. A charge state spectrum for the residual gas is shown in

Fig. 22. The final energy of the ions was 10 q keV, where q is the

charge state of the ion, and the containment time for these ions was

7 milliseconds. The dip below zero current on both sides of the H
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PIG. 22. Charge state spectrum for the residual gas with the

indicated operating conditions.
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peak is due to secondary electrons from the slit in front of the faraday

cup. The position given for various peaks has been calculated from the

relative position of the H and H peaks, and only relative current has

been measured, although the measured total ion current indicated that

space-charge neutralization of the electron beam in this case was almost

complete.

Although the space-charge neutralization of the electron beam in

only a few milliseconds prevented the attainment of very high charge

states, the ionization of argon gas was attempted by continuous injec-

tion of the gas into the drift tubes as described earlier. The flow of

argon gas was very critical, and the charge state spectrum in Fig. 23

— 9

was taken with the optimum gas flow of 4.0x10 Torr-liters/sec. As *

before, the peak locations are calculated from the relative position

of the H and H_ peaks and only relative ion currents are indicated.

The highest charge state of argon that is clearly distinguishable in

this spectrum is the +6, although there appears to be a contribution due

to +8 ions. As in the residual gas data, the final ion energy for the

ions was 10 g keV, where q is the charge state, but increasing this en-

ergy to 15 keV still did not resolve the ion peaks any better in either

spectrum.

Before the ion source measurements were completed, the 4 mm slit

in front of the faraday cup in the analysis system was replaced with a

2 mm slit and the residual gas spectrum shown in Fig. 24 was taken.

The ion source had not been baked after being opened to the atmosphere

before this run and the residual pressure was several times higher than

the pressure in the ion source when the previous residual gas spectrum

in Fig. 22 (p. 82) was made. This is clearly reflected in the ratio of

H to H ions in the two spectra and in the relative magnitude of the

CO - N peak. However, the increase in the resolution of the analysis

system is apparent. This spectrum clearly shows that there were no ac-

tual air leaks into the ion source, a conclusion that was also given by

the residual gas analyzer data discussed earlier. This is apparent in

the spectrum from the small number of 0_ ions seen, and also from the

relatively small number of nitrogen ions seen in all charge states.
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In this spectrum, the intensity of ions in the 0 peak was measur-

ed. The ion peak measured in the faraday cup after the 2 mm slit is

shown in Fig. 25. The current in this peak is about 0.75 nA with the

ion source operating at 10 pulses/sec, allowing the absolute scale to

be placed on the spectrum in Fig. 23 (p. 86). This peak remained the

same size and shape, however, even when the ion source was operated at

100 pulses/sec. The total integrated current in the spectrum is only

40% of the total current measured from the ion source, so the absolute

scale takes this transmission efficiency into account.

This spectrum also indicates the means by which the time evolution

of ions produced in the ion source could be extracted from the data ta-

ken on the residual gas using the larger slit. Since the peaks in the

charge state spectrum all have the same shape, that of a gaussian distri-

bution, and the width varies little for all the peaks above the C

peak, the relative value of the peak heights can be used to study the

ratio of ions of a particular atom as a function of containment time.

In the low resolution data the charge states of carbon are the easiest

to distinguish, so the time evolution of carbon ions was extracted from

all the data taken with an electron energy of 1.9 keV.

These data were taken during several different experimental runs

and only the data which had an H ion peak larger than the Ho ion peak

were used in order to eliminate data taken under bad vacuum conditions.

Also, only the data taken by first maximizing the ion current through

the analysis system were used. In taking the ratio of the peak heights

for the carbon charge states, the slight broadening of the lower charge

state peaks was ignored because of the continuous background of these

ions created in the extractor region. Also, to extract the peak height

of C ions from the peak containing 0 and C ions, the decrease of

ions from 0 to O was linearly extrapolated to yield the 0 contri-

bution. A final percentage of 75% was used for the C contribution,

although a percentage of as low as 60% didn't change the experimental ra-

tios significantly.

These extracted ratios of carbon ion currents are shown in Fig. 26

as a function of the containment time of the ions. The calculated ra-

tios fit by varying the unknown operating parameters of the ion source
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FIG. 25. Measured peak of ions passing through a 2 mm slit into the
+2

analysis system at the maximum of the 0 ion peak.

during these measurements are also shown. The calculation of these ra-

tios takes into account the residual gas pressure and the continuous

outgassing of atoms in the ionization region, but it does not consider

the process of space-charge compensation in the electron beam. The ef-

fect this process has on the ion evolution is clearly revealed by the

space-charge compensation data shown also in Pig. 26.

Because of the approximations made in determining the ion current

ratios, the theoretical fit was made using the semi-empirical Lotz

cross sections, and it can only be considered as a qualitative descrip-

tion of the ion evolution. However, these calculated ratios appear to

give the proper description of the ion evolution when the space-charge

compensation data is also taken into account. The theoretical fit also
-8

produced the reasonable operating parameters of 10 Torr for the resi-

dual gas pressure, 10 Torr-liters/sec-cm2 for the outgassing rate, and

16.3 A/cm2 for the average current density. The ion evolution appears,

using this fit, to be proceeding as a simple successive ionization pro-

cess until the space-charge compensation of the electron beam becomes

appreciable. Then, the experimental results indicate that the ions re-

main trapped and the charge state distribution changes very slowly.
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FIG. 26. Time evolution of carbon ions at an electron energy of

1.9 keV and electron current of 0.205 A. The theoretical

fit using continuous gas injection is shown, as well as
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The higher charge states appear near the predicted thresholds for obser-

vation but the fraction of higher charge states remains very low, ap-

pearing to increase very slowly with containment time. This interpreta-

tion is indicated in Pig. 26 (p. 91) by the dashed lines drawn through

the experimental data. Also indicated in this figure are the errors ex-

tracted from several residual gas spectra taken at this energy for a

containment time of 7 milliseconds. These errors include the reproduc-

ibility of the data and the error in extracting the data from the charge

state distribution plots. These errors were due to noise and the drift

of the amplifiers in the detection system.

This continued evolution of ions within the ion source can also be
_i_O

seen in the argon data. As discussed earlier, a contribution of A

ions appears in the argon data at a containment of 7 milliseconds. The

space-charge neutralization of the electron beam was less than 2.5 milli-

seconds for this data, and the maximum current occurs in charge states

+2 and +3. By scaling the current density used in the residual gas data,

the normalized containment time for space-charge neutralization is cal-

culated to be less than 0.043 sec and the normalized containment time for

this observation of A ions is found to be 0.119 sec. In the calcula-

tions for argon ion production at this energy, the threshold for obser-

vation of A ions is found to be at the normalized containment time of

0.10 sec, and the maximum of A ions occurs at the normalized contain-

ment time of 0.04 sec, values that agree very well with the experimental

observations.

The current density determined by the theoretical fit to the resid-

ual gas data can also be used to determine the average focussed electron

beam diameter. Assuming a uniform density electron beam, this current

density of 15.3 A/cm2 yields a beam diameter of 1.26 mm. This value is

approximately 90% of the unfocussed beam minimum diameter at this ener-

gy. This is in agreement with the calculated beam diameter of 1.12 mm,

which is 80% of the unfocussed beam minimum diameter. The small discrep-

ancy is due to the thermal effects that are not included in the calcula-

This threshold for observation is simply the point at which the
population becomes a significant fraction of the total current, approx-
imately 0.1%, and then can be observed experimentally.
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ted diameter of the focussed beam but are included in the experimentally

determined beam diameter.

Finally, because of the apparent problem of ion beam steering in

the extractor region very little can be said about the emittance of the

extracted ion beam. The only observation made of the ion beam's size

was that the main part of the ion beam could be transmitted through the

1.59 cm hole located approximately one meter from the extractor with

only a very small transverse motion of the ion extractor and first ein-

zel lens assembly. During this observation the ion beam appeared to be

made up of a small inner beam of high density with a larger more dif-

fuse beam around it. When only the diffuse"; beam was transported to the

analysis system only very low residual gas charge states could be seen,

indicating these ions were possibly produced only in the extractor re-

gion during the electron beam stopping process.

All the data taken on the test model EBIS thus gives a consistent

interpretation of the processes taking place within the ion source, and

these processes are described qualitatively, if not quantitatively, by

the observed parameters of the ion source. The ultimate residual vacuum

attainable in the ionization region appears to be the primary limitation

in the test model EBIS, causing the electron beam to be space-charge neu-

tralized before the highly-charged ions can be produced within it. The

electron beam current and energy are also limited in the present io:.

source, not by the entrance conditions of the electron beam from the ex-

ternal gun into the solenoid, but by the problem of a non-linear magnet-

ic axis in the focussing field of the solenoid. Also, even though the

electron beam appears to be space-charge neutralized by the ions within

it, the study of these ions is made very difficult due to their steering

in the extractor region by the curvature in the magnetic axis of the

solenoid or by a slight misalignment of the extractor electrode and len-

ses in the fringing field of the solenoid. The ions extracted from the

ion source have an energy spread at least as large as the potential gra-

dient used in the ionization region during extraction, and the ions are

also trapped even after the space-charge neutralization of the electron

beam has been achieved. The extraction of ions from within the ioniza-

tion volume is essentially complete, indicating that the EBIS can be
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useful as a source of multi-charged heavy ions if the proper operating

conditions are achieved. This indication is also supported by the re-

producibility of the operating conditions in the ion source, the low gas

consumption needed to operate the source, and the long lifetime of the

source, with it being operated for more than a week on several experi-

mental runs.
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CHAPTER V

DISCUSSION OF RESULTS AND CONCLUSIONS

The results obtained with the test model EBIS on the production of

multi-charged ions of the residual gas and argon have shown that such

an ion source has the potential of being useful for atomic, and even

nuclear physics studies. These results have shown that the use of an

external convergent electron gun does not make the operation of such an

ion source more difficult while it does make the attainable current den-

sity much higher than with other types of electron beam focussing. Al-

though the residual vacuum limited the containment time and the magnetic

field inhomogeneity limited the maximum current and energy of the elec-

tron beam, the ions obtained with the test model EBIS clearly indicate

that the operation of this source is understood. These results have

shown that the ionization process is predominantly successive electron

impact ionization, since the ions increase in a calculable manner under

this process until the electron beam has become space-charge compensated

by the ions trapped within it.

The space-charge neutralization of the electron beam has been ex-

perimentally measured to be greater than 90% in the test model EBIS, in

spite of the steering problems that occurred in the extraction region,

indicating that the condition of quasi-neutrality is experimentally a-

chieved. Also, the small potential trap first postulated by Linder and

Hernqvist (1950) does exist since the ions continue to be trapped within

the electron beam after space-charge compensation of the beam is com-

plete. Experimentally the ion charge state distribution continues to

evolve, but very slowly. The detection of higher charge states even

after the electron beam has been space-charge compensated is an indica-

tion of this continued evolution. The very slow increase in the number

of high charge states indicates that they escape from the potential trap

almost as fast as they are created. However, since the total charge ap-

pears almost constant, the appearance of these ions, as well as the de-

crease in the number of lower charged ions indicates that the ion tem-
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perature of many of these highly-charged ions is less than that of thu

remaining small potential depression in the electron beam. This indi-

cates that the ion temperature proposed by Wieseman (1972) is useful in

describing the ions extracted from the EBIS, and the qualitative obser-

vations made on the test model do indicate that the extracted beam has

an emittance that is small enough to make it suitable for injection into

an accelerator.

A thorough study of the ions within the EBIS and the ionization and

loss processes was not possible with the test model because of the tech-

nical problems present in the operation of this particular ion source.

The operation of the test model did however show that if these few tech-

nical difficulties are overcome, the EBIS will perform as predicted in

the theoretical calculations, provided the correct cross sections for

ionization are used. The most important of the technical difficulties

to overcome are the achievement of a good vacuum and the construction of

a focussing solenoid with a very linear magnetic axis and complete cy-

lindrical symmetry of the magnetic field.

The measurements made on the vacuum system of the test model EBIS

indicated that the system was void of any air leaks but was still not

able to be pumped down to the design pressure. The calculated pressure
-l 0

in the ionization chamber of the test model was 5.0x10 Torr and the

calculated pressure in the extractor chamber was 1.3x10 Torr. The

working pressure measured in the extractor chamber during the experiment-
— 9

al measurements was approximately 2.0x10 Torr. By using the ra;~io of

the theoretical pressure in the two regions, the working pressure in the
-9

ionization chamber is calculated to be approximately 8.0x10 Torr.

This pressure agrees with the pressure of 1.0x10 Torr obtained by fit-

ting the carbon ion evolution data, suggesting that the model used for

the vacuum calculations is approximately correct but that the calculated

gas load from outgassing in these regions was not large enough. This

indicates that the design pressure in the EBIS will require the use of

better materials in the ultrahigh vacuum chamber and the utilization

of vacuum pumps with much higher pumping speeds.

The validity of the vacuum calculations is also verified by the ex-

perimental results obtained with the electron gun chamber, where the
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ultimate pressure was the same as the design pressure, 7.0x10 Torr.

The results obtained with the electron gun operations also show that

the gas load from the electron gun is not appreciable after the cathode

has been fully activated and that the vacuum model is correct in assum-

ing that the electron gun chamber is essentially isolated from the ion-

ization region. The ultimate pressure attained in the analysis system

was only a factor of 3 greater than the calculated pressure, another in-

dication of the validity of the vacuum calculations. Finally, although

the working pressure in the extractor chamber increased more than one

order of magnitude when the electron beam was turned on, the final work-

ing pressure was only 1.5 to 2.0 times higher than the ultimate pres-

sure after the electron beam was focussed properly and operated for sev-

eral hours. This was even true for continuous electron beam operation

for the electron energies below 2.5 keV used in these measurements, in-

dicating that after the surfaces of the electron collector had been de-

gassed by electron bombardment, the cooling carried away the power dis-

sipated on it to prevent outgassing from elevated temperatures in this

region.

The achievement of this low working pressure also indicates that

the correct focussing conditions for the electron beam had been achieved.

All the data collected on the electron gun and electron beam focussing

system indicate that their performance was near the calculated values.

Th3 electron gun operated within the specifications given to the manu-

facturer, and a very stable electron beam was obtained over the entire

operating range of the gun. The dispenser cathodes supplied with the

electron gun were very durable under severe operating conditions, and

the lifetime of the cathodes was more than a few thousand hours. In

fact, the same cathode was used in the electron gun for all the measure-

ments made on the ion source over a two year period, and it was reacti-

vated many times after exposure to air or after gas poisoning caused by

the electron beam being improperly focussed and striking the drift tubes

or magnetic shim.

The experimental measurements indicate that the proper entrance con-

ditions for the electron beam focussing system have been achieved. There

are problems encountered in the extractor region, but the difficulty has
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been shown to be .'related to the focussing field of the solenoid, rather

than the electron beam exit parameters. Local corrections to the magnet-

ic field give better electron beam transmission and better ion extract-

ion without any changes in the electron collector-ion extractor geometry.

Finally, the experimental data suggest that the proper focussing of the

electron beam can be achieved in the presence of the trapping potentials

and trapped ions, but the magnitude of the focussing field must be great-

er with these perturbations.

In fact, the results obtained with the test model EBIS give a clear

indication of the technical improvements that will make such an ion

source a useful tool for product: ~>n of highly-charged heavy ions. As

already discussed, the most important of these are the achievement of a

very low residual pressure and a very good focussing field. The first

of these can be achieved, as suggested earlier, by the use of better ul-

trahigh vacuum materials in the system and by the use of more pumping

in the ionization region where the residual vacuum must be the lowest.

The liquid helium cryopumping surface originally built for the EBIS pro-

totype will certainly achieve these conditions, and it can also be used

to improve the ionization of the working gas in another way. The helium

cooled surface can be connected to the drift tubes on either side of the

gas inlet drift tube with sapphire rods to cryopump any neutral atoms

that flow into them. Then the injection of the ions into the electron

beam can be controlled by the method of "electronic injection" (Donets

and Pikin, 1974). Sapphire rodj could be used for this purpose because

sapphire is a good thermal conductor and also a good electrical insula-

tor at tnese temperatures. The working residual pressure would also be

improved by the attainment of a uniform focussing field in the solenoid,

since all the electrons lost to the drift tubes generate gases from them

by their bombardment. The present results, as well as the results of

other groups, indicate that the angular deviation of the magnetic axis

should not exceed 10 mrad and the radial field integral should not

exceed 0.1% of the axial field for complete transmission of the electron

beam and complete extraction of the ions through a cylindrical lens sys-

tem. Such an accuracy has routinely been acnieved for the manufacturers

of electron beam tubes, so a cryogenic solenoid is not the only solution
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