
Development of a source of many times ionized particles

Item Type text; Thesis-Reproduction (electronic)

Authors Scheer, David William, 1940-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:00:58

Link to Item http://hdl.handle.net/10150/319844

http://hdl.handle.net/10150/319844


DEVELOPMENT OF A SOURCE OF 
MANY TIMES IONIZED PARTICLES

by
David William Scheer

A Thesis Submitted, to the Faculty of the
DEPARTMENT OF PHYSICS

In Partial Fulfillment of the Requirements 
For the Degree of
MASTER OF SCIENCE

In the Graduate College
THE UNIVERSITY OF ARIZONA

1965



STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfill
ment of requirements for an advanced degree at The University 
of Arizona and is deposited in the University Library to 
be made available to borrowers under rules of the Library.

Brief quotations from this thesis are allowable 
without special permission, provided that accurate acknow
ledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript 
in whole or in part may be granted by the head of the major 
department or the Dean of the Graduate College when in his 
judgment the proposed use of the material is in the interests 
of scholarship. In all other instances, however, permission 
must be obtained from the author.

SIGNED:

APPROVAL BY THESIS DIRECTOR 
This thesis has been approved on the date shown below:

S tanley bashkin
Professor of Physics

Date



ACKNOWLEDGMENTS

I would like to acknowledge my Indebtedness to 
Dr. Stanley Bashkin for introducing me to the ion source 
problem and. for his advice and assistance during the 
course of the research. The research was carried, out 
through the use of NASA funds. Ed Howell unstintingly 
gave of his time in the preparation and. reproduction of 
the spectra. Carl Perceny and the physics machine shop 
deserve thanks for the fine work they did. in preparing 
the equipment. And I wish to thank my wife, Linda, for 
the many hours she spent typing and. proofing the manu
script.

iii



I

TABLE OF CONTENTS
Page

List of Illustrations ..................  . . . . .  v

• List of T a b l e s .......... vi

Abstract  .......... .. . . . . . . . . . .  vii

Introduction . . . . . . . . .  ................  1

Design Parameters . . . .  ......................  2

Equipment  ..............     3

The Continuous A r c ............   4

The Pulsed Arc . . . . . . . . . . . . . . . . . .  8

Conclusions  ..........   16

References . . . . . . . . . . . . .  ............  18

iv



LIST OF ILLUSTRATIONS

Figure Page-

1 Ion Gun . . .     5

2 Power Supply Circuit Diagram . . . . . . . . . .  6

3' Triggerable Spark Gap and. Typical Pulse to
Fire Gap  ..............  10

4 Pulse Generator . . . . . I . . . . . . . . . .  10

5 Ion Current at Constant Power . . . . . . . . .  12

6 Ion Current at Constant Collector Voltage . . .  12

7 Spectra of Arc .  ............. 14

v



LIST OF TABLES

Table

I Typical Values for Continuous Arc Operation

vi

Page

6



ABSTRACT

An arc type ion source has been built to provide 
multiply ionized particles for injection into a Van de 
Graaff accelerator. The ion beam was extracted through 
a hollow cathode. Tests of the ion current show it to 
be in excess of 7 Va> with.100 watts input power. On : 
extraction, the beam was found to be optically excited, 
and spectra were taken of it in the region from 3000A to 
6000A using a medium dispersion spectrograph. Iron, 
copper, and aluminum electrodes were studied. Copper 
electrodes produced neutral and singly ionized particles, 
and. iron and aluminum electrodes produced neutral, singly 
and. doubly ionized particles.



INTRODUCTION

The use of the Van de Graaff accelerator has been 
expanded, in recent years by its application to the study 
of lifetimes of excited electronic states of ions by 
Bashkin (1961, 1963) and Bashkin and Meinel (1964). This 
work is being continued at the University of Arizona, using 
the 2 Mv Van de Graaff electrostatic generator as an accel
erator. . The energy of a particle which falls through a 
potential difference, V, is

E = n e V,

where n is the number of charges on the ion, e is the elec
tron charge of 1 .6 x lO-^  coul, and V is the potential 
difference. With Bashkin’s method, these particles are 
then optically excited by allowing them to strike a thin 
foil. It has been shown (Cuevas et. al., 1964) that the 
average ionization state of the particles when they were 
excited, by a similar mechanism was shifted, to higher states 
at higher energies. In order to study the lifetimes of 
very highly ionized states, we must have a particle energy 
in excess of 2 Mev, our limit for singly ionized particles. 
The potential difference created is limited by the con
struction of the Van de Graaff. Therefore to increase the
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beam energy, the number of charges, n, which are on the 
particle injected into the accelerator must be increased.
This is the reason the source must produce multiply ionized 
particles. The extension of the study of lifetimes to all 
states of all elements is limited only by the lack of ion 
sources which can produce these multiply ionized particles.

At present, the most common type of source in use 
is the RF type in which the atoms are collisionally excited 
in a rapidly oscillating electromagnetic field. This source 
works well with any material which can be introduced into 
the source in the form of a gas; however, many materials 
(e.g., magnesium, copper, and calcium) do not form gases 
which are easily handled, nor is the RF source capable of 
producing multiply ionized particles in any reasonable 
amount, which limits the studies of lifetimes to neutral 
and singly ionized particles. The arc source under consi
deration here, however, is capable of handling any material 
which can be made into electrodes or combines with another 
material to form electrodes (alloys or mixtures).

DESIGN PARAMETERS

The source and its power supply is limited in size 
by the available space inside the head of the accelerator. 
Therefore, at a maximum it must occupy no more than about 
one cubic foot.- The head of the machine is at a very high 
potential which may reach 2 million volts in this accelerator.
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It is very difficult to insulate power leads against 

this potential, so instead power is generated inside the 
head of the machine by an alternator powered by the charge 
carrying belt. The alternator is capable of generating 
300 watts of 115 volt, 400 cycle power. Approximately 
75 watts of this must be used for devices other than the 
ion source. The source and power supply must be as light 
as possible to minimize any flexing of the accelerating 
tube caused by the extra weight in the head of the machine. 
The only support for the head is a series of glass-to-metal 
seals forming the horizontal column and accelerating tube. 
Any flexing of this column will severely defocus the output 
beam and may cause the accelerating tube to leak.

EQUIPMENT

The arc discharge with its high temperature and 
large field gradients appeared to be the best source of 
highly ionized particles. By making the cathode hollow, 
it’ was felt that the ions could be extracted. But the 
high voltages necessary to ignite the arc in.a vacuum of 
10~^ torr were prohibitive. To overcome this problem, the 
technique, developed in France, of the glissante (sliding) 
spark was applied (Romand, Balloffet, and Vodar, 1955)°
By placing the electrodes inside a tubular piece of mica 
which had been contaminated with ordinary dirt, the



breakdown voltage was lowered by a factor of 2. The field 
could ionize the particles of dirt more easily than it could, 
ionize the particles present in the air, so the discharge 
traveled along the mica rather than through the air 
(Gleichauf, 1951’) • By this method, the breakdown voltage 
was lowered to approximately 1 .5 kv for a 1 mm gap, a toler
able level for our purposes.

An ion source like the one shown in Fig. 1 was used .
to obtain the data presented in this paper. It was placed
on a non-trapped oil diffusion pump and fore pump system

6capable of reducing the pressure 2 x 10 torr. An elec
tron collector shaped in the form of a washer and a cup
shaped ion collector were placed in the vacuum system on 
axis with the hollow cathode at about 2 cm and 5 cm from 
the cathode, respectively. All electron and ion currents 
were measured from these collectors. A power supply was 
constructed after the manner of Gleichauf (1951)• So 
that a continuous arc could be ignited and maintained,
25 kva at 20 kv DC was made available (Balloffet and Romand, 
1958).

THE CONTINUOUS ARC

During the initial portions of the experiment, the• 
circuit was arranged as in Fig. 2 . The gap G was of the 
hemisphere type with an adjustment on the spacing from zero



-Vacuum gauge
Lucite
feedthrough

Indium FVpT 
wire-— .. Wrfl— Steel

: ' An ode <~  
-— Mycalex 
—* shield 
n^Viewhole

#rassru
Pyrex

— — Hollow
cathode

Electron collector — Steel-

Brass

Ion collectorBrass—

Brass

□  □
Brass

Figure 1. Ion Gun.
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T: 110/220/20kv, 25 kva Transformer
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SR:0.5 a, 70 kv P.I.V. Silicon Rectifier
C: 1.0 mfd, 20 kv Capacitor
A: Arc Ion Source

Figure 2. Power Supply Circuit Diagram.

TABLE I

TYPICAL VALUES FOR CONTINUOUS ARC OPERATION
Input Power 500 watts
Gap Spacing (A) 1 mm
Pressure in Vacuum System 8 x 10  ̂ torr
Maximum Electron Current 2 ma
Maximum Ion Current 500 a



distance to 4 cm. The voltage built up.across C5 G, and A, 
with G being set to have the lowest breakdown potential.
In this mode of operation, C would discharge through G and 
supposedly would induce a large enough voltage to break 
down A. In practice, G would break down without affecting 
A unless G had. a spacing about 3 times as large as A. Then 
G and A would break down simultaneously, G would extinguish, 
and A would arc continuously.

With this in mind, G was opened to about 3 cm, so 
it was essentially removed from the circuit; however, it 
still afforded safety protection. If the voltage reached 
10 kv or higher, gap G would break down and the capacitor 
discharge to ground. With the circuit connected as shown 
in Fig. ■ 2, a continuous arc would be struck by increasing 
the voltage to about 6 kv, and once struck, could, be main
tained. at about 1 .0 kv. Since the arc was essentially a 
short circuit, the power consumption was approximately 
500 watts; but the stability of the arc was poor. . Ion. 
current went from zero to a maximum of 200 jua in random 
pulses. It was felt that a resistance or large inductance 
placed, at a proper place in the circuit would, help to 
stabilize the discharge. With a 1 mh inductance in posi
tion 1, the current went from 50 to 150 jua in random, 
short duration pulses. With the inductor in position 2, 
the ion current became essentially zero due to the very



small pulses at A. A 100 ohm nlchrome wire was placed In 
the circuit at position 2-. This limited the output some
what and tended to stabilize the arc at the expense of large 
amounts of power given off as heat from the resistor. The 
integrated ion current produced was approximately 100 jua.

The ion current can be increased to 2 ma if the 
input current is increased to 20 to 25 amps, but after 
4 minutes of continuous operation at this power level the 
soft solder holding the.cathode assembly together melts.
This indicates a temperature in excess of 400°F. Since 
very little heat can be carried.away by conduction by the 
air left in the system, and. radiation is relatively slow 
through the insulating shield over the electrodes, we can 
assume that, if the arc were operated at this power disi- 
pation continuously without water cooling, the electrodes 
would melt. The power level cannot be decreased because 
the arc will extinguish itself if the input current drops 
below about 12 amps. This corresponds to a power dissi
pation of about 400 watts, which is well over the maximum 
level allowed.

THE PULSED ARC

At this point in the experimentation, continuous 
arc discharge was discarded as too power consuming for 
application to the University of Arizona Van de Graaff.



So a new attack on the problem was attempted -- that of 
pulsed current operation. A triggerable gap was construc
ted, as in Fig. 3, and placed in the circuit at position 2. 
The size of the power-carrying gap was made adjustable so 
that the gap would fire reliably under various experimental 
voltage conditions. The secondary gap can be fired at will
by an impulse generator. This gap creates a stream of ions
which cause the main gap to break down and discharge the
capacitor C through the ion source A.

The small leakage current which precedes the 
avalanche breakdown is composed mainly of electrons emitted 
from the.surface of the arc source cathode (Zingerman, 1959)• 
This current allows the full voltage of the capacitor to 
be applied across the power carrying gap even though it 
is in series with the arc source. The electrons in this 
current have their energy increased as the voltage goes up 
until they can prpduce ions of the gas remaining in the 
system, and of the ions of the atoms which contaminate 
the insulating shield around the electrodes (Oleichauf,
1951)o This initiates a catastrophic discharge which 
heats the electrodes and boils off some of"the material 
contained in them. Some of these atoms are then ionized 
by the large field gradient which exists near the elec
trodes (von Hocker and Bez, 1955; Allen and Graggs, 1954).
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20 kv

msec

Figure 3 . Triggerable Spark Gap and Typical Pulse.to Fire Gap •

I2v

Figure 4. Pulse Generator. FL =120^, R2=120n, R-,=37,000^, 
Rr=250 potentiometer, C1 =ljufd, CQ=4jufd,
T^=2N 1481, TL=2N l48l, T^=2N 1555, Trl=6v Auto 
Spark Coil. ^
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The discharge rate of the gap can be controlled, by 

varying the pulse rate across the secondary gap. A circuit 
which provides this varying pulse rate is a variable rate, 
astable multi-vibrator. By unbalancing one side of the 
circuit, a pulse of the correct size and shape can be 
formed and fed through an amplifier with an auto spark 
coil at its load. With the circuit shown in Pig. 4, a . 
pulse of sufficient amplitude and duration is formed, to fire 
the gap at pulse rates from .5 to 100 cps. The firing rate 
■in the gap circuit is limited only by the power production 
capabilities of the capacitor charging circuit.

At constant input voltage to the capacitor, the
t

energy dissipated, in the arc can be varied, by a factor of 
200 merely by changing the pulse rate. The time between 
pulses is large with respect to the RC time constant of 
the power supply and capacitor so that the potential 
across the capacitor before it is discharged is essentially 
that of the power supply. Therefore, the pulse energy, or 
the energy contained in each pulse of the capacitor, can 
be varied from zero to 50 joules (1/2CV2) by varying the 
potential of the DC power supplied to it from zero to 10 kv.

Figure 5 gives the relation between ion current 
and ion collector voltage with constant power dissipation. 
The electron current follows a similar curve with the 
current values being about a factor of 100 greater.
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Figure 5, Ion Current at Constant Power

ION
CURRENT
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Figure 6. Ion Current at Constant Collector'Voltage,
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Figure 6 shows how ion current varies as the power dissi
pated in the arc varies. For maximum ion current, it 
appears as though both the power dissipation and the 
collector voltage should be a maximum.

Spectral analysis of the beam is accomplished, by 
using a Genco 16 A/mm, non-collimated spectrograph with a 
free spectral range of about 3000A/. Over this range the 
dispersion is essentially a constant equal to 1 5.7^2 .
The grating is concave, 1 x 3 cm with 15,000 lines per 
inch and a focal length of 106 cm. The grating can be 
rotated so any portion of the spectrum can be centered on 
the plate holder. The plate holder is designed to hold 
either 2 " x .1 2" glass spectroscopy plates or sheet film. 
Kodak Tri X film was used because it has almost even 
sensitivity from 3000A to 7000A, and an ASA speed, index 
of 400 for exposures less than 30 sec. However, for expo
sures on the order of 1 hour, the reciprocity failure 
lowers the speed index by an order of magnitude. By 
hypersens it izing the film before exposure, and. over
developing in 85°F. ethol UFO, the ASA speed index can be 
raised, to approximately 10,000. The speed varies from 
film to film so the speed on any particular piece of 
film might vary as much as a factor of 2 from the above 
number. With these methods, exposure times of the order 
of 1 .5 hours gave reasonable image densities.
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Along the bottom of each spectrum shown in Pig. 7 

is the spectrum .of neon used as a standard to calculate 
the wavelength of the unknown lines in the metal spectra 
(NBS Monograph 52, 1961). The wavelength of the unknown 
line is calculated by linear extrapolation from the known
lines. The distances were measured to the nearest
5 x 10 \im on the Steward Observatory measuring machine 
at the University of Arizona.

The 69 0 6 .5 line of Oil that is present in all the
spectra shown appears as the result of the ionization of

i
the residual oxygen left in the Mycalex. The sodium D 
lines at 58 8 9 ,9 and 5895*9 arise from.the Mycalex shield 
and from contamination due to handling. The Sil lines at 
57 72 .2 and 57 8 1 ,1 in the aluminum spectrum are the result 
of using shop grade materials for the electrodes. Silicon 
is the largest impurity in this grade aluminum.

Both Cul and Cull were definitely identified in 
the copper spectrum with, neutral Cu lines being much more 
intense. However, CuIII could not be definitely identi
fied. by analyzing the spectrum as no lines of this ioni
zation state are listed in the literature. This is true 
with the higher ionization states of all elements' since 
no method before has been capable of exciting primarily 
these high ionization states so that their spectral lines 
could be studied. Yuasa (i9 6 0) has used a high frequency



arc source and a double focusing Mattauach-type mass spec
trometer to Identify both Cull and CuIII. Vargo and. Taylor 
(1962), and Bruma and RocIn (1956) show that the amount of 
metal vaporized and hence the ions produced is a function 
only of the charge transferred, not the frequency of dis
charge. Since the present source differs only in frequency 
from Yuasa's, it is felt that these ionization states are 
also present, but unidentifiable in the output from our 
arc source. Yuasa also identified Fell, Felll and FelV 
from his:iron electrodes. We have been able to identify 
Fel, Fell, and Felll in our iron spectrum. The Fell and. 
Felll lines are quite intense showing that many of the ions 
are produced with this charge. All, A1II, and. A1III have 
been identified in the aluminum spectrum. The A1III 
appears to be the most intense in this spectrum indica
ting that the average ionization state may be 2 or higher. 
In the future, deflection experiments will be done to 
determine all the ionization states present and their 
relative populations. Populations can be calculated from 
photographic data but this requires the use of calibra
tions which were not included on the spectra shown.

CONCLUSIONS

The ion source and. power supply as designed, can 
be made small enough to fit inside the head, of the typical
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Van de Graaff accelerator. Its power requirements are less 
than 100 watts, which is below the level which can be pro
duced by the alternators of the typical Van de Graaff. It 
is capable of producing multiply charged ions in quantities 
which will produce a beam current in excess of 7 pa*

J
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