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ABSTRACT .

In thp initial phase of this study, factorq influencing the.

1

stabllity of charged liquid particle (colloid) Beams‘ :oduced bynelec—'

i

+ trohydzodynamically Apr?ying sodium iodide doped glycerol fluid from

a single capillary tube were studied. Included vere 1nvestigationa
1nto capillak(\naterials and size, source g;Ometries and an extensive -
1nvestigation of theresistivityproperties of the fluid In addition
to using a segmented surface elkctrical beam:deCector for Beam detec~
tion, two new types oﬂ\visually'reacting beaﬁ‘éetgctoy (a ghngphnr
screen and a liquid crystal screen) were devqiébed\to al 16w analy;is
of heanm sPatinl distributinns. Detailed paréméé;i; analyses of the
charge to mass ratios of partfcles in the beans;'andrxhé‘spatial d1is-

-

tributions of the beams, were made for a wide nhriécy of-géurce geo—

~

metries and operaging conditions. The second‘phaéé of nhié—study indf

volved design of a colloid source for 1nstallation in the'300 kV micro— '

particle “accelerator facility &9 the Electrical Engineering DepArcment

University of Albgrta. The accelerator was modified to accommodate,the.;

colloid beam experiments. After. the source had been successfully

operated in che accelerator, experiments on accelerated colloid beams

were started. The main topics investigated were particle source-to-

i

A ; . e K X : 4
' detector transit times, beam envelppe shapes, and the optical proper-

ties of the microparticle accelerator. ‘ R .

-

’
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GHAPTER 1 \

INTRODUCTION

1.1 Microparticles: Definitions and Occurrences

' ({
The term ‘'microparticle' as applied to the workldescribed in this

thesis refers to a particle of matter, either im the solid or liquid ®

atate, whose size {is of the order of microns (10 -6 m) or less. A

typical aluminum microparticle, for example, might have a radius of

one micron, a mass of 1.2 r 10_19 kg, and contain 2.4 x 1011 atoms.

In geceral the term 'colloid' refers to a suspension of material in a‘

fluid,zor discrete microparticles suspended in a medium. Examples of

co%loids might be a solution of SCarch in water,, or by the second

definition, liquid droplets in fog, solid ;crc;cleé‘in smoke,'dr '

bubbles, in foam. Since the present work concerns‘the.producticn and

investigation of liquid microparticlqs in a vacuum, che terms 'eolloid' -,

and 'colloidal particle' will be taken to refer'exclusively to 1nd1v1—u“

dual l1iquid droplets,idrhus, a courcc cf small 14iquid droplecs is

- referred to as a colloid source. ‘ ‘ > - l N
In~a laboratory, the production, manipulation, acceleration, and

1nvestigation of microparticles is most eaaily carried out by charging

them and then subjecting them to contrciled eleptric fields. Use of

magnetic forces is 1mpract1cal because of the. high magnetic field

‘:1ntenaities required to. exert significant forces on theae charged

'particles. For example, e\microparticle having a typical charge to

‘nass ratio of 100 c0u1/kg and a. typical yelocity of 103'm/sec tequires

‘ '+ Ly _ o
. a fielc‘oi lop-wplm~ to;benq_it on a,pach of Oglﬂm,radiug.‘ ngeVer, Lo
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tling.

commercially available electromagnets with a pole face of 0.1 m dia-
meter can generate magnetic fields of only 2 or 3 wb/mz.

The creation processes of naturally occurring microparticles in-

- volve the fratturing, erosfon, or dispersion of matter. Due to the

2

attendant ttbbing and frictiq&, particles thus created can often carry
aé electric charge. Additional charge can be deposited on these micro
particles as they experience fluié frittioﬁ in the‘air. The total |
charge, as well as the minute size of the microparticles,‘aids them in
diffusing through the air and hinders particle agglomeration and set~

“éome occurrences of solid microparticles include coal dust 1o
Qines;idust created in grain handling, dust in smoke, and dust from
Voltttic eruptions. Clouds of micron.sized particles, or micrometeor-—
olds, are kn&wn to exist in space. Aléxapderl reports micrometeoroid
flux rates ‘of aboug‘BOQHpF;ticles/mgzgec for pa:}itles with masses

14

betwéen 10-1§7and 10~ kg. ' Liquid microparticles can be found in *

ocean spray, in the air spaces of oil tankers, in glouds and fog, and
' ‘ PN
,

in the spraying of 11qu1d3”to form aerosols.

1.2 Applications and Uses.of Microparticles

‘1.2.1 ,§pace Sciences

.
A
i 3 !

Information on the ‘sizes, fluxeqwand composition of micr

»

'oids provides insights into cosmic processes. In addition, dd;ignets

,~  of apacectaft must know the effects of the continual bombardment of

{

cpacecraft by micrometeotoids 1n order to prevent equipment damage

) g N

“a and failure. Spacecraft componenta affected by micrometeoroid bom-

s

:~bardment 1nc1ude optical ajrfaces, solar cell arraya and heat

]

R \"'; t;:
; . Fia
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exchangers. Unfortunately, exper iments to investigate extra-

terrestrial microparticles are expensive, time-consuming, and d1fficult

~

to perform.
Interest in the loboratory simulation of micrometeoroids has in-
stigated much of the work on solid microparticles. Several schemes

for charging, accelerating, and detécting the microparticles have been

sedz 3,4 5

u Experiments performed have included investigations of

,microparticle~surface impact phenoﬁena6, studies of electrical break-

down across a gap initiated by the impact of micropattfcles on one of

the gap electrodes7, and spacé probe detector design and calibration .

>

~

=

Ty L @
Colloidal particles do not physically resemble micrometeoroids.

(Vermeulebh2 reviews some of this work).

However, they show much promise as 1abofatory aids to the study of

sodid microparticles. For instance, the properties of a microparticle

accelerator, such as the limits on the energy and momentum of the 1in-
coming'particles, the energy and momentum of the output particles,

focussing, ‘and acceleration can be readily measured using a continuous

,stable beam: of colloids with a narrow distribution of charge to mass

ratio. Such a beam 1s relatively more easily generated than a beam of

‘solid micrOparticles, and its parameters are more easily varied. Once

the proper es of the accelerator are known, the aimulation of micro-

%3

meteoroids using solid microparticles can be undettaken, using a 1ow

intensity beam.
" A sécond application of miq;oparticles 1s in rocket engines, orﬁ‘
thruq&ers;. Miseion analyses for space flights have shown that electric

tockec engines are potentially the most suitable type for certain
8 9

-

i . [
4 Lo

3

' -iasione i’ An 1mp0ttant class of electric propulsion rocket utiliqu'
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‘ ¢

microparticles which are charged, accelerated, and expelled at high

}
velocity. Efforts to construct efficient practicaf solid micro-

=

particle thrusters have not been successful. On the other hand,
11quid colloid tbrusters have been developsd to the point where they
are ready for 1n—flighttestinglo. Potential applications of colloid

thrusters include attitude control and stationkeeping, where easily
"

controllable thrusters with a long lifetime are required. Colloid

thrusters are also suftable for interplanetary missions, 1f rockets
with sufficient thrust can be developed.
-4

The need for fast, quiet printers compatfble with computers has

1.2.2 Non-Impact Printing

led to much research into the electrohydrodynamic spraying ef ink jeés
onto paper (Kam.phoefner11 presents a comprehensive review paper)
Either arrays of capillary tube§ are controlled or a single ink jet
is deflected electros;atically to form the prifited cparacters. In all

cases, problems such as beam spatial chardcteristics§ 5§am stability,

fluidd characg

tics and operating parameters are &?& Beﬁe (@5 those "

xpciated with colloid sources in other applicationf, ﬁlttl§ Jnterest

8 been shown to date 1n solid micropatticles 1n thieaapplicaeion.

P 2 .

. 2B
' " ‘ “: | *”

152.3, Microparticle Plasma . // A
L R ‘ P il

One ihtéresting‘but as yet purely fundamental~&?plication"of col-
loids 1s the generation of a microparticle plasﬂa , Jameé and
Vermeulen have shown that a mixture ‘of positively and negatively

charged colloids exhibits many of the’ phenomena characteristic of the
<

: gatandard electronqion plasmas.. No- practical application of micro-

particle Plaamas has as yet been found. [ e i ' ’f. (
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1.2.4 Energetic Microparticle-Surface Interactions

The‘poasibilities of energetic microparticle-matter interactions |,
for various ranges of particle velocities have been discussed by ”
BarrisonlB. Table 1 summarizes some of Harrison's results. The

acceleration potentials required to achieve wvarious partic;g%weloci—

r/
ties using particles with charge to mass ratios of S and 5 106
. P o

coul/kg are also given. R .

Table 1: Interactive Phenomena Asspciated with Energetic Micro-
o particles and the Acceleration Potentials Required to
Produce Them. \

Particle  Energy ber Temperature' Impact Acceleration
Velocity Nucleon, e* of Impact Phenomepon* Potential Req'd
.k (typical of Area* for Charge to
a 1 micron Mags Ratio
diameter . f:g \4!
‘particle) , | 5 5 x 10 '
) o. coul/kg coul/kg
(m/sec) - (ev) ('K) R ') W) e
103<w<10*  107%<e<1 - 10 cratering >10° >10
10%<v<10°  1<e<10? 10° . demse, cool  >10 >10°
‘ - plasma
) L , . , ‘ o
10°<v<10®" 10%<e<10? 10 . dense, hot >10°  >10°
A 8 , ~ Plasma B
- 10%w<10” 10%<e<10® 100 fuston’ 108 197 ’
L ' ©\ conditions | 5
107«  10%e L " thermo- >1083 5107
B ‘ nuclear '
: ‘ ‘ ‘phenm‘nenap :

"5‘fram,ﬂarf15§ﬂlg IR T o

ay e
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Tableljlhowe that solid microparticles, charged by currently

available ufthods2 to between 10 -3 and 10 coul/kg, would require exces-
”

sively 1l fe accelerators to produce hot plasma or fusion phenomena

sinc$ acceleration potentials of greater than 109 volts are required

On the ffher hand colloids have been produced with charge to mass

!
ratioské in excess of IOé coul/kg, and hence show some promise of

péing accelerated to the hypervelocities shown in the table without
N o ' .

- requiring unduly large accelerators.

’fA ramification of the figures quoted in Table 1 is discussed by

Pozﬁolskils. He describes, in a patent application, a nuclear reactor

consisting of a beam of energetic microparticles (containing uranium,
deqtetium and tritium) 1mpinging on a heavy metal such as uranium.

Sufficiently energetic particles could cause fusion and fission in

thevtarget area, chus initiating the release of large amounts of

eneyx.
§Z -

n
o

2

i ‘ 1.3 jtabbrgtory Generation of Microparticles

¥

) 1 3. 1 Solid MicroPatticles C . ' . fh
GNET o

3; , Ptevious work in. this. laborgtory has exclusively been carried out

¥ . wi;h solﬁd microparticlesz?lﬁ. Carbonyl iron, carbon, snd aluminum

0

r

Yo pggticleﬁ in the size range 0.5 to 20 microna diameter have been :

& Vs-chargad and acceletated Recently h,300 kV dc accelerator has been,'
L e .
'built for micropart;cle studies.] Several methads of charsing solid.

'micropafticles can be uaed 1n laboratory experiments. In contnct ,»~J ﬂ]"L 
' /)‘ I““.!it X ,

§ chatging, the particlea touch an electtode hfig‘pt high pogentials '

: "_ocity 1&: tbe‘ strong electric field at the electrode 'surfac 2_ 16 17’ PR




Particles can also be charged by ion bombardmentlB! or in the gap of a

parallel plate capacitorlg. Typical charge to mass ratios for solid

particles radée,between 1()—3 afd 10 coul/kg. Thus, the nét charge on

a microparticle with mass 10‘14 kg and charge to mass raéia'k’coullkg

is 10-14 coul, or about 6 x 104 electronic charges.

i

1.3.2 Colloids ' ‘

Liquid colloidal particles are produced bfkaACIng a conducting
no —voiatile fluid, euch'as a solution of glyéErelldoped with ;;Qigm
1odide, through a capillar& tube he1d at high potertial opposite an
aperture in a grounded plane. Thevinteﬁsenelectric field at th: cap-

“1llary tip produces a filament of charged fluid, which subsequent ly
breaka‘up into tiny'chargéd droplete. Particles with‘charge to mabs
ratios‘of 10‘1 to 104 coul/kg can be prodeced. Estimates on the basis

of certain electre}}drodynam suability criteria (Section 2.2) show

that a droplet with a charge‘to mass ratio of 103 coul/kg contains at

~17

most 6 x 10" ' coul (2400 electronic charges) and at most 6 x 10"-20 kg

 bf-f1u1d. As the charge to mass ratio 13 increased, the particles
s

contain less cha:ge and less mass. Many reaearchera ve<</yestigatbd‘
liquid QOIloida, and che worka of Wineland and Burso 20 Kidd2 and

Cohen, Burson, a#d Herren16 give representative results.

1.4 The_Prés,syﬁsmd?; SRR e

3

The exiatfng research program of the micropar 1c1e study group

'fs’haa concentrated on the charging, acceleration, focusaing and trans*

Eﬁ?}pcrt of 3011d micrOpatticles '16 22, Tﬁe main laborptory fscility 18

‘ t.‘ﬁ 300 kﬂ dc Bingle gap eceeleraxor. 'J_‘;_‘: e
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The present study 1s concerned with colloid sources. The goals,

-

of the study are to develop a source producing a well focussed beam
of charged collofds with a narrow -range of charge to mass ratios with
average values from 1 to 500 coul /kg. The emphasis'is on developing

a very versatile source that can be easily manipulated while in the

,s

300 kv dome, and which can generate reproducible beamg with particles

'0
of predetermined charge to mass ratios. Once suitable colloid beams

have been established, these beams will be accelerated in the 300 kV

[y

acceleratorn.

el

:nm .

/

In the initial phases of the study, a colloid sourte wae built
and set up in a test'beech racuum chamber. Colloidal particle beam
detectors for measerieg the beam current were developed, along with
visually reacting detectors/ﬁpr obeerving beam Ebatial distributions.

" Source parameters such as source geometry,‘working fluid resistiviry,;
operating voltage, and fluid pressure were varied and their effects

N on the colloid bean werelnoted. When a stable, continuous beam cur-
rent had been esteﬁlished,:the charge to mass ratio distribution én&

‘Javerege value of thelpeeé @éie measured, and the beam spatial drstrif‘

., bution was observed.-.

Once a set of source operating conditions thatq roduced%f;‘r s

fihfable beam badlbeen found a parapetric qnalysis ef the’ collcid source
~‘\ma performed.w The average charge to mass ratio of particles 1n the .

_beam and charge to mass ratio distribution were measured as the cap—

' ,Tve”it"fillery tube size, fluid resistivity, capillary voltage, and fluid :
'pressure were varied through an operating range. ‘ :‘n'”- v‘ 'A"f‘ S

f The resuits of theae 1nvestigations ahowed thac a colloid aource‘

} fﬁthilguould be auitable for use in theﬂsoo“kv accelerator. Accordingly,\_ . .

. W
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new source was designed and built ‘For this purpose,. The accelerator
* 3

was ex;ensivily‘modified to allow more convenient usage during the

exper iments, and to permit control and operation of the colloid source.

In the  final experiments, the colloid source was operated In the
. .

accelerator, /and the beam accelerated through potentials of up to 90

+kV. The obseérved behavior of the beam was compared to the results of

-~

a theoretical discussion of the focussing and accelerator properties.

| ‘
r. 3 ’

The operation of the source in the accelerator and the acceleratiaon of
' ) . “

™~ i ‘
Wibe collold beam showed that colloid beams can be used in energetic

»
—

/7 ' 24

micrpoparticle research,.
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{  CHAPTER 2
\

COLLoID SOURCES
i

2;1 The Basic Technique

A

Most of the cy}rent umderstanding of colloid sources has come from
research specifically oriented towards microthruster applications. As

a result, emphasis has been on high charge to mass ratio, high thrust

21,23,24

1
has used a simple device con-

beams. Much work 4in the field
sisting of a single capillary tube, as shown in Figure 1. Dihénsions
‘and operating parameter values shown are typical of both the present
study and single capillary colloid sources reported in the literature.
. The working fluid, typically sodium fodide doped glycerol, 1s forced
’ from the tip of the capillary by the feed pressure, charged at the
capillary tip, and expelled at high velocity out through the hole in

the extractor plate.

e extractor,
7 7 i K typically
» capillary tube, typically 4.8 mm 1.D, ,
0.41 'mm 0.D. x 0,20 mm I.D, E;) L
conducting fluid, L -
at pressure 2 to , \ .7 e
’20 cm Hg : . e -7 o~ - .
e ' T 5 . G HE -_-:-- ‘_‘ﬁ:-": C01101d7 beam \\
Y‘i | ‘1 ‘I_L—/«v / /‘ 7 _i X . ~. ~ o -
: ; P ij ‘ . R | . .
[} i ,_._,:'_—_. e : RN )
v o T T - N
5 to 20 kV ___/;///"_~ | . Sa
-capillary potential : L w \‘~\
y . . N\

v ~ ‘ . ’ B -
Figure 1: Schematic of a Single Capillary Tube Colloid Source.

i " -

g I . -

10
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Variations on thfp.gﬁpaxa;us have included various Cfpillary sizes and

10,27

I \xm -
[/} & 41 ARLIET g wbe Version, S
G O

’ 11neaf'slit325, and annu-

SE ihe héam 18 . formed in the same fashion

ince this thesis }s con- '

cerned with prodpci%g 5 'gtable, focussed beanm with a relatively low

charge to mass ratio, the single capillary

tube apparatus in its sim-

plest form appears to be adequate for the current experlments.

Spacecraft are electrically isolated in space, SO there must be

no net charge flow 1in the electric mlcrothruster exhaust beam. Devel-

L

opment of colloid thrustecrs with no net charge flow has Yed fo invest- '

igation of positively and negatively char-ed collpid beams. - One micro~

Lol

thruster design uses (WO interposed arrays of capillary tubes, one of

N
them operating at positive capillary potent

tive potentialBl, Another method of produc

beams 1is to operate’ a single c;pillary need

current high voltage waveformvon 1&32. Aga

jal and the other at nega-
ing no net charge flow
le with an alternating

in, the specific application

of the colloid source developed in the present work for use in the

microparticle BCCelerator requires only pos

1tively charged beams, which

are produced by applying a posfitive dc voltage to the capillary tube.,

Several different types of beam detector can be used For the

puxpose of discussion in this chapter, only
i
~ gidered. The beam 1s intercepted by a meta

carried by the beam is then fed through ar

a current detector 15 con-—
1 plate, and the currént,

esistor to ground. The

voltage generated across the resistor is monitored to show the mag-

nitude of the beam current.

The remainder of this chapter deals wi

’

fff §

th colloid beams as reported

in tbe‘literatu;e, and problems aasociated with using them. Only the'

. o

11



) 12
" section on spray mechanisms (Section 2.4) refers,épecifically to single
capillary sources; the remaining discussion applies to cplloid beams in

general. =

2.2 Droplet Stability

4
2.2.1 The Rayleigh Criterion .

A eharged(}iquid drop 1s stable provided the repulsive forées of ‘T
the surface charge do not exceed the cohesive forces of surface ten~ )
sion. In 1882 Lord Rayleigh discussed the stability of a charged
11quid drop by examining the Legendre Polynomial expansion of the equa~
| 33

tion describing the surface shape of a perturbed spherical drop™ . It

was found that the drop was stable provided that

Q® < 16ma’y (2.1)

where q 1s the drop charge, a the drop radius, and y the surface ten-
sion in e.s. units. This work was discussed and rederived by Hendricks

and Schn61der34, in 1963. 1In MKSA units the Rayleigh Criterion becomes

2 2
< 64 :
q 2 641" a

(2.2)

This result can also bg'derived by consideriﬁg a force balancelforb
an 1ncrement,g!‘surface area on a chargedﬁ%féplet. As shown in Figure
2, the fgree foréé components. acting on the droplet surface increment
at; thg outward‘electpost;tic,force‘per unit area fe due’ to the ﬁet‘
dréplet- charge, the'inward‘.pr’essix‘re fs due to surface tensiop, and the
ou;ﬁard pressure fh due_to thé interhal hydroétatic.pfessuré 1& the

fluid.' ‘?




dA, increment of ,fe, electrostatic pressure
surface area
fh’ hydrostatic pressure

fs, surface
tension, pressure

R

Figtfre 2: Forces on the Surface of a Charged Liquid Drop

The surface tension pressure and hydrostatic pressure are taken rela-
tive to the pressure of the medium surrounding the drop. The fluid
is assumed to be 1ncompressib1e, so the droplet has a constant radius

a, constant surface tension pressure f s* and the hydrostatic pressure

fh varies as charge is added to or removed from the drop.
3
The force balance equation .for the three forces on the unit area

dA is 4

deA - fhdA + feQA;, : : (2.3):

i
where the force directions are defined in Figure 2. PFrom electro-

statics35 the elactric field E at the surface of a sPherical drop of

radius a, carrying a charge q is

| E‘I== ——‘L—z— . L (2.4)
4rea : Y ’
| . €a

(2

' kwhere‘éfis‘the permittivity of the médiuﬁ su:rqunding chg,drop: VAlSO,:




£ o= ' @)

The outward hydrostatic pressure due to an internal fluld pressure p

4
is just o

fh -p . (2.6)

The general equation for the inward pressure differential created dbe-
tween media with static pressures p, and p, across a curved surface

with radii of curvature rl and rz is
1 1
Pl - pz Y(r + . ) » . (2-‘7)

where Y 18 the surface tension36.. For a spherical drop of radius a,

- iz = a. Thus the surface tension pressure, from equation 2.7, 1s

£f = 2 ; - (2.8)

I

Substitution of equatioq§ 2.4, 2.5, 2.6, and'2.8 in the force balance

1
9,

glll -——9-——-—— +p - , Y . (2-9)

équation 2.3 gives

If the droplet is’ initially uncharged, the surface tension force

13 balanced by the internal preaaure. As charge % progressivel\y in-

creased on the droplet the :lnternal pressure decreases to maintain

o

- e
£l L‘-'(’ .

14



'surface stability by equalizing the forces on the unit surface area.

At some value of charge, 9 » the internal pressure is exactly zero, and

3

_from equation 2.9,

' ql2 = 647n2633 .

If the total charge q is increased above O the outward electri- L,
cal force on the surface increment exceeds the inward surface tension .

force and the drop fractures. The drop cannot expand because the fluid

[
i

is incompressible, and for the same reason internal pressure cannot be ﬁ
\ %

negative. Therefore the drop is stAble for charges g such that

Yo

<
12 9
or

q2 < ﬁénzycaB

which is the Rayleigh Criterion.

Using the relationship bétween the mass m; density p and radius

-
®
.

a of a spherical droplet

g 4 3
m = §'ﬂpa s

the criterion can be rewritten, in several forms, where K 1is a constant

given by . .

s

. K=d8neylp . 1. (210

Thése eqqivaleht forhéAare'

v

e ‘ R




m < K(m/q)2 ) (2.13)
and
2 2.1/3
a <(.L§_I( ) > ) (2.14)
o .\9Q

In .equations 2.11, 2.12, and 2.13, the parameters mass, charge, and
charge to mass ratio appear. If one of these parameters 1s given, thf
limiting valués of the remaining two can be calculated from the
ﬁayleigh Criterioq‘equation; 2.11, 2.12, and 2.13. For example, these
equations"ha&e been written with the charge to mass ratio, q/m, as the
independent variable, and charge, mass, and therefore particle radius,
can be calculated from 1t.

Table 2 shows somé vaiues of ;he upper limits on charge, mass and
drop radius calcylated as functions of charge to mass ratio using equa-
tions 2.10 through 2.14. The physical comstants for pure glycerol
g1Ven*1§“Section 4.4 have been used. ‘

Table 2: - Maximum Values of Charge, Mass and Radius for Stable Glycerol

Droplets of Given Charge to Mass Ratio, as Calculated from
the Rayleigh Criterion. . !

Charée to | Charée .Mass ; ' Radiusr
Mass Ratio :
(coul/ke) (cou) (kg) @)
v 162 68 x102 . 6.8 x 10720 5.1 x 107
207 esx 10 esx10? 11k 107
1 esx10®  68x10 " 2.3 x 10
0 6.8 x 1070 6.8 x 1071 5.1 x 107
12 e 8 x 10»16~ﬁ 6.8 x 20718 11.1‘x 107
BT R 6. 8 x 107 17 gax10? .3 x 10 -8
SRR ‘18 23 -9

100 pga x*;o‘[( - 6.8x 1077 5. 1 x 1o
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LCurves for ion’ emission field limits of 10° , 1077, :and 10°

.

2.2.2 Jlon Emission Limit .

A second type of droplet stability limit arises from consideration
of the field emission of ions from the surface of the droplet. Elec-
tron field emission does not occur because the droplets are posfitively
charged. A conducting droplet of radius a and charge q has a surface
electric field of

S E = 2

7 (2.15)
4me a
o

Experimentally it has been shown that there exists a value of surface

field, Eg’ at which ions are emitted from that surface. The value of
37 10 '

El for tungsten is about 10 V/m. No corresponding data for charged

liquid surfaces were found. Thus, for a given charge and limit field,

the droplets are stable for

q §Aﬂeoa2Eg . © (2.16)

‘In terms of aropl%p mass this becomes

27\1/3 :
36mm
q 3 ( pz ) COEQ . (2.17)

. \
2.2.3 Summaty

Figure 3 shows plots of both the Rayleigh Criterion and the ion

\

emiésion 1imit using equat1ons 2.10, 2. 11, and 2. 17 Nimerical values

N
for constants used are those of glycerol as given in Section 4, 4
9 10 11

V/m are

;‘shOWn, since the field 11mit for a glycerol surface is unknown.‘

;gvalues for charge to mass ratio)calculated from’ equation 2 13 are

i "
: S
A a
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indicated along the Rayleigh Criterion curve. It can be seen that, for
the conservative field limit of‘109 V/m, the ion emission limit may be
more restrictive than the Rayleigh Criterion at the charge to mass
ratlo valu€s of interest in this study, which range from 1 coul/kg to
500 coul/kg. At a field 11m;t of lO10 V/m, the Rayleigh Criterion is
the sole limiting factor for charge to m;ss ratio vAn this range.

Some experiments were performed by Hendricks to investigate the
Rayleigh Criterion. A plot of measured charge to mass ratio versus
droplet radlus for octoil droplets having charge to mass ratiosvln the
range 10'_2 to 5 coul/kg showed that less than 0.3% of the droplets
measured were in the predicted unstable region. It appeared that, at
a given chargg\to mass ratio, the most probaﬁle droplet radius was of

. -
the order of 2/3 the maximum allowable wvalue pfedicted by the Rayleigh
Criterion, It is diffiéult 1f not impossible to test the criterion
for higher Vglues of chargé to mass ratio because the very small,charge
values involved are below the single particle detector sensitivity lim-

it, as shown in Section 3.4.2. GCreat care must be taken in applying

' the Rayleigh Criterion. For instance, charge flow limited or mass flow,

limited beam fprmation processes may produce stable droplets very close
to or ;ery far from the theoretical charge\to mass ratio 11m1t.A At

best, then, the criterfon provides bounds on any two of the parameters
charge, mass, and charge to mass ratio given a value.for the third par-

ametér; An additfional problem is that thé suiféce tension of the

1iquid may decrease as the bulk df liqpia‘decfeaséa, as shown ina -
P g oo , : .

39

[

theoretical discussion by Tolman

tension have been used throughout this work. = -

. Macroscopic values of the surface

18
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From the foregoing digcussion it can be concluded that if a drop-
let 18 too highly charged, there are twamechanisms whereby 1t can be
transformed into one or more stable dreplets—;particle breakup or fon
’emission. If a daoplee‘splits in half, the two daughter droplets have
the same charge to mass ratio as the parent, but each has a charge
0.707 times the theoretical maximum tharge a droplet of 1ts mas; could
stably carry (equation 2.11). In the second mechanism, ejection of

ions from a charged droplet rapidly reduces the charge to mass ratio

~\gf the original large droplet, thus making it more stable,

2.3 Charged Species 1in,the Colloid Beam

5,

In any colloid beam there can exist a great variety of charged '
species. For instance, it 1is observed experimentally that ions are
often produced when' high charge to mass ratio colloidal particles are
produced‘o. This occurs when highly,conducting fluids, high capillary

~ Sy
potentials, or low mass flow rates are used. Ions are also produced

when POOT vacuum at the capillary tip (caused by flelggout-gassing, ‘
POOr vacuum in the system, or gaseous electrolysis products in the

fluid) allows electrical corona to appear at the capillary tip.

The 1nc1dence of neutral particles in the beam is not usually

,detectable, because detection schemes generally utilize beam current,

The fluid feed preasure. capillary dimensions, and fllid viseoaity are
aueh that with no appliedgcapillary voltage, fluid drips very slowly v}
r-fftom the . capillary tip. Thue no. neutral particles can be meehanieally
’aprayed d;wn the beam axis. There is some evidence, however, that

'ﬁgpid evaporates ftom droplets in flight (see Sectiaa 2 7.2), The

.free neuttal fluid molecules so created may have a veloeity pertially/”/

4
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‘

unstable de mode, thenzfalls to zero curtent for a short while.

directed down the beam axis. ’ ‘_,,/”*\\\

Under normal operating condition;,'theQMa15§ity of charge and mass
transport occurs in droplets having charge to mass ratios ‘close to the
average value of charge to mass ratio for the entire beam. The width

I3

of the beam current versus charge to mass ratio distributiog typically
covers a range of one decade in charge to mass ‘ratio, and the distri-

bution width increases with increasing mass flow rate, charge to mass

ratio, fluid conductivity, or capillary voltage.

2.4 Beam Formation Mechanisms

In order to discuss colloid source operating modes, some terms
defining the distinccive beam current yaVeforms are required In the
“pulse mode', the beam consists of groups of parcicles travelling to-
gether which produce regulafly shaped; regularly spaced current pulses

at the detector. The "dc mode’ is characterized by a continuous, con-

" “

stant current level at the detector. .A "current burst” is associated-
with the appearance of corona in the beam at the capillary tip and| the

production of many ions in the beam.c The correspondiﬁg detected cur-

~

rent waveform starts ag an unstable pulse méde,'changes to a wildly
\
xT«

Researchers using single capillary tube .colloid sources have re-

\porbed two stable types of beam~-the pulse mode and the dc mode. (See,

for ex@mple, w1ne1and and Buraon2 ) In genetal the pulses are formed

- »

when the soutce 13 Opegated at the law end of the operating capillary

"voltage range. As the voltage incné%ses, the pulse period decteases,

\'aarved.t The nagnitude of the de current 1ncreaaea ta voltage is ;ﬁ

;At some thteshold voltage an abrupc shift to aqai;ble dc mode is ob-‘ "

»

21

e

e



increased, until further instabilities appear. A

Some of the first attempts to photograph a capillary operating in

' the pulse mode were made by Carson and HendricksAI, and Hendricks et

‘'

3142. Their results indicated that a pulse started when a large drop

of fluid collected at the capillary tube tip, ther) was ejected by the
electric field. Accompanying the large drop -Wwas a filament of fluid
joining the drop co the fluid adhering to the needle tip. when this
filamenc ruptured, it broke into highly charged droplets which travel-
led to the detector along with the initial, lowly charged drop. After
a few milliseconds the fluid spray stops and fluid starts collecting
at the capillarj tip again. Since fluid accumulates in a drop on the
end/of the capillary tube in this mode, it may be said that this pulse
mode 1is accompanied by a convex fluid meniscus at the captllary tip.
HUerker43, in a detailed study of pulsing beams using laser holography
and flash shadowgraph photography, confirmed thes; results. He showed
that theéfluid fiiameot connecting the initial large drop to the cap-
illary tube tip, which could be up to several centimetres 10ng’~hroke:
up subject to two or three types of 1nstab111ty, which codld be theo—
reticallx;related to electrohydrodynamic forces. The filament, or in
some caaesioultiple filaments, originated at the tip of a conical |
nenisous.: Tayloraé, in studying fluid—fluig interactions in- the ppes—

[4 r
ence of ‘urface tension and eleetrostatic forces, 111ustrated the cone-

-

':and—f#}ament phenomenon fo: other fluids, which tends to c0rroborate

'

the uork on colloid sourcea._\

i.,;t It appears that ‘the capillary tip phenomena are quite diffetent

'.f' uhea ths beam is operatins 1n the stable dp beam mode instead of 1n

25

“?ghg prgviously desctibed pulae mode. Hubetmau and Cohen have

‘* : Y ! N B v
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published photographs of an operating capillary tip at 44.5 X magnifi-
r Ve

cation for a sgquence of four voltages between 4.6 kV and 5.6‘kV.
I i \ '

?hese pgotographs show that thegf:jfisfs are produced from many tiny
Jets of fluid distributed eroun he rim of the capillary tube. The
jets are much smaller than the tube diameter. The overall fluid
meniscus is concave, with the number of jets appearing on theicapil~
lary rim Iincreasing as voltage 1s incFeased.

The pulse and dc modes of beam formation:can be observed in éne
experiment by merely varying the Operatinggvoltage. Thus the two

mechanisms do not represent any contradiction in results.

2.5 Beam Spatfal Distributions

In addition to exhibiting a predictable sequence of beam types as
' operating paramelters are varied &Seetion 2.4), colloia sources produce
a series of different beam spatial aistributionsii Few detajled

results are availablé on this toplc because researchers generally have

ueéd detectors which measure total beam currents overjiarge angles' of f
" the central beam axis. gCeisza,:and Geis and TUrnerAS, showed }hat 7
for a.- Btable dc beaw created by a colloid source ppeépﬁfng at typical
values of source parameters, the beam 1s a hollow cone of discrete

jets. The beam 1is anieotropic in mass flow rate, thrust,'andfcharge

. " B :
to mags ratio. ,The hollow cone can have an included half-angle of up

o

to 35°. Beam divergence increases with 1ncreasing m?ss flow rate, and

decreases with increasing capillary voltage, The effects of beam di~

)‘_ . B

vergenca ang anisotrOpy are of 5ome importanée in colloid microthruster

v
"

ppplica:ione‘and can:be allowed for 1n4th:ust calculations. Beam di—

. vergence and anlsdtrOpy are of extteme imp0§CanCe to the present study,‘(

¢

Y



‘which seeks a focussed, axial beam.
Section 6.8 shows that, in addition to the previously reportéd
divergent beam shape, operating condftions can be found such that the

beam consists of a cluster of discrete jets close to the central axis.

2.6 Space Charge in Colloid Beams

9}
A question arising from the preceding discussion of large b
divergences (up to 35° off axis) 1s whether or not ‘space chargg effects
{ ! .
yin the beam contribute significantly to this beam divergence, ce
A

charge forces are the electromagnetic forces on particles in the yﬁam

arising from the mutual electrostatic repulsion of rhe charged pa¥t1~

-
™

cles, and the constrictive force on the beam due to the magnetfc field
@ created by the beam current. J/f

Space charge forces can be estimated using the following assump-

tions: 7

(af; The beam is suff1C1ent1y aiféuse that the beam cufrent is not
space charge 1imit§d ‘which means that all particlep in the beam
travel at a constant axial velotity v which 1s determined only by
the source potential and 1s not influenced by the interaction of

. charged part%qles in the beamii _ o .

v (b) The beém diyerges slowly, so;that calculatioy of fhe élgctric and
magngt;é fields surfoqnding tﬁe beam can be based on a cylindrical
beam shape. . : . F ’

(¢)- The beam cﬁrrent is distributed ﬁniformly over thé cross—sectional
- area of che_beam. . 7

R The following derivation of space charge\effects.followg |

- " i ’ . . !
L}vingood“6‘and Syangenberga7. The beam consists of a cylinder of

: 7 R . o
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charged particles having charge to mass ratio q/m and axial velocity v.
The cylinder is of radius‘;, carries a current 1, and charge per unit
length Q. The effects of space charge are evaluated by introducing a
testlparticle also having charge to mass ratio q/q, charge q, mass m,
and velocity v, travelling at radius r parallel toland at the surface
of the cylindrical beam. The test particie represents a beam particle
at the edge of the beam, thereforg the radial motfion of the test parti-~
cle {ndicates the motion of the beam envelope in general. The electro~

static force on the test particle is

”

F = qE .

e
Here

E = -
. R2me r )
[9]

=

1s the electric field at the surfate of the beam, and £, 1s the permit-

tivity of free space. Since

Q=1/v,

g w94 2.1

This force teﬁds to push the test charge outward. The. inward magnetic
force on the test particle due to the circumferential magpetic field B

surrounding the cyrrent i is

{

FFQ = qvB , B
where '
,}g;;_\\ B = fgf
. Zﬂr”‘

, 4

and uo is the permeability of free space. Thus the total odtwatd‘force ‘ ' }

on the particle 1? o B



or

Fao-dl g _ e vy . (2.19)

_ (2
v ( 4 ) , (2.20)
. A Y
thus 4
.U (= * 3
F - T T (—2;‘7) [1 ~ 26V m] i (2.21)

>

Evaluation of the second term 15 equation 2.21 for typical values of

source, potential (20 kV), and charge to mass ratio (100 coul/kg) shows
\" I' o .

that the magnetic force Fﬁ is 4.5 x 10 11 times smaller than the elec~

trostatic force Fe’ 80 Fm can be completély neglected. Therefore the

equation of radial motion for t

‘, , 2
| : : .
o ndE .5 | (2.22)
\ ' dt € :
/
or, by equation 2.18
!‘Y 2
. dr..at 1 0 (2.23)
‘ dt 21€e vm r :

ables beam radius r and axial poaition z, then nqrmaliged with respect’
’ []

to the initial !eam_radiua r,- Thus



2 2 2
dr._4r ;(9‘3) , (2.24)
dt dz dt

where dz/dt = v is a constant. Therefore equation 2.23 becomes

./ )
g dr __gq¢ 1 (2.25)

d22 2me mv3 r
[o]

If R = r/ro and Z = z/ro, equation 2.25 becomes

»

2
dR_ ot 1 (2.26)
R

. az?  2me vom
(9]

3y

»

This equation is integrated by multiplying through by dR/dZ, and yields

2 o :
(d—R> -9 R4 .R(,)z X 2.27)
\dZ ZTTEOV m .

Here dR/dZ = R; at R = 1 and Z = 0. Equation 2.27 1is reduced by trans-

posing variables. An iﬂteg%ition then gives

| % (R
z a2 f —-——T{“R , v T(2.28)
<2ﬂ€°v3m) 1 (1nRA) - )
where 7 v V
' ' R’qi
: A = exp (———-—3—- . (2.29)
o 21{e°v mo.

) 4
- . ‘ yo -
o ) F.J Yy v e

A transformation of variable t = (lqRA)% in this”gqga;iéa gives ' .

\

. W
Z = (-—-ﬂ—--.-2 i )kf(lnRA) etzdt
) 3 ) k ‘ .
TE vV m (1nA) ‘ ;
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Using equation Z.20 to eliminate particle velocity ylelds the final

expression

(1nRA)
Z = ( k)f de . (2.30)
me V (lnA)

Equation 2,30 has been evaluated for various typical values of
beam cur;ent, source potentjal, and particle charge to mass ratio at a
fixed value of initial beam radius r = 2.032 x 10_4 m, which 1is the
outer diameter of the capillary éube used in much of the present work.
Initial beam divergence has been set to zero (A = 1 in equations 2.29
and 2.30). Table 3 shows resuits for beam envelope radius 4nd beam
envelope divergence angle at a distance 0.3 m downstream frdm the

source. 1

Table 3: Beam Envelope Radius and Slope Angle Due to Space Charge in
an Inftially Cylindrical Beam of Radfius 2.032 x 1074 m, at a
D%stance 0.3 m from the Source.

Source Beam Charge to ° Beam - i Beam
Potential Current Mass Ratiq, Envelope Envelope

' Radius Divergence
(V)  (amp) (coul/kg) @ (degrees)

- - o - o - a f

20 1x10° . 100+ 2.5x 107"  0.2°

20  1x107 1o 5.9 x 10 O

5 1x10° . 100 46x 102 10.0°

5 1x10% 0 10 8.7x 102  18.0°
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: the gas 1n the vacuum chamber (Section 9.4) show that about hdif of

29

Detailed commené on these results is difficult without ;oméarison
of an observed beam spatial distribution with the space charge effect
calculated from the observed experimental beam parameters. However,
it appears that the divergence angles calcuiate& due to space charge
may be as highias half the observed beam diverggnc%. The values in

- .
Table 3 show that 1in applications of colloid sources requiring an

A

- axially focussed beam, spacescharge must be considered.

)

2.7 'Beam Energy Losses'

’ -
2,7.1 Introduction

The energy loss of the beam during the droplet formation processes
;nd the energy loss during transit are important fér two reasons.
Firstly, droplet formatfon losses result in errors in the beam para-
meters calculated from the nominal value of capillary potential.
Secondly,’maSS'evaporation of fluid from a droplet means that the
droplet chargg to mass ratio'increases agd kinetic energy‘of the
droplet decreases;as it drifts along 1its trasectory. In colloid
microthruster applications, omnly the formaéion,loss is signi%icant,

while in miéiopariicle accelerators both effects are important.

2.7. 2 Mass Evaporation from In-Flfg ht Droplets

. In the present work a system vacuun pressure of 2 x 10 totr

-

. was typical during colloid eourceuoperation.‘ Gas analysis resulte for

the pressure. or, 1 x 10 R torr, could be at;ribute
and the remaining 1x 10 ~6 torr was made up of reaidual gas and frac—

tioda:ed;glyge;ol Vapour pressure data for 31ycerol are prenented 1n

4
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Section 4.4, and show that at a vapour pressure of 1 x 10h6 torr éhe
glycerol temperature 1is -19°C. For lack of specific data it 1s éssumed
that the initial temperature of droplets formed at the colloid source
18 25°C. At this temperature, thé glycerol vapour pressure 18 1 x 10
torr. As the 25°C glycerol 1s sprayed into the vacuum, glycerol 1s
evaporated from the droplets because the vapour pressure at the
glycerol surface is higher than the surrounding partial pressure of
glycerol vapour. The energy needed to evaporate this mass from the
drop must come from the thermal energy of the drop and its temperature
falls until the drop becomes stable, at a temperature of -19° and a
vapour pressure of 1 x 10—6 torr.

6ncethis first phase of evaporation is complete, glycerol evapora-
tion continues at a rate dependent on other considerations. Fluid must
continue to be evaporated in order to replegish the vapour remo;ed by
the pumping system. How;Qer, mo'st of thi; may in fact come froﬁ fluid
de;551Ced on the ‘collimators 6r beam targets rather than from the beaﬁ
1niflight. ~ Evaporation from the glycéfoi droplets in flight 1is nearly
~adiabatic. Thus the'droplets will remain constant in sige, o;ce they
‘ﬁavé cooléd to a temperature which equalizes drdplet vapour bressure to
the system partial pressure of élycerol, since heat cannot be trans-

L2 S

ferred to the droplets in flighé. Clearly this sécond'stage df evapor-

.

ation depends‘on several intangible considerations such as pbmping

speeds, conduc:anceé, and thehgmbun; 0f glycerol preiiously deposited

.on'syatem'sﬁrfaCeé.

' An‘eStimatgipg the .speed of the_gaééods glyég;dl molgculgs‘can be
made from the average energy of‘ohgimolecﬁig,“é‘v , .which is7f¢und‘
f AR . , . e . B -

s

" from gas dy‘nemics“’?. to be

) . L s F N A s
. R . .
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€ave (i'mv )ave E'kT ’ (2.31)

where m is the molecule mass, v the molecule velocity, T the molecule
temperature, and k 18 Boltzmann's Constant. If T 1s assumed to be
BOOOK, the root mean square molecule speed 1s found to be 280 m/sec.
Now, a glycerol droplet with a charge to mass ratio of 50 coul/kg
formed at a Eource potential of 15 kV (conditions typical of this
study) travels at 1.2 x 103 m/sec.” When a molecule evaporates from
the droplet, its thermal velocity (which is in a random direction)
adds vectorialiy to its translational velocity directed towards the
target. Because the translational velocity is of the same order of,
or larger than, the thermal velocity, many of the evaporatedvmoleculgs
n be directed towards.the beam detector as a neutral particle flux.
In 1965 Hunter and Winelandao calculated the mass loss and the
« time require@ to coo£ glycerol droplets from various initial temééra~
tures down to the freezlﬁg point at 18°C, using a theory described by

' / . \
Gayle et;alk?. .They calculated the maks loss of a particle cooling
S | :

. from an initial temperature of 25°C to be about 3% of the initiafﬁmass,

The time required for the cooling process was 4 x 10_‘4 sec for a par-
ticle of 10-7im diameter, and 4 x 10_5,sec7for a‘particle of 10-8 m
diameter. ‘ : | v .

ﬂnberman and Cohe525lyeported beam energy iosses of 23vaor col-
loiq'beams with spec1f1§ charge betﬁeen’103 and 1.5 x 10“ cpul/kg, |

i

capillaty‘tubelvpltages between 6 and 13 kV, and a -source.to detector

drift distgncé of 0.11 m. Beaﬁ'energy at the detector vas measufed,by '

' obgerving the beam current transmitted through a‘vgriabie potential

! ié$atd1hg>the 1ucoming Beam. The value of poﬁentialnaé ghioh half the
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beam was transmitted gd;;;the equivalent beam energy at the detector.
Subsequentl; Hubermanso performed further experiments which allowed
separation of beam formation and evaporation effects. In these experi-
ments the beam was directed through slits at the ends of an arc by

) )

electrostatic deflection, and beam energy was deduced from the potensial

applied to the deflecting electrodes. Examination of the pgsticle

energy data allowed measurement of the beam formation energf} which was
found to be the equivalent of 400 % 200 volts on the capillary potential.
The remaining ioss, up to 23% of the capillary potential, was without
further discussion, attributed to evaporative loss. |

Because of the appreciable mass loss 1n&1cated by Huberman and
Cohenzs, an attempt to calculate mass loss due to evaporation 1s made
here. Since the Nal-glycerol solutions used here are relatively dilute-
(< 1/10 saturation), the physical gonstants for pure glycerol (as given
in Secfion 4.4) are used, Newman51 states that glycerol readily super-
cools to -83?C, therefore cglculations of mass loss during droplet
cooling from 25°¢C to ~196C are done for both the case where the fluid
su}ercools to ~19°C and the case where it freezes at 18°C then cools to
-19°C as a’ solid. JAs pointed out above, -19°C 1s the estimated temper-—
ature Qf glyderol in the experimental chamber. for both the super-
cooling and freezing cases, the calculated mas§_loss is found to bév/////#’—f‘”
‘ essentiallyrindependent oflthe thermal conducgivity of glycéfol, by - 1'
considering the two limiting cases of very high and very low thermal h
conductivity.D The. calculations for these fout tases are:

Case 1: Supercooled fluid, w#th very high.thermal conductivity. -

| | In this éase,‘tﬁe*drople; coqlslﬁnifotmly.' TheiamOunt"'

Lof heat dQ wh4§§ mﬁé;$be removed to 6981 the mass m through a .

o
y



temperature rdnge dT, at epecific heat ¢y issz

-

dQ = szdT , (2.32)

while the heat required to evaporate a mass dm with latent heat Re

is v
s W\

dQ = 2 dm . % (2.33)

Since these two amounts of heatést be equal,

ledm = comdT . ’ (2.34)

Integration of this equat fon glves — .-

” 2. . mf cz- s T,
' m; In (;‘ T (T - Ti) » (2.35)
: v 1 '
where,the subsgripts f and {1 denote final and initfal values ?

respectively. For the parameter values from Section 4.4 (Cg =
0.547ca1/gm/0C, xe = 21 kcal/mole) and a temperature range of

ZSOC so,~190C, the ratio of final to initial mass 1is

; mf/m1 = 0;?2R. (2.36)
S : v T -

Lase 2: Supercooled fluid; Qith ver} low”thermai CohductiVity.
. ' For this d’%e the surface of the drop cools immediately,
hence the surface temperature is always —19 C while the drOplet

Y

?nterior cools gradUally. Thus the\entire initial mass ml must be

cool&d through the complete temperature range. In this case the ;

‘amount of heat lost is equivalent to.

N

LI

QEemar. ol

33



34

The mass of fluid lost to remove heat Q is juét

o= 2, (2.38)
. ge '
Thus, - /
m c_ .
& ——-f—- = -..-2; _— ' ‘
R L R I (2.39)

The numerical value for the mass ratig is

!
‘ mf/mi = 0.90 .

B

Comparison of results for Case 1 and Case 2 shqw that the differ—
ence between the two values for mass loss is less than 3%, therefore an
averaged value of mf/mi = 0.91 can be used for these cases, in which
.the glycerolidroplets supercool from'ZSOcﬂto ~l9OC;M Thus abopt 9% of |
Vthe initial dropleé mass evaporates. "

Case 3: Frozen fiyid, with very high the;mal conductivity.

In this case three disqiﬁct eteps must be considered:

'eooling from the initial temperature of 25 C to the freezing point

at 18 C freezing at 189C, then cooling from 18 °c to -19° C. The

- cooling of the liquid phase is describedigy equat1ons 2 32 to . ' , A
 2.35. When equation 2 35! 1s evaluated for the temperature range ﬂ !
" 25% to 18°%, - ® . | | b
| T/.l | "j ;}' | i’ R e
| oy /m,. = 0.98 , R - (2-40):‘ o

’

*+‘;,where ml is the mass of liquid at 18o . The drop is assumed to

o R '5freeze from‘the outer surface inwarr, 59 the entire mass ml must

s

R ‘,1be frozen, and mass evaporation t‘_

's place from the frozen E

IR
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surface. The amount of heat Q released by freezing a mass my

with 1?: heat of fusion L. 1s |
. L S
“ | ) .
R () (2.41)
The amount of mass ONm evaporated by this amount of heat Q 1s
Q=% fm . (2.62)
. sk
where ¥ 1is fhelat@jc heat of sublimation. £ 1s assumed to be
8 ‘ I3 \
givén byS‘1 ‘ ‘ '
AV JRE SN S
8 e
' ; \ .
Now , 7 ) v “A
M, - mg' - mp » , : (2-43)
\ | .
vhere m_ 1s the mass of frozem Slycerg} at 18°C left after the !/
\\ . R ‘ -
freezing process is completed. " Therefor\e, from equations 2.41,
2.42, and 2.43, ‘\ N |
i \ . A V o
| Lag =) B S (2.44)
l | m’. - st l"\- : 2t ‘
: !
Y . .
\ v f
- which has numerical value . C oy
1' ’ v (2045) T

LB LT
% i el N
A . .
S . ’ r—\ . -

p . ,‘ L o . . . : . vE ' .. .
d stage of cooli‘ng‘.‘vthe‘solid_gfass ms\at‘;lBoC is.
‘cooled to ~19%¢. s:lnee,t:he solid has very hié thermal conduct- , .~
‘tvity, the mass cools unifornly and AR
‘ e . dQ = c_mdT A ©(2.46)



i8 the heat required to cool-

-mags through a temperature range
dT, where s is the specifiéthZri
A

dm 1€ evaporated by heat dQ, as

dQ - £ dm . | ' , (2.47)

Equatfions 2.46 and 2.47 give’

£ dm = c_mdT , (2.48)

which 1ﬁtegfates to yield

m rcé ) R
. 1ln (;r-= E;'(Tf - Ts) . (2.49)

Here mf‘is the final mass at températufe Tf, and ms ie the mass of

solid at temperature Ts = 18°C. Numerical evaluation of equation

2,48 gives

; ) b /m -(9.96 . o - (2.50)

‘ )

The total mass loss 1s givgn by ' 8
. me Wy m m R o
e TR e T ) 0 (.51
- E S Gl T | E
' . e @ o e e :

or, by equations 140, 2.45 and 2.51, . 6

mflmi -0;77 .y '
.?‘ - ' LT \,“‘ ‘ N ‘ (-»v, o
Case 4 4. Ftozen ﬁluid with very low thermal conductivity.

”f:*r' JIn thia case, gye droplet cools and freezes from the

(RS

IR LR ",
L T S Y v
g . : i A 5 i ! -(' . IR : % .

of solid glycerol. A solid mass

36




~or, from equations 2.52, 2.53, and 2.54,
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, outside in. At any instant, the surface of the droplet 1s frozen

at —19OC while the interior of the droplet is warmer. Therefore,

the amount of heat released during the cooling process 1s the same

.as if the entiTe initial mass as cooled to the freezing point of

180C, then the entire initial masds was frozen at lec; then the
éutire initial mass was cpoled to -19%¢ from 18°C. This heat 1s
removed by the sublimation of glycerol from the frozen surface, at
~-1‘90C. For the amount of.heat'Ql released by the initial cooling
of the liquid, equation 2.37 between the Umits of 25°C and 18°C
applies., Thus

LA = 3.7 C . .
Q1 cipiﬂT 3.78 my cal/gm (2.52)

f -

The amount: of heat Q. rebleased in freezing a mass m _follows from

e 2 e ' B

equation 2.41, hence'

Q2 - xfmi = ~47, m, c 1/gm °, 2 (2.53)

i 3

VThe amount of heat Q3 released in cooling the solid mass m,

tqrough a range 18°%C to -19 °c is (from equation 2.45)

Q3 = camiﬁT’n ~§.11 m cal{gm . (2.54)

Thereforée the t9tél heat Q;releasea by cooling the droplet is

Q=0+ Q, + 0 S

o

B0 e Qe -52.4 m, cal/gm . " (2.55)



.
§

The mass of fluid sublimated by heat Q (from equation 2.42) 1is

n-g

8
or, using equation 2,54,

m - m = ~-0.2 m

This reduces to cole . |
a 0.80 , (2.56)

as the ratio of final to initial masses.

! ) :
Comparison of Cases 3 and 4 shows that the value of thermal con—

ductivity bas only a small effect on the calculation of evaporative
A

mhss loss assuming the droplet freezes while cooling from’ 25 to

~19°C. Therefore an average value of Ot79 for the ratio of fimal to

initial droplet mass can be used,

In summary, these calculationb indicate a significant amount’ of
’ B

the mass of a druplet evaporates, as the droplet cools to a temperature

where the vapour pressure of the glycerol is in equilibrium with the

partial pressure of glycerol in the vacuum chamber, For a partial preS*

sure of glycerdi of 1 x 10 tor;, the amount of mass loss of a droplet
18 9% if the glycerol supercools, and 21% 1if the glycerol freezes.

The mass loss of 3%Z for the cooling/ﬁf a liquid drOp from 25° C to
18° (o} derived by Hunter and Winelandao is consistent withuthe present

, calculatiqn (equation 2. 40 ‘gives 2% for the same result). The mass

4

lose of,up to 232 measured by Huberndh and_Cohen25 is in agreément with

38 .
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the present calculation, in which a mass loss of 21% was found for the
case where the droplets freeze.
The experimental parameters used by Huberman and Cohen25 have

been Aescrlbed earlier in this section. Their results show that for a
particle formed at 6 kV and baving a charge to mass ratio of 104 coul/
kg, the particlé ;raverses’the source to detector distance in 1 x 10~5
sec and loses 23%Z of its mass in this time. On the other hand, Hunter
and Wineland39 calculated that a particle of 10~8 m diameter loses 3%
of 1its mass in 4 x leA5 sec. The Rayleigh Criterion (equation 2.14)
shows that a particle of 16»8 m diameter has a charge to mass ratio of

4 .
10" coul/kg or less. Thus for similar particles taken over about the

same evaporation time interval, results of 3% and 23A mass loss are

~pu
M

indicated by the two different authors. Presumably this -discrepancy
can be attributed to specific assumptions leading to the calculated

value of 3%, or specific experimental conditions in the measured value

"of 23%. However, it appears that the overall mass loss of a droplet

injected into the vacuum ts less than 25%.

2.7.3 Beam Formation Losses

While no complete theory of colloid beam formation exists, it is

reasonable that the maximum energy of the droplet, given by the nominal‘

capillary potential ‘may be reduced due to mechanisms such as ohmic

losses during the charging of the fluid, fluid viscosity, and surface

- D .
tension. As diséusa;d in the previous section, Hubermanso measured the

droplet formation loss to be the equivalent of a 400 % 200 volt reduc-
D g i

=

tion in capillary poten:ial

<

39



4

2.7.4 Implications of Energy Lossés

‘ﬁ;

The effect of energy lbsses on experimental measurementsg depends
on the measurément method used. For methods using current detection,
such as the time of flight method, only the particle formatfon loss
affects the accuracy. Beam current {g measured at the detector and
nominal source potential is used to calculate all other bean parameterS.
Therefore, 1f the beam charge 1s Conserved, the time of flight method
gives the beam parameters as they existed lmmediately beyond the part~
icle creation point. Thus, the beam formation potential loss of about

JER—.

400 volts should be subtracted from the capillary potential prior to
these calculations. On the other hand 1f charge 1s not conserved asg
the beam moves from the source to the detector, the time of flight
method gives beam bparameters derived from particle charge at the
detector, particle mass at the Source, and the nominal source potential.

Methods using retarding potential or electrostatic deflection

angiyzers measure particle e€nergy at the point of measurement, Thus,

In this study only beam current detection has been used to per~

form measuremenfts ‘Thus the f¢

-the soprce, ngt necessarily those at the point of
N

ttion losses asg reported by Huberman50 were no

larger than 6% 1n the presgdnt experiments and have been neglected.

q

2.8 Operating Parameterg énd Their Effects

Much work has been done on parametric analyses of ‘collodid beam
'sources. Kidd gives extensive, representative . resultd. The average

charge to mass ratio of éhe beam is influenced by two classee of

]




ﬁl . .

B

effect--those which increase the fluid mass flow rate, and those which
increase the electric field at the capillary tip. The increase in mass
flow rate lowers the charge to mass ratio, and can be achieved by
1ncre:;1ng capillary inner diameter, lowering fluid viscosity (by
heating the fluild or choosing a different fluid), or increasing fluid
feed pressure. The increase in electric fleld increases the charge to
mass ratio, and 1is accomplished b& decreasing capillary outer diameter, ‘
decreasing the capillary to extractor distance, or increasing the
operating voltage. Increasing fluid conductivity also increases the
charge to mass ratio.

There -is an additiqnal problem in choosing operating parameters
because. the beam 1s not stable for all combinat;ons of parameters, For

this xgason much of the work discussed in Chapter 6 concerns trial-and-

error experiments to find suitable operating conditions.

2.9 SecondarerartiCIEs ) : \

Several researchers report invegtigatipﬂs into the production of

seCOHdETY‘S?rticles when a colloid beam strikés a surface25’27’28, The \

~

X

- secondary particles may be either neutral or charged glycerol particles
o or electrons. The glycerol secondary particles may be\from shattered — \\
beam aroplets; or from the mass of glycerol previously deposited on the-

target surface. oy A\

AR IR

. . ) \\ !
i"

The secondary electrons present several problems. Firstly, the

measured beam current 1& the sum of the po;;tiﬁe charge arriving at the

Yo L, \\ 3 '
detector and the negative charge leaving it. Hu erman and Cohen25 ’
show data where the aecondary electron current is 4 or 5 timeg\@he

,
,

incident positive bean cu;rent. Secdndly, if the. secondary electrons

. . ‘,I



are allowed to backstream towards the colloid éource, the electrons
cause instabilities in the colloid beam. These instagllities appear

as short (less than 100 usec), posit{ve— or negative—going splkes on
the othezéise stable dc éurrent level. Thirdly, prolonged bombardment
of the éépillary tube tip by secondary electrons leads to the build~up
of a bléck, tar-1ike deposit on the capillary tip. This deposit may be
a polymerized form of glycer0125. Finally, since the beam 1s posi-
tively charged, the electric fleld surrounding the positively charged
beam can trap low energy electrons present in the experimental chamber.
The trappea electrons may then combine with, and neutralize, the
charged colloidal particles. The trapping of these electrons means
that the measured beam current 1?51335 than the true current due to all
the positive particles in tﬂé‘beam.

Successful operation of a colloid source often depends on the cor-
rect application of bias voltages on compdngnts‘in the éxperimental
chamber to suppress the secondary electrons. Generally speaking, most
researchersgreport using a suppreséion grid biased at -30 to ~100 V
directly 4in front of the detector surface. Also, the extractoriin thé
colloid source is often blased at ~300 to ~500 V with respect to the
experimental chamber walls in order tb present,aﬁ,electron barrier to

BeCOﬂdﬂrye1§Ctr0ﬂSdrift1ngitowards the colloid source.

1

\ -
\ ‘

£ -
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'thtee completely new detection methods;,” namely time of flight methodsl :

CHAPTER 3 -4

DETECTORS

3.1 Introduction

\?"‘ s \

This chapter reviews some of the methods available for detecting u\

»and analyzing charged colloidal particle beams. The theoretical bases

behind the detection methods used later in the experimental work are
outlined. However, all material pertaining to development and realiza-
tion of the detectors is presented in Section 6.3.

Choice of beam detection methods clearly depends on the informa-

"

A
tion required. Kor the present study, the information must include:

(a) the beam current,

(b) the average charge to mass ratio of ‘particles in the beam, and .
some estimate of the chérg% to mass ratios present on the particles B

)

in the beam,
(c) the mass flow rate in the beam, . .
(d) the spatial diétribution of the bemi
The first three rEquirements ate related to understanding the colloid

source behavtor and to:assessing the suitability of the source for use

\\

in the-micropag;icle accelerator. The fourth conditjon is essential to

use of the colloid source 1in the microparticléagcceleratot, since the

‘accelerator application requires a focussed axialncolloid beam,

Detection methods described in the literature include. single

particle detection2 38, time of flight mgthods utilizing current detec-

tign215z“'25'wﬁ nd the use of a quadrupole mass spectrameter 0 A}eo,

X

“F

~
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using charge detection, and two types of visually reacting beam detec-

tor, were investigated in the present work. Of all these methods, 1t

was decided to use the time of flight method using current detection

and the two visually reacting detectors in the experimental work.

Reasons for these chbices are given 1in the remaining sections of this

chapter. X

3.2 Time of Flight Method Using Current Detection

-

3.2.1 Introduction

The time of flight measurement method was first used by Shelton

and Cohen, and later described by Cohen53 in 1964. It has been used

for nearly all colloidal beam research performed since then. 1In this

method, beam current 1is collected by a metal plate intercepting the

Vbeam.

s

The current 1s fed through a resistor to ground and the voltage

.

across the resistor {s monitored on an oscilloscope to give the beam

current waveform. Because only beam current is detected, the method

glves average or total values of the éarameters describing the beam.

- Figure 4a 1llustrates the apparatus used in a time of flight

experiment. The colloid source and current detector are indicated

aéhematically. At some time t=0, the capillary voltage switch is

activated to remove the source.operating voltage,,and the ‘source ceases

to produce particles. For some time after t-O parcicles continue to

arrive at the detector because they were traversing the source to

detector drift distance at time t=0. Eventually all the particles

have reached the detector and _ag--further current is detected, «

Physically apeaking, the beam conaiats of a finite number of sub—

~
beama,

each of. which contains par:icles of a given charge to mass ratio.

)
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o
Thus, the particles in the beam are distributed over discrete values of
charge to mass ratio, This‘distributibn will be referred to as the
distribution of charge to mass ratios in the colloid beam. Since all
particles are created by the same source voltage, the particles {in each

A

sub~bean tfa§e1 at the same velocity. However, the various sub-beams
travel at different velécifies. Figure 4b, which shows the ideal cur-
rent decay curve ;:‘a time of flight measurement, 1llustrates this

phehomenon. At time t=0, the beam 18 turped off at the source. The dc

current 1s observed to be constant %?til time t=t1. 1

particles comprising the fastest sub-beam have all arrived at the

At t=t the

detector, hence the detected current decreases by an amount equal to

_the current contrjbuted dby the fastest sub-beam. The process of cur-

rent decay continues until time t=t_, when the last particles of the

f’
slowest sub-beam have all arrived at the detector, and the detected
current falls to zero.

In practice, the measured current decay curve is a smooth curve

bec are many sub-beams of particles iIn the rotal beam, and
the/method cannot resolve the individual sub-beams of particles. The
actual curve is 111ustfated }n Figure 4c. F
Because ihe measured current decay curve appears as a8 smooth fupc—

fion of the measurement time t, the discussion and analysis of the time
o; flight method wiilﬁqbsume a continuous, rather than a discrete, dis-
tributioh of the charge té mass ratios of the particles in the beam.

 Analysis of the time -of flight data, thch 1s degcéibed in the
following section, yieids wuch information on the prOpérties.pf_the
colloid b;Am; Of this 1n£ofmation; parametets of direct interest to

!
the present investigation of colloid soyrces for use in the

.
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microparticle accelerator are: total beam current, average charge to

mass ratio, total mass flow rate, and an estimate of the charge to
- i
mass ratio distribution Iin the beam. The remaining information is

applicable to colloid microthrust rocket research, and tncludes such

parameters as: thrust, specific impulse, and beam efficiencyZA’zs’jz.

!

3.2.2 Analysis of Time of Flight Data

f '

In this section, a detailed derivation of some of the parameters

available from a time of flight measurement 1s given. The ferived

results give valué; for total current, total mass flow rate, and aver-
age charge to mass ratio in terms of the observed current decay curve.
kae remaining parameters are discussea in less detai].

The#brevious section has shown that a time of flight measurement

ylelds a current decay curve I(t), where t 1s the time elapsed sinc

the measurement was initiated. Also, it is clear that at any instadnt

/

t, ‘the current I(t) 1s maintained by the current of all’particle N4

species in the beam with velocities
v 5”D[t , » (3.1)

where D is the source to detector drift distance., A’ function 1(t)

v

defined by

1(t) = i) G3.2)

'dF

gives the amount of current 1(t)dt due to particles having a velocity

between u(t) and u(t + dt), where-

u(t) = D/t . T (3.3)

- =

PR B

= . . N | IF \ K : ‘ : . | Y |
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. (It must again be noted that this entire discussion assumes continuous

13

~

distributions for all parameters describing the particles ap the beam.)

Clearly

I1(t) -f 1(t)de . (3.4)
Jt

‘The upper limit of integration in equation 3.4 could also be te since

I(t) = 4(t) =~0 for all times t > te- o
H - 1 ]

The kinef1c energy of the particles 1is related to the source - o

 potential V, by

&
4

Mo’ - Qv , - BER

where m = particle mass, q = particle charge, and u = particle velocity.

The charge to mass ratlo of the particle c(t) is given by

u_ .
2v ?

-9 a
c(® n
or, by equation 3.3,
2;

7 - (3.6)

c(t) =
2Vt

©

The first result available from the time of flight measurement is

a value for the total steady state Seam current, I . This is given by

.

I, = 1(0) -f 1(t)dt . . @B
" N : o Al i '
, y

'l'he masa flow rate of l;he beam 1s now. considered. ~H(i:)“1é d.efined

as the mags, ﬂow rate 1n¢1dent on" the?detectot at measurgment time t.



A function n(t), defined as the distribution of mass flow rate over the
measurement time t, is given by

1 B(t) = - %E M(t) . (3.8)

In summary, then, i(t)dt represents the current, and m(t)dt represents
the mass flow rate, due to particles hﬁving velocity between u(t) and
e(t + dt) and charge to mass ratio between c(t) and c(t + dt). The
function 1(t) 1s definedlae tge distribution of current over measure-
ment time t, and ﬁ(t) is the corresponding mass flow rate distribution.
The use of t as a parameter for the current distribution 1(t) and mass

flow rate distribution m(t) allows immediafe calculation of the current

or mass flow rate contributed by particles haviﬂg)a given charge to

mass ratio c(t) (from equatien 3.6) or velocity u(t) (from equation 3.3).

-~

(It must be emphasized that the dot operator, 'Y, s not equivalent to
the operator 'd/dt' since the former refers to the flow rate of charge

or mass in the steady state beam, while the latter refers to times 1in
. )

the time of flight measurement period.)

The steady state mass flow rate for the complete beam 1s given by

- ;
. i . -

M = M(0) -f A(e)de . Ce (3.9)
, 0 ¢ 0 , - '

_ ‘ o o
The function m(t) 18 now related.to the function 1(t) so that the

3

1ntegral in equation 3 9 can, be evaluated 1n terms of the experiment-

ally observed current decay curve. At some timewt, consider only those

l

particlea having charge to mass ratio c(t) and- velocity u(t). ‘These
AN

-pnttielea eonttibute a current i(t)dt and a mass flaw rate m(q)dt to

[N
»
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the entire colloid beam. Now,

' charge ) .
1(t)de unit beam length x u(t) ,
and
m(t)de = TE58 (v) .

unit beam length x

The ratio of the two quantities gives

W

- charge/unit béam lenﬁ‘;z>
t)  mass/uhft beam length

S

(3.10)

B
~~~

-

Since all the individual particles considered have charge to mass

ratio c(g), the right-hand side of equation 3.10 1is also c(t), and

]

{ 1(t) = ﬁ(t)q(t) . 13.11)

2 , ; .

Using equation 3.11, ‘equation 3.9 becomes

-f _mdt

. | ' ﬁ

and, by use of equation 3.6, (ﬁ\\\\

N

.- s VAR ,
-g- t21(r)de . : (3.12)
i O : ) ‘,
- N
The"integral
. [ 2 to ’ : B .
Y = -lsf t71(t)dt ' . o '
can be 1;£egratgd‘by parts éodgive )
L ‘ muf (N
Y f tI(t)dt , (3.13)
0 ¢
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M =Y. o (3.14)

In accelerator applications, the most useful value of charge to
mass ratio that could be assigned to the entire beam would be the

charge'fo mass ratio corrgspondidg to the greatest particle flux. Cal~

culation of such a charge to mass ratio would involve knowledge of the '

»

charge and mass on individual particles, which 1s not available through

the time of flight method. .An~éitgrna§ivg ya]ue of charge to mass

» xatio "for the entire beam,wiil‘bgtéaliéd tﬁé nominal charge to mass

ratio, and 1s defined as'F§QHY;IUe of charge to mass ratio contributing

. i .
the maximum current to the-beam. The-nominal charge to mass ratio 1s

=3

given by

e My, : (3.15)

where tﬁ is the méasufeméﬁt time at which 1(t) has A maximum and i(t)
h;s a maxihum slope. ?he value tm has been ind}cated on the currént
de;ay curves in Figure 5.

It has been %}o@n lhac 1(t)ét gi;es the current qontrfbuted to
:the:bé%m'by particlgs‘havi;g ch;rge to mass ratio between c () ‘and
g(c % dt)f *This,éiQe;rnéginférqation gbouéathg numbeg of particles
in this chargé ‘to mass r;tio range. However, the range of charge to

. ‘ - ‘ A
mass‘ra;io over which 1(t) 1slnon4zer% indicates the fangeof‘éhafg;
to @hsb‘rqtios preserrt in the”beam,“ This chérgé to‘mass ratio rangé'

[

has been used 1ﬁ.de5cr1b1ng the éxperimentél results given in Chapters

"
1

'a
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Because & colloid source suitable for use in the microparticle
accelerator was belng developed, the values of total beam current,
total mass flow rate, nominal charge to mass ratio, and‘the range of
charge to mass ;atios present in the beamlwere of most 1;terestA
Table 4, Part B, summarizes Lhe;e results. The vaipes givéﬂlin Table
4, Part C, are used in coldoid microthrust rocket‘reééarch, and are
diécussed by CeiBZA, Huberman and Cohenzs, énd Burégn and Herrenaz.

In the eariy stages of the present experiméhtal work, 4t was
desirable to correlate the present results to the results duoted in  the
literature. A short computer program (not discussed here) was used to
nimerically 1ntegrate the time of flight measurément current decay
curve to obtain values for all tﬁe results "lsted 1n Table b. RéSﬁltS:
of!the time of flight:measureme ts are given in. Chapters 6 and 9.

| It was s%ated above that the ti?e of flight method yiélds only

"average' values for various beam parameters and yields no information -
about the numbers of particleé in the beam having a Certainrgharge
mass, or charge ta masid ratig. In'Appendix 4, a discussion of this
problém is made by defiaing function f(q,m), which 1S’Fqual to the

‘ numhervof particlés pef uni beap length per unit“cgargg per unit mass
h;ving charge q and mass m. This funcfion is tﬁen manipulated to show

~that the time of flight me hod experimental results cannot be reduced
to give any information agout particle numbers, and that the results
1isted in Table 4 are indeed a complgge analysis of the time of flight

‘.

results.

+The anhalysis of time of flighéﬁmeasurgment data depends .on two

‘ssumptions. These are: !,

A



Table 4:

“
~
LoF T

--ment.

Summary of Results Available From a Time of Flight Measure-
Part A Defines Symbols, Part B Gives Results Used In
the Present Work, and Part.C Gives ﬁgéu&ts Relevant to Micro-

~ thrust Rocket Research, as Defined by'Refercnceg 24, 25, and

spec ific impuls

32.
Parameter ’ Symbol Derivation
Part A
~ measurement elapsed time t » measured
~ source to detector distance D measured
~ measured current decay curve I(t) measured
~ source operating potential Vv measured
~ integral . ‘ X X "fo 1(t)de
~ fintegral Y Y_ﬂ_/; tI(t)de \
~ acceleration due to gravity 8 _, constant
~ charge to mass ratio (see text) c(t) . c(t) = D2/2Vt2
Part B] '
~ total beam current ID Ic = I(t)
~ total mass flow rate Hb ’ MO = 4VY/D2
~ nominal charge to mass ratio c ¢(t) correspording to
L1 é 3 , n GAL, SPOTR
point of maximum slope
of I(t). B
~ range of charge to mass ratio ~— c(t) for 5% <t < tf
Part C '
f 1Y H
- mass flow rate averaged charge ‘e c =1 /M = 1'D2/AVY
a a o' o o
to mass ratio ’
~ gquare mean root mass flow rate c c = DZXZIBVY2
v : x r
averaged charge tp mass ratio ) . -
—~ distribution efficiency e e = éa/cr k L
- total beam thrus T " T = 2VX/D L
- 'S S = T/M g = DX/2gY -

T

23



(a) the particles are created aﬂd‘a§celéfated through the source volt-
"age V in a distance short compared to the source to detector drift
distance;

(b) the source to detector drift region is field free.

There is also an inherent assumptfon that the charge and mass of the

particle remain constant during the source to detectorrdrift timef

Since mass Influences the particle velocity only during the short

acceleration period, mass loss auriﬂg the drift time does not alter

‘the time of flight measurement result. Particle charge influences

particle velocity only during the particle acceleration, also. However -

charge los® appears aé é decrease 1in detected current., If the charge
loss affects all the particles in the beam equally, the shape of the
detected curxent decay curve is Qpehanged, and the time of flight
measurement gives particle charge to mass ratio§ as they existed at

the particle source, prior to any drift périod%j

3.3 Beam Spat}al Distribution Measurement Methods

3.3.1 Introduction

While it 1is notrdgfficult to produce a stable dc beam in a colloid
source, the spatial distribution of the beam 1s usually compdex and
often asymmetric. As the source operating vol;aée is,.{ncréased f;rough
the operating range, the beam typically changes through the following
patterns: a.few discretg jets located on the arc of a héllow éone, a

complete hollow cone of jets,:a diffuse 'hollow cone, and a focussed

axial\beam. Since the beam 1s produced by 1n£ense electric fields at

4

the capillary tip, factors such as tip sﬁ}pe, extractor hole shape and

- cap@lla;y‘alignment strongly affect the beam distribution.
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Knowledge of the spatial distribution of the colloid beam is
essential Iin both accelerator and microthruster applications. In an

‘ A
accelerator, the beam must be on the axis. Beam shape 1s useful iIn

determining collimator"design,osoufce efficiency, and the amount of

“ Al

wasted beam. In microthrust rockets, the beam shape fundamentaily ’
affects thrust efficiency and direction. Measurement of beam‘thrust
usingvstandard'time of flight methods4aﬁsumes fhat the beam 1is entir;ly
along the thrust axis. Any deviation.from thishaésumption, such as a
hollow cone beam, results in less thrust than that qaéculated from
time of flight measurement data, Clearly, any asymmetry in the Beam
results in undesir?ble sidé thrust components, These probleﬁs:indicate
the necessity forka rapid reli;ble method of checking the beam shape
whenever any physical or operating parameters are changed.

Several approaches have been used to determine ﬁeam distribution.
Analysis of time of flight data using point by point sampling of thé
" géﬁm;is the most’céﬁplétEf;ethod451  However, 1t 1s laborious, iim@
‘ébnsumiﬂg, and relies Dﬁ maintaining pérfect béam stability fSE the
duration of t?e sampling process. A beam current detector with several
concentric rings is easier to uselnn:detarmisgf only the averégé cur-
i%rent striking a given section and gellszlitgle about beam symmetry or
alignment. Observation of bea;IdePOSitién on a surface 1s a reliable

»

7 s 5 »
method but it represents an average over time. Nope of thése methods
1 * a

can illustrate the beam shape during 1nstabilitie§ or transients.

In the present study, it was decided that use of ségmehteaielqc—

trical detectors would be useful but would not provide sufficieﬁt
deta;i on beam distributions. For this reason, considerable effort was

7 ngoted to devélopiqg;visually reacting beam detecto;é wﬂich<woﬁ1d glve

[ F=

i
i
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. $
a rapid qualitative description of beam intensity and spatial distri-
()
bution. The theories behind the different types of spatial distribu-
tion detectors are now described, while all information concerning

construction, testing and use of the detectors is given in Chapters 6

and 9.

3.3.2 Segmented Electrical Detectors

Section 3.2 has described the time of fligﬂt measurement method
hsiﬁg beam current detection. The only detector required for the
method is a metalli; ﬁlate to intercept the beam, which collects the
beam current. By dividing the metallic 5ur€ace into'a series of elec-
tricaily 1solated segments connected to a switch box, §hrée different
measurement s éan be performed by examining the beam currents on the

¥
various detector segments. The three measurements are: time of flight
measurements on the entire beam, time of flight measurements on por-
tions of the beam, ahd beam current measurements on portions of the
iéami The lgttér can be interpreted as a rough,estimate of the beam
spaiial distribution.

e
i

The number of éegmentsviﬁ an electrical detector is limited by two
features?’ the number cahnot be s0 large that the measured portions of
the beam current are below sgﬁe detecticn‘thrgshold, and the‘nqmber
cannot be so’ liige that &he measurement process beco N ldy:
Detectors with four, five, and thirteen segments have bee ed 1in the

afesent work, as described in Chaptérs 6 and 9.

i

3.3.3 Visually Reacting Beam Detectors

3.3.3.1 Introduction

o It was felt‘thatvif suiﬁable visual detectors could be
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discovered and developed, much valuable information on beam spatial

i
distributions could be obtained. The advantages of having a visible

»

representation of beam shape are many. The fine structure of the beam,
such as discrete jets, 1is displayed. Short term instabllities can be
seen, as well as pulse or steady current modes. Photographic data are
readily taken, which can later be correlated with electrical data
measurements. Moreover, a rapld visual display greatly simplifies the
adjustment of operating parameters.to obtain a desired beam shape.
Two ideas which gave useful visual detector results (a
phosphor screen detector and a liquid crystal detector) are described
;;1n the following two sections. Only the theory 1s given here; experi-~’

=l

mental results are given in Chapters 6 and 9.

3.3.3.2 Tbe Phosphor Screen Detector : n

While luminescent screens have 1oné been used as atomic
particle, electron and phStOﬁ datectori, their reaction to microparticle
beams™1s of interest here;?;;£e7;hosph0r used 1is zinc ofthosilicaté with
0.57 manganese activation (Sylvania Type P161). Green light of wave-

length 526 nm 1s emitted when electrons, excited by external means, are,

returned to the ground state by a 3d spin flip transition in the dival-
54

ent manganese ions substituted for zinc ions in the phosphor lattice™ ..

The crystal eiectrons can be excited by heat, electromagnetié fields,

or mechanical impact.

-

There are two possible phésphorvexcitétiqn mechanisms. The

droplets in a typical beam (operating voltége = 10 kV, chdrge to mass

h

: LER . ‘ .
ratio = 50 ‘coul/kg) are about 1/20"" of the phosphor grain size of -3

to S5 microns, and have a terminal veiocity of 1 km/sec. Thus the



M
droplets can shatter upon impact, with molecules or fragments of mole-
cules entering the phosphor lattice, causing electron excitation,
Alternatively the surface electric field of the droplets, which may

approach 108 to 109 V/m, 1s sufficient to cause local breakdown (1.e.

electron excitation) 4in the crystal lattice.

3.3.3.3 1Liquid Crystal Screen

Liquid crystals bave been used to detect small temperature
55,56
gradients in a variety of applications - When cholesteric type

1iquid crystéls of suitable range are heated and 1lluminated, they are
Optica}l&;aéfive, and the wavelength of reflected light is temperature
dependenc57. The 1l1quid crystal screen is usually prepared as a layer
of black paint, a layer of clear plastic, and a layer of liquid crystal.
material. The screen is heated, and thg.liquid crystal material 1s
iliuminated. The black paint absorbs the component of the incident
1ight that 4s transmitted through the 14quid crystal layer, thus making
the reflected 1ight more visible. |

. In the present applicatioﬁ: local heatiné caused by the dis-
sipation of the kinetic energy of the incident droplets resultsnin a
golour pattern on the sheet that is charactéristic of the spatial dis-
tribution of ihe beam. }The low(;%ermal conductivity of the liquid
crystal sheet preQénts the coloured areas from épreading beyond the
incident beam area, thermal stability being achieved by radiation and
thg cooling effectnof evaporating?glxcerql. When,the.eﬁergy o;'gpe

R Q % * . ’
incident beam 1s itself 1nsuff1c1ent to produce marked colour changes,

 the liquid crystal sheet is thermally biased towards the. blqg end of -

the spectrum with a heat lamp._'Then,_weak heating ghows fiore clearly,

Lg
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or altepnat1Vely the cooling effect of the evaporating glycerol defines
the beam as a cool spot on the background of the sheet.

An additional method of beam detection Arises from the use
of liquid crystal screens. When the colloidal beam 1s incident on the
black surface of the screen, the glycerol deposited by the beam is

readily vieible. Thus the black surface also acts as a visual detector.

3.4 Alternative Beam Detection Methods
oKL

a

3.4 .28 Introduction
———{}ag* .

Section 3.1 outlined the various colloidal beam detection methods

considered for use in the present work. Sections 3.2 and 3.3 have des—
cribed the detection meéthods actually selected for use, while this
section now discusses the reasons for rejection ®f the alternative

methods.

3.4.2 'Slggle,Partlcle Detection , ‘ r

Detection of single charged microparticles can be accomplished by
measuring the charge deposited in a Faraday cup by the particle, or by

measuring the charge induced on a metal electrode placed near the part-

1cle trajectory2 »38 . The charge sensitive amplifier available for the

present work58 has a detection limit of abouq 4 x 10714 coul because

of the presence of noise in the amplifier. The Rayleigh Criterion

\O

(qquation 2.11) shows that particles carrying 4 x lO A coul of charge
‘have a charge to mass ratio less than 1.7 coul/kg. Thus chis amplifier
cannot detect particles in the range of interest of this study, since.

' these particles have charge ‘to mass ratios between 10 coul/kg and 500
- . RY, - -
coul/kg, which correspond to charges of 6.8 x 10 15 coul and; 1.3 x 10 16
: ‘ ' ‘ | H T :
coul, respectively.

R .
- C N
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It was deemed fimpractical to construct a more sensitive charge
sensitive amplifier, so single particle detection experiments were not

performed.

3.4.3 Time of Flight Measurements Using Charge Detection

A modification of the current detection time of flight measurement
was evaluated, since the idea has not preV10u§}yvappeared in the liter-
ature. In the methed, the current detector isfreplaced by a long, hol-
low metal tube surrounding the beﬁm. The total charge induced on the
tube 18 the sum of all charge contained withip the tube at any given
instant. Thus the time of flight measurement data are presented as an
1htegrated form of the current decay curve I(t) found by the corfes~
ponding current detector method describéd in Section 3.2.

In practice, the method suffers from three disadvantages:

(a) 1t 1s difficult to design a charge measuring amplifier with a

suitably long input time constant;

(b) 4t 4is difficult to, mechanically design the charge measuring tube
8o that no beam intercepts it;

(c¢) ‘the current detector method pr0v1des the same information using

a more easily designed apparatus.

" For these reasons, no experiments were undertaken on charge detection

with' the time of flight method.

3;4.4 Quadrupole Mass Speqtrometer

Use of .a quadrupole mas,s‘nctrometer to analyz;e colloid beams has

»been réported4os? In this device, dc and rf voltagiE are applied to the

raﬂs of an electrostat;lc quadrupole. For certain voltages and rf fre~

@quencies, the devgze transmits particles of & given charge to mass

‘o
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ratio. Thus measurements/of beam current as a function of charge to

ed, and these yleld exactly the same 4nforma-

-

mass ratio can be perfo ,

tion as current detectidn time of flig?t measurements.
The use of a quadrupOle mass spectfométer wag not considered here

because:

(A) the device 1s expensive;"ané/hifficult to design and build,

(b) the device has a very small entrance aperture, so 1t can analyze
only small portions of the beam,

(¢) the method does not provide any more information than the current

detection time of flight method.



CHAPTER 4

SOLUTIONS SUITABLE FOR COLLOID BEAM PRODUCTION

A.1 Desired Properties of Solutions

Careful cholce of the working fluid can make operation of any
collold source much easier and more reliable. . The following 1s a dis—/
cusslon of some desirable fluid properties, together with some of the ;
reasons behind their importance. y

A fluid with the lowest possible vapour pressure should be éelected
for several reasons. Primarily, the problem of maintaining a suitable
vacuum pressure in the experimental chember 1s r;dhced. The droplets
in flight will be more stable, and lése less mass becausé of evapora-
tion. Any reduction of fluid evaporation at the capillary tip reduces
gas discharges and corona in'the beam, which are the result of poor
vacuum in the region surrounding the cifillary tip. The possibility

~

of sparking‘%etween the capillary %ube and the extractor 1s also

reduced, High surface tension aids droplet stabilif @eneral; and |
allows a higher charge to mass ratio on the droplets as shown by the
Rayleigh Criterion for droplet]stabiliCy (equation 2.11). High fluid

-9 kslseC)

viscosity iaphlts in a conveniencly low mass flow rate Cblo
through reasonably sized capillary tubes (0.2 mm inner diameter). . °
The fluid should pe ndn-corrosive, in order to allow long storage | |
periods and ease o’\f‘héndl,ing, and to 1ncreésé the lifetime of.caplillary
htupes, detectors and syéteﬁtcoﬁponents. F °

The;fiéld propépc;eg profoundiy affect Fhepptabiiityxof qplloid '
* gource operation and the charge to mass‘rdﬁio‘of the pa%ticles producéd\

|

J:‘}'.':" ) - o : i g

o
N
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It has been found thit certain solutions work well f0r only one of the
possible ﬁype; of capillary potential (positive dc, negative dc, or

high voltage ac). While the electrochemical processes in the charging
mechanism are not fully understood, it 1s reasonable that for positive

capillary potenttal, the charging process 1s an electrolytic one with

LS

the capillary as énode, and the charged fluid as lfonic medium.
Therefore the fluia must not undergo gaseous dissociation at the cap-

illary tip,asince the gas so produced would cause unstable beams and
raise the vacuum prcssure'in the capillary tip area. )
It has been f;gnd,chat solutions with bulk resistivity éf‘l kotm~

cm produce beams with charge to mass ratios of the order of l()4 coul /kg,

and 20 kohm-cm solutions produce 102 coul/kg beams. Mos£ bure fluids

have resistivities in the megohm-cm range, so they must be doped with

ifonic saltgrto reduce these,bulk resistivities to suitable values in

the kilohm-cm range. i

No fluid has all the desired'propérties; The general approach is o

to select a fluid with a low vapour pressure and Qse Solétes to change‘
the fluid résistivity. It is fortunate that other désiéqd'properties

such as .high viscosity and surface tension are associated with low : .

vapour pressure. § w ’ : .

R Y

Suitable Materials . : o o

;
4,w1thin‘the genefal guidelines for fluid selection, there are many

choicas of fluid and doping agent available.l Tablé 5 1s a sumnary of ‘,,flrff*

the more common fluid choices listed in the literature, and the type of

\ source operation they give. Some other combinations are discussed in '
)

the 11terature but are not presented here because they produce unstable ”
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Table 5: A Summary of Some of the Fluids and Doping Agents Used In
Colloid Beam Prqduction
Solvent " Solute Capillary Ref . Comments®
Voltage
Polarity
glycerol - + 40 very low charge to mass
ratio
octoil - + 40
‘ triethylene - + 40 cannot change resist-
glycol ) ivity; very low charge
: ‘ to mass ratio ‘ ‘
tetraethylene - + 40
glycol e
glycerol Nalb + 21,25, wide‘range of charge to‘
' 31,59 mass ratio available
ac 2
.
glycerol CZH30Na + 5 .
glycerol _ NiClzd + - 60
" glycerol Zn012e + . 60 :
~ glycerol tEACT - a:n
' ' A low charge to mass ratio
ac 32
SRR .
glycerol '© H2804§ - 31 ‘difficylt to outgas;
‘ ‘ corrosive '
glycerol éﬁkaOﬂhﬁ + 35,28 -, leaves precipitate on’
- capillary tip
Co SR _—
oleic acid TEACf v Tt 31,32“ low charge toé.mass ratio
stable Operation 1s implied for all entries-
' godium iodide. -
sodium ethylate
nickel chloride -
zinc chloride . ‘
tetra-ethyl’ ammonium’ chloride !
. sulphuric acid ,

2N
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beams, or beams with too low a charge to mass ratio value (see Hogan ~,
A ) )

- , b ]
for example). Because of the’general success of researchers using

sodium lodide dissolved in glycerol, it has been the only fluid--

solute combinat fon used {ln the present work. It should be noted that

solugionﬁ of tetra—ethyl ammonium chloride dissolved 1n glycerol or

olelc acid are also possible for uge, slnce they proaugé sultably lew *

-

charge to mass ratio beams. However, adequate resdts were obtained
. ! -

by Varying'fhe Nal-glycerol solution concentrations,
’

Il

4.3 Nal-Glycerol Solution Rﬂslativftz de Fluid Treatment

s
- ’ . ”

In the cour se of f[ls umudé fluild bJ}k resistivity was foundeto

be a-very bignifigant pardm32cr! The charge to mass fﬂti@ of a beam
pr@dwced 1n,a Coiféid*éaurca increases as f]uid resistivity decreases,
The ieéistivitf of a solution of knowp strength 1s a reliable indicator

of the presence of 6rtaminaﬁth in ‘the fluid, sipce contapinants mark- !

edly decrcdSe £luid resistiVAty. Somg thﬁfries of thé droplet éﬁafgiﬁg

3

process use resistivity.as g iatam?tft'*g A literature revidw of Nal-

gy

2
4

glycerol resistivity values and solution strengths g
glycex y ¥ : ;

of eXpérimental deéﬁils Dnzfluid prepa ration, and’
) ,

Thepg values are listed in Table - 6.

7xé The impOrtanee Of the resistiv;;y values; e variatién in quote§§%
f; values, and the' scarbity of experimentaJ 1nformation prompted a study
» i

into Ehe resistivity of, NaI~g1ycerol solutions, The effects of measure-?
A ~

ment frequency,‘temperatura, outgas procedure; glycerol purity, and

doping levels were(determined.. The solut@ons were made by accurately
4 )

weighing theﬁglycerol and Nal, dissolving the mixture, then outgassing

P

the solution. Both reagent and yUsp grade glyﬁg?ol dontained SZ water‘

o 5
| ¢

| | o , | - ; ‘ p ‘ 7 : & ' g i | l" % ) 7"3
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by Qeight as they were used in solution preparétion. The Nal was not
dehydrated prior to weighing.

The‘rEBistlvity was obtalned from the measured resistance of a cell
of fluid. Thg resistance cell was a glass tube, 3.93 cm long and }.88
;?pdn diameter, with aluminum end plates. éhefgnd ¥Jate was fastened

~to the glass tube with epoxy, while the other was fastened to the cell

. e
by means of two sections of. threaded rod joining the two end flanges.

The cell was filled with the glycerol to be measured, and all air

>
bubbles were remdved through a small notch cut in one rim of the glass

»

tube,

Initial experiments to measure cell resistance were inconclusive
because the cell resistance changed continuously as a function of the
time after, the dc voltage was applled between the cell end plates. Cell

resistance was also a function of the applied dc Moltage,

"Table 6;: Values of Resistivity for Nal-Glycerol Solutions, as Quoted

in the li§eratutai : . .
SolutiﬂnConcentrativn ) L Resistiviicy ’Hé;surcm’:ﬁt
(g Nal/100 mt glycexol) (kohm-cm) ®  Temperature (°C)
Y S 2000, P70 25

5 . 68.0 f’(.) | ¥ T ik

0" 30.0 8% . A

15 f' '~“:":.7.2825 L ;25

20 , , iq\l 60 -

20 ' R i "

3 ., 4,657 . 25

e .

]

i

v‘-The‘hekF series. of pxpegimebts used an ac voltagé apbliﬁd,to the

tes%sfﬁnce cell. _TthCéllrimpedance wag measured for frequencies

- ' s i

i

\ . v,v#g§ ,,,,,, B, : PR \
A. .I o . N . &
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between 5 Hz and 500 kHz using a Hewlett Packard Model 48004 Vector

-
Ly I

Impedance M%ter; Figure 5 ;howu the cell impedance maghitudc versus
frequency curves for six outgassed Nal-glycerol solutions.

At high frequencies, the cell fmpedance magnitude décreﬂsed, while
the corresponding impedance phase changed from near zero degreestowards
minus ninety degrees. Using the impedance data and a cell equivalent
circult consisting of a resistor and capacitor in parallel, the values
of the equivalent .circuit resfstor and capacitor were found. For all
impedance curves measured, the data were consistent with a resigtance
independent of frequency in parallel with a Cﬂp&;ithCe of lO/éf. The
shunt capacitance was attrjibuted to cell and test lead Cﬂpaéitance, An

) 2 i
impedance measurement on the empty resi%tivity céll yieldﬂg/ﬂ‘ﬂgifured
capacitance VﬂlUL in agreement with thL Ca]culated 10 pf.

At frequencies below 300 H2? the cell impcgance magnitude increased

while the impcdance phase was negative. Attempts to model the low fre-:

44: i

quénéy depéqaéﬁce of the cell impedaﬂce by'béth %arallél and seriés

J & %

,résibtor capacitcr combinations were inconclusive because the equivalent
oircuit résisgaﬁ'e always had a frequency dependence, whfch showed that
e . ' 7 )
simpfé equivalent circujit models of the cell were inadequate. The low

A

frequency cell impedance increase could be attributed to polarization

of the ionic solution within the ce1161 62. This 1nterpretation is also

consistent with che obsérved:cell behaviaur.hith dec applied'VOltages.

When cell impedance is purely resistive, the fluid resistivity can

b

.

be unambiguously found from the relaC1qnship

c . s s p=mAL, oo . (4.1)

' vherejﬁgisifﬁe resistivity, R is the cell resiptance, A is the cell

e - . .
e ¢ . " * 2
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CURVE DOPING LEVEL TEMPERATURE
o {g NoI/100mt GLYCEROL) (=C)
1 0 220
2 2.5 205
3 5 21.5
T4 12 23.0
5 , 20 227
6 i 30 22.0
102 |— 1
—_— '
1%, 6 }—
&
L -
o
- A
—_ 2 k-

103 -

IMPEDANCE, MAGNITUDE

——
1 1 l I |
! 107 107 103 104 . 107 106
“F'R‘E‘QU‘ENCY (Hz) *

Figure 5, Resiﬂtivity Cell Impedance Magnitude for six Outgassed
" Nal-Glycerol Solutions, as a Functfon of Measurement

Frequency.

bl i
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area, and L 1s the cell length. All values of resistivity used 1m the
present work were found using equation 4.1 at a reference measurement
frequcncy of 1 kHz.

Nal-glycerol solution resistivity was knowngeto be extremely temp-
. » 21 hd )
erature dependent” .. As a result, the effect wad experimentally Invest-
igated in the present work. Figure 6 shows the results of resistivity
versus fluid temperature measuremenls on 5 g and 30 g Nal/100 mfR

o -
glycerol solutions. Over the temperatuxre range 10°¢ to 357C, both sets

of data are empirically described by an equation

» ~0.0364(T~-T *
b= b, 10 (-1 (4.2)

where p is the fluid resistivity and T 1s fluid éémpérﬂturé in degrees
VCentigrade. Thus the‘;ggmitivity decreasep approximately one decade
for each 27.5°C increase 1in tempeyature, Tﬁis result, is consistent
VW1th a 30 L/decade dependence estimated from data given by Kidd21

Thréushout the present work, fluid resiptivities bave been

méaéurea at room tempafqturés ofibetgeéj Ay C and 2§bC3\chen the results
7 ,'"‘»f‘p
" have been normalized to 25°C using equation 4.2, During each measure~
{
)

ment, a series of measurements were maﬁe at half*hour interw‘ls until.

% VK

the résiStivity value found was conbtant which ensured that thermal

-

equilibrium had been éstablished. The fact that the 5 and 30 g Nal/
| g

s ™

100 mf glycerol selutions showed the same temperature erendeqce
. \ i ~

Justified the use of equacion 4,2 to temperature nbrmalﬁz@kailu&heJh»”

g t Fos

f?' . resistivity results for all solution concentrations, : ‘ 50
i - f o
,iéf Solutions were outgassed by 1iquid nitrogen trgpped pumping on*

about 50 m of solution 1n a 250 ml Erlenmeyer flas immetsed 1n a

,ﬁc e
s 3

69



]

: !
Figgrg 6: ﬁLm

60 T ] T T
40 59 Nal/100ml GLYCEROL 7
£
U I
E b
~ 20
O
V_x
>
b
2
— 10
i) ;
oo
o 8
Z
O o
iy | I
=
o _.
U). A
| 30g Nal/100 ml' GLYCEROL
2 b 1 1 " I _
10 15 20 25
! . SOLUTION TEI)APERATURE (°c,)
/ N p

"for

P U, i TSR ALK

perature Dependehce of N@I—Clycerol Solution Resistivity
Outgassed 5g and 30 g NaI/lOO mf Clycero& Solutions

PSR Ao . ‘
* ’ 3 1 | e )
s R ' i N -
" 4 1 . ’ .y ‘\ R ¢
P ,' o ;i " by,
oAt d i .
A heen 4 % i .
at R ) %
A . } ,
A oo \ -
] I 4 -

70




o

¢

650Cpbath,_ The resiséivity of a 30 g Nal/1l00 m® glycerol solution rose
from 2.6 kobhm-cm ifnitially to 4.5 kohm-cm after two‘hour; of outgassing,
and rose only 15Z more in & further sixteen hours of outgassing. A &
standa;d time of five hours of outgassing at 65°C was used for solution
preparation.

The resistivities of various Nal-glycerol solutio%s are shown In
Figure 7. 7Two different glycerol grades were tested. The rcsjstiviéy
of USP grade glycerol solutions was Inftially lower than that of the
reagent grade glycerol solutions, but outgasslngressentially removed
the difference. A total of six doping levels was measured, ranging
_f%bﬁ pure glyC#r?l to 30 g Nal/100 mf glycerol, in both original and
Ouégassed form. It was found that solutions with a pér{icular resist-—

~

1vity value could be reproduced within isz., N
The measured resistlvity Va;ues show genera1 agrecment with the

Yer ; 60
values from the literanurb (Tab]e 6). The values of Makin andLBrighc

are Inexplicably hiéh

L}

‘Some recommendations on ﬁblut Te 1s ivity méasurement proce dure

can be made from the observed dépendence of resistivity’Oﬂ the exper i~

" mental conditions. : The frequency dependence of cell impedance must be

examined  to find a range in which the impédancevis independent of fre-~

" quency,ﬂthus‘allowing an unambiguous detérmiq;;ion of resistivity. The .

-

strong temperaturE;dependence of resistivit& makes temperature control

~ [ A {

essentikl This can be donc by usinf a controlled environment or

hpplying an empirical temperature normalization but the cell must be
* L

iallowed to completely stabilize before measuremeu% in either case.yr

[] , -

'fSolntioEE\ahruid be outgassed ‘before measurement. 'Once oucgassed L

o'

e ,aolution resistivity depends’only on doping level, and is stable under

.“* L.

.~ . : , . . A
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| glycerot®t.

1

>
<

vacuum. If these precautions are observed the resistivities of Nal-

Lo
glycerol solutions are clearly defined, stable, and reproducible.

o

4.4 Other Fluid Properties

* In microthruster applications of colloid sources, the researcher
must maximize the thrust per consumed power ratfo of the source while
maintaining a specified fuel consumption efficiency (spécifﬁc impulse) .
Contro} and manipulation‘of parameters such as fluid viscosity, density

and surface tepnsion can play an important role in this microthrust

21,25

rocket operation In the present work, the major goal 1s the

i

' productien of a beam with specified nominal charge to mass ratio with

ﬂ‘!
a narrow distribution of charge to mass ratio values. This lesk
. B ~
stringent condfition has been satisfied by varying system voltage, ‘feed
pressure, and fluid resistivity. Control of the additional paraméteréi
L]

mentioned - -above was not necessary.

One parameter which was réquiréd 1n the solution preparation
PRGN
P

" “measurements 1s the specific gravity of the glycerol in 1ts origindl

form Which was measured to ‘be - 1 25 for both the reagent and USP grade

glycerol. A value of 1,26 As. given in the literature for anhydrous
. i \ A

i
[ k )

. Throughout the duration of the présent atudy, variols calculations

’cohcerning the behavior'of Naifélycerol solutioﬁs ﬁave beeh wade. (An,

éxample of these is the mass evaporation calculations in Section 2.7.2. )

Becaué; these calculations required valges of the pbysical constants of

A ey r -

gl}zgrol, these constants have been included in thiq"@esis ‘as Tahle 7. -

For reasona of completeneas, the physical constants have been presénted .

here as & group r@ther than scattered throughouc tﬂe thesis. 'Mbs; of

/ ’ . i N
: s ",‘ 4 . Lt . Lo
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Physical Constants of Pure Glycerol.

64 A

51 .

Table 7:
Parameter Vélue Measurement Ref .
Condition
Physical Data:
~ chemical formula (,BHSO3 - 65
- specific gravity 1.263 20°C | 51
- surface tension . 63.4 dyng/cm ZOOC 51
- viscosity ' 3900 cp’ 10%C 51
1410 cp 20°¢C 51
L 612 cp 30%C 51
~ vapour pressure ~-~ pee Table 8 —~
) Electricai Data: ~
~ conductivity 5*a0~8 qyos/ém 20% 51
~ dielectric constant . 41.14 20°%¢ 51
Thermodynamic Data: . R
~ latent heat evaporation 21.1 kcal/mole SSOC 51
fusion | ., 47.49 cal/g 18,07°¢C 63
sublimation use sum of evaporation and fu#&on 63
- specific,héat of 1iquid 510 CaI/gfoC « —ZOOC; - 63
" and vitreous states 540 calfe/°c  , f0%C 64
.600, cal/g/%c  + 50% RPN VA
, : e g
.669 cal/g/°C 100%¢ .- 64 -
- specific heat of solid E . 4330 pal]g/OC s 0% b 64
i " — ‘/' ) .
i ! S 217 cal [g/0C £100°¢
QA/ ”él.llﬂlbéllg/ °c -200°¢ T v 64
- boiling point /xg ””§Z90.f 7607tonr '451
- freezing point | o 18, 17°c - 51
L ‘ T 1% o 18% - 51
\ T 7% ol ' 63
1 s WV ad ° < ~ .
— 17.2% .- 64
e T -4 b o
' < thermal conductivity 6.8x10 calf) = ,20°C
o : g/ C/sec L - ¥
- thermal expansion of 6.7x107 /°%¢ - 20% | 51
‘'volume . , .- " : .
s ‘ ?ff:: - D ~u
o, S R
' 7 P
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the data are from Newman's book entitled ”Clycerol"sl, while gome
values from the Perry63, Lange64, and Chemical Rubber Company65 hand-~
} ¥
books of chemical data are included. Only where the references dis-
agree on a certaln value are multiple references given. One additional
1 N

plece of information stressed by Newman5 1s that glycerol shows®
“remarked proneness’’ to supercool down to -83%C (well below the freezing
point of IBOC). In the supervooléd state, the substance is in a
vitreous form whose physical constants are close to those of the liquid.

Vapour préssure data for pressures below 1 torr of glycerol could

o ~
not be found in fﬁekliterature. However, data were g{ven at 1 torr and
. o o . .51

10 torr, for fluid temperatures of 125.5 C and 167.3 C respectively” .

-

i 4 N "
Perry63 states that vapour pressure data cad be empixically fitted by a

funcgioﬂwof the:férm

A e

- i Lt O_
where P is,the vapour pressure in torr, T 1s the temperature in K,
and A and B are constants, When this equatfon 1s fitted to the vapour
: SRR

pressure-temperature data given above for glycerol at 1 torr and 10. torr -

pressures, the resulting EQuatﬁah is

" .
C EEE

.“’ | oL 4,4
' o

In spite of the fact that the points at_i;tort'and 10 torr useéd to .

1

l _evaluate the coﬂstants A and B in eqﬁabion 4.3 lie very close togeahér, -

it 1s felt that the fit 1g reasonably accurate over a 1arge rangg of -

= !

évapour pr&ssure._ The reaaonQ\for this cohfiaence i the fit are that

L]

the,same values for k and B were found uaing alternate knawn data

=




& )

points at 5 torr and 20 torr, and that the functional form of eqﬁétion

'4.%;forces the curve to go through the point P=0, T=0O.

.

* Equation 4.4 has been evaluated for a varlety of glycerol vapour

5

* pressures, and the results are presented in Table 8.

It must be noted

that the values in Table 8 are an extrapolation from vapour pressure

data given in the lite¢rature into a region where the vapour pressure

data were not glven in the literature, using equation 4.4. These

?
At v

extrapolated vapour préssure data have been' used in Section 2.7.2.

£ r

Table 8: Vapour Pressure versus Temperature of Glycerol.

A\

, Vapour Pressufga Temperature
) (torx) v Co
. 1 399 -7126
1074 364 91
" :
10 . 336 6% .
* 1073 311 38
) 107" © 289 16
107 272 p -1
107® 254 7 '-19
_ s )
10*? 240 -33 ’
. 1078 227 46



CHAPTER 5

a

TEST BENCH APPARATUS

Ty
5.1 Introduction - “

As mentioned 1in Section 2.1, a colloid source consisting of a

single capillary needle, similar to that shown,in{Figur&'l, was used
. | ..

for experiments described in this thesis. In the preliminary studies

of source behavior, the source, vacuum system, flgld feed system and |
A A ) ) . .
detectors were designed so that any one of the indfvidual componénts

could be readily altered without requiriﬁg major modifications to the
. ) )

- " £y
remaining system components. This chapter .out]lines the physical lay-

1

out of the test bench apparatus while the resdlts obtained using the

test bench systems’ are described in the next &hapter.

Figure 8 is a schematic diagram of the test bench apparatus. The"

*
various components are disqussed in tbe remajnder of this chapter. .’

5.2 VacuqéJSthgm : ( : "

;

' The experimental chamber is 1n fhe shape of a cross, madé of six-

fnch diameter Cording Pyrex glass %ipéi Adjacent‘to this cross is a

 manifold containing a six-inch diameter flat valve; liquid nitrogen

7o

tfap, chevron baffle (not cooled in this application), and ports for

air ihlef valves ; roughing line and vacuum gauges. “The pump assembly

l

conaists of a 260 Rlsec welch Model 3102D turbomolecular pump, 8. 3 £/

EH

\sec roughingxpump, and the associated cooling and lubricati@ systems

‘necessary for \the turbomolecular pump. Use of the turbomolacular»pump

e

g
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L4 7 '

chamber, paiticularly q;ring.sfart—up or shut-down. A six-~inch dia-
N T i \. -
merer stainless steel bellows without bellows exténders 1s inserted
- “ ®
between the turbomolecular pump and the vacuum mandifgld. Because no

‘bel]ows extenders can be used, thé table éupportlng the test chamber

and'Fanifold has to withstand the full vacuum load downwafa, which 1is

I
the ]80@ newtons generated by atmospheric pressure acting on the cross-

" sectional area of the six-~inch diameter bellows. The pump ftself is

LI

a
»on

bolted €o the floor to withstand an equal force upward.

C e

A CGonsolidated Vacuum Corporation Model GIC-004 thermocéuple gauge

n
Mo@ell C1C-028-2 ion gauge, and a Model CGIC~110C gauge controller
measure' system vacuum pressures. With the ion gauge port adjacent to
F,, '
the liquid nitrogen pump, measured vacuum presfures are dnevitably

% = c +
lower thap the actual pressurgs.at the col'loid source. After ten hours
, e

~ ’ - A [ : .
of trapping.pumping, measured pressures in the entire system were about

5 x lbﬁ7 toxr, Vhiléhfypiéalfpressures duringisouréé operation were
*hbdutfl x 1076 torr, Beam instabllitiés coréna at the capillary tube
tlp, or’ fluid uuC33551ng LaUsed pressuxe burSCS measured in the 1()75

. , 4
ftorr range. s

§;§é Experimental Chamber : ; .

. The glass cross used. as the experimental chamber has three ports

free for installation of the apparatus:' ‘The colloid source (Section
/ .
5 4) 1s 4nstalled on a flange fitted ro omne horizontal arm of the Cross.

The vertical arm of the cross houses the’ detector assembly. As

-

explained in Chapter 3, much work was done to deVelop beam detection
methods. The detector assembly shown 1n Figure 8 allows simultaneous

. 1natallation of ub to three détectors, which are usually chosen to be
~ ,i‘ \ \% ‘ /‘

*
N 9
AT I
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o . 7 L4
one electrical detector and two visually reacting detectors. The three
deéectors are mounted on a mechanical feedihrough,;so that aﬁy detegtor
‘ can be positiohed\to intercept the beaﬁ.
* The design of the visual deteéﬁoﬁspgllows the beath spatial distri-
butions to be observed.on the active éurféce on the sidé awayﬁfrom the
incident beam. In order that photographs of the detecfed beam%@istri—
butions can be taken, the arm of the experimental cﬁamber opﬁéﬁite to
the arin.containing the colloid sgurce 18 sealed ;ith a clear ldbite
flangej) Al o, this arm of zhe cross 4s fitted witﬂ a black sleeQe to
preQent}}iiﬁt from reflecting info the camera lens. The camera posi~-
tion, which s shown in Figure 8, can bé\as close as 0.25 m to the

3

detector surfaces.

5.4 Liguid Colloid Source, and Fluid Handling¢815te;

As shown in Figure 8, the colloid source in the test bench is made

up of an extractor mounted on the experimental chamber flange, a capil-
I o
lary tube holder to align the capillary 1n the extractor, and a feed

tube connecting the capillary to the fluid raservqir.

Several versiqns of the source geometry were tried before the

design shown here was evolved. Problems which were encountered in

these sourcés were:
(a) poor capillary tube alignment, 7 o .

L (b) ”high v01tage breakdown between the capillary tube holder and the

ex:ractor, | ’ " .

i

i

. o ’\ » ,
c) pooravacuum seals in the glass feed tube sections,

glassware hreakages due to atressing and vihration.




F : =

. ﬂEtails of the source are shown 1nVF1gure 9. Different extractor
deéféns and positioms can be tested (see Section 6.5).- The cabillary
tube 1s soldered to a stainless steel cap with' eutectic solder.rkThis
cap 18 screwed onto the tube.holder with teflon tape ag a joint segli
ant. An O-ring seal joins the tube holder end glass feed tube.

The fluid used has high electricel conductlvit;, hence the entire:
body of fluid from the capiliary back to the resgrvolr is et high poten~
tial durinf source operation. High voltfge insulation is achieved by
making the\entire feed system of gless;’from the capillary holder to
the backing pump manifold. The vacuum feedthrough on the source flange
16 an O-ring squeezed against the glass feed’tupe. Manipuletion of the
four valves on the‘fluid reservoir, backing pump and air inlet allows
the fluid-line to be completely evacuated, or lhe fluid to be forced up
the feed tgge with;e given pressure, as @eagured on the mercury mano~
meter. ' Actual flﬁ&d preesurexat the caplllarﬁ tip 4s the mHAnometer
read;ng léss the:glycerel head 1n!the feed tube; the extremely low!
feed rete km10“9 kg/secb impMes that Fhefe is no pressure loss in the

| | é
feed tube andrcapillary tube. The operating pressures of 5 £0720 cm Hg
make the glyCErolnair interface susceptigle to corona and glow dis—
charge which cause fluctuations in capillary voltage and electrolyze

the solucion, producing contaminants. A coiled 2 m lengch of glaés

tubing,was inserted between the reservoir and backing pump with no

R significant reduction of the glow discharge. An acceptable solution. to

the problem 1s to float a 5 mm layer of Dow Corning 704 diffusion . pump

\
\

011 on top ‘of the glycerol layer to act as voltage 1nsulation. Thejol13

and glycerol are immiscible, ‘  f}

'~
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A

droplets are slowly squeezed out the capillary tip. Héweyar, if the

s i 5 0
e

w

The most serious limitation to this system is that the source can | . %
not be turned off, then turned on again later, without béing diSman ed
i H \

and cleaned. The reason for this-is as follows. When tﬁe source 15

. J»

turned off, the fged pressure is removed in order to préVent fluid from.
/ A __—/’ ’\ y

being squee ed out the capillary tip. This means the fluid in the feed .

line separates into sections of fluld with voids between them. If the \ﬁﬁ

pressure is returned with no high voltage applied to the capillary,. i é; [

B
N T
g

B

bigh voltage is applied first the voidstransmitcurrent causing elec~

Y

trolysis of the fluid with accompanying fluid contamination. Starticg iﬁﬁ .g
"with 2 clean feed tube means that a solid column of fluéf%éan be pus;cd é
J; to:;;e capillary holder, then the high voltage can be turned on %
successfully. ' ’

W

5.5 Time of Flight Apparatus . , ‘ L ;

»

¢ . . s .
Of the various schemes for measuring beam parameters discusged in .
Chapter 3, the current detection time of flight method (Section 3.2) .

A

wvas selected for‘use in the experiments. KBriefly, the beam 1s inter-

gupted suddenly by grounding. the c;élllary tube by meahs of ah electric
) ' 7 o DR L oo ,

gwitch, This switch will be referred to as the ‘cgbillary voltage

switch'. Then,thehdecay of beamlcurient,intcrceptéd by a plate in

1

front of the source is obsérveﬁ on a storage oscilloscope, The oscil—
loscope 1s operated in the single sweep, externally triggered, storage

'mode, and is triggered at the instant the capillary potential is

e . b ! i b

switched to ground. A . ,'3-" oo .

A'ﬁydrogen filled thytatron (English,Electric Valve C&., type it

5622) 13 used as Ehe capillary voltage awitch.l The ;ube 18;;ated‘to.h'




wjthstand 16 kV, and can transmit 0.25 A aieraée current whén con— \

ducting. However, voltages up to 20 kV were éwitéhed without;d}f-

il

ficulty. The anode voltage of the tube 4in the. conducting state is

about 300 volts, weil beloy,the beam production threshoﬁd vqltaéé of \‘ .

* |

\ 2.5 kV.

Figure 16 1s,a diagram of the capillary‘poteﬁgial s&ifching cir- J/)(ﬁ
cuit.  The 5C22 thyratron 1s nonﬁconducéiﬁg for zero volts éh‘the T,
grid, and conduct; when a positive going grid pulse 1s applied. The

grid pulse is generated Py transistoer7ﬂfrom the 150 V‘sugply. Dipde\ ,
D1 p;otects the transistor from the transient éppe;ring on the tﬁbeA

grid when the tube conducts. The .0l uf capacitor and 56 kohm resistor o
: - o,

"(C3.and R9) pick off a signal which triggeré the storage oscilloscope,

as shown in Figure 8. The transistor Q7 receives its base drive signal

| : .

from one of three 'sources: i

(a) Switch SW2 can be closed to poaition a', which turns Q7 off and

vt

hence ch§ thyratron 1s held in the conducting state regardless of

the-posiiion of Switch SW1. ‘w

S

~(b) ﬁith Switch SW2 in positiont 'b' and Switch SW1 4n position 'p',

the train of pulses fromﬁthe astable multivibrator bwitches the ,

-thyratron repet1t1Ve1y. This ‘mode of circuit operasion 18 useful \\;;}l/_
\

&

(R . N » o

I

\ « £or cincuit testing. S Vo g .
| (c) With'Switch SW2 in position 'b’' and Switch SWl in poéicion"a',f fk:
? ~ the output of the one—sho: is used as ‘the driving pulse.' Nbrﬁally‘ ,f

3 ‘ the thyratron is held in the non—condu@ming atate. When a time of ‘
(7 . ‘

‘ CoN ) flight measurement 1s desired, the remote push button SW1tch swa

«““ Y \ * ) g s L

R ‘ 15 closed and the single pulse from che monostable multivi&racor N LA

“w turns the thy:atron on for 15 msec, thus 1nte;tupt1ng the beam foriw
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that time.; The multivibrator circuits are of standard design66

Figure 11 shows the circuit waveforms. The oscilloscope is trig-
-gered off tH:Kfiring tranéient,‘in order to give the correct starting
point for the time C. flight trace, within 1 psec. The relatively
slow fall rtime (10 msec) o{ the high voltage pulse ;s caused by the

thyratron and output circuft capacitance beiﬁg charged throughzthe 15

-

Molm anode resistor when the thyratron 4s turned off.
The transient generated by the thyratron suddenly conducting
appears on all the ground potential points in the test bench for up

to five microseconds. For this reason, 'measurement of the first 5 usec

'

of the time of flight current decay curve 4s perturbed. Thus, for a

beam of given velocity, the source to detector drift distance has to be
sufficiently long that the time scale of the beam current) decay curve

) .
is much longer than the 5 usec perturbation. For the f test beams ‘

used in this phase of the study (7 x 103 m/sec), a 0.3 i\ drift dis- ;
/ ! |

tance was adequate. Efforgg to eliminate the thyratro&jewitching

i

|

|

. y |

transient by altering the geéhetries of the ground leads on the test /
;I bench components were unsuccessful. However; the problem is a minor ’dé;f,

one which does ot affect the measurements appreciably. . o .

» 5
!

’ As shown in Figure 8, the sigdals from 8 segmented electrical /

/

detector (ﬂhich 1is discussed in Section 6.3.2) are fed to a switch box.

Each of the signal lines coming into the switch box 1is conaected to the

- L i
- Lo . ' e

wiper of a SPDT toggle switch, Thus each component of detected beam 1

.current can either be connected to the signal output, or be switched
J

“to'ground to bleed off the collected current. ihe eurrent signal

I

b
Belected by the switch box is directed through the detector resistot ﬁ

:', to ground while the oscilloscnpe monitors the volaage generated

, i "_ f o . - .
. vy i s e . [ L
; S . R . Co N
o “ . S . P fe it .
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across this resistoy. - ' "
The ¢scilloscope used,is a Tektronix Mcdel-?46/;t5rage’05cil}0-

scope;with a Model 1A7A preamplifiér, which 1s capable of measuring

- . !
. "

signals in the microvolt range. One useful feature of the preamplifier

is the adjustable high frequency signal cutoff, which can be used to
A . L d
y

reduce high frequency noise in the preamplifier or detector circuitry. |.

Choice of the value of detector resis{or R is based on thre; con~
siderations. Firstly, R must be much less than the oscilloscope input
r;sistadbe of 1 Mohm. Secondly, R must be large enough that the smal-
lest beam curtént to-be detected can be” seen above the preamplifier
noise leQel of abouf 5 uv peak.‘_Thus for MO0 nAHbéam’currents, R gust

[

‘e greater than 500 ohms for a signal to noise ratio of 10. Thirdly, -

he time constant of the entire detector circui}, which 1g determined
by the re tor R in parallel with. the capacitancé of the oscillosq0pe '. ﬂ
inéut, cébles, and detector, must be much less than the fastest time |
constant of the time of flighf currget'decay curve to be observed.

Since a total caéacitance of 1 nf d a current‘decay curve time con-

stant of 10 usec are typical, R ha:ﬁxo be much less ihaﬁ io;kohms.
Ther%fore R can have values beiween aBouf 500 ohﬁs and 1 kohm for this

particular configuration: A value of 1 kohm was usually selected.

5;6 Photégraghié Procedure

7

+ A major advantage of the phosphor and 1iquid crystal types of | ‘-f. s
'visually reacting'beam detectot is. that the beam distributions dis-'
‘played on the detectors can. be.photographed directly from the detectors “‘;,;«
‘during an experiment. The phosphor screen reaegg by emitting green“ J

.,fllight where the beam strikes it,.while the liquid cryatal screen v
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* changes colour (from red through blue) as it 1s locally heated b} the

kinetic energy of the incident beam. Thefeforesit was thought desir-

able to photograph the detectors on 35 mm format colourLélides.

It was found that the'lighting conditions during the experiments
v

required the fastest possible film speeds. 7Two types of slide f1TH

were tried. It was found that, in this particular application, Kodak

.

High Speed Daylight Ektachrome (nominal ASA 160) taken and developed

3

at ASA 600 gave a more realistic colour rendition than did GAF Ansco-~ .
»

chrome 500 film taken and developed at an ASA 1000 rating. The 35 mm
format pictures were taken with various lens and exfension tube combin—

N *
ations mounted on a Pentax Spotmatic 11 camera, depending on the infor-

mation to.be recorded.

0 e
In addition to the colour slide photography, some results were

) 4 ) LS
> taken using Type 47 Polaroid film (ASA 3000) in a Graflex camera using
a 135 mm, £/4.7 lens to g;ve black and white photographs. |

4

Specific details of equipment and exposure tiles are given with

| eacb re ult presented in Chaptir 6

7 : 4‘
5.7 Data Recording. Méthods

. ‘ . ’,‘ : : . C ‘
. During the course of the test bench experimental ptogram, a great
/ l" q
/  many (ptobably thousands) ‘time of fligﬁigmeasurements were made.

[

£

‘/f D measutement data wou14 be copied by ﬂhnd from the oscilloscope screen

) _ﬁonto graph paper :I.n laboratory notebooks rather than use oscilloacope
& Y R
) o . P . R

fcametaa to record 'each mcasurement. Faéhts 1nf1uencin§ thg decision‘




B T
: _ , . -
(a) 1t was realized that most of the measurements would only be used
, — F

[

to give a qualitatlve 1mpres§ioh of source behavior and that only

a few of the measurementé would be quantitatively‘analyzed, -
(b) 1t would be expensive to photograph a great many measurement .
results,

(c) the data would be more easily sorted, 1
i ‘ N
1f they were drawn %n notebooks than if they were 1

tified, and classified .

# individual photographs,

%

26) it was felt that measurement.accuracy would not be unduly sacri;

- AN .
hY

ficed, since the largest uncertainty in data extraction was asso-

v

ciated with oscilloscope trace width and reading the oscilloscbpe

gratiéule, This uncertainty affected both methods of data re-

‘e

cording.éadally, v .

(e) rexperlments were done to show that, for randomly chosen casés,'the
two methods éave reéults within 10Z of each other.'y

Of course, some ﬁime of flight measurement résults were recorded on

film for demonstration purposes.
| The visually reacting detectors vere most often used to give a
L 2 NN ‘ N
subjective inCerpretation to the beam distributions recorded by ‘the (
\*ep

‘seémented electrf%al detectcr. For specific experiments 1nvestigat1ng o

benm shapeo, a complete data set consisted of a time of flight measure-

e

‘néht using all detector rings measuremant of the heam curreﬂ! on each

detector ring, and 35 mm colour slides of the two visually reacting

' T A M ) a,

f:‘detectots.‘ B
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= LI TEST BENCH RESULTS. R
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o ‘ 6.1 Introduttion . b w

s

i

‘ This chapter discusses the results and observations tekennusing \\\\\

the test bench colloid source. The: overall geoal of the exper imeqts
' ‘.
was to develop the collofd source to'a point where focusﬁed dc beams

with nominal charge to mass racio bth 10 coul/kg and 500 coul/kg <
3’: ' ’ { ‘
could be reliably produced.’/ Such a\Eo;/ e coufd then be adapted for

[l 1
' uge in the microparticle acce;Erﬁéor. S

» ' B A

A Before the desired level o% colloid,sqctce’oﬁeration was achieved,

much of the work produced results of geqeral 1nteresc to collpid source
/ -

A
a understanding but of little e‘pecific interest to the research goal.

! Some of these results are presented here with the view to providing
insight into colloid source ooeration. In addition, many of these
5 Y2
.o }:esults are subjective 1n nxtnre. . The general ;rder of the section.
\ . .
. ' headings follows th@ sequence ‘of experiments performed: in the labora- |
tory--once ;uitabi; coiloid beams could be produced beam detectors

&

‘were deve10ped, then a parametric éﬁalysis was performed on beams pro- .

"duced by the colloid source. A.i",‘ \/ ) -, i "
e ;fBecause of the difficulty experienced in achieving absolute
8T

repr ucib:Llity of beam shapes‘ and beam parameters, c:lme of flight and " ‘

beam distribution measurements were',,; aken whenevet experimental charrges
g # were made. : 'l'hia procedixre epsured that source behav:lor was recorded
i fé%{~f,throughout each experiment.., ."‘ . /7 o S e

- . B a

Generally speak:lug, the t%olloid beam phenomena observed 1n the L ; Co

O ;present work azr“-"‘
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pertinen$ discovery made here. is the presence of a region of(;perating
parameteps within which the dc beam current 1s focussed much cl%ser to

the centrgl axis than in any resultsopreviously presented.

6.2 Beam Stability

6.2,1 Introduction

At this point 1t is useful to reiterate the descriptions of beam

modes as evidenced by the waveform of the detected beam current. In a
Y \

"pulse' mode, the beam appears as a periodic ser%%s of uniformly shaped’

pulses, with o current being detected between pulses. 1In the "dc"

" mode; the beam 1s detected as a constant, uniform current. The pulse

and dc¢ beam modes are called stable if the current waveform re-
establishes 1tself after the source has been Anterrupted by a time of
flight measurement. All other possible-beam current conditionaiwill be

*

referred to as unstable beams. One particular example of. an extremely

unstable beam will be‘calledK‘"qurrené\burst". Experimentally 1t 1s -

identified as a period of a few seconds 1n which the beam current
\

ipcreaaes erratically then suddenly, falls c& zero for a'period of-a

few tens of seconds - The current burst is associated with'corona and

L]

7 !glow discharge 1n the beam close to the capillary tip of the source.

\ . o
Such conditions produce many ions in the beam. . Y

-~ / #
During any given source trial 1: was found that, 1f capillary tip ' \?

7 " shape, fluid condition, and vacuum system pressure were suitable, a

rauge of“fluid feed pressure and capillary potencial could us&ally be
found where the/cbserved current was at a stable;dc level On the‘ )
other hand types of unstable beamss(ere easily recoghized and often

could be correlared to one or more faulty operating conditions. Beam : o

a -

-
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stability as observed from the waveform of detected current had little
relation to the beam spatial distribution simultaneously observed. 1In

other* words, pulse or unstdble beams often had the same spatial dis-~

’

tributions as! dc beams.
Because beam stability was always the most troublesome experi-

mental problem, the colloid source _operating conditions were always
- -

»

chosen or varie; to trxy to achieve a stable bean. Once the beam was

produced, measurements were performed.

6.2,2 {StarLfEE>Prpcedures e .

- !

e

When fluid was forced. out of thé caﬁillgry tip with the eapillary

o ©
€ ™

tube at extractor poteatial, the suaféce tension forces in the flgid
allowea a large drop (V1 to 2 mm dia.) to collect on the tube tip
Wbefore it fell off under tﬁe,force of gravity. Any smaller drop wohld
iemain on the capillary tip as the capillary potential was dincreased
to about 2.5 kV to 3 kV, then the drop was gently pulled free. Above
this potential, the pulse mode ofrbeam cvrfent;usually appeared, and
therpotential could be-varied continuoysly above 3 kV. Because this
Ihit}al large drop ;ftenbfell on the extractor and severely distorted
the eleCCric field pattern at the capillary tip, it was found advis-
able to use an alternative start—up sequence In this sequence, the "°
capillary voltage switch (thyratron) was turned 1nto the 'on' state,
and the capillary potential then! selected on the high voltage power
supply. The capillary voltage switch was turned off' and the: oper—
atiﬁg potential anplied quickly to the source. Then the feed pressure
was 1ncreaeed from zero, to force fluid into the feed tube from the “

!

reservoir. Thus the beam started operation at a desired operating
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.point rather than being moved to a desired operating poingfgéter the

. beam was established. . ' ' lfx“

It waerfoupé that the sharp cransitione between types ef beam

' current waveform exhibited hysteresis as a funetion of capillary volt—
age. In addition, once a certain type of beeﬁ wasvestdblished, 1t was
of ten difficulézto initiate the transition to the next beam type as |
capillary potential was raised. The capillary voltage switch proved
useful here. For example, initial operation at 17.5 kV capillary
potential and 10 cm Hg feeg‘pressure might pro;uce a pulse mode,
Stable dc current could often be achieved merely by turning the capil-

lary voltage switch ‘on' for about 1 seeond then turning it 'off'. By

the same token, this procedure sometimes 1nit1ate& an unstable beam

type which was even

"

6.2.3 Beam Modes in a Typical Experfment’ ) ' '

This sectfon contains a qualitative descripcion of the types of
beam current observed under typical experimental conditions, as capil-
lary potential or fluid pressure ;as varied. Ueually the greatestb
range of beam types was available by varying capillary voltage at eon~
stant fluid pressure. In Table 9, various bea; current modes are
listed as a funcrion ef typieal capillary‘potential betweeﬁ 3 kV and
20 kv, at an upspecified suitable fixed fluid feed pressure.
The sequence of beam types qhown 1n Table 9 was found exper;ment— Q\e/)
ally over a wide range of capillary tube sizes, extractor geometr%es, | T
and fluid eolution strengths. In Table 9 there are two. capillary

potential regions——the low capillary potential region between 5 and 8

1 kV, and the high capillary potential region between 14 and 20 kV—-

oo .« \‘ g ' . : .
\‘ ' ' ; e Y ot . v‘ . ,-4 b o s v -
) ; , , !
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»

which could producéiftable.dc beams. At no time was a continuous dc

region between 5 ép.gO kV found. The high capillary potehtial region
is of great intefeég;fq? two (eason;T1 Firstly, the existencé.df this
xregion has not bg;nepreviously“ﬂepotted. Secondly, %n this tegién the
beams are produgeg‘with_é‘spatial distribution much éloser to the

o
central axis cham beams—p*oduced in the low capillary potential region.

‘//

g e .
Both these potangialﬁxeg}ons are discussed in detadil later in this

- it

» chapter'. ool . . o

i
4 B
i

A

. Table 9: Beam Current Waveforms, as a Function of Capillary Potentdial.

f
i

Capillary. Observed ‘ Comments
Potential - Beam
! ) Current
(kv) Waveform
3 to5 ) pulse train Pulse width and frequency increase with

" Ancreasing potential.

5 to8 stable dc Charge to mass ratio'increases through
the pOCentialnrange,

8 to 10 dc + pulses Pulses 1ncrease in number and 1andomness.

»

- At 10 kV, -there is high beam current and
high charge to mass ratio. Some ions’

produced:
10 to 14 vety uhstabié Appears as?many large,rovet{gpping
’ beam .pulses. No regular patterns observable.
14 to 16 pﬁlsa“tréin : ﬁay or méy not apﬁg;r.j
14 to 20 stable dc¢ o Sudden shift to lower ctrrent lower 1/

charge to'mass,ratio. Charge to mass
ratio and beam current increase slowly
' through the potential range. VQ

>20 . de + pulses, - TEnds to repeat instabilities seen in 8
' then unstablev to 14 kV region, ‘ .

~

oy : : i
While it was found that variations in capillary potential produged e

predictable variations in beam type variations in feed pressure had a '
' ' BRI s P '_ ST ,;" ’
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<j”“/'mnch‘lesa definite effect. Between the limits 2 to 20 cm Hg, the feed

pPressure was usually varied to produce small changes 1in beam type.
Only one range of fluid pressure gave a stable dc beam. This range of
perhaps 5 or 10 cm Hg could be located anywhere in the range 2 to 20

cm Hg. The location of the suitable range varied from one experimenta}l

trial to the next.

6.2.4 Unstable Beams

It was not alwaye possible to produce the types 02 beam shown in
Table 9, and the source exhibited various types of instabilities.
While certain types of unstable beam were causeo,by more than one
faulty experimental condition, possibie'ceuses could be assigned as
shown in Table 10. | ’

It must be emphasized that the two potentially steble operatiné
areas, 5 ~ 8 kV and 14 - 20 kv, exhibited much the same behavior as
capillary potential was incregsed through them. Thus in Table 10,

"voltage too 1pw" might refer to either the 5 kV or 14 kV operating

point, and "voltage too high" might refer to either 8 §V or- 20 kV.

(:
£

6.2.5 Capillary Voltage Stability ‘ ,

For the present experimental arrangement. the only cause of ‘beam

&

instability suitable for quantitative inﬁfstigation was‘napillary volt—

age instability. ‘In one experiment ca resistive load was placed across
o the capillary'voltage power supply to incfease power supply Qipple. A
*ripple of 50 v gp on 6 kv dc uas t\flected by ripple on the observed de
; beam. Similarly, a 50 V square wave' pulse applied to the extractor

"aplate (which was normally heid at ground potential) could easily be

s

“»aeen in the detected beam currept. Thus power supply regulation better :

[

96
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Table 10:
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Types of Unstable Beam, with Possible Causes of Instability.

Observed Beam Current

Possible Cause of Instability

¢

Single periodic pulse train.

Two or more periodic pulse trainms, .
asynchronous,

Many overlapping pulses with no
apparent pattern. Presence of
ions possible.

Stable dc can be established but

+ changes to pulsesd after some time.

Stable dc with one or more asyn-
chronous pulsge: trains on 1it.

dc with many pul:es on it. TIons
probably presenc
dc with high ion content.z Corona

4n beam at capillary tip.

Current "bursts" at regular
periods.  Many ions. Verz
unstable beam.

o

" dc with sharp spikes in it (eithek

higher or'lower current value)

Stable dc with regular waveform
superimposed on it, or occasional

-

Voltage todhlow. 1f pulse height
increases ipnstead of pulse width
and frequency as voltage 18 in-
crease }, source may prefer to
operate in pulse rather than dc
mode. ‘Pc’}SSibly’r feed pressure too
low. 7 ‘ '

K
Good dc not likely to be folind.
May be roygh capillary tube rim
or gassy fluid.

Gassy: f}ﬁi‘d. ,
P

Feed pressuré or voltage too }bw.

\

Rough cspillary tube rim of ro
slightly gassy fluid. "8
Gabsy fluid, or vbltage or feed
pressure too high. Poor vacuum at
capillary tip. .

L8

' 5
§

Voltage or feed pressure too high.
Poor vacuum at capillary tip.

Very gassy fluid, Most probably
very bad vacuum at capillary tip.
Thig mode tends to spray fluid on
walls of tube extractor. Usually
cannot be rectified.

Electrons liftting source area.

/

High voltage supply ripple or
’instability. ‘

gaps in beam.‘gﬁ- ‘ '
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than about 0.5 was essential.’ . \

An indirect voltage instability inevitably aro%e!when a surge of
\
current from the capillary tip (for example an ion burst caused by

gassy fluid) dropped the capillary voltage due to the large anode
resistor on the capillary voltage BWitCh;‘ This instab&lity tended to
protect‘the colloid source, since lower capiilary voltgge produced a )
lower beam current. F
With an external 1 uf, 50 kV capacitor across the high voltage
" supply and a 17 Mohm anode resistor on the thyratron, normal. power
supply regulation in these experiments was measured to be 0.03%.

6.2.6 Particle Charge to Mass Ratios in a Beam
Containing Both dc and Pulse Modes

_“ +

"Figure 12a is a sketch of the detected beam eurrent waveform for

"

‘a mixed-mode beam upon which several time of flight measurements were
made. The beam was only slightly unstable, and consisted of two pulse
trains asynchroi.ously superimposed on a dc beam. Four time of flight

currenf decay curves sketched from the time of flight measurements are

P L
- 5

shown in Figure 12b. The'duratlon of the time of flight.current decay N

curves was%at'most 160 Hsec, while the widths of the,pulses on the
current waveform were between 1 msec and 5 msec, hence the time of
flight measurements were of short duration compared to the beam pulses.

e

- This observation, together with the fact that the_current decay curves

LS

< 'are of the correct shape, showa that the variationé 1n the - shape of the

\ . ' ’

: measured eurreﬂt decay curves were not a result of the beam current

| 1nstabilities, during or. 1mmediate1y prior to the time of flight

: ;“_3;gmeasutqnents. o .""t‘v-‘f o v‘.ji?'




. '*5;"-,

| 4 ~————"
T 1 ] T
400
/
beam
curreént
(nA)
) 200 |
9 ——
0 1 1 1 1 L

(a) Observed Current Waveform

9 . - ——t' 10 msec I‘—~ 5

i \ I
; | I T
400 _
detected . .
current
(nA), "
200 _
P
a’
o : S R ¥ {.
| o . 40 80 120 169\
o o o zime (usec) 3
' % 'l (b) T:Une of Fligl'rt Measurement Current Decay Curves

"P'

f 'Fighref12§,vTime o$~Flight Measurement Results on a Mixed Mode Colloid-

L /.. . 'Beam. . Curves‘a through d in Part (b) of the Figure are the
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Comparison of the four time of flight measurement curves 4in Figure
12b with the current waveform depicted'in Figure 12a shows that curves
c and d were initiated during pulses of beam current, while curves a
and b were initiated duringlthe dc part of the beam. The two dietinct
changes in slope of ‘the curves c and d reveal that these curves depict
the euperposition of a beam similar 1n velocity to the beam measured by
curves a and b, and a beam with much slower velocity. This in turn
1m;11es that the beam in Figure 12a consisted of a dc beam of higher

charge to mass ratio particles with two pulsed beams made up of lower

charge to mass ratio particles superimposed on it.

~

For this beam, source conditions were; capillary volcagg 13 kv, Y

feed pressure 4 cm Hg, fluid doping level 5 g NaI/100 mf glycerol,
capillary tube 431 (see Section 6.6). The beam spatial distribution
was®constant as a clugter of jets in a cone. Measured nominal charge
to mass ratios for the four cases in Figure 12b‘were: curve a, 318 coul/
kg; curve b, 293 coul/kg; curve &, 155 coul/kg; and curve d, 71ic0u1/ks-
The presence of the two pulse trains superimposed on the dc current .was
probably due to a poor capillary tube rim shape or possibly due to
slightly gassy fluid. ) 7 ‘ "§= e

This experiment demonstrated that beans consiscing of superimposed
de and pulse eam modes contain wmore than one nominal value of charge .

to mass ratio on the particles. Thus, for a narrow, well—defined charge

to mass ratio distribution in a colloid beam, mixed beam modes cannot

© be tqleteted\

’,6 2.7 Corona and Sparking at the Capillary Tube Tip

 ;ffCorona in the sprayed beam wea easily seen in the observed beam

100

"xcnrrent as a large unstable 1ncrease An beam curreat, w;th 1onh preeepta»“P~

I
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The beam usually disappeared for several seconds, then ékhibited more
current bursts. The basic cause for the corona was‘poor vacuum in the
\capillaryitubeltip region. The poor vacuyum coul&‘in‘turn be caused by
gassy fluid, high mass flow rate;, high vo%tage, or‘poor pumping geo-~
metry. Durlog corona the beam tended to become a-general spray over a
d cone whose axial half-angle was often greater than 45°. Thus the beam

" could 'intexrcept the extractor and cause furthex probleme, such as
direct sparking and a worsening of the local vacuum pressure. Uéég%ly
once current bursts were oféerved, no alteration of feeduggkssuxe or

. capillary voltage would‘restore‘stable beam operation.

Also, if the beam were allowed to strike a metel surface closer
than about 2 cm from the capillary tube tip, corona fofmed,in‘tﬁe beam.
This problem impoged a restraint on the design and pesitioning of \ S

) g

' appaxatus such as biasing glectredes, beam collimators, or detectors. e

6.3 Beam Detectors - ’ , .

11

»

/

. - the colloid %eams produced.‘ chause the segmente9 electrical ef%ctors :

"}A.-

\

'~  apd point— y=point electrical beam sampling are: either inconvsﬁient or’ o e
give incomplete results, some effort in the present work wes devoted toi

improvins ‘the beam detection system- Sectious 5 3 2 to 6. 3, 4 describe RS R

- &

development of a. segmented electﬁical detector, and development of the f"l?_‘%.

"ttwo types of visually reacting deteetor disCussed in Section 3 3 ‘ Sec— Sy

ftion 6 3 5. compares some results illustrating concurfent;§3e of the d,

'ﬁthree.beam detectors:
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6.3.2 Electrical Detectors

The-electrical detectors are constructed as a series of concentric
aluminum rings mounted with narrow gaps between them. The lucite . f
backing plate holding thé rins has grooves in it behind each of the H
gaps between the metal rings, in order to prevent accumulated gf;%erol
from the beam from shorting out the adjacent rings. An electrical cop-
nection from earh ring 1s passed through a vacuum feedthrough and fed ,
to the external éwitéh box. By selectiﬂg the detector output using the

v , . \ .
switéh box, measurements of beam‘current incidehc on any ring or combi~
nation of rings can be made, as are time of flight measurements. = \ L
For measﬁrgﬁents on well focussed.or high velocity beams, a four

oot

ring detector with a flat surface of 0.114 m outer diameter was placed
. o ‘ £
0.3 m from the source. The distance from the source to the detector ‘¥

rings was 0.3 m for the center riné,and 0.305 m for the outerm;st ring.
The detector accepted beéms up to }lo off axis. | |

’ ?or meaningful measurements on diveréent colloid beams, the detec-
‘tor had ito measure beams up to 45° off ;xis; Accérdingly, the size‘of
the eipefimeﬁtal éhamb;r fprred‘the detectqr to be mounted close to the e
colloid souICe."To‘accompliSh this, a five¥rf£g deréctér was'ﬁachined
as ;art of an 0.07 m radius spherical surface, and the source capillary
tube tip was positioned at the center of curvature to ensure eQual
r drift distancea fot all beam companents. The ocuter. edges of the five

"‘detector rings form half—angles of 5 y 15 ,_259, 35° and 45° éith a0

“'freapgct to the central a:is‘ L‘ i @
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| L cles knocked off the grids et low velocity.
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i,

front qf,zle detector surface to allow aﬁplication of a bias voltage
i , £

to contfpl the secondary electrons produced by the beam strjking.the

‘surface. The outer screen 1s grcunded to prevent the bias ~

voltaqee from perturbing the electric fields in the experimental

. chamhér. The {impner screen 1s insulated from the rest of ' the detectbr,

and, uas biased negatively by means of an external electrical lead..

The wire grids aré made of Q,076 mm diameter stainless steel wire wound

onﬁé square grid. The wires are 3.18 mm apart, and the area of the-

wires in each 8creen was calculated t6 be 5% of the total screen area.

’ In general the operation of these electrical detectors was satis—,

v

fectory. Two problems were caused by the beam hitting the bilas grids
ptior to hitting the detector surface. The first of these occurred
When an intense jet of the beap intercepted one or more wires of the

\ ‘
bias grid Over a period of perhaps 10 minutes a 1arge drop of glycerol

: wou%d collect on the wire. This drop could intercept a significant

fractioh of tﬁé tatal current ingident on that particuler area,

cause anverror in detected current The second problém was’th%iscet—
texing Pf the beam by the grids. The scattering caused a broadening of

thp true spatial distribution of the beam, and at times appeared to

contribute a long-duration "tail» on’ the current decay‘curve of a time

of flight measurement. “The scatteredlparticles ‘were either original
‘. v

A

' beam,yarticles alowed down and deflected or secondary glycerol parti-,_‘gV

oy
s




‘ b .-backing for the phosphor ™

off accumulated charge, since the phosphor powder itself 1s non-
conducting. The powder was groﬂgd u;;ng a mortar and pestle, and then
mixed 48 a suspension in a large container of water. The aluminum

»
detector plate was then placed at the bottom of the water tank' and |
the phosphor allowed to settle to the bottom of the tank (the settling
procese took about S to 10 hours, typically). Findlly the clear water
was carefully siphoned out of the tank, and thé‘de%ector Plate léft to
dry. It must be emphasized that the phosphor powder was very 11ghc1y
bonded to the backing plate, so great care had to be taken not to mark
the‘phosphor layer both in thelérf t process an\\in routine detector

use. The depth of the Phosphor layer was roughly regulated to corres-—

- pond ta a weight of § mg/cm » by weighing the total amoﬁnt of”phosphor

powder used and calcui}cing the¢ areas of the backin pPlate and the
bottom surface of the ater coi

catéiogué;'Sylvania67 states tﬂér a

‘twé beaﬁ sp!tial distribution. Becauee of the geometry of the "

‘expetimenggl chamber, photographs of the surface of t 8 particular

IR

fdetector could n07 be takenm The phosphor layer depth seemed quite
.‘adequate.“‘ | ;ﬁr‘ L " ~ | :
""The next (at\l? ,final) detector design :lncérporated a transparent

‘:er layer. . A 6 35 m t'ick glasa plate '

_"‘.-.”'was covergd ‘with a transparent layer of sputtered. c"‘romium on one aide. L

iy
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dqscribed above, to about the same thickness. With the optically transQ
+ / .

parent backing, the pattern of }light generated by the incident beam

could be viewed from either side of the detector, and photographed.

through the detector backing.
Two detectors of 0.14 m diameter active surface‘were made; and
‘ éiée used 1mterchangeqbly. Tho detector moumts allow beams uo to 45°
off axis to be viewed.
While the detector cah be viewed in dim light, ouccessful phéto=
iE graphy of’the beam spatial distribution requires a darkened Toom.
Since the detector shows only the beam spots, a sgacial reference for
the detector was provided during photography of the beam shape by
otiofly flashing two small 1ncandesceot lamps placed on the source
extractor plate, facing’the defector and camera. These: gave a spot of ;

light on each side of the detector plate and also faintly 111um1nated

the detector surface. Details of phocagraphie procedures are given

4

whenever individual detector. results are presented. ’(\\\bﬂ_ﬁ\;\
: ' S ' “ y K
‘ : ‘ ‘ i : : )
: a visible '

It was found that the phosphor ceased to function once

I ' " e : ‘
deposit of glyterol'had-COlleCtad; .Either the built-up layer‘absorbed i

[ N ®

vthe momentum of the inoomiug droplets, or it shielded the crystals . PR A
i 'uktfrom the electric fields surrounding the charged droplets, sinczqﬁg SR
v;‘:,;glyCezfl solution 18 conducting. }Howevet, 1f the gl;cerol on the ‘ ‘l ‘“ li%i
‘i detector was hllowed to evaporate. the screen was re-usable. Event—f n

RERSEuE ually the NhI from the solution accumulated the phosphor crystals .‘o-‘n¢ ‘9#3;”

a

>‘themselves deteriorated anq‘the phosphor response weakened.;,

.H.
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the conceptual.design of eacH of the l1quid crystal detectors used is

a layer of black plastic (either“painted clear plastic or black mylar)

,coated with liquid crystal material.” In order to bleed off the accum-~

r

ulated beam charge, the’ detectors wereymounted against a wire grid,
and were bombarded from that side. The 11quid crystal material was

11luminated and viewed from the side fpcing away from the beam.
L

« The first dgtECtor tried was'made Mp from a "kit" containing three

T
A

so}ucioﬂé and some black mylar sheets. Solution mixtures ylelded a’
Tiquid crystal splution which, when painted:on the black plastic, dried
to give a waxy material,! Some experiméntation yielded a recipe for

the material which reqpbﬁded v&sibiy to temperatune.changes néar Toom
. \. nﬁ . , g
temperature. Tests of this liqpid crystal screen- showed that the beam

Jras "‘f

did contain ‘enough energy to cause visible #olour changes in liquid

f

"crystal macerial. Prdblems encountered included difficulty 1n repro-

ducing the liquia crystal characteriscics, unevenness of the liquid

crystal Iayer thickness which gave different thermal capacity to dif-

- ferent parts~of the screen, vulnerability of the erosed 1iqu1d crystal

materfal to- contaminants which changed its colour, contamination from
the glycerpl which penetrated the O, 05" Jm ﬂmylar sheet, and the

inability to clean the detector. Several
‘ 24 i - : ' 4

lemS_wepe unsuccessful . : ,
The next liquid crystal detector—tried was of the same configura—
%,? -

tion, but the liquid crystal maeé;igifﬁas obtained in a prefabricated

sheet., The sheet consists of a layer of clear my%ar a layer of liquid
crystal material in the form of encapsulated 1nert spheres of . 20 to 40

r’h“

‘microns diameter, and a layer of black‘paint; ‘The enCApsulation of the

2

TN

11qu£d crystal material makes the screenw

" ?’

12 sﬁﬁtaﬂi to solventa and

3

| .
4 Egﬁ to solve these prob-
A .

!
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abrasion. In the final cdonfiguration, the wire grid used to bleed
accumulated beam charge off the detector was ﬁhe same as those used

on the electrical detector.  The 1liquid crystal detector 1s 0.108 m in .
diameter, and displays beams up to 37° off axis. The detector has a
nominal sensitive range of 250 to 310C. ‘

Use of the iiquid crystal sheets means that the material 1s Qiewed
through the clear plastic layér. In order to prevent reflections from
the shiny plastic surface, the detector was 1llumirnfated at an acute

. &
angle by fluoresgﬁPt lamps placed on each side of the glass cross
forming the experimental chambép. Whén viewed along'the surface normal,
an even hue was seen on the detector. Care was necessary to illuminate
the screen uniformly and thus prevent variat@Od; in:coﬁ;ﬁradue to the,
temperature changes caused by uneVeﬂ lighting.

Beam pile~u§ was a miqor problem with this detector, since accum-
ulateq glycerol merely ipcfeaééd the thermal dinertia of the detector

but did not interfere wiph the basic detection mechantsm. The screen

was cleaned b§ washing 1t in distilled water, and was found to with-

th

sta§id many c¢leaning cycles. Detectoxr' deterioration, when it happened,
was obvious because the'eVEﬁ backgfound eolour of the liquid crystal
screen became blotched and mottled probably as the result of chemical ‘

changes in ‘the l4iquid crystal materia157

. ,
The response of the liquid crystal screen was found to Closel;\\\'__\\v//’j

" indicate the intensity discribution of the incidentybeam, The spreading
S
of cokour outside an intense beam jet was small. Also, the colour pat-

tern observed agreed closely with the pattern of glycerol eresited on

oo thg,black side of the detector, ahd with che display on the phosphor

I

R AN /
screen. These correlatiqns are demonstta;ed in the next,section,,

o i . b
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/ ’"y jdiSCHSSions of the’ ‘L/esults obtained

V¢£or réther than beam, properties. ,In

the electrical‘ g%dg%br’rérﬁfte, ring solid angles have not been fac~

\

tored out, hence the ‘currents measured, on the outer rings appear over—
, ,

emphasized. Collection of results‘for the three detectors on one beam
generally took 10 to 20 minutes, but the beam distri ut?pn and current
did not seem to change significantly during this riod. The time was
4:equired to take photographs-and record data; the detectors thé;selves
could be used’and viewed in a matter of seconds. )

The two eéses are presented for comparison of Ehe detectors 4n
Figures 13 and 1l4. Figure 13 is a colour reproduécion of the original
35 mm format colour slides, while Figure 14 shows black and thte
_regroductions of the colour slides. The beam W;B at a stable dc level

in both cases, --The photographs of tpe entire liquid crystal screéen

-were taken with a SO mm lens with one short entension tube. Exposures

were typically 1/30 second at £/1.4, Glose—ﬁp photographs of the liquid
crystal detector used a 105 mm lens and three extengion tubes, with.
typical exposures;cf 1/2 second at £/2.8. All photog;aphs of liquid

- crystal detectors shown here have been magked to show the entire )

"A

detector surface but only a portion of the moun ing ring. Photographs -

of the phosphor‘screen vere taken with the 50 mm\ lens at exposuresfof

"

e ———
20. seconds at f/1, 4. In all cases the c3p111ary tube tip to detector

drift distance was O 07 m along the central axis and the apherical

=

five ring, electrical detector was used to measu beam curﬁents.

?igure 13 depicta colour photographs of detector results for & a

Lo ! . - 4 i G B
N ' * N t N . : " ' y " , B
. LR . s ; o . "y " '
. . » i ' ' N ! N . N v N . ' o , N . i
r 4 S . . . . L fe B N Trg N o K kS
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well focussed axial beam formed at a capillary potential of 20 kV using
5 g NaI/100 m? glycerol fluid and a 25 mm long, #27 placin;msiridium A
capillary tube. Fluild feed pressure was 7.8 cm Hg. Figure 13b is a
close-up photograph of the beam spot on the, 1iquid crysFal detector
shown in Figure 13a. The blue central area, which represents an
intense beam spot, 1s sugrounded by less intense beam areas which give
rings of colour froe,blue to red at the fringe of the beam spot. The
background of the beam spot 4is a normal ?eddish-brown because no {
thermal biasing was used. The bright area on the edge of the screen
in Figure 13a is glare from the external illumination. The phosphor
screen of Figure 13c gives more detail in the beam than the liquid
crystal screen. Figure 13d shows the distribution of detected beam
current, which totalled 430 nA. -The eféctrical detector shows a well
focussed beam, in agieement with thé visual detectors. The nominal
charge to mass ratio of 58 coul/kg and the mass flow.ratevof 7.4 ug/
Eisec were found from time of flight data on the total beam curfent.

Figure 14 shows black-and-white photographs of the detector
results for a beam which is fairly well,}bcuséed b;t>off axis;vproduCed
at 9.4 kV.and 7 cm‘Hg f}uid feed pressure. A'broad hqrizontai‘section
Of thf 11quid crystal screen has been-thermally biAsed from reddish-~
brown to orange, :2§SUnting for the. large light coloured area in
: Figur¢ l4a. The detector shows two yellow—gSEEn spots, 1ndicating two
jets of sufﬂic;ent kinetic energy to heat the géreen. Thg diffuse arga
be;&eén the je;s. ﬁhich’isvteddiéﬁ’bqowﬁ\in éolour, ipdicates a pottiéé
of‘the‘beam.in which the kinetic‘heétiné is 1n§uffigienc‘;o*9vgré6qg
1 the cooling effect of the evaporatinzhglycerol in thiéfcase‘fhé‘phosf

phor screen 1n Figuxe 14b shows less beam detail than the liquid




110

A ‘:‘ :". y P . e v " ' . ' ' i
:coigur,rhq;ographfbepiéting Results Obtained Using ' o .
ystal, and Segmented Electrical ', o

'\f‘vffiéure‘13: Lou
JRSTIEE Phosphor," Liquid Cr
Detectors’ on One Particular Colloid B

4




. 7 ‘ 111

Lv]
L]
3
g 120 ¢ .
\ £ .
o | 1
z i . )
'z & _ :
; g‘ o0 , \ o ,
& .
) S 0 T v
'- o T ) 5
| DETECTOR KING NUMBER 0 ,‘
i ' T e 0 30 w0 : , ,
S - ' DETECTOR ANGLE (degrees) B ' ‘ ﬂ
- L . (c) CONCENTRIC RING CURRENT DETECTOR e o e
. ' - . o . s o . @\ | ) . , s "
. ' Figure 14: Comparison of _Results Obtained Using Phosphor, Liquid . .
Co ', .. Crystal, and Segmented Electrical:Detectors on Ome « .. . .~ 7 7
o 7T Particuldr-Colloid Beami: =~ . T oo
foo ; f Al . ' ik : '/ . ! ’ : ¢ O !



TN

[

‘j ug/sec. Figure 15b is -a picture of the same screen after the beathad |

112

erystal screen. A beam angle of NlS off axis was estimated from the

é{sual detectors, which coincides with the max imum detected current
\

_gHown 1in Figure l4c. The 260 nA beam had a nominal charge to mass
%

recio of 37 coul/kg and a mass flow rate of 7.3 ug/sec. !
Generally, the liquid crystal detector reached a stable colour

pattern perhaps 15 seconds after the. beam was‘girected on the screen.

Because the screen returned to a undform colour when the beam was re-

moved, and belause the screen could be easily cleaned, the colour change
ok

of the liquid crystals was due to a temperature effect and was not a 6

“chemical reaction with the Nal-glycerol.

"
'

_For the beams shown here, beam pile—up on the phosphor screen
caused a deadening of detector response after perhaps 20 seconds. In
order to get good photographs of the deteccor, the detector was cleaned
and re-installed immediately after only one tybe of beam was idvesti—
gated. ' In normal use the detector could be used much longer by moving
it 4in fronc of the beam, and by'ignoring the few dead spoﬁs on the
detettoc surface. |

Figure 15 shows a convincing demonstratich of the fidelity of)Che

phosphor screen detector. ’Figure-iSa is a photograph of the phosphor-

' escenc beam spot 1n the center of the back lit screen. The photograph

required a 40 second exposure on 3000 ASA Polaroid film, using an £/4,7
Graflex camera. Opetational beam paramﬁters were 13 kV 12,5 : cm Hg,

2 5 K3 NaI/lOO ml glycerol #29 stainless, steel capillary tube/ tube ‘l‘rﬁ'
type extractor.. Measured beam parameters were. 95 nA. 12 coul/ke,_,-lﬂ ; Vo

\

run for 10 minutea, taken iu full room 1ight.‘ The clear spot on this

photogr%ph 13 glycerol deposited by the beam, and ica shape and position

-1 . s
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(a) Image of Colloid Beam, Showing Phosphorescent Light in the Center
of, the Phosphor Detector. :

(b) The Phosphor Detector of (a) Eas Begn Photographed in Room Light. =~
' The Glycetol ‘Deposited on the Detector Shows as.a White Spot in
i che Centet of the Detector.g,;‘ , ! _ =

| Pis“re 15-‘ Pb°t°3"Phs of a Phﬂsphor Detéctor. Camgaring the Pattern S
. ' e Of Lisht mittéd ‘ﬂth th& Correapondin .Pgttem Of .
Deposited Glycerol. e ; A _
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correspond closely to that of the phosphorescent beam spot in Figure 15a.
While not shown here, it should be noted that the liquid crystal

screen showed beam intensities just as well as the phosphor screen did

. t»‘;‘y

in the case 1llustrated in Figure 15. The area warmed by the beam
agreed closely with the deposited glycerol seen on the black surface of

the detector.

6.4 Secondary Particles .

6.4.1 Positively Charged Secondary Particles

In thexvery early attempts to operate the test bench colloid
source, 1t was inadvertently found that tne charged glycerol beam could
be scattered off the glass walls of the experimenCal\chamber, and be
detected in the electrical detecton. As the experiment progressed, wet
spots appeared on .the glass wall where tne beam struck the glass cross
prior to scattering. The scattering phenomenon occurred throughout the
 experiment, indicatiﬂg chat the scattering took place initially from
the clean glass surface and later from thefspof on the glass wet by the
incddent glycerol.

I: 18 clear that colloid beam experiments must be designed to min-
1mize the possibility of scattered glycerol particles entering the beam

detector.

.i .

"6.4.2 Secondary Electrons

The discussion of secondary electrons ﬁ?’SEction 2 9 ‘showed that

iya careful 1nveatigation of the effects of secondary electrons on colloid

\

‘;source operation must be made. Accordingly, tests of secondary electron f o

0 - ) , )

‘ieffects were made periodically throughout the present étudy, whenever




/

major changes to the source or detector geometry were made. The fol-

lowing 1s a summary of these results:

(a)

(b)

(<)

(d)

(e)

()

;f‘charge to mass ratio beams.

- ®

At no time was the secondary electron current a significant part

of the positive beam current. In other words, beam current and

" e : . J ’
- time of flight measurements appeared to be inQépendent of bias

voltages applied to variouf retarding electrodes
Blasing the source extractor or the grid in front of the detector
did Aét change stable beams very much, noticeably stabilized
parely unstable beams, and did not improve unstable beams veryr

B
much. Thus the source could be operated in a stable mode without
any bilasing, and unstable source operation is caused by ' effects
other than backstreaming electrons. -

Application of detector grid bias greatly reduced the fluorescence

of the glass walls of the experimental chamber. -This fluorescence

1appeared occasionally during high voltage, high charge to mass

ratio trials of the colloid source.

‘Application of source extractor bias 1mproved beam stability to

-

about the same degree as did the detector screen bias, but extrac-—

tor bias did not prevent the secondary~electrons from leaving the

N
detector surface.

Tar—like deposits were never seen on the capillary tube tip in

contrast to observationa reported by Huberman and Cohenzs.

The tar—l;ké\ eposits were seen on the detector Surface, partic-

ularly after n experiment using high capillaty voltage or high

!

'The production of secondary electrona was much greate: if ions

l(‘were present in the colloid beam.f‘:”ﬂr‘ ;" e
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h‘flush with the outside of ;he extractor plate. The tube type of ex~
| ttactor has the capillary tube positioued along the axis of a tube,

' ~9 S o 1n diameter and 20 S m long.

“I16

During the experiments, the presence of secondary electrons was
deduced from observations of small, short-term instabilities in the
detected dc beam cur;enc. A reliable indicator of secondary electrons )
was the occurrence of fluorescence on the walls of the glass experi-
menlal chamber.

It was found to be better and easier to apply a bias of.between
-30 V and ~100 V to chehdeteccOr'grid than to bias the source eXCracfor
to .suppress secondary electrons. The threshold of -30 V was chosen by
observations that evidence of secondary electrons in the experimental
chamber disapﬁéared for bias voltages more negative than about ~25 V.
Stark and—,sherman28 report that a bilas of -22 V was sufficient for

secondary electron suppression.

Yt seemed that fewer secondary electrqn\effects'were observed in

‘the present work than have been reported in the literature. This

result' was attributed to the fact that beams of much lower charge to
mass ratio (< 100 coul/kg as opposed to > 1000 coul/kg) have been pro-
duced in the present study. Also, for beams in these experimeﬁts, no

ions were produced in the colloid source.

A

6.5 Source Extractoerxgeriments

Tw0 basic types of .source extractor plate, which have been shown

in Figu:e ? Chapter 5 were tested. The flat type has a thickness of

- 0. 8 mo, an inner diameter of<4 75 mm. and the edge of the central hole

~ " V\\ '
1s rounded to a radius of 0. 4 mm The capillary tube tip 13 positioned N




. off axis.

_ to any capillary t? extractor sparking.

_ | (,

In general, the extractor hole diamétgr‘doea not have a fundamental
influence on the source behavior.  If the héle is. xelatively large,the
capillary can be operateq at a higher potential to get the same electric
field intensity as for a smaller diameteé extractor rum at a lower.
potential.

Experimentally the two extractors behaved in a very -similar fashion
for the same source conditions. Where divergent beams were to be
studied, the flat extractor had to be used so that the beam did not
strike the éxtractor. Where axial beams were used, either type of
extractor was suitable. 1In fact\thp choice of the tube extractor dia-
meter and tube length is somewhat arbitary. The approach taken for the
design used in these experiments was to select thé tube length as 20.5
mn in order that the electric fields surrounding the capillary tube be

~

contained almost completely inside rhe tube extr : Then the dia~—
P

+ meter was chosen to provide an adequate aperture for the emerging beam.

-

The“diameter»of 9.5 mm used here allows production of béahs up to 15°

i

.

FSparking frow the capillary tube tip to the ékXtractor was never a

A\

‘probiém for the dimensions used in‘these experiments. It seemed that,

when7thé vécﬁum pressure 1in the capillaty*extractbr r gioﬁ rose enough

to 1ncrease the danger of sparking, beam instabilitie appeared first.

Bl

ﬁvThese beam 1nstabilities ;{quired suspension of eoutc operation prior

N

The advantages of the flat type extractor design are°,

'he beam can never collide with the extractor, so all shapes of

,’beam caﬁ be studied

117
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The advantages of the tube type extractor. desigg argh
(a) the electric field shape at the capillary tip is dependent on

capillary alignment in the extractor, but not on its axial- posi-

»

tion,
(b) the electric field at. the capillary:tié is well shielded from any
other potgntials orﬁelectrodes present in the egperimental systen,
/ (¢) the tube type extractor helpsvshield the capillaf; tube from
secondary electrons in' the system,
Wherever possible, the tube type extractor was used for tﬁe exper-

iments describéa in Chapter 6. The only exceptions were the cases in

which the results showed widely divergent colloid beams.

P>

6.6 Capillary Tube Experiments

, : - - 9

A literature search showed that the best microthrust rocket results

were obtained with platinum or platinum—iridium alloy capillary tubes.
Stainless steel capillary tubes were reported to show some erosion after

use 1nlcplloid sources. The most commonly used capillary tubes had

~

dimenaions of about 0.1 mm inner diameter, O ,25 mm buter diameter, and -

haéfleggths of ‘about 25 pm It was also repeatedly shown that the ehape

| of the capillary tube tip had a strong effect on colloid source
bavﬁour.‘ : . L |
' Figute 16 shows the most cammonly described capillary tip shapes,

e v :
‘ M’together with some definitions of terms :equired for the present dis- se

;~}¢uesion of the tip Bhgpeé.' The followﬁ\g liat of tip shapes mentioned

"Q@fﬁ;  1n the literature 1s,arranged in an order repfefi§fiﬂain°f3331ﬂg
: ; 40

”flat end with
28

'ﬂﬂb:?°°11aié beanﬁv ability- flac epd with sharp cotnezs
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A//////,;r//////;//;/// ’ ’
ifnner forner

(a) flat end style

= .
‘ri.m width

. ' RS L - : ‘., T

.;‘ﬁj;f;?;pige;e‘Ls. Three Different Capillary Tube Tip Shapes used 1n§gblloid ST
S 1"Beam Reseax'ch. L _
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thin rim formed by a shallow inside taper (90o iricluded angl¢)69, thin
164,21,28,69
,

rim formed by a deep’ 1nside taper (<60 included angle)

6
Cohen and Huberman ? attribute erosion of the 90° included angle inner

tapered tip to- the relatively large included angle; they prefer to use

a 40° included angle.

/Bhapes was used. Bétk/;2;4 stain)ess steel (hereafter denoted SS) and

;

In the present work, a variety

~

of capillary tube sizes and tip,

//902 platinum-10% 1r1dium allox/(hereafCer denoted Pr~1r)

1)

materials were

used. Table 11 shows the capillary dimensions and materials used, to-

\

gether with the AWG number (based on capillary outer diameter) which 1s

AN

=
=~

Table 11: ‘Capillary Tube Dimensions,

used to identify capillary tubes throughout this thesis.

The capillary

tubing was obtained from the Hamilton Company, Whittier, Caiifornia70

Materials, and AWG Numbers,

which. are Used 1in this Thesis as Identification for *

‘ Capillary Sizes

®

3

AWG . Magerialz Nominal Nominal
Number Outer Diameter Inner Dfapeter
(baged on O.th (nm) (in) (mm);. (in)
#26 ss? 0.46. 0.018 0.25 0,010
£29 55 0.33°°  0.013 0.4 0.007
91 ss 0.25  0.010 ‘0.3 0.005
#33 S8 0.20  0.008 Q.10  0.006
" me - pe-® 046 0.018 0.25'  '0.010
-C» 041 0.016  0.20  0.008

" 427 " Pe-Ir

a #304 stainless steel
~ b 90% platinum-10% iridium

iy
[

R ﬁxperiments petformed ‘to investigate the efﬁé?ts of varying capil-

i

‘ 1ary tube size’ show (as expected) that the larger inner diameter tubes

produced a higher fluid mass flqw rate and a correspondi!hly lower

120
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nominal charge to mass ratio in the colloid geam. However, the #26 and
#27 size capillaries had such a large mass floy rate that it was dif-
ficult to maintain adequate vacuum in the experimental chamber when the
soupcewwas producing dc beays. Thus thé #26 capillaries were not used
after some initial testing, while #27 capil&aries were sometimes used.
Pe~-Ir capillaries of size smaller than #27 could not be purchased from
the usual supplier70. As an alternative to purchasing éﬁalltr capil~
laxies fyém another supplier, fluid flow’ in the #27th;Ir capillaries
was restricted by inserting a plece of stainless steel ;1re into the
bore of each capillary. Tﬁe wire in;erts were either 0.08 mm diameter
by 26§mm long, or 0.13 mm“QIamet;r by 10 mm long. In the present ex-~
peri@ents, the best results were obtainéd with #29, #31, and #27 (with
wire insert) cﬁpilla;i;s.

L VAs described 1ﬁ Sectfon 5.5, the capillary tubes were soldered
into stainless steel caps which can be screwed onko the capillary
"holdes on the énd offthe flui& fée:\i;ne;_’ZHE}ZS mm long capillary
‘tubes were soldered to the cags with 4 mm prdtruding towards the’
extractor, énd 21 mm inserPed into the feed line.: The qapg, which
were kep;perﬁanantly soldered to the tibes, were convenient, for
holding Eh; cépillaries during shaping, cleaning, or storage.

The problem of shaping the capillary tube tip:isga formidable oﬁé.

I%rthe,tip is to be formed‘byraccurately machining the capillary tube,

| the machining must be done under a microscope.: In addition to the

’

problem of close tblerances on the small dimensions involved, the cap-
‘ n :

. N .
illary tube materials are difficult to machine. . Cohen = described a
process whereby the cépillary tube is forced over a preformed mandrel - -

(ltb‘flare-the c{pttoJche‘desired shape.\‘The exeess;mgtét;él is macﬂined

f TP ’ . R )
' " . . [N
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;. of the inner taper was 1200. The rim Qidths were (0.03 % 0.02) mm.

122

off, and the rim then polished.

In the present work, the various capillary tube tip shapes were

formed by spinning the capillary tube and support cap 4in a lathe or

drill chuck, and using #800 cutting grit an re spade drills to
cut the tudbe tip. While this method did fHot produce a élqsely repro—
ducible tip shape, it was sufficient to fgrm t&p shapes for testing.
Of the varioﬁs possible shapes mentioned in the 11tefature (which were
referred to earlier), only those having an inner taper would produce
stable dc beams when tried in the present experiments. The other tip
shapes appeared to be unsuiﬁable.h

The tip shape used in all subsequent colloid source experiments

described in this thesis corresponds to Figure 16c. The included angle

The outer corner of the rim had a radids of about 0.01 mm. This tip
shape was produéed as follows:
(a) The capillary tube and SUPPOLE cap were spun in a lathe or drill

chuck.

.

. , \ :
(b) Using #800 corundum grit and l4ght machine oil on an aluminum

backing, the tube tip was ground square and- flat. Frequent cleaning

of the tube with 0.08 mm or 0.12 mm diameter stainless steel wire

i

was essential here to prevent the tube from clogging.

(c) A spade drill of diameter just larger than the ggpiilary outer

I C
" diameter was used to cut the taper to a closely reproducible

tncluded angle of 120°. The spade drill was hénd;held'againstry
thé‘spiﬁnigg cabill;ri'tube'ﬁhen ;uttiné the ‘taper. The drill was
hgldil&éégly enough that it‘could be éelf;centeréd‘inAéhe-capillary
. tu§¢ in sgite'of‘cbé small viﬁfafioné of xée spinﬁ{ﬁgfcabilléry“.
L ' ‘ ‘C. W '

.&_‘ o . : ‘ "‘ “./ e l, . "‘:‘ RO
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tube. The taper was cut until the rim width was of the order of

0.03 mm.

(d) The burrs on the rim were removed either Sy cutting with the #800
grit, or by burclshing the rim on a2 smooth steel surface.

(e) The burrs on tﬂc inner corner of the taper were removed by running
a wire down the inner bore of the tube.

(f) When the tip was of the correct shape, the tube was cleaned by
forcing reagent-grade methanol through 4t from a hypodermic
syringe.

(g8) The wire insert, when oce was to be used, was formed in a "U"
shaﬁe. One crm of the "U" was inserted inside the end,of the cap-~
illary_away from the formed tip, vhile the other arm of the ''U"
was tack-soldered to the outer surface of the capillary. This

¢ . method ensured the wire insert would stay in position.

(h) The assembly was cledned again in methanol.

Some problcms were encountered usiér, ris method of tip shaping. The
#BOQ gric w;s not fine enough to pcoduce a polished finish on the tip

: surfaces.f:(lhe spade drill, if chaip, left a smooth shiny surface .on
“the tapered scction.) Burrs left from the drilling were dif%icult'to
remove. The greatest problem was that in step (b) the end could Seldom
be cut pe;fectl) square to the tube axis, so that after the taper was
cut, an uneven ri width resulted |

While'the angle of the tapered section is probably noc steep

enough for optimum\performance, these capillary tubes worked adequately.
After’some practice nd familiarity with the production method capil—

Y
lary tips could be made in less than oﬁe-half hout each. Repairs or




124

Two microscopes were available for inspecting capillary tubes.

The most useful was a binocular microscope with between 12.5x and 100x
magnification. The depth of field of this instrument allowed examina-
tion of the entire tip shape at once. More detalled examination could
be done 31th a standard microscope at magnifications of up to 1000x.

It appeared that when the source was operated 1in the 3 to 10 kV
region, the shape and quaiity of the rim at the tip was quite important.
On the other hand, at 1A to 2Q kV, the shape of the inner corner of the
taper was mo§1mportant than the rim shape. Thils phenomenon is corro-
borated later by the discussions of capillary tip erosfion,

It 1is realized that the method of producing capillary tu?e tip
shapes gave non~ideal tip shapes. Reproducibility was also a problem.
However, a better meghod would have required much more elaborate tooling
and much more d?velopment time. The inconsistengies between successive
gxperiments fOuAd after quantitative measurements pf beam parameters

(Section 6.9) were quite possibly partly due to variations 1n the cap~

j}llary tube tip shapes used.

As discussed in Section 4.1, it is possible that electrolysis of
the working fluid of a colloid source takes place at the capillary tube

tip. Thus erosion of fhe1tube tip may be expécted. When operated

‘below 10 kv, §S capillaries showed some erosion of the tapered surface

and rim but cOu@ﬂ be reliably operated for one—half hour or more. In

this voltage range, Pt-Ir capillaries showed very,little erosion.

I4 Y
Y
“

When operated between 14 and 20 kV, the ss capillarigs grpded severely

1n a matter of 15 minutes or IEbS, while. Pt»lt capillaries lasted sev—

”etal hours. For any voltage or eicher capillary material, :he presence

oA

;dﬁﬁcorqqagin the'bgam,yas alw;yg,associated with heavy erosipn on all [

y T .\ : Ch . &



the surfaces of the tube tips.v In the 14 to 20 kV regilon, erosion of
the Pt-Ir capillaries‘took two forms. If the bean produced was at a
stable dc level, erosion occurred only on the one-third of the tapered
surface closegt to the inner end of the taper.~3The corner between thé
inner bore of the capillary and the taper was uniformly rounded off.

On the'other hand, any form of beanm instability resulted in an erosion

pattern uniform ovet the entire tapered surface.

6.7 Fluid Experiments

Early in this work 1t was discovered that fluid doping levels of
2 5 to 7.5 g Nal/100 mf glyercol produced beams with sufficiently low
charge to mass ratio. Colloid microthruster applications nordglly use
20 to 30 g Nal/100 m& glycerol. This‘discovery of a suitable NaI~
glycerol soldtion strength 1s the main reason beams with nominal charge
to mass ratios between 10 and 100 coul/kg were successfully produced.

No BpeC1al attempts were made to filter the solutions before use,
bd% capillaries of the dimensions used here never clogged because of
s0lids in the fluid. Since glycerol 4s hygroscopic the fluids, once
,outgassed had to be kept under vacuum as much as possible. If thg’
f}pid was exposed to air too often or too long due to source cleaningi
- or othet experiﬁental thanges, it had to be heated and outgassed again,
The deterioration of fluid condition resulted in a md;e unstable beam.

‘Fluid outgassing at room temperature was a very slow process because of

the extreme viscosity of the glycerol. The surface layer of fluid

vwouldaoutgas wgllﬁbnt t‘ main body of fluid would remain contaminated

A tef10n4C65ted ma"

ﬂthe fluid was under vacuum, in order to aid outgassing by presenting a

e
“(-"%

t was often agitated 4in the fluid reservoir while
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different part of the fluid to the fluid-vacuum interface.

Once the solutions were properly outgassed, all the solution
’strengths between 2.5 and 7.5 g ﬁaI/lOO mf glycerol produced stable
beams. The relationship between fluid doping 1e;e1 aéd beam nominal

|

charge to mass ratio 1is investigated in Section 6.9, the discussion of

the parametric analysis) _ R

6.8 Beam Spatial Distribugxons
) T~

6.8.1 Introduction

This section describes the results of’sbatial distribution measure-~
ments’ on stable dc colloid beams. Information was obtained by observing
and photographing the beam on the two visually reacting detectors, and
recording the current per .detector ring o; the electrical detector.
| As 1in the beam stability and parém;tric study discﬁssioné, two
distinct modes of operation were found. The 5 to 10 kV 'low voltage'

region produced beams of wider divergence than did the 14 to 20 kV. or

"high voltage' region.

6.8.2 Low Voltage Région

Geﬁerally speaking, the résults‘ih the 5 to 10 kV region agreed

) I

" with published result521 45. As voltage vasg increased through this
‘region the beam changed from a few discrete jets scattered on the arc
of A, holloé cone, to many discrete jets on the cone to a diffuse h0110w

,a

cone. The cone half-angle decreased from abouc 45 off gxis to 20 off

' axis ovet the same voltage qange.  ‘

Figure 17 shows the electtical detector (five ring, spherical
eurf’ace) results for the bean angular distribution as a. funct:lon of,
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Figure 17; Beam Current Spatial Distribution as a Function of
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voltage, at é fixed pressure of 5.2 cm Hg. The beam was always diver-
gent but the results indicate a trend to increasing current and de-
creasing divergence as the voltage increases from 3.35 to 9 kV. Note
that nothing can be said about the shape of the beam hitting a certain
detector ring--the beam on an& ring could have been either a single
jet, or a‘complete ring of jets. Here the beam was produced using a
#29 stainless stee capillary, and 2.5 g Nal/100 m% glycerol fluid.

Figure 18 displays the complementary case where voltage is fixed
at 7 kV, while pressure is varied. A trend to more divergent, higher
current beams was observed with increasing pressure.

During the many trials performed in these experiments, a*ial beams
were observed only twice. However, these beams were not reprioducible.

Figurexl9 11lustrates clearly the changes in the celloid beanm
spati;i distribution as operating voltage 1s changed. The fig;re shows
= three beam shapes, for 5 7, and 9 kV, as they appeared on the phosphor
detector. Technical details of the beams and photographs are given in
Table 12, together with the same 1nf§rm$tion for%the next case to be
discussed Figure 20. Beam currents ané nominal charge to mass ratios
are not available for the cases 1n Figure 19. In Figure 19b, some of
the individual jets,jn the beam appear to be hollow rings on the phos»
phor screen.‘ Thia 1s. due to beam pile-up on the detector, which has
An turn made the phosphor inactive. Figure 19c¢ shows some dark spots
1n the beam ‘pattern, which are also caused by beam pile-up.

Figure 20 shows a different type of hollow cone beam distribution--
‘_6ne formed 6f ﬁény’diéctete jéts. ‘The photographs of ‘the: visually

'teacting detectora were originally taken as 35 mm colour slides,land

“-the technical detaila are shown in Table 12, The liquid crystal acreen

T

128



129

S
-

(.’ .
Table 12: Technical Details For the Results Shown in Figures, 19

and 20,
Figure Feed Capillary Detector Photographic Estimated Beam
Number Pressure Voltage Type Exposure Divergence
(cm Hg) (kv) (sec) (degrees off-axis)

19a 7.0 5.0 phosphor 40 I 36°

19b 7.0 7.0 phosphor 15 33°

19¢ 7.0 9.0 phosphor 10 25°,3§§

20a 2.8 10.0 11quid 1/60 20° ¢

’ crystal
20b 2.8 10.0 phosphor 20 20°

- 13

fixed parameters: #27 Pt~Ir capillary
K 5 g Nal/100 m® glycerol fluid
- phosphor photographs--50 mm lens,f/1.4
liquid crystal photographs--50 mm lens

(j"‘“"-VN with one short extension tube, f/1.4

" shows the beam as a yellow colour on the reddish-brown background.

Thermal biasing was not used. The liquid cryetal and phosphor detectors
' corroborate each other very well: It 1is noted that a higher magnifica-
tion facto? hae been used for the liqoid erystal’photograpﬂ. The cur~
rent distribution on the five-rin spherically shaped electrical detec-
tor shows a more divergent beam /th4n that indicated in the photographs.
The beam was estimgted to be 20° of aiislfrom the'visual detectors,
while the electrical deeectoe shows |1t to be about 40° off axis.

Pato of this disagreement in d vergeuce angle‘is due to fhe fact
that the electrical detector ring solid angles have not been teken Anto R
account, hence the outer rings appear over-emphaaized On the. other
hand, the current :; the ooter electrical detector rings may be due

to beam components too diffuse to record on the photographs or beam

componenus may be scattered from uhe electrioal detector grida.: The.
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Figure 19: Beam Spat.ial matrihutinu as a Function of Cspillaty SRR
- . Potentisl in the Low Voltage Opauting B.egien. a8 R
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disagreement between the electrical and visual detector results was not

\

always observed, "1t was probably due to some aspect of. this partic-
ular case. Heasure parameters were: beam current 28 pamp, nominal ()
W

charge to mass ratio 2 10 coul/kg, and mass flow rate 18.1 ug/sec.
No significant differences in the beam shapes observed throughout

the low voltage region experiments were found for variations in capil-

s

lary tube size or material, or fluid doping levels (in the range 2 5 to

Y

7.5 g NaI/lOO m glycerol),

-

6.8.3 High Volfage Region

This section discusses the beam spacial distributions observed
vwhen the colloid source was oper&ted betxeen 14 and 20 kV. Occasion-~
'\ \ \ .

ally, lower voltages are included CQ help accentuate trends in beam

shape as a function of voltage. For all beams discussed:here, the,

ted current was at a stable dc 1evel as mea§ured on the five-ring
surface deteccor. \ \

e , A} .
e beams produced in the high voltage\region vere focussed as a
\ ‘

cluster of jets close to the centra} axis of colloid source. While

the beams did not have the same shape as those the 1oy voltage
region, the trends of beam intensity, angular divetéence And number of
beam jets as & function of capillary. voltage were similar.‘

Figure 21 shows the beam angular dlsttibution as ' a function of

capillary voltage.’ Fixed source paruﬁeters were: 7 4 cm Hg feed pres-

sure, #29 SS capillary, and 2. f‘g NaI/lOO ml glycerol fluidqcﬁEak the

'cases at 10 kv and 12. s kV, the visual detectora did nof

WV - \

hollow cone beams, but showed ‘one’ or two off-axis jets.

The effects of varying pressure at fixed vOltage are. shown in '

3 P . N

‘ o . ‘ ; = ‘ \
: ' . to . - B ' : . ' . \
oy - k i S . . . o . ; EN ' . p T

.
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Figure 22. The same fluid and capdllary as were used in Figure 21
were operated at 17.kaV, A useful dincrease in beam current is

observed as pressure is increased# with little or no sacrifice of

" beain focus. . i

Three photographs illustrating beam shape for various operating
conditions are shown in Figure 23. Technical details and measurement

results are given in Table 13. The cluster of jJets around the central

&

r

:' axis is cledrly shown in each photograpﬂ‘ 1he photogrnphs were taken

during different exxeriments, 80 Lhexjcannot be directly compared.

\
\

However, these and other expeviments show that the beam Is well
focussed over a rapnge of pressures, voltages, and capillary sizes.

S -Figure 24'shows a reproduction of the 35 mm trolour sli?es taken

I
\

‘of a collold beam incident,on the visual ﬁetectors. Technical detailq

’ b 3 : i ' -

[ [

and measurement refults are also shown in Table 13. Figure 24a is a

ciosefup.photograzh of the beah spot shown on the liquid crystai

detector -of Figur 24a. The area at the center of ‘the beam spot,

‘ i R
coloured blue on the origina] photograph, shows the most intense part

of the.heam_ It is surrouﬂded by less intense areas which give rings

of éolour:froﬂ blue to red at the fringe of the beam spot. The back~

_ grgﬁnd of the screen is'a normal rehéieh—bgown because no thermal
biasing was used. The bright area at the edgevof“tﬁe écneeh in Figure

DZZa’is,élare from the external illumiﬁation. The phosphof;séreen in

Figure 24¢c shows two side jets not w181ble on the liquid crystal

- ‘DB

deteator. The presence of off axis beam components is confirmed by Ehe

broad current distr?bu@ion shown by the electrical detector result in
'.lA’ ' ) P
ne o . ,

Figuge 24d ( ”:“mﬁ ‘,‘

. Y
/
{

/f - It should be noted that the colour photograph in Figure 13 also

3
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shows detector results for a beam produced 1in the high voltage oper-~

ating regiyﬁ.J In Figure 13 the electrical detector result shows a

V?{; well foc

\\ It ﬁﬁlﬁ/now be demonstrated that the 14 to 20 kV operating poten-

ssed beam.

/

(=

tial regio%ﬁu?ed in the present study 1s in fact different from the
- peratin%/regions usually reported in the literature. In one of the
| few exp'Qiments using capillary potentials greater than 10 kV,
Hubeymgﬂ 0 duplicated results obtained with an 0.26 mm outer diameter
capiilar operated at 6 to 8 kV by using an 0.72 mm outer diameter
cagillary operatéd at 11 to 15 kV. The extractor plate was of the
flat type and bad an aperture diameter 0f74.75 mm. Thus higher volt~
ages with larg;r capillary tubes éavé the same results as the lower
voltages with the more commonly used capillary tube diameter.

In the present work, using an extractor of the same style and

dimensions as that used by Hubermanso, capillaries of between 0.20 mm
~and 0,46 mm outer diameter were dperated at EQEE‘SSQO 8 erggg‘lA ; |
to 20 kV. 1In addition, the beam proPercjés found for any given \
experimént were quite sifferent in the 5 to 8 kV and 14 to 20 kV i
operatfng reéi%ns, «In the 5 to 8 kV rggién,sbeam spatial disfriﬂ ;
butions and céarge to mass ratio dependence on the operating parameters

21,24,50‘ It

agreed with the results usually quoted inAthe literature
is therefore suggested that the 14 to 20 - kV operating region is
different fro@ the'ushal colloid sou;;e operating range, and represents
an important new aspect of colloid source operation. Quantitativ;

results for the two operating ranges are giveﬂ in Section 6.9.

-

£ 6.8.4 . Summaé;%skw\ L ‘ _ - : \

It became ‘clear as experiments proéressed‘thqt the low voltage

¥



A

reglon offered 1little promise for production of axially focussed col~
O

loidal beams. ~Sych beams are required 1f a colloid source is ta be

installed i the microparticle accelerator. On the other hand, axially

focussed beams were avallable for a wide range of voltage and pressure
varigtion in the high voltage region. 1In this latter case, the beams
were seldom truly axial, but always had an on-axis component. Therefore
a colloid source operated in the high voltage fegion produces beams with
on—-axis components suitable for injection into a microparticle acceler-
ator. If the spatial dist;ibutign of a §olloid beam with on-axis com~
ponents 1€ too divergent, the colloid beam can be collimated near the
source to intercept tﬁe divergent beam compo?ents. The resulting beam
can then.be introduced into the microparticle accelerator.

The occurrence of staﬁlé on;#;is beams in the 14 to 20 kV operating
region has not been previously reported 1in the literature, In one of
the few experfiment using cafillary voltages greater than 10-kV,
Bubermanso showed that beam properties at 10§7v01tage could be dupli-
cated at high voi;age by increasing the capillary diameter, However,
in the present work, using the séme capillary tube, beam proPertiés were
markedly different In the 5 to 8 kV and 14 to 20 kV regions. It is
suggested that-the transition from divergent beams in the 5 to 8 kV
regiog,to well focussed axdal beams in the 14 to zg:kv reéion represents

an important new aspect of colloid source operation,

[

6.9 Parametric Analysis

6.9.1 introduction

~

‘?reviously discussed material in this chapter has covered three

‘generalﬂtopics—ucbllqu source stability,lbeam detectors, and beam

/ 9.‘
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spatial distributions. This secéion describes how the nominal charge
to mass ratio of colloid beams 1s affected by changes in the various
operating and geometrical parameters. Source parameters CE§F were
.yaried are: capillary size, extractor type, and fluid doping level.

B
‘f&fé; gach combination of caplllary, extractor, and fluid, the source
hﬁaé operated over a range of fludd feed pressure and§operating voltage.
At egach operating point, the nominal charge to mass ratio and the mass
f;¥y rate of the beam were measured from time of flight measurement
datia. For all results presented here, the beams were at a stable dc

current.

\ince all of the colloid microthruste; studies discussed in the
11ter;ture operate in the low voltage region (5 to 10 kV), initial
stages of this study concentrated on this region. 'The relatively low
doping levels of the NaI-glycerol solutions used here (Section 6.7)
produced the required low charge to mass ratié beams but not the
desired on-axis beam., The data for the lgw voltége region presented 1in
Sectfon 6.9.2 1s somewhat scanty for éhrge reasons: |
(a) the source cbnfigurat{on was still being,developed{jhénce results

varied widely,

(b) the wprkrat that stage concentrated on producingva suitable -
spat;ai distribution rather;thah goodrcharge to mass ratio results,

/(c) work on this region wés stépped ds soon as the existence of the
high voltagevoperatinézfegidn was found. |

Howéver, the results are presented 1n‘Séction 6.9.2 for completenesé{
The ﬁigh,voltgge region (14 to 20 ﬁv) 16 a far ‘more suitable

operating region for a colloid source intended for use in a.micropa;;‘

‘ticle accelerator. Some of the advaritages of the operating region are:”



i

(a) the source is more stable, *N*\\‘k*“'

(b) the beams are axially foﬁusaed,

-

e
I

(c) the beams haye suitable nominal charge to mass ratio values,

(d) the range of charge Fo mass ratios present in the beams is
narrower, and

(e) there 1s a wider range of suitable operating parameters.,

Extensive results for the high voltage region are presented In Section

6.9.3.

6.9.2 Results for the Low Voltage Region

Figure 25 is the parametric plot of célloid source behavior‘
obtained using 2. 5 g NaI/100 m& glycerol fluid, a #29 SS’capillary, and
the flat type extractor. The axes of che plot are fluid pressure ver-
sus operating voltage. Points where the source was operated are indi-
cated on the plot opposite the appropriate pressure and voltage values.
The Value of ;ominal charge to mass ratio (as found from a time of
flight measurement) is listed beside each operating point on the plot.
Two, separate measurements of the nominal charge to ?ass ratic were madé
for the 9 kv, 6.7 cm Hg operating poiné, and both values are listed.

V Résﬁlts froﬁrtwo separate experiments are depicted in Figure 25--

in one, voltage was varied at a fixed pressure of 6.7 cm Hg and 1n the

“ other, pressure wag varied at a fixed voltage of 7 kV. 1In the constant

pressure expériment, the voltage was varied continuously from 3.3 kV to
4

10 kV but measurements were made only at five different points in this

\

voltage range. " The beam operated stably throughout the voltage range.

N
In the constant voltage experiment, pressure was varied continuously -
. » = ' ¢ [ 't

from 2.6 cm Hg to 19.8 cm Hg but only three measﬁreﬁentsrwere,made in -

N
A
Lo,
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the range. Again, the beam operated stably throughout the pressure
range. The two experiments should hav;, in principle, given the same
nom}nal charge to mass ratio at the 7 kV, 6.7 cm Hg operating point.
Instead, valdes of 130 coul/kg and 63 coul/kg were found. 1In spite

of this lack of reproducibility, the trends of nominal charge to mass

ratio as functions of pressure and voltage are consistent with published

resu1t621.

Because the beams in this low voltdge region were always off-axis
and usually asymmetric, an actempi/yas made to measure the nominal
charge to mass ratio of the beam hitting each of the five electrical

detector rimgs. Significant differences in measured charge to mass

ratio were usually found. For example, the charge to mass ratio in one

trial was 58 coul/kg on one ring, 34 coul/kg on dn adjacent ring, and

I

49 coul/kg for the whole detector. However, consistent trends in these

differences could not be found.

”~

of flight current decay curve typical to the low voltage

regidn showh 1in Figure 26a. The measurement is the 6.7 cm Hg, 9 kv

i ¥
poind in Figure 25. The stable dc level is drawn on the figure, which

. has been copied by hand from the oscilloscope screen to graph paper.

The pertufbation during the first five microseconds of ihe,current
decay curve is the transient induced at the detector by the switching

of the thyratron used as the capfllary voltage switch. In Figure 26b,

the curve is. the nofmalized differential of the current decay curve of

Figure 26a, plotted as a function of the time after the méasurement was
initiated. The charge to mass ratio axis in Figure 26b is derived from

the' time scale baing_équation 3.6. The curve in Figure 26b 1s then the .

function i(t) defined in equation 3.2, while the curve . of Figure 26a

.j‘._ 

oo
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Detected Current Waveforms, "and the Associated Normalized
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1st(t), the measured current decay curve. Therefore, Figure 2@b gives

O .the relative current contributed to the beam by particles having a

" certain charge to mass ratio, but the curve says nothing about the

i i
: ngmbers of particles hav%hg a certain- charge to mass ratio. The rather

bﬁoad distribution of cuxrent over charge to mass ratio in Figure 26b

was typical of the results obtained in the low voltage region. The time
. 4

' of flight curve in Figure 26a is similar to those reported in the liter-—

’l - l’O ;"
ature .

- . _’ . 6.9.3 Results for‘the High Voltage Region

Since the results reported in tﬁis section formed the basis for
| ;he decision to proceed with development of a microparticle accelerator
, "\\;ource, the parametric analysis done here was much more complete than

R sgs the analysis of the low voltage region. In addition, the results

~

4 eemgd to be much easier to obtain than in the low voltage regiom.
“<..'i A
w Fable‘iA 1ists the data associated with the parametric analysis results

B

% )given in Figures 27 to 34. For all experiments the electrical detector
R [y

.f§ Jwas the 0. 07 m madius spherical surface with five concentric rings.
A total of eight parametric plots are presented here, each one
:'illustrating source behavior for a different capillary size, extractor

° ‘ t ' co )
The plot axes are fluid pressure and oper=-
[]

‘region for which stable dc“beams were produéed' Pressure and voltage

i

. give cbntinuously varying values of mass flow rate and nominal charge/
, &

i R ‘

to mass ratio 1n the beam. 'The source was not'aperated outside an.

arbitrarily choaen pressure range of 2‘cm,Hg and 18 cn Hg.

2ol s . v B . ‘ , . o
+ B o P kN " [ o . W ' v ‘s w‘ ol . i ""

I‘ 7,
w"‘could be continuou51y varied anywhere within the operating region to .

145
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range for source operation was restricted either by the range over

which stable dc beams could be produced or by arbitrarily chosen limits

of 13 kV to 20 kvV.

Table 14: Source Parameters for the High Voltage Region Parametric L
Analyses Shown in Figures 27 to 34.

Figure " Capillary . - Capillary Fluid
Number Size - Material Doping Level
; (g Nal/100 mf
- glycerol) \\\—
o ) J
27 #33 ss 2.5 - '\\-/~
28 £#29 Ss . 2.5
29 #29 o Ss 5.0
30 #27 Pt-Ir ' 2.5
31 #27 Pt-~Ir 7.5
32 027 v Pt-Ir ' 2.5
33 #27 v Pt-Ir © 5.0
34 $27 W Pt-Ir 7.5"

a) stainless steel wire insert, 0.08 mm diameter, 19 mm long.

-»

Time of flight measurements were made at various discrete points
]
within. the operating region. Each measurement point 1is indicated on
Q B 2
the parametric plots, and the measured values of nominal charge to mass

. ‘ : _ Lo
ratio are indicated beside each measurement point. Multiple nominal
2

charge to mass ratio values beside a given point are Cje fesults of
either successive measurements during one»expetiment‘or measufements

from different experiments. The a@erage vaiue of nominal charge to

+

wmass ratio over these values is: fncluded An parentheses,‘ Non-

3
-~ P

“reptoducibility between measurements is evident however the trends in . o
nominal charge to mass rqtio as a ﬂunction of pressure and volcage were

»
*

repea;aple. Thus the awerage valhes of nominal charge to mass ﬂatio'

“;UVe:'theyér;gusmeaeu:emep:etmade,\?ge.quite coneistent,-and were

; L i . . PR [ »
! S . [ . ' . .
E f ! ' . 2 .
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useful as {ndicators of the probable value of nominal charge to mass
ratio to be achieved at a given operating point.

Also shown on the parametric plots are lines representing the loct
of points which would‘give the same nominal charge to mass ratio value.
The curves have been drawn from the average values of nominal Char&F to
mass ratio shown on the plots, so are subject to both the experimental
uncertainty of the measured points and the uncertainty caused by inter-
polating between the measured nominal charge to mass ratio vaiZes.

The followiné is a discussion of the observations made by examina-
tion of the eight parametric plots. Operating parameters for each plot
have been given in Table 14, and will not be repeated during the sub~
sequent discussion. |

It can be seen that the shaées of the contours of equal nominal
:charge to mass ratio value are consistent. The contours show that a
high pressure~low voltage operating . point givesvthe lowest chargeitq
mass ratio values, while a low pressure-high voltage operating point
igives the highest charge to mass ratio valees_

" The problem of ‘reproducibility is best illustrateq in Figure 28,
which gives the parametric results using a #29 SS capillary tube. At
any operating point, the highest nqm;nal charge to mass ratio value is
typically 1.5 to 4 times the lowest value. The reproducibility obtained
with.Pt—Ir capilleries seems to be somewhat better, as {llustrated in
Figure 31. |

Figures 27 and 28 compare %esults for two different capillary tube

slzes. As expected the smaller capillary produced higher nominal

charge to mass ratio"valuea, No significant difference in the size of

i
»

the operating region can be 'seen.




156
A

The effect of varying the fluid doping level 1is shown in Figures
28 and 29. The 5 g Nal/100 mf glycerol solution gave charge' to massg
ratios about twice those given by the 2.5 g Nal/100 mf glycerol solu-~
tion. The unusally shaped contoursg of equal charge to mass ratio in
Figure 29 are the result of the reproducibility problems.

Figures 30 to 34 are results for Pt—Ir”Fapillary tubes., Figures
30 and 31 show that stability proplems were.encountered with ‘the #27
capillary s1# for two fluid doping levels, probably because of the high
mass flow rat}?ﬁ involved. |

Figuqés.}l‘to 34 are iméortant, since they represent results for
the c;pillary ghosen for use in the accelerator source. This capillary
022 Pt~Ir, had a 20 mm long section of 0.08 mm diameter stainles;rsteel
wire dinserted 1into 1ts 25 ﬁ@ length in order to impgde solution flow
somewhat. The figures show that stability problems were encountered
only for tgé'IOWest fluid doping level, 2.5 g Nal/100 m% glyercol‘r Pre-—
sumably use of a larger diameter insert wire would increaseithé charge
to mass ratios available, and aid beam stability, The trend in nominal
charge to mass ratio with fluild doping level shows a significant rise
between 2.5 and 5.0 g NaI/100 mf glycerol»solutions; and a decrease
between the 5.0 and 7.5 g NaI/100 mf glyercol solutions. This anomaly
illustrates the problems in reproducibility.

Soﬁz'ancillary experiments were conducted during‘these trials, The
pr&ble;‘of néﬁinal charge to mass ratdo consistenéy as a function of
t§?e %n'o%f‘experimenqal triél was 1nvestigated by taking twelve time
ofrflggﬁt measurements during a‘time 1nt¢r§a1 df 20 minutgs. 'Beamipara—

meters were; 7.5 cm Hg, 15 kV, 2.5 g Na1/100 wf glycerol, #29 SS capil~

lary. Thgse p§rameteis correspond to a case in Figuﬁe 28. . No

[y

R



correlation between measured nominal charge to mass ratio and time was
discerned. Analysis of the data produced the following values: average
of nominal charge to mass ratlos--34.7 coul/kg; standard deviation in
nominal charge to mass ratio--4.2 coul/kg; maximum value observed--
43.2 coul/kg; minimum value observed--28.3 coul/kg. As indicated

earlier, it appeared that variations in nominal charge to mass ratfo

with the Pt-Ir capillaries were less thén the above values. The
standard déviation of 4.2 coul/kg, reprg%enting an experimental
uncertaiﬂt& of 12% in the average value of 34.7 coul/kg, includes errors
due to beam recording ag?'data analysis as well as any inherent changes
in the beam., A given time of flight data curve could be analyzed twice
to give results within 2%, so most: of the uncértainty is due to experi-
mental problems or beam Chaﬂéés,

Generally speaking, the time of flight .curves obtained throughout
these experiments showed a suitably narro; rabge of charge to mass

e

ratio values present ih the beam produced, Al trend towards broader
chaﬁge to mass ratioc distr;butions was observed as capillary vol;age
was increased.

Table 15 lists the parameters for three measured time of flighti

-
-

current decay curves and their corresponding caléulated charge to mass
ratio distributions. One of the time of flight curves is a photograph
of the storage oscilloscope trace (Figure 35), while two of the curves

are hand—drawn (Figures 36 and 37). Q\lo significant difference in the

width of the charge to d!ss ratio distribution was observed between the

various capillary tibes tried. At the lowey end of the"boltqe oper-
: ating range, these wid‘ps were typically over a factor of 5 in charge

to%ss ratio, while at the highest voltages the width was about a

"

o

53 ' , L ‘

- Y

i‘ ! . ' '
k i ! . 0
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decade in charge to mass ratio. The distributions,'while fairly sym-
metric as a functfon of time of flight measurement time, were heavily
skewed towards the lower values on the charge to mass ratio scales.

Table 15: Experimental Parameters for Time of Flight Measurement
Results Shown in Figures 35 to 37.

Figure Capillary Fluid Feed tapillary Nominal Figure in
Number Pressure Voltage Charge to Parametric
(g Nal/ Mass Analysis
100 m? Ratio Series
glycerol) (cm Hg) (kV) (coul/kg)
35 #29, sS 2.5 17.4 20 56. 29
36 . #27 W, 5 18. 13 17. - 33
' Pt~Ir
37 #27 W, 5 3.2 20 32, 33
re-Ir ’

Complete data for the time of flight measurements shown in Figures
36 and 37 are éiVEﬂriﬂ Table 16.as a matter of finterest. Tabie 16
lists values of all the pavameters thatgéén be calculated frg; the time
;f Elight measurements. It can be seen that the thrust and specific
impulse of the beam are noe\high enough to be 1nterest}ng in micro-
thrust roéket applicatlons, because of the deliberatel& chosen:low
charge téimaas ratfos. The results for the three different calculations
of beam charge Fo mass ratio (nominal value,imass flow rate averaged
valhé, anq\rooglmean square mass fiow ratevaveraged val;e)'sﬁow'that
for ‘the harrow charge to mass QIStribution in Figure 36,’the‘chreet
values of charge to maSS‘ratibdare the same. :For the case showing the
very aSymmetrid‘and‘bfdéa charge to mass distributaon in Figure 37, the
nominal valﬁéiwas 15% lower than the mass flow‘rate averaged value.

Thig difference is probably just outside“the error limits on the mass

flow rate averaged chatge to mass ratio found in the time of flight
. ? T .

«
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(a) Photograph of the Detected Current Waveforms.
Vertical Scale = 200 nA/div, Horizontal Scale
= 20 usec/div.
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(b) Normalized Beam Curremt as a Function of Charge :
to Mass Ra%io. "

- Figure 35: Results of a Time of Flight MEasurement on a Beam 1n the
. High Voltage Operating Region. The Figure Shows the
Detected Current Waveforms, and the Associated. Normalized
Cuprent Versus Charge to Mass Ratio Curve.
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Figure 36; Results of a Time of Flight Measurement: of a Beam in the
C High Voltage Operating Region. The Figure Shows the Detected
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Tablé 16: Time of Flight Measurement Res
Shown 1n Figures 36 and 37.

7

ulte for thL MLdSUFLm(ﬁtb

.
. Parameter - Parameter Value * Units
' Derived from ’
\ - r Figure 36 Flgure 37 i
Average chargL Lo mgﬁs ratio” 17.1 87.2 coul [kg
o .
S.M.R. .charge to mass ratiob} 17.0 79.0 . " coul/kg ‘
Nominal charge to mass ratio® 17.1 75.2 n coul/hg"
Charécrdiutr1bution efficlency 99.4 | 90,5 %
Beam current ’ 100. 140, ‘.nA
Averége’velocit;d . : 0.67 1.87 - km/sec
" Mass flow rate v- ) . ! 5.86 i 1.61 Mg/ sec
, 7 : ‘ .
Thrust ‘ii T E 3.89 . 2.85 - ynewtons
Specific fmpulsg , < A - 67.8 181, , sec
, ) “/ : , ,

A mass fﬂow rate averaged chargé

b  square mean root mass flow rate aver
Table 4~ s .

¢ charge to-mass ratio at maximum curren

to maséfracio Table 4
aged charge to mass ratilo,

ki

T, igctio% iﬂif

I4

- "

T factor of cypically 2 and’ up co 4 between

i : N Tl - &
i s LA . R
i . s - R

I -

‘ d based on (a) "above. er
lf V@ e | -
megsuncment (see Seatiopn 6.,10,4), IhuL, for purposes .of the micros
'partlcfé accelerator, the thfee.ﬂiff renc methods of calfulating the
P A S . -
‘measured chargeé to mass ratio of the beam describé the feam equally
N £ L . - £ a,’ :?f !
well, S : .
L .:\ : ) . -
] ';’ BoY ‘ ! i :- ' .
6210 - Experimental Sources of Inconsistency, Uncértainty, agd Error
‘li N PR . ] * ‘P r .
, ; s :
6.10,1 Incrqgnccion S \
- /- N \
It was general}y ﬁound that experiments could not be reproduced
f éi! consistentlx ' For instance the parametric plot Figure 28 showed a

»

,cbharge to mass qatio ‘values '

o
A

N
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i .
measured during different experiments at the same operating point. In
Section 6.9.3 it was shown that, for twelve consecutive time of flight

measurements on one beam, a standard deviatdion of 12% and a max{mum
.

deviation from the mean of 257 were found for measured charge to mass
[f ’
ratios. It must be emphasized, however, that the trends in source

be&iy(g:rweregenernlly self-conslistent and also consistent with the

21 ‘
results reported in the literature” .  Because of the 'great varfation

~

in measured charge to mass ratios, 1t became essential that time of

flight measurements be taken often during each experimen®, Thus shifts
0o

in the beam parameters would be known gnd could be used to rationalize
the collotd source behaviour and properties.

The possible sources of inconéjstency, uncertainty and error have
been divided into two sections. The first section outlines experimental

problems, but has no numerical estimate of the magnitudes of the un~
o’ ' !

certainties of errors. K The second scction discusses the time of flight

f'jh

% 1 .
measurement method, and 4ncludes a detailed error snalysis for the time

of flight measuremx result

i ’11
i m

H % !
L. *6.10.2 ' Expeprimental Problems - R - ' e

o

In thé serles of colloid source experimentb perforpmed, it waé found

to be relativ;ly easy to reproducc beam 5tab111ty'and beam spatial dis-

1y #

mributions for the given Dpenaming_condltions.r However the corres-

?ponding measured charge ‘to mass ratio Va@pES ﬂiffered by up to a ‘factor .

° ‘of four. Thus the disCUsbion of experimental problems iaﬂaoncentrated 4

4

- '= . o

on .effécts influencing the beam charge to mass ratio. These effects can

' : - ‘
be grouped into factors 1nfldenc1ng mass flow rate, resistivity, and ‘

!

A
F

. “capillary tube tipzshape. ‘ )rﬂ

Lol , i
: g
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t . .
Generally, lan increase in mass flow rate lowers the charge to mass
#
ratio of the repulting beam. Parameters affecting the fluid mass flow

kol

rate include flhid viscosity and capillary tube size., Fluld viscosity
decreases rapldly as temperature fncreascs-~data by Kidd21 show that
the viscoslity of glycerol decreases 50% over a temperature range of 20°¢
to QBOC. In the present experiments, the temperature was neither
monitored, recorded, nor controlled, so fluld viscosity could change

|
appreclably during or between experiments. Any heat created in the
pargiclevhargingprocéss would tend to heat the capillary tube §1p.
Corona 1n the beam has been Obserrd to heat the capillary tip rethot,
which would locally decrease the fluid viscosity, and iﬁcrease the over~
mperature, Ma

n 4 - 1

, : _ |
tions in the capillary tube bore between different sections of tubing °

ss flow rate changes would result. Varia-—

m
m

all source

- . e :
would influence the mass flow rate.’ The presence oé dirt or burrs on

the tube wall would have the same result.

A .
Factors affecting fluid rusistivity were temperature contaminants,

= }

‘iQid%deiﬁg:ﬂgéﬁi copcentrations, The stxong, tempera-

ture depcﬁdénce of ”ésis tiviey (4t decreases 287 cvzr‘thu temperature

range 20 c~¢Sf§§ C)'has beén deﬁonstrated in Sectiop 4.3, The factops'

affecting ﬂluid tgmperaluri axe menticned above 6ont5minantslin the

i

flu;d would change fluid resistivity, hence beam stability, spatial

distribution, and charge to mass ratioi Changes ip fld&d cbncentxation
N D
should occur only if glycerol were evaporateq from the solution during

A

It should be noted that the effects of temperature on the nass

flow rate and on the fluid resistfzity are in such a direction that ‘the
' 14
effects partly (or completely) cancel each other when the overall

o g N
- 4 . K - »

a 10“8 period of: storage under vacuum. ’ o « o .
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effect of temperature on charge to mass ratio 15 considered. The
cancellation occurs because a rise in temperature lowers viscosity
(which lowers th:;Chargc to mass ratio) and lowers resistivity (which
Increases the charge to mass rat {o) .

The precise effect of c%?illary tube tip shape on charge to mass
ratio and beam distributdon was not measpred. However, since the tip
shape 1s kpnown to strongly 1influence beam stabi}ity, it is probable
thai minor changes In the tip shape would ;nfluence the parameters of
the beam produced. Capillary tip erosion has been ob;erveJ to change

A
the tip shape signlficantly during a period of 15 minutes or more,
which would prevent réﬁroducibility of results. If the fluid were
contaminated with p?rtiéu]ate matter, the capillary might Qé either

partially plubged (changing the mass f{low rate) or the partik]as .might

&
E

migrate to the capillary tube tip and perturb the fluid flow pattern

If the vacuum pressure at the éa?iliﬁfy tip varied during a trial,

e
Q)
5
P
[v]

changes in bﬁﬂm stability might be observed,

6.10.3 Factors Influencing the Accuracy Of Time
of Flight Measurement Results

» b}

:!I'z The factors to be discussed 1n this dection have been divided into
. i .
two types—~qualitative, and quantitatch.r The qualitative effects are o

=

associated with experimental procedures and it is difficult to assibn

: numerical error estimates to then. . . .
The effects of secondary particle product10n were pot significant
in this work, as shown by experiments desighed to test both beam Cur— oA
q . » ., . . tyv

rent levels and time of flight measurement results. The presence of

bias grids 1n front of the electrical detector caused addit10na1

3 il
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problems, such as: some beam was Intercepted on the grids, secondary:
particles may have been created on the grids, 'beam may have been par--
tially or (umplctcly nxutra114td at the grids prior to hittlnb the
detector, and beam could’ have b( ‘en scattered {rom F‘e grids, Thene
effects would all tend to broaden the beam ﬁpu(ialﬁ istribution as -
observed on the electrical detector, broadem the rénge of charge to

mass ratios measured in the ﬂeam, and cause straggling of partficles at

the falling edge of the time of flight current traces. Beam scattering
from other parts of the experimental chamber was observed during the

early stages of this work and caused many such problems,

The presence of fons in the particlé beam was easily noted if a
careful measurcment of the de current level was made immediately prior
. .

to initlating a time of f1light measurement. The time of transit of the

\iéns 1s much smaller than for the main part of thé beam so the lons -

appeaxr as a drop in the time of flight curreéht trace {immediately after

v
7

initiating the measurement ,

P

7“1\

Beam cuprent instabilities during a time of |

]

light ?eaauremgnt

could usually be seen to produce an ﬁﬁusuaiiy'shapéd cy rrént trace,
hence the data could be rejected, InStabilities in the hqm?nal charge

to yass ratib at constant beam currents could not be detected except as B
, N\

5 .

variations in a sequence of time of flight measurements. oo

n
El

The problems of beam energy lossgs may or may not affect’the time

of flight méésufements{ Basically the time of fligh@ method measures i .

. charge at the decector,'and uses the potential of the caPillary in the

- 3
ﬁzalculations. Any energy lost in the particle creacion rocess tendg
; .

ig reduce the effeccive 1nic1al pateutial of the particlis, thus Causing

A

4 W

L .
P émrs. As discussed :in SecEion 2.7.3, the gffec,tive pofential loss may -



-whether or not they affect the three parameters beam current, mass flow

.- nominal charge to mass ratio,

:',fLow rate depends on the absolute valge of beam current ,nominal charge

167

be about 400 volts, or 2.3Z of 17.5 kV. This ecrror 1is such as to yleld

-
high values of calculated charge to mass ratio.

" e e
As mentioned before (Section 3.2), the time of flight method uses

capillary tube potential, Qetfcttd beam vurrenl,‘und beam velocity to
find the beam parameters. Since particle velocity is established in
the electric field of the capillary tip reglon, subsequent changes in
particle mdss.or charge cannot change {t, Therefore the time of flight
method gives particle charge to mass ratio as it existed at,the source.
"
Thus mass loss from paftlcles in-flight does mot influence the time of
flight measﬁr?ménts. - any charge loss takes place uniformly over all
particles in the beam, the dutected current will bc decrgaseqf the.

LY

shape of the timé of fIight curve is not altéTéd atld the time f(?light '

5

method does in fact give gﬁrticle gharge to:mass ratlos as they existed
in the pource, 1If any cha'gé loss affects certain particles more than B A

otherg, errors will appear in the time of flighit method beécause the
I L4

time of flight curve 1s altered in. shape and @égﬁiquQ;

Most of the error that can be numerﬁ 11";<rimatediiﬂ the time of
flight mécho& arises in recording and analyzing the tiTé of flight
curves. 7Fable 17 lists th se errors, théir probable values, and
i 7 ) ’ ) 3 ) s \

rate, and nominal charge to mass ratio. Two separéte estimates of

3 R

error for nomipal charge to mass: ratio are included~~one for an absalute P i%
. . '\
!

N
S

Y

measurement, and the second: for comparison. of two successive measure~=

ments on che same beam at the same OPErating Conditions for the same':

¥ st K : |

Insngction of definitiens 1n $ection 3:2 reveals that while mass

& 1 # L H .t I [
B RS 5 4 !
. N . 1 E ' ' |
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' to mass ratio does not.. Thus evaliation of errots 'in the current trace
X , R ) f

"'analysib of the 1ntegration procedure has been made. Errors in 1nte*;t

integranddependsun both the shape of thé given current trace, and the

.parameter being calculated For 'this reason no comprehensivegerror Lo
»

168
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Table 17: Sources of Errors in Time of Flight Measurements.
Description + Value This Error Affects
Beam Mass Absolute Relative SR
, Current Flow Charge to Charge to
() Rate Mass Ratio Mass Ratto
vertical amplifier 3% : x* X . .
calibration
oscilloscope time 3% . X X . .
base calibration
Qe(ector resistor 1% X X .
value
,noise due to beam, *.1 div, X ‘ X X X
amplifier, and or 5%
interference
data extractifon 2.05 div, Tox X X X
erxor o or 3% ’ o
" . A
numerical integra- 1% . . X . . .
tion ' ’ !
drift distance Y 7 x X T,
capillary voltage fSZf;, - : A~ X X . - -
absolute sum total s 120 T2 s L 20 8
root mean square 5 7 10 9. 6
total (%) :

a4 X indicates yes, . indicates no. B i)

P

intégrai necessary to calculate mass flow rate cauted by ertrors in the,

i *

u
At

l

grands are aSSumed to affect the corresponding intcsrals by,the same

(] h 7
5

perceggqges,_xln,any case,'the errors are sufficiencly'large]aé tb;make * g

‘l ! 3

& 3

" - O » . \



detailed error analysls somewhat unnecessary. It shoyld be noted that
the error for drift distance was tn fact 227; a value of 247 was used
in Table 17 because the square of drift distance occurs in the f{ormulae

for the parameters befing calculated.

Some exper fmental precautions were taken to reduce errors in re-

‘cording the time of flight curves. It has already been shown (Chapter

5) that when the thyratron acting as the caplllary voltage switch fires,
8 transient propagates throufh the entire experimental system. The

i " -~
transient appearing at the oscilloscope finput decays with an RC time

constant given by,the‘dﬁtéétor, calfle, and oscilloscope fnput circuits.

Now, in order that the time of flight current decay curve be unambig-
, \ o

"uously recorded, the}gecaying portion of the curve must be tempérally’l

-

[
separated frcm the transient. This separation can be accomplished by
either rLducing the time run!l%nt of the 1nput cdreuit or increasing
the soéurce to detector drift distance (thereby increasin@ﬁthé;timérfﬂk?ﬂ

for the current decay curve to fall{to zero). High ff%gu&ﬂcy noise was

el
1]‘ 4]

supprESSed by varyiﬁg thc upper corner frequency of the 1A7A plug~1in

responbc, using the variable bandwidth feature of the ampliffer. A
N . . .
compromise had tp be reached betwaen a high frequuncy response to- aid

il =

transient suppression and ta allcw accurate recordiﬂgrcf the time - of
: , . '

flight trace decay, and a 1ow frequency response to filten out high

frequency.beam, amplifier and interference noise‘ Typical ﬁ'l

bandwidths of de to 100 or 300 kHztwere used Interfeiehce due to 60

ground JQOps, to qn absoluce peak

rl \ - b ]

to peak value. of about 20 uV at the amplifier 1nput Df an equivalent

detected current 1nterferenceLa£,less than 20 nA using a l kohm

This value, while' being up to 10 pErcent

A4 sl w N - Lo ¥ IS
r AT .
P Yo S

Lo ' . i .
) % e . . . e
. R i ) . L
o . . BTN
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total detected current, was not serious because the duration of a time

~
)

of flight measurement was a maximum of 17 of the 16.6 msec period of

the 60 Hz dnterference.

6.10.4 Discussion of Frrors in Experimental Results

‘ Results such as those in Figure 28 show a factor of up to 4 1in

variatfon from the lowcest-to-highest nominal charge to mass ratio found

at the same source operating point. Clearly no quantitative judgement
*
;
can be made on this error, but it would seem that the error 1s not

unreasonable consideiing the many possible sources of unébrfainty glven

in Sections 6.10.2 and 6.10.3.
e An experiment was described in Section 6.9.3 4An which 12 con %e
tive time of flighf measurements, made on the same beam, gave “a standard

-

deviation of 127 and a maximum deviation of 25% in nominal charge to

(Oﬁéiﬂérablyrhigher than the RSS error of

maximum erroxr of 9% fOUﬁé&iﬂ Table 17. Fither the beam exhibits
“ - o B :

lad

ure and volt

Vh

or pre age instab-

re n ot recotded during the experiments, = In

s

{lities oceurred, which wer

any case the nominal charge to mass ratio isifaiily constant, consid-
ering that the width of the charge to mass ?htio distribution covered
N

-about one decade in value. = C. v .

® 6.11 Comments on Beam Formation )
: : ‘ \

I
. A i

* A

The general patterns of beambehaviour found here agree with results:
i 1 H . . A v ? ’ ' + - N

A © - : :
discusted in the literatyre: - Thus it %uld“appear that &ttle addition~
' 7

[

~@1 1ight can be shed on the physics of beam’ formation, ‘based on the

present results. 'The existence of the high vglnage region is certainly
J A .
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significant to the,buacessvof this project, as are the.geometry, fluids,
and operating paramcters used. Further work s required, however, to
elucidate whether or not the existence of the high voltage reglon is
peculiar to the broader-than-normal capillary tip shape, or whether 1t

is unfversal for all tip shapes. The erosion of only the innef parts

i -

of the capillary tip tapered surface may suggest the capillary rid does

not influence the beam beyond shaping the electric fields at the cap-

1llary tip, and that the capillary belaves as though )it had a much
thinner wall.. On a brnagpr view, the beam may be formed in a mass

.

flow- or charge flow-limited region, ang,thus 1s composed of stable

I

[
o2}

very close to or very far from, respectively, the Rdylclgh

~

particl

Criterion limit for ehafged drﬁp]etsﬁ - ; "

6.12 Summary ; \ —
’ 8 . o

r ‘ ) P ﬁ

This studc of a colloid source can be eqnsidered,iwftb fE’ETd'!@
, . A e
possible construction of a collodd source for the micro ﬁad& e accel~
= . : oy i
L }', @! : B

) ‘ . E - ' P
(a) Stable beams focussed close to the axie can be consisténtly pro-

duced. These bEde have suffic ent bg,axis currént to permit
;I R af'f

formation of an axiqldhégh byléﬁélimat n of the complate beam
[ Y [ .f‘""

- (b) These useful beams ean“be produced ovéy ranges of operating para~’

= N
» .

meters and sourcc geometries, and chus are not crjtically dependcnt

. on'any operating parameter. o I
{c)' Control of the colloid source fequires: Lo oo . o
: - ) e

1) é high v01Cage,?sw1;ch“ on the capillary potential suitable

a

‘ for time of\flight measurements and voltage switching,
11) variable high voltage supply, ) C 7'

» (%

£

o
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111) variable feed pressure, ¢
iv) detectors for current measurement and time of f2ight X‘LHU]ts’
Ny
. and visual detectors for exasmining beam shape.

-

This review of the test beuch results shows that an accelerator

-
~

source is feasible. The remainder of this thesis discusses development

,
and testing of this source. // . -

AN



CHAPTER 7
o A COLLOID SOURCE FOR.THE MICROPARTICLE ACCELERATOR

: | ¢

7.1 Design Criteria

" After the colloid source had been successfully operated in the

test bench, an analysis 'of the problems which would be encountered 1f <
N b ) .‘A .
a colloid source were operated in the 300 kV accelerator was made.

‘ While a complete description of the 300 kV accelerator is’ given

in Section 8.1, a brief description of'it is included here for conven~

.

ience, fhe high voltage from the 0 .to 300 kV dc power bupply 1s applled

i

to a large sm@othly cOntoured "dome"’

oo . e
* _lated column.. E]ectrical power within this dome is obtained from a 26
N .

, which 1s supported by an insu-

i

V, 25 A generator driven by an air motor, This adr mofor receives com-

T \wpressed air through an air hose running from ground potential through'
' the insulateéd column to the dome. The high voltage on the domé is
L ﬂppliéd,t@ oné 6F a bair of eleqtrodes, while a second éléétrodg is’

~grounded. The (lectrodes are/ contained in an eva uated six inch inner

1

diameter glass tube.® An evacuated chamber to contain experimental
apparatus is adjacent to the hdigh voltage electrode. The higthﬁltage
" end of the accélerating tubk is supported by the dome. Beyond-the o

A R P

. ground potentiélpeleq;roﬂﬁéare the target: chambex and vacuum pumping

2

[

lhgystem. AR ’ ‘ : , L C C
RE ' ‘ v o '
The f{rst critegia 1mp08ed on g, po siﬁle colloid source ‘are those .

IS

,related-to the accelerator itself. The source musr fit 4in the avail*i

-, " !

‘Vg able“@hambgr in the high voltage dome. Control of theraource voltage-

¥ *j I .
and pressure must be done remotely, at groun ‘potential4 -Because the .

. Lo
A - . ‘ - . B LIS
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‘source may be at 300 kV while in the dome, th§~control air pressures
applied to the dome or the source must use air pressures of at. least 1 \
atmosphere fin order to prevent electrical breakdown and corona in the
R .

control air lines. Fiﬂally,‘khe source must produce an oh-axis beam
which 1s well collimated in order to prevent particles in the beam from
hitting electrode surfaces and scattering into che'detectorx

Deslign criteria which arise f rom the'experfcn;e obtained ope}ating’
the test bench version of a colloid ;our;é are also 3mp0rtﬁnt. Suft~

. . ) »

able vacuum pressure 2( the capillary tube tip {s esseaﬁial. _Suppres-

A1on of electrons in the source area is desirable. Again, corona in

any air control 1lines must. be préventéd. “4lso, would be desirable ’

to be able to restart the colloid source for severgl experimental

1

#rials without havimg to Opéﬂ the vacuum system’ - : -~ .

A concept of the design of a colloid source was formed, based on
these criteria and the ,revious experimental results.T It was clea,
that, 1f the source were operated in the ﬁigh %citage region (1.e. from.

,lé?kV to 20 kV), axial beams would be available, However, éﬂlliﬁatieﬁ s

of the beam to remove beam components too far off-axis would be neces—

saty. Because secondary electyons:would be produced ff the beam were :

intgréeptéd by the collimator, the tube type extractor was used in order
‘ ey _ \

'Etofhelp shield the cépilléry tube tip from seCOndary eléctrons. -Provi-

sion for a bjas elecqrode between ﬂﬁe capil;ary tube tip and the col- -
limatpr was made, in-case additional electrqn suppression would be . ; : ‘

r

required. The entire source, consistiﬁg of collimator, extracf%Ea cap- ",

iilary tube, and fluid reservoir, was contained within the evacuated »
B i s . 1

sou ce chamber f§ the high VOltage electrode, and supported only by the e

. " \ ‘

' sourice chamber en& flange. Thus the entire assembly could be removed

\ a
i .

,’ ' ' C ‘ o , " ! Z . 4|
. . ) * . ¢ r . . B
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‘ ible through varying the colledd source Operating condltiens.
(i

R . .
o [ ' ! , PR ! ’ o -
* ‘ 7] A i
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in one plece for experimental changes. : e
The bigh voltage required to operate the source was applied to

the body of the gource, fluid reservoir and capfllary tube assembly by
. Co & ‘
a high voltage vacuum feedthrough on €h#& source chamber and flange.
P
v B

Thus the extractor, source support mechanism, air line connect fons,
and source chamber and flange were insulated from the source body.
An analog control pressure greater than ene atmosphere was’ applied
.

to the source from a remote control panel at laboratory ground poten~

tial. This control pressure was converted to the appropriate fluid

P

feed pressure within the source itself.

The design of the colloid bour‘E had to inccrpprate the maximum A ’
A
possible flexibllity 1n the variation. and selection of the caplllary
voltage and fluid feed pteﬁsuré. This ddaptability mwab required’fﬁi N
¥ i, TP
LwO reasons. Firstly, theﬂstable dc mode of beam oJeratioﬂkis dif~
v;fic;lg‘to esFablish, aﬁd of ten much yariationrof thl Voltagé and pres- '
éuré are required tOiiﬂitiﬂté’fhiSjaéSiféd mode Ofépération. :Seanélyl
gomeivariglion ;njché ﬁcmihgaﬁthérgé to ma;; ratio ;f thé béaﬁris p6§:zii— T

,

ccord~

fluid feeq pressure was Varied ‘y means of an analog,

and the pressure‘conVerter to be described in Sectign 7.2,}[

4 . oy e N o |

7.2_Mechanica] Details of the Colloid Source

- . ’ ' . : ! K : \ : \ “ ‘ 5 i
712.IAHDescripfibn of the Pressure Converter . , S ;
. f . '

W ‘As mentioned 1n Section 7 1, an analog controi pressure Lreater .

»

s n
A . T ) { . o i . LY
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v
QDWCVCY, the fluid feed pressure must be batween 0 and 20 cm Hg

(abrolute) in the source ftself. Ip, order to {ecgnetfle these two pres-

sure criterfa, a pressure converter was designed and bulle,

Flgure 38 fs a schematic diagram of the pressure convertor, It
, - -

-

consists of four chambers and a "Y'"-shaped piston jJolning them, If -
I I . £

chamber € s the flufd reservoir for the collofd source » An cquation

relating the pressure Poto the remaining pressures, (P P, and )
C zxg b d

18 requiréd. The relatfonship fs found by a force balance on the

piston, Aséumlng negligible piston frictdon. 7 Then force rightward =
" 4l *
force leftward, or (
AN , "
* — )} = - P ) 4 1 R TR 7
Adcl b Pd) Aav(rb }n) A(‘(Ih 'l(‘.) ) (7.1)
After transposing, vy 5
’ P *; 1-'{P A +A ~A)~-PA +PA.) - (7.2
c A b 'a c d , A A d7°d° .
The following copditions are set arbitrafiiy:ﬁ
e t 7 ’
- A, = A, )
. s , ¢ a !
and ’
+ The latter conditfon implies that chamber D 1s; in fact, opep to the
vaquum, system, Théﬁ equation 7.2 b?c@méé .
,Ad N
PC = {b(Z - K—Q -~ Ia,' (7.3)
C T :
Thus therg is a linear relationship between the fluid pfessure Pc and :\
. ; . . o '



the applicd pressure I’b

The success of thits deelpgn s crftically dependent on the cholee
i
of seal between the ploton heads and the chamber walls. The Bellofram

7 .
Corporatfon ? markets a type of rolling rubf&u-r diaphragm. A crosu-

sectlonal view of sudh a diaphragm {n shown  in Figure -39, Thy neal (o

made by the jolling conytolutlon and Lhus :;lu)w:. very low fricttén to
] :

ploton move ont . The diaphragms are made o synthetic fabric Mmpreg-

nated saith nitrile elastomer,  The elastomdr s moulded no that the

-~

o)

outer side of the fabrid 1= completely covered, and the toner side of

- the fabrie fis only pardly covered, The fabrid visible on the Inner
m
side of the diaphragm)must be on the 1&7\\ presgure side of the meal
when the diaphragm (s I’nZldod anc 11’1:31’31](‘&)—’;; Dimensions of the dia-
phragms chosen for uses {n the pressure [ﬁnvarté«r are shown in Table 18,
k\ ;;’:;’;;
o / \
Table 18: Dimensions of BellofrapDiaphrigms Used in the ‘Pressurec
" Converter.
Chamber Piston Cylindar Length Fffective
Identif fcation 9 Diameter Diamatér Area
(in) (cm) (in) (em) (1p)  (cem) (in™) (cm™)
3,02 1.29 8,34
1.29 8,34
1.55 10,0
=~ 0.80PFP ~P . . . (7.4
B Pc 0 Pb Pa‘ 7 < ( )
\ b e1a | ' &
| An arbitrary choice of ‘Pa = 1 atm résults in -+ . . o
| : PC = O.SO:Pb ~ 1 (pressures ip atm) . + (7.5)
- : .
. = '“
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Cl},&mb(‘r A R S o <+—1- chamber B
- )
p’ré’?;sux(‘ Pa - , "~ . . ‘pressure P‘
plston arca A ’ T ] ) ) )
& I - b D I S e
' § °q =
- g
] L1 >
-] g
/:jk‘_;f“""‘fﬁj'— !: b
/&__‘A_&__,T_&FJ R,
| o
chamber G - B S ] //
pre€usure P ‘/j . ZE w
plston arca A = — <
¢

chamber D D

pressure }’d '\

piaton area 1‘\1 —
£

/:; yoke rigidly connecting
three sealed pistons

e

"

- Figure 38: Schemat fc Diagram of the Pressure Converter.

£

wolution rolls ‘as

the piston moves
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For Pb less than 1.25 atm the pres;ure PC is nepative. In practical

terms this means that the plston/\,s held agalnst the rightward mechan-

-

1cal stop. For Pb greater thén?),ZS‘atm, the piston moves’ lefLtward)

againsat the f{lufd 1n' chamber C un(il the “equilibr fum ya*é of l’C

" -

(blw n by L({uut i()n 7. &) it, re .u?md
- ' o l‘ - o N
In suumwary, Llhvn, thc converter is inserted into the vacuun’
c : . ) N 4 .
. - Nl - . . N N . :
system to, madintain l” at zero pressure, chamber A is vented (6 atmo-

L
* Ea

spherice pr(fftsure nmd a, cont rol’ prehsurv I‘ cveater than §atm is
b . . " .

it »“ t- *

converted into a prt‘bsure gP ‘nuu zeyo absolute pregéures  This allows

.
n

. & ’ [‘ R » A
complete, linear (*(%bxrol_ Of ’M)'t’;ifl}xid ferd pressure }’C by applying the
i = e 1 . " i

analog control pressure pb' from a remote control. panel. - o

7.2.2 Mechanical Detatils of thk; Cﬁ()\lrlozid 501AT££ )

* .
s A

This section disxussxs(ﬂm réalization of the Cambfned pressure
- v

converter and Collo‘id source, Figure ‘O f‘s a 1ongitudirml cross—
isé(’:ti()ﬂal drawing of the device, Tl"léunt’ing hardware used to attqgh the
S \

(4]

C

o]
)

!
o

our the support flange 1s not ‘shown, Figures 4l .and 42 show a
collection o{ photographs of the device, 4n assembled and éxploded

views, Part numbers and part desc ript ons for Figuresﬂb, Al, and 42

1 #

are given in Taﬁle 19 It must befémphasiZéd that the érOSS;ﬁéiti@ﬁali
view shown 4in Figure 40 is not cylindriCally symmetric~—the true shape
of the colloid source is best shown 1n“Figures 41 and 42 .
The dimensional }equirémeﬁts of the coll%id source were fixed by
:the source chamber in the high voltyge dome of the accelerator, which .

‘was 0.15 m in diameter and 0.38 m lspg.. Theihigh voltage electrodesat

' the end of the chamber was a tube 34.1 mm inside diameter and 0.09 m

long, Figure 58, Section 9.3.2, shows the source and electrode R
[ ”/ i s
PRI ' N
M7 s
i ' v
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Table 19: Part Descriptions of the Co&luld Source.
\. Part Number Descr ipt fon “ ;
e —— e - e e

6

108~

11

19
20
21
22
23

\\_ 24

1.0

- a2 .
collimator, 2,54 mm aperture diameter’
"\

, - b

collimator, 3.18 mm aperture diametér

-

tube-type extractor and support plece
electron returding bias ring
capillary tube and mounting cap

lucfte support and voltage dnsulatfon plece

N

port iuto chamber A

N

end plate with fluid feed tube from chamber c,

edght clamp rods,

block containing chambers A and C
plston between ﬁhﬁmbe%s A and B
diaphragm A

support plate

piston asscmbly

ball bushing

y-‘

block containing chamber
support plate . oo L
piston éﬁsémgly

diaphtagm D

-piston between chambers B and D.

ball bushing

block containing chamber D

adjustéble slston length extension 0
piston stop

bushing support

and

"
il

1A

H

i
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Table 19: Part Dﬁécriptions of the Colloid Soﬁrce (Cont inued)

4

25 port into ch;mbcr B
26 ball bushing
,1' . 8 | ]
27 plston assembly ' ///
28 pI;ton between chambers B and €
- ,

29 diaphragm €

?0 sourcce chamber ;nd f&angc ,

31 BNC bulkhead connector {or btas vo]tugcg

32 port used for f‘il,linﬂg chamber ¢ with g‘ly('erf)l A

33 air tube to chamber B

34 alr tube to chamber A

35 support bracket A

36 high voltage lead and high voltage feedthrough

37 a , lgciteisupport plece ’ - ‘

38 lucite 'support piece ‘ N
geomet 2 Ai;g;ment of the source wasgachieved by mating grooves on
the solirce chamber cnd flﬂﬂéé,:aﬂd the insertion of the front part of
the extractor piece (#3) 4nto th; Eléét%edégfubéi

In t?é Indtdial design,;thé ext%actorfpieée'wéé a 34 mm diameteré j)
cylinder which fit completely in$}§eithe electr;Qe tube, and the b
séﬁrce chamber was only 0.315 mflong. Th; extractor was grounded byl
.

~contact ‘with the electrqde tube, and the lucite piece (#6) provided

' the necessary high voltage insulation for théiggg§<3f%fhé“snuree,ﬁ,ﬂgy;w

’ € T e

ever, when the source was. used- in the 300 kV accelerator, it was fouynd

av

‘that there ﬂas-inadgquate'pumping speed in the capiliary tube tip

- . L e
regiofn and that high voltage tracking occurred across the ducite

“ - - . . PR
. : . : E .
", -
4 ‘ : ¢ : L

h A Bl oy , X
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(c_)‘ View of the Colloid Source Syppoi:t Flange.

&

Figure 41: Photographic Views of the"P;artl}" Assembled Colgpoid Source.



. ; : . .

Figure 42: "Photo.graphicg V;ews of the Assembled‘“Cdlléid Source.
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A 2
) . /
insulator (f6). To malleviate thls,problem\the gource chamber was
extendeddﬁﬁ me to become 0.38 m long, the sorfgz/wds pulled back 65 mm,
) ' .~

and a new extractor design was made. The final version-of the extrac~
~

- ¢

tor 4s shown in Figgré 40 to 42. (Several a}tcmptg\té ;odify the ini-
tial design were unsuccessfully tried prior to changfng the source
chamber geometry.) While Figuré 40 sths a cross-section of the
extractor geometry, it doe; not show r?e four 10 mm wide slots Cut in
the extractor to aid the pumping speed in the capillarj tube to col-
limatog region. Likewise, the lucite shpport had pumping holes cut in
it. These pumping holes are visible yx Figuyre 41,

The co]iimators (#1 and #2) allow only thé central part of the

)
I

bgam to enter the accelerating gap from the source. The first colli~
tor (#2) removes most of the excess beam. The étcond collimator (#1)
resézizzz\the bedm to be within 1° of the axis (tan 0 = 0.0175) 1in the
geometry shown here. Two pumping HO]ES were cut in each collimatog
disc, and the Ccllimator; were mountid 90° apart in rotation so that
unwanted beam would sﬁ}{} be antercepted while gasses could escape from
the source region into the rest ¥f the vacuum system, The electron
bias ring (#4) was insulated from the extractor (#3) by nylcn sCTews,
A lead from this ring passed through one of the pumping ports inr?he
exfractor, and then was connected to a BNC bulkhégﬂ,connector (#31) in
the source flange (#30) fof application of bias véltages.

/ \
The components in thewp;eésure converter and fluid reservoir (#7

to #28) were machified of aluminum alloy with the exception of two end-

"

plates (#8 and #25) O-rings provided the vacuum seals between pieces;

Necessary dimensional details for the diaphragm supports and mounting
>

pieces vere obtained from the Bellofram design manual72. Three ball

(" /’



bushings ({14, #20, and #28) kept the piston aligned and supported whilé
exertiﬁg a low frictional force on it.The adjust;gle length extension
on the piston (#22) could be shortened to allow thﬁLpis{on to be.reﬁ
tracted completely and only partly advanced, or lengthened to allow the
piston to be only partly retracted and fully advanced. ,It also provfaed
a visual reference for the piston position.

The source chamber end flange (#30) supported the entire s;urcc
‘and 1ts pneumatic-and electrical connections. A horizontally mounted
U~shaped brackéti(#§5) stfaddled the source‘body, which in turn was
supported from the bracket by two l;c1Ce pleces (#37 and #38) machined
to minimize the possibility of high voltage tracking frsa the source
body to the sgéportﬂbracket. As mentioned ﬁrévioﬁsly, the bias voltage
fdr the ef&ctron retaréing ring was passed through the BNC bulkhead
connector (#31). The source Higﬁ‘volrage was applied through & 20 kv
ceramic feedthrough 1#36).‘ The two air control éressures to chagbers
A and B were ccnnectea!on'the Shtsidegof rhe flaﬁie using %-{inch

”Polyflo'(fittimgs On the inside of the flange, specially machined
1 E

céflon ‘tubes provided the hig@:voltage 1nsu1ation between the flange

and the %~inch Swagelok fittings leading to the sourcef The Swagelok

,'fittingsvon-the pOTtS“tO chambers A and B on the source were connected |

to ‘the Swagelok fittings on the tefloqﬁéfbes by %~1inch copper tubing

(#33 and #34) A thir? feedthrough tube (#32) was used only for filling

’

&

‘the fluid reservoir cbamber c.

Assembly of the SOurce and pressure converter wag straightforward

vfpfovided the components were installed in a certain sequence, Appendix

B outlines the assembly procedure fgr the. colloid source,

s

186



1.3 Tests of the Pressure Converter *

7.3.1 Vacuum Leaks and Gas Diffusion, -

The diaphragms used in the pressure converter were made of nitrile

elastomer (butadiéne acrylonitrile copolymer) and hence could be

-

-expected to have a definfte rate of gas diffusion through them. Tech-

nical data73 tndicate a rate of 8 x 10 m3/sec for a 1 cmZ area,

thickness of 1 cm, and Pressure differential of Since usual-

~
L)

applications of.these diaphragms use pressures greater ihan 1 atm, 4t
- .

was assumed that the above diff;sion rate is to Se Interpreted ag .
8 x'10;9 cm3 atm/sec, or 6.1 x 10~9 torr £/sec. Thus for an 0.4 mm
thick diaphragm, a diffusion rate of 1.5 x 10?7'torr K/sec/cm2 could be
expected.

It ;as fqund exéerimgptaily that the leak rate was of the order
of 10ﬁ7 torr Rlsec/cmz, in agreement with the manufacturer's specifica—
tion. Unfortunately this rate was sufficient to cause gas accumulation
in chamber C, and a noticeable leak into the vacuum system (chamber D).
The problem was solved by f1lling c£amber B wifh glycerol to seal’the
diaphragm surfaces from the air. Th; extra fluid did not cause a §igﬁ
ﬁificant egox in the pressure relationship, equation 7.5. Care was
taken that, 6% all piston positions, the glycerol in chamber B\ﬁas not
ejected from ¢he chamberlB port, fingg glycerol in the' air line would
cauge electrical bieékdown from th; source body”to the end flangz.

" A second piage‘where gas diffusion\bégurred was in the non~
metallic sections of éhe‘air'ldn;s‘leading to chambérs A and‘B (#33 and
#34). Dielectric sections of air line vere necessary t§ iso%age tﬁe
L high volfége qf the”ééuigé,body ffqm‘ﬁhe grouﬁded‘enq flange., After

,Beﬁeral types of‘pléstié tubing ﬁereutrigd‘in this applicatdion



" . tion of the source could be achiévg

, * " : , _ 188
- L Y

(polyethylene, polyv%nyl chloride, teflon, tygon), the leak rate through
VL . o :

-

the tubling wglls was still unacceptably high. The final Scluticn to the:

v -

L T e . - .
problem was to machine teflgrfiqubes with a.wall thickness of 8 mm. One
4 - - : ~ . '

- end of each tube had an 0-riﬁb,#edl to the end fldnge che other end of

each tube had a pip(—tbr(dd for insertion of a Swdgelok fitting. Copper

\ ’
tubes led from the teflon tubes to the two air line ports on theé source \\\\

{tself. ‘ o \ ,

7.3.2 Pressure Calibration . _

Piston inertia and frictfon disrupt the prg¢ssure equation 7.5,

’ . ~

giving an actual £e~Pb cur#b\u&fh hysteresis about .the theoretical

strajight line relatfonship. Since mechanical éfﬁécts could'Jary as a2 -
function of piston position over it maximum allowed stroke, the chamber

4

C had to be filled with an inc&mpréssible fluid for cdalibration purposes

s0 that Pc could be increased and decreased at a fixed position.

i : »

Figure 43-shows the calibration scheme. For inditial pump down,

: ‘ D N o
valves V1, V2, V3, V&, and VS were open. ~Then with V1, V2, V4 and V5
TS . T e ,
closed, air was let,in V6 to push-glycerol from the reservoir into’

Yl
-

chamber C of the ébﬁrce. When the chamber wés,full, valves ?i and V2 |
: v . : N .

were opened and V3 closed, and a balancéhbetween the measuring presgure

o " o

control presgsure Pb

of. gl near the lower end of the capillary’tube;. After Pd‘héd

5=

1 . ,
was set to give a suitable, stable level
o , i )
o

-~

'by applying a known control pres—

a sure Pb’ waiting until the glyceroi rose to a Stoble level in the capil—

lary, and then using ‘Boyle's Law/f?r 8382548 to find P from the fluid
; 4 . .
' lgVel in the capillary. fpe equation of interest here is

i
i
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N
. '
)
/
{
. hQ
P o= P 2 (g, -8, (8.6)
cl m h 1 C
1
{
where p e chamber C pressure for gas column hetght
L& 3 4
hl and glycerol head (above source) Xl’
P = dnitlal chamber pressure for gas colunn-
o b and glycerol head g
° SAYC - bo,
- o) = glycerol dcnsity;.’
and g(\/ = hedight of center line of chadber €.

The use of a capillary of 1 mm {nner diameter in the calibration
. P

~ ]

to {111 this capil-

/ s : «
apparatus meant that the volume of glycerol' needed

. -

/ . ¢ ” ) } .
137y was kjected from chamber C by about 2Z'mm of plston movement in Fhe

sodrce,

i - 5

I o * - -
When 2-Tm movement s compared, to the total piston travel of
:\ K .

o ) . s ) 5!7 . . . .
35 mm, the piston travel during a4 measurcment cycle was acceptably

the pressure calibration procedure closely resembles

actua) operating conditions, where the fluld flow rate is very low, and
the piston moves very little, Figure 44 shows the calibration curves

equation 7,5, Variations in atmo-

spberic pressure res

gmall compared to the experimental

uncertainties a *‘7;%515 curve wiathﬁi 50 a standard value of 700

190
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R .
(a) When thes posdtione of the hysteresis curves are compared to the
-
ook (4
positions of the theoretical curves in the four ,calibration
w7, .
measurement, . oesults, a small trend in the relative positions can
‘ \ ‘

y

e & A - kY
be seen. Thus, the cgnstant "1 atm" in the pressure relatfonship

b
D e 7 )
between P'uﬂﬂd‘Pd (equation 7.5) 1is, in fact, dependent on plston
C . \
N . b3

4

position, Thls“gqfrndvnce can be explafned by the fact that the

-
I

prcsaurc“PA u:f atm 1n constant, and thera fs an addit fonal force
v, n,“‘?‘“ ]

on the piston aaused by the stretching of the diaphragm as plston
I R -

position 1s changed, "

(b) The widths of the hysteresis loops are all comparable, with the
exéeétion of oneﬁpart At the top O{rphe curve in Figure 44b,
which indicates a "sticky" spot at that piston position (approxi-
mately 16 mm from the front plate) ., This flaw was also apparent

ip Observations made of piston travel during other experiments,

;;éith the exception of thi one spot, piston fricfion is relatively

constant as a function of piston travel, P .
(¢) 1In Flgure 444, a dashel 1ipe 1is dr ravn to shéw the result of aﬁ

ancillary experiment in which the pressure curve was measured

starting from a control pressure Pb = 1 atm, The l4ne indicates’

how the pressure;Pc varies as the pistonlm§Ves forward from the!
fully withdrawn position, and simulates actual operating conditions.

For actual source operation it was' found that these curves allow
7 ‘ QU '
good control of the flluid pressure. In practice, the posiftion of the

P}
i

plston during source operation depends on ché amount of fluid in chamber

C, This position éan be, dedyced from che’bosition of the ﬁlstén travel
N ' ) ’ \ v . .

limit device. The four calibration curves in Figure 44 are examined;

and the one corresponding to the Eorrect piston position .is selected.

192




.

Then the Pb-PC correspondence can be followed as Pb 1s va}ch up and
down at the control panel,

An estimate of piston frictlon can be made from the hysteresls
curves.  For example, {f at a given value of Pb there 1s a hystorvniﬁ

r

of AP | then
[

Y

L o

‘} friction = %AP‘A - (7.7)

The factor % arises sfnce AP fncludes friction for both forward and
Iy

backward motion. AC is the effective area of chamber C )Iﬁt?ﬁ_ From

th: curves in Figure 44, the friction force in one difection was found
to be about 1 nt. This agrees with a value estimatféd for the pressure
e Tnr Tee T o F oo M s 74, _ou 1]
converter by Bellofram Corp, engincers to be "less than % 1b" or

2.2 nt,

The most severe experimental error in the calibracion méth@dru5§d

was caused by the viécosity{gf’tgésfluid. ‘Fot iﬁéréaﬁiﬂg‘gjyﬁéfél
W

golump height, the flutd tﬁ@k a long time to achleve a stable level.in
the capillary. For decreasing éql$mn heights, fluid tended to adhere
to the capillary walls, The:reasggablé consistency of the résuiFs
shows that the errors are not so large as to mask che,charééteristiﬂs
| ~

of the pressure converter.

l , £ o
-7.3.3 Fluid Chamber Filling' Procedure

Figure 45 shows the schematic ofrconnections required to f1ll the
. N . ‘,'
source with outgassed*fluid. The source is mounted on its support
) . ' '
» s 7 * s B . R
flange, without the extfaccoracapillary tube assdmbly. A polyethylene

tube connects the port on chamber C (where the capillary is normally

-

dnstalled) to the third feedthrough (#32) 1in the source end flange.



vacuum chamber
B

P

Figure 45: Apparatus Required for FillingAfhe,50urce Chémber.

g ‘ ‘.
Thﬁ source {s then placed in a VECuum éhambér, bhiﬁh is evacuated tb
roughing pressurési The feed tube 1s connected to one glass tube (B)

_ , v ed e R D I S r
protruding through a two-hcled stopper which fits in the top of'an "

Erlenmeyer flask containing the outgassed fluid., A second glass tube

(A) leads to a flexible tube, then to 4 manifold containing an alr in-
let valve and pumping line, ; |
After the fluid in the flask has been outgassed éﬁ a soparate

vacuum station, the flask is quickly transferred to the system shown

in Figufe 45. With valve V1 closed, the tubing 1s roughed out, with
both glass.tubes A and B héld'in the air space abQVE‘the fluid.rrThis
procedure evacuates th@Aentire fluid feed.tﬁbe aﬁg the chamber C.." After
several hours of pumpiﬁ%; the glass tube é is lowered into the fluid,
valve V2 is closed,‘andlva1Ve V1 is opened. The air pPressure on tép

of the fluid pushes fluid 1nto the source reservoir, chamber C. WhenA

the chamber is full the source flange 1s removed from the vacuum

system, the feed tube 1s removed, the port through the end flange

-,

&

4

o

Fai
e
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blanked off, and the capillary and extractor assembly installed on the
. i
chamber C port, In order to prevent the glycerol frgom becoming gassy,

the source Is kept under vacuum whencéver possible., J

7.4  Test Bench Results

/

N 1

4
After the developmental work described 1n the previous sections

was completed, the cglloid source was operated in the test bench vacuum
system, Since the source was, in this configuration, suspended in the
center of the chamber, the pumping .speed at the source was very good.

Therefore tests on the vacuum requirem&nb&%of the capillary tip region

were, not possible. It was found that, 4f the insulating piééésnﬂf
lucite supporting the s@uree;and Cxtractor were scrupulously clean, the
source would sustain a éb kV capillary petentiai’;ithouc sparking and
with only a few small electrical discharges, or microdischarges. The

| pressure céﬁversion system worked satisfactorily, and stable dc beams
were successfully ptcduéédg Furthét results obtafned with thé source

in both the test bench and the 300 kV' microparticle accelerator are

fully reported in Chapter 9.

A
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CHAPTER 8

THE 300" kV MICROPARTICLE ACCELERATOR

4

8.1 ]ntroducfion

This chapter discusses the physical layout of the 30Q kV acceler-
ator, the ¢lectrical and pneumatic coniro]*apparatus, and the equipuent
used during colloid beam experiments. Results and detalls of the

experiments and some of the, apparatus used are given in Chapter 9.

i -

8.2  Operational Concepts

Figupeihb shows a side view of the entire accelerator system,
while Figﬁre 4? shows a plan view of the laboratory layout. The accel~
erator gan be viewed as three sections, mounted on wheeled carts which
travél on a palr of support rails. The first cart (hereafter referred
to as the dome cart) CarEies a grounded copona shiéla? an 1nsulating
support tube, and the high vgltage dome, The: second sypport cart, the
tube cart, carries the low voltage end of the accelér;tor tube and a
grounded coronA shield. The ground plane shown in Figures 46 and 47 is
anrexpénded—metal screen fastened to the laboratory ceiling and pr;«
vides a safety barrier for the accelerator oper;cors. The tpird_cart,
the pump cart, carries the targets,'pumpﬁgg manifold, and partlbf. he
pumping system. The turbomolecular.vacuhu»pump s;ands on the flo
beside the'pumplcart. In experimental use, only the dome cart is'eVérv
moV;d, During é;periments. ;bégcart is rolled forward’so ihat the dome
surréunds Fhe édﬁice chambef; And the’dome suppdfté‘both the spurée
chamber and the high yoitage end of éhe accéienating tﬁbe. simﬁltan—,
équsly; the low vpitégéﬂen. of‘the‘acce1gratiﬁg tube 1s subéorted Syf

. o
196
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the tdbe carrc. /This configuration {s shown in Figure 46 and in the
: ”

photograph of ‘the accelgrator in Figure 48a. Access to the apparatus
f{ *

in the sour?f /chamber 1s gained by supporting the high voltage end of

the accelefating tube from the tube cart by means of two removable

stands, und/rolling the dome cart away from the source chamber . This
II ,l’
configurat}on is shown 1n the photograph in Figure 48b.

The high voltage dome 1s sheet aluminum formed into an annular
» i (8] .
cylindrkegl shape, 0.85 m in outer diameter, 0.29 m in inner diameter,
‘ - b ‘ :

and 0.71 m long. The outer surface of the annulus opens to provide
. -~

access.to the apparatus contained within it (see Figure 48b). The dome

1s supported from the dome cart by a horizontal "tufnol" (fibre rein-
force@&ﬁlastic) tubes with a 0.54 m distance between the dome and the
groun&ed‘corona shield.

V%Eioue'control schemes for the equipment contained in the dome

(Sectibné'S.é and 8.5) enter and leave the dome through the axial hole

e
i

in the hollow supﬁbrt tube.

4

The source of particles 1s placed in the source chamber adJacent

to the high voltage electrode, and 1s controlled repotely, . The source

3 \ X .
chamber 1s evacuated by the main accelerator pumps. Particles created

l A4
in the’ source cress the accelerating gap between the electrodes, then

A
N

iﬁ drift towardd the target region, The width of the accelerator gap can

fbe adjusted by axially moving the low v k;age electrode////’

Al

W

"‘» For safe operation of the accelera or, the operators must be pro-

‘tected from bpth the high voltages and pbssible X—ray.radiation fieldg

HA ]\ o c .
present. Thus the entire accelerator is surroundedyby a }oncrete :

.

i
shielding Walli In additton, the target area 1s separated from the

accelerator htéa by a grounded expanded-Tetal screen. Gates into the,\'

PO ' B v N '

Bl . . |

o7 ' ‘ ' |
o |

i
i
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accelerator anll target areas are 1nterlocked to the 300 kV power supply

to prevent access to the accelerator during experiments.
‘0 ‘

The targets for the accelerated beam are contained in a four inch
¥ by six inch dliameter glass cross. The targéts are of the type qlsd for
detection of the colloid beams in the test bencﬂ‘experiments, and, are
discussed in Sgction 8.6. In addition, an electrO?e is installed Just

{
in front of the targets for secondary particle expériments (Section
I's

9.6.1). 3
! Prior to the present work, the operatfional concepts of the accel-
’ ¢

erator had been establisled and tested. At that time, the accelerator

"

components consisted of: the tire dome cart and dome, the air driven

motor , generator, and 20 kv)
pT p cart, part of the pu
r:End plane separating the

\ begun_on the tube cart and

S

oltage supply im the dome, the accelerating

tube and electrodes, t ing system, the

shielding wall, and the jccelerator and

r

target areas. In additions,

Much was pérformed on the accelerator prior to the colloid
ean éxpgpiments.vahe followiqg\is a list of some“af tﬁe changes
areqnired,’;here the texrm modification applies t§ ch/hées made,eitherv

to méke‘the_oriﬁinal’system,easiervgo u;e, or to alloy installation of
the colloid sohr,ce ‘e:;periments:
(a) Installation of newv, support rails for the entire accelerztor,
(b) . Modification-and installation of the new tuqe cart and accelerator
tube support system,’ S A : /
| (c)- Modification of the existing dome cart, ,

(d) “)Hod:lfication of the pump cax:t and installacion of the target




‘“ﬁm

T

(e) Design and installation of the pumping manifold and installation -
‘of the turbomolecular ;ump,

(f) Increasing the powcr capacity of the air motor and generator by
improving air f1ow to the motor,

(g) Design, construction, and 1nstallarion'of all the electronic
circuits 1in the doﬁe,

(h) Modifications to the source chamber

(1) F?ﬁstallation of the colloid source and detedtor system,

(J) Installation of the compressed air control system for the dome

w /
circultry and colloid source,

8.3 Vacuum System

)

Initial Aattempts to ddeq/gtely pump the accelerator using the

. existing pumping system were unsuccessful. The ‘pumping system at that:

&

time consisted of a carbon vane roughing pump, zeolite sorption pumps,

i F

a 100 i/sec ion pump, and &' 500 £/sec titanium sublimation pump with a

- |
11quid nitrogen cooled shqpud Successful experiments we;:\zg??ZEdjbut

after the pumping system was changed to a carbon vane roughing pump,

260 %/sec tu;bomolecular pump, and a liquid nitrogen cooled trap.;

2

Becausge. the experience obtaﬁged with these two pumping systemsafg&

sing a colloid source; the results of the

I S

pumping system exPeriments are fullyareported in Chapter 9, rather than

relevant to any accelerator

1n this chapter.

System pressures were meaSured by‘either a Varian mode].ﬂﬂl 5009

millitorr gahge (1 to 10 -3 COrr), or a model 971~5004 nude ion gauge

(<10 3 torr)‘ Both gguges were connected to a Varian model 971~ 1008

¢

'control unit, The gauge heads were mounted on a flange at the top of

."202



the pumping manifold,

“The fwo six—inch pate valves were soltenotd controlled and com-

%
=,

s pressed afr operated.  If a power faflure occurred, a power contactor

In the laboratory would open, and the valves would close,  The open

i
contactor ensured that the valves rematned c¢losed and the pumps re-~
mained of f when power was restored. ~

. o :
< The two accelerating electrodes in the accelerator tube were de-

L " ) o Y
slgned so that gas could flow from the source chamber to the vacuum

i

pumps, both through the center of, and ‘around, the cyPtndricnal elec-

i

trodeg, M’lxlila the distapce from the, f;{?urcﬁ to the pumps, and the
varioug pumplhg iﬁpédqntéﬁ begggcn”thg‘ﬁouroﬂ and "the pumps, meant that
0 g N ." o : ;
a very low pumping hp("d was available dt‘ the source (humb(x, careful
b
design of the colluld source alln&md suuasslul production of col]uid

‘beams. Due to restrifkiﬁﬂs imposcd on the faccelerator geo metry by the

3

B fa r,, \ 4 ~ B B
presence of high volrages on thé acceleratdr dome, 1ittle lmprovement

el
fogl
(43
™
9]
fr
[
o
<
F“
»
[P
>
ol
=
o
e
—
<

in pumping system design and layout ca

ctrode and detector

it

8.4 Electronic Design of the Démﬁ CA

\ t LY.
8.4.1 Introduction o
& $“l‘
Operation of the particlé sourge’inside the floating high voltage

dome was congtrained by the fact that there could be no direct elec-

trical aceess to the interior of the'ddme.‘ This means that the source

5 ,.,, )r}

had to be remotely controlled by nonwelectrlcal me€ans, and power to

~

driVe thg source had to be generat&d wixhin’gye dome itself.

) m‘r s o . . {

!



i

i)

The accelerator (as 1t existed prior to the present work) utilized
compressed alr for communicatfion between the dome and the laboratory
control panel., For power generation within the dome, compressed afr

drove an air motor mechanically coupled to a generator, which was regu-

A

lated to 20 V output by a field current regulator. A high voltage

supply produced 20 kV from the 20 V source. An alr driven mechanical

switch in series with the 20 kV output turned the voltage on and off.

The high voltage was monitored by a meter 11luminased by a lamp for
exrérna]rvjewjng. This relatively simple system allowed adequate

control and operating of solid charged particle experiments.

Since this operational design had proved successful, 1t was adopled

for the present experiments, However, due to the much more compl i~

o]

was rebullt and expanded. The following sections describe the new

system, The system as evolved here 1s very versatile, and could be

[s1]

[a¥

used without modification for solid charged particle experiments. as

Y In this section, the functions of the various modules are des~

cribed while the modules thémsa1§es are described in Sectdon 8.4.3,

Circuit operation téchniques art given in Section 9,1. Figure 29 _is

§ g

a block diagraﬁgof the entire dome electrical scheme. Control of the

: L o :
circuits is achieved by applying compressed air signals to "air

switches" contained in the ‘dome. The air switches convert the pres-

sure changes into electrical contact closures.

The adr supply to the motoxr and geperator is controlled by a’'sol-

. enoid valve at }aboratoryrgrouhd potential. The 3/8 4inch diameter éit{

=

ated control functions required in the present work, the entire syst

R

bY
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a0 * ‘ N . B
line enters the demc throubh the hollow support tube. The generator

u' £ .
o B /

'th a switching regulator set to give a

apac iu;r‘ to a value of about 0.5 V penk
Al { %

to peak, llu* Ués é«?&ﬁékéu$ply drives the remaining power supplies,

' /i
& i

all logic circuits, and the fillament of the high voltage switching tube.
Total power consumption in the dome 1s about 200 W, Coolipng 1=
not a problem because of the large volume of comprmxf.cdr alr vented in
the dome through the alr motor.
’ The high voltage supply for the collold source is an Om’iilau)r,
transfommer, "and rectifier circult having a dc to do voltage gain of
about 1000, %hc output 1s [1ltered by an additi@ngi cxternal capacitor
of 2 nf, and 1s monitored by a moter in parallel with the high voltage
switch,” The supply 4s driven by a Variaﬁle dc regulator to permit var-

and to reduce high volt-

Pv

bl

ation of the capillary voltage in the source
age fluctuations,” This regulator 1s varied by megns of a nylon fila~
- ment ﬂﬂd pullry arrangement Tuﬂﬂiﬁb down the dome support tubé'féglaﬁf

el
fal
ﬂ
(“h
=
i
§eil
—
"
=
-y
e ]
i

=g
<]
=]
Ll

trel using air switch
The capillary tube in the colloid source 1s at the potential of

this high Volt ge supply, while the source extractor is at dome ground

potential,

The capillary voltage switch chosen for \the accelerator is a high

i .
i

“voltage tetrode rather than a thyratron as uséd in the test bench

apparatus. The main reason for the change is that the tetrode consumes

only 60 W of power whereas the thyratron used about 200 W. Control

signals for the tetrode grid otiginate 4n the pulse circuit. In the
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pulse circult, alr switch SWI initfates a' single pulse, while afr
switch SWZ causes an output level shift when 1t changes state, The 26 V
output pulses then drive a solid state prid driver which delivers level
changes of ~720 to +26 Vv directly to the control grid of the tube. The
two élr switches are controlled from the remote control panel |

For time of flight measurements, air switich SW1 is activated to
pulse the source high vnl}ngc to ground for /7 msec, A pulse to syn-
chronize the high voltage pulse’to the oscilloscope recording the beam
current from the detector is derived fgom the output of the pulse cir-
cult.,  The pulse drives a light emitting diode whose output 1s fed down
a "light-pipe' to a receiving photo-diode at laboratory ground poten-

tilal. The pulse from the photo-diode is then used to trigger the re-

Operation of the dome is mcﬂitore& by two voltmeters connected "to
the Ciféuitryizéﬁé 6f these monitors the 26 V‘supply; and the other
monitors the high voltage at the tetrode anode. The meters are 11lu-
minated by a lamp and eaﬁlbe viewed by looking along the center of the

dome support tube, |
It must be emphasized that there are two ma’n areas of reference
+ for circﬁit voltéges. All electrical signals within the domé are ref~
erenced to the petential of the dome, hereafter réferred to as the

”

"dome ground potential", The potential of the dome itself 1s relative

to the "laboratory ground potential.

8.4.3 Discussion of Individual Circuits

1

8.4.3.1 26 V Generator and Regulator

This circuit 1s shown in Figure 50. The supply of com-

 gre8sgd éir to the air motor 1s turned on and off _yfa solenoid valve
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at laboratory ground. 1In the dome the air flow drives a one h.p. air
motor, which 18 mechanically coupled to the 24 v, 25 Avgencrator. The
generator will produce up t; 8 A at 26 V. The current limit is a result
of the limited air flow available to the air motor, but 1is suffiédent
for present necdsﬁ

The field regulator is a switching tfpe, whereby thé entire
generator output voltage 1s acro;s the field, ;r none at all. The volt-
age across the string R1, Z1, Z2, snd R2 turns on Ql when 1 reaches
28 V. Ql In turp cuts off the base drive to Q2, hence the %1e]d current %

’

decreases,‘ The‘génerator output voltage drops until Q1 1s turned off,

Q2 turned on, and the field current is remestabljsped: Included in
Figure 50(are some additional components. The 1 mh choke and 15,000 uf
capacitor filter the generator output., At the input side of this filter,
ripple is typically 3V peak to peak, at about 500 Hz. When the output
rcurrent is about 5 A, the output ripple is 0.5 V peak to éeakA The
diode protects the regulator from transients generated'iﬁlthe inductor.
The lamp and its current limiting resistor RS {lluminate the voltmeters
in the dome for external viewing. The Output voltage of the regulated
generator 1s monitored by thEZVOTtEEEET—in séries with the calibration

resistor R6.

8.4.3.2 Bias VOltgge'Suppli

This circuit‘is shown iﬁ Figure 51. Tﬁé Supply 1s rated gt
+900 V at 100 mA, ;nd -650 V at 106 mAf ;Open\circuit'Qolcéges are +1100
) And =720 V‘teSpectively. The ~720 Vv raii,ha; a voltage'dividen across
it to pfovide -366~V at loﬁ c&rrentfo; the éarticlersqurcé electron

retarding tingl
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The transistors Q1 and (G2, together with the speclal order
Hammond Manufacturing Co. transformer (type number 99141), make a
s;ftching’oscillator running at about 700 Hz. The two completely
Beparate output wihding waveforms are bridge rectified to give the out-

put voltages. The circuit 1s typical of those given in Hammond cata~

+as

logues?s, The +1100 v supply Is filtered by C3, a 0,5 uf, 3 kv capac-
itor, whfle the —720 v supply ja f1ltered by C4 and C5 in series, a
total of lO uf , Resistors R5 and R8 bleed off the f1lter capacitor
charges when the su}ply Is turned off. ;KEL;;{Ers R6 and R7 make the
~360 V voltage divider. Open circuit ripple voltages are 2 V peak to
peak and 1 V peak to peak for the +1100 Vv and.—720 V supplies respec-
tively:

The circult depends on an initial current surge 1in the
. transformer to start the éscillatiéns.i It was found that, when the
‘generator was started, the 26 V outéut was established at a rate too
slow to start the oscillationi Therefore, a time delay relay RE1,
having a delay of 1 minute, 1s used to allow the voltage from the 26 v

gen&rator to stabilize before this voltage i1s applied suddenly to the

oscillator circuit.

8.4.3.3 Pulse Circuit

This circuit converts confact clos;re from the two air
switches into either a 7 msec wide pulse, or a level shift‘vjfpending
on which switch is activated. The output is normaliy +26 V and the -
output signals switch to dpme ground, as shown' 1n Figure 52

| Transistors Ql and Q2 comprise a fllp-flop. This buffers '’

the comtact closurevof the afr switch SWi, and ensﬁrgs that an odtput
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pulse is produced if and only 1f the air switch SW1l contact goes from
"reset" to "pulse". Transistors 63, Q4, and Q5 form a monostable mult{-
vibrator with period 7 msec. Transistor Q6 inverts the pulse for com-
patibility with other clrcultry. Q6 can alsdé be turned on by closing

air switch SW2. This produces an output level shift for as long as the

switch is Clmsed,. Test pulses to initiate output iises can be applied
to the monostable multivibrator. With the exception of the diode ip
the test input lead, all diodes in the circuit protect the transistors
from transients generated elsewhcre in the accelerator dome,

Output pulse risetimes are less than 0.5 usec, and pulse

falltimes are about 1 usec.

8.4.3.4 Grid Driver Clircuit

The idea for the cirtuit to drive the grid of the C1150/1
tetroéérwas found in papers by Hansen76, and Friichtenich: and Hans;ﬁ77,
The cixcuit has been modifiéd:to use less expcnsive transistors, to be
dc coupled, and to handle higher voltagés; The circuit, which is shown
in %igure 53? 1% "off" (transistors ¢ut off and output VGitagé of =720
V) when the input 1s at 426 V, and "5%3 (transistors Sﬂturﬁtéé and out~
put voltage of +25‘V)iwhen the input is less than 425 V. The output
of the circuit is connected directly to the‘COﬂtéol grié of the tetrode.

Resistors R1 through R7 bias the pranéistors to each with-
stand 1/6 of the total applied-voltage,’whiéh can b; up to 900 V total.
Resistors R8 through R13 are calculated to limit the transistor base
currents to 1 mA each, when‘the transistors are saturated. fhe load

resistor R15 limits collector current to 10 mA when the transistors are

conducting. Circuit {1setime5‘are about 3.5 psec, while falltimes are

~
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input o
R1 } 10k,% W
L7k
1 W
R2
47k
1w
R3
47k
1w
R11
160k ,% W
R4 .
47k
1w ,
. R12 Vi
———’W\/—ES
360k,1 W
RS > .
47k EE
2 W
R13
510k,1 W
“R6 '
22k -,
2 W
3’!
&
R7
27k ‘
2 W l
- 720 V

r@%

+ 26 V

3

Q6

l

Figure 53:" Circuit Diagram of the Tetrode Grid Driver.

. 47k,2 W

+ 26 V
input pulse

ov

”

+ 26 V
output pulse

~ 720 Vv

L 5 Msec

:—%> < > le—
. 10 usec
risetime falltime

circuit waveforms

R14

R15

P

A

e

(5 x 12k,2 W plus 15k,2 W)
4

outpult, direct to
tetrode control grid

?
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10 psec. These values are acceptable because they are the same dura-

. ; B3
tion as, or less than, the tetrode response time.

8.4.3.5 Variable dc Regulator
This circuit, which 1s shown in Figure 54, uses the
Motorola fintegrated circuit voltage regulator MCl461R, with a series

pass transistor, Ql. AIt fs typical of applications given in the
Motorola Micrvelectronics Data Book78.

The regulated output voltage can be varied from about\A.S v
to 22 V using the variable resistor R4. Resistor R7 with diode D1 gives
an output current protection limit of 2.5 A. The input supply must be
at least 24 V for the regulating zener diode Z1 to be properly con-
ducting. The remote shut-down control is connected to an air switch,
SW3. The regulated output falls to zero volts as long as the air

witch wiper is connected to a positive voltagé. The diodes D2 to D4

and the resistor R6 protect the integrated circuit from transients
1$duced on the air switch leads.
|

~‘When the circuit is mounted in the accelerator dome| a
pulley and nylon filament arrangement between the potentiometer R4

and the laboratory ground end of the dome support fube allows variation
®
\ o)
of the output voltage when the dome has been closed up. For safety

L]

reasons the voltage can be varféd only when. ;he4dome is at ‘laboratory
gfound potential. " The method of voltage variatﬂpn is invaluable when

the colloid source '1s belng started up, since high voltage adeStmeﬂtS

#* «

are usually required before the colloid source will produce dc beam
,currents.‘ :‘
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é .
8.4.3.6 High Voltage Supply

The osqillator in this circuft (Figure 55) uses a single
>translgtur, Q}, énd a4 Spellman TRF~10 transformer. The pircuitlls pat~
texrned after the circult diagrém for the Spellman H}gh Voltage Elec-
tronics Corp. model UHML’ZOI’l()I) power supply79: Output d¢ voltage Is
directly proportional to the applied de voltage, with a voltage galn
factor of approximately 1000, OQutput current is specified as 0.5 mA
maximum, while the output voltage must be less (hQUVQO kY, Use of an
Oscillatnr'frnquency of 500 klz means that output ripple can be very
\

effectively filtered. With the 2 nf EXtéfﬁﬂ] capaclitor (C7), ripple is

about 1 V pesk to peak at 20 kV output,

8.4.3.7 Tetrode Ciroult

The English Electric Valve Co, Cl150/1 tetrode shown in

Figure 56 operntes as a high voltage switch driven by the circuits

alrcady discussed. The anode resistance R4 is chosed so that the max—
‘ : \
s than 0.5 mA,

§

/]

1%um current J’awnrf%om t%é high voltage, supply iﬁélé

Resistors El to R3 Pfévéﬂi the screen grid f

xent wlien the tube is held "on", or sarurated, The tube filament runs

o 6D
¢

dixectly from the dc generator, and draws 2,1 A atVQGfVi qyén driven

)

by Cheipulsé and grid drive circuits previously described, the pulse -

7

“risetime is about 2 usetif"ixgqthe slow falltime of about 10 msec

is caused by the 1aﬁge anode resistor current limiting the charging
rate of the total output capacitance, which iérmadeﬂup of, tube, wiring,

. ii“larid"colloid:sourée capacitance. The circuit wavg&orm is ‘also. shown in

CE .

Pk P
"Figure 56. Switching times were adequate for the present work, so no

-

effort to lmprove them was necessary. : »

o
s

e

s
-3
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+ 1100 V

R1 R2 R3

— ANNA—ANA—ANAT

2.2M, b W each
! C1

+ 26 V

grid drive pulse

~ 720 V

positive high
voltage

dome gfound

, A
200 pt 1~
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positive
high voltage

C1150/1 ,

R4

60M

60 W

(60 x IM,1 W)

P

out put high
voltage
R5
Z250M
R6
250M

(zi)voltmetvr

dome ground

-

T€> €
2 usec ’ >
risetime 10 msec , -
falltime

circuit waveforms

Figure 56: Circyit Diagram of the Tetrode Circuit.

‘A



£

220 ¥

8.4.3.8 Optical Link Circuit

One baéic property required of'the electronic clirecuitry
was a facility t§ permit time of flight experiments on the colloid
source both with and without an accelerating potential on the acceler-
ator dome. Clearly a method was required for synchronizing the trunc~
ation of the beam (by operation of the tetrode on the capillary poten-
tial) and the storage oscilloscope recording the beam current decay
curve at the detector., The timing was accomplishediby transmitting a
synchronlzing pulse from the dome to the laboratory by mecans of a light
pulse travelling in a fibre optics "light-pipe", The transmitter and
receiver circuits making up the light link are shown in Figure 57, to-
gether with the optical link output pulse énd the corresponding high

voltage pulse at the colloid capillary tube,

A
&i
£
>
[e]
[

In the transmitter, the output signal (pulse or level shift)

from the pulen circult drives an RCA AO0736R light emitting diode. The

diode liéht cutput is coupled American Optiéal Co., LGM~-3X36

e

e

b1 qs "light-pipe!, which 1s 36 inches long. While the trans=

fibre opt

/]

mitter 1s 1ﬁ the dome, at dome ground potential, the receiver is at
laboratory ground potential. vThe optical signal from the light pipe
;riggérs thé\EG & G SGD-100A phctodiodé; Transistors Q2 and Q3
amplify, the sfgﬂal‘and'give out a pulse or level shift.

Théxe&is a delay 6f about 2 usec between the input elec~

0 :
trical pulse and, the output electrical pulse. However, the comparison

\

between theroutput pulse and the corresponding hiéh intage pulse in

the dome 1s quite favorable. As shown in Figure 57, the 1ead{Pg cdge

of the trigger output pulse precedes the high veltage pulse by about

5 usec: This délay\¥s negligible in comparison to the expected time

1
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of flight curve time scales of about 1 msec or longer. The optical
link has been successfully operated with up to 100 kV on the accel-

erator dome, relative to laboratory ground potential.

8.5 Pneumatic Control Scheme

The 300 kV accelerator is controlled by compressed air signals,
A section of this thesis (Sectfon 8.4.2) bas shown that five separate
air signal; are required. These are: a high pressure air line to drive
the air motor, a control air line for the variable dec regulator, a
control air line for the high voltage switch, a control alr line for
the time of flight pulse from the high voltage switch, and an @palég
control air line Contrglliﬂg the colloid source (Section 7.2i1j£

Figure 58 {s a schematic diagram'of the pneumatic control scheme,
in which high capacity, high pressure air lines are shown as heavy

double lines, contxol air lines ar. shown as lighter double lines, and

‘s electrical wirés are shown as single dotted lines, The figure is

o]

Q o ] . ' )
divided 4into thrce areas (laboratory, ‘control paﬂéli and accelerator

dome) 4in order to show where individual GC%pOﬂéﬁES are physically
located. The control panel is located outside the shielding wall of
P

the accelerator.

Compressed air at about 120.psig from the building supply'eﬂters

through a manual valve, V1, and is divided to go either to the control

panel or through the solenoid valve, V2, to the air motor in the dome.
This solenoid valve is controlled electrically from the control panel

with switch Sw4. The high pressure air is put through a regulator set

“at 20 psigyto the first surge tank on the contfdi panel. Pressure in

the tgnk»ié monitored by meter Ml. Control signals to the dome are

it o ' . (nﬁ
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initiated by switching 20 psig air into the %-inch diameter PVC afir
linés leading to the dome, using switches S1 to S3. 1In the dome, the
pPressure signals arc converted to eléctrical signals by pressure act-
uated contact closures In switchcé SWl to SW3. The respdnsc of a con-
tact closure 1s fast (<<l sec) when the pressure is applied to the air
lines. On the reverse cycle, contact opening takes between 1 sec and
2 sec because compressed air must be bled from the long control line.
The second surge tank, with {its meter M2, contains the analog control
pressure which drives the colloid source. Pressure in this tank is
controlled by the inlet and vent needle valves, V4 and V5,

Operation of the entire control scheme 1is discussed in Section

9.2.2,

8.6 Detectors

Specific designs for the beam detectors used 1in the accelerator
are discussed in Scction 9.6, together with the results obtained using
them. This short seqtion merely diicusses detector positioning. The

accelerator dimensions are given in!Table 10, Section 9.3.2. As shoyn

in Figures 46, 47 and 48, the detector arrangement used) in the 300 kV

accelerator closely resembled the arrangement used in the test bench
/ } :
experiments. "The varjous detectors were mounted in the four-inch dia-
meter section of the four-inch by’ six-inch diameter glass cross used as

a target chamber. The detector assembly consisted of a flat aluminum

Plate fastened to the mechanfcal feedthrough. 'In this plate, three *

67 mo diameter holes defining‘the detector apertureafallbwed simultan~

. . ‘ » o :
eous Installation of three different detectors, which were bolted to

the back of the éupporf plate. The size of the detector{apertures was

4,

224
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determined by the size of the target chamber the detector fits into.
By way of comparison,.the Inside diameter of the low voltage electrode
is 70 mm, while the size of the expected beam spot (determined by the
source and collimator geometry) is about 40 mm in diameter.
Experiments on secondary particles were performed using a ring
electrode mounted just 1o front of the detector assembly (Section
9.7.2). Bias voltagesof up to ~4 kV were applied to the electrode via
a ceramic feedthrough on the bottom flange of the target chamber, In
addition, there was another grid directly in front of the detector

sutface, which was biased at voltages up to ~500 V.



CHAPTER 9

ACCELERATED COLLO1D BEAMS

9.1 1Introduction

. | ..
As explained in the introduction to this thesis (Section 1.4), the

ultimate goal of the present research 1s to accelerate a beam 0%%&01»
loid particles in the 300 kV microparticle accelerator. In a ];%Era(ure
)
search into this topic, only one reference to.acceleration of colloid
beams was found. In thisﬁreference, Huberman and Cohcn25 described use
of a 100 kV accelerating potential with a colloid source in an attempt
to increase the specific fmpulse of the colloid source in a microthrust
rocket application. (Specific impulse is a thrust per unit weight of
fuel consumed rat;ng factor for rocket engines.) The colloid source.
used by Hﬂberman and COhéﬂzs was a 37-capillary tube array operated at
a positive voltage of 5 kV with respect to the source extractor, which
was a plate containing one aperture hole for each capillary tube Anm the
arrajé The working fluid ﬁ%s sulfufié acid doped glycerol. iﬁe colloid
source, éonsiéting of the capillary érray, fiu;d feed lipe and a passive
fluid feed-mechanism, was held at 100 kV and the extractor was held at

95 kV with respect to the labbratofy ground. Fluid feed pressure and

capillary veoltage could not be repptely controlled. A grounded ele;—

trode faeing the source shéped he accelerating fieid, while ;n eiectrOn

retarding electrode operating at ;1.5 kv to -7 kv ﬁas placed betweéq

the grounded accelgrating rlect;ode and the groundedveléétrical détector;
Beams in these experimenté we;e pf the order of 125 MA and,had

average-cﬁarge to mass ratios of 800 coul/kg. The main problems '

s’

encountered by Huberman and‘Cohen25 were source héating due to

226
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backstreamihg electrons: and X-ray radfation (“200 mR/hr) created by
the impact of these electrons on metal surfaces. It must be noted that
in these experiments beam spatial distributions were not of interest.

In the present experiments, a low intensity (<100 nA) colloid beam
was transmitted down the accelérator axis with the goal of producing an
energetic, well focussed beam of particles.

It is clear that the present work and the work of Huberman and
'Cohenzs describe completely different eﬁgeriments, following completely
different objectives. Thus pno direct comparison of the two sets of
experimental results can be made.

The experimenta} results described in this chapter were obtained
in an eiperimgnﬁﬁ&ﬁprogram designed to test three hypotheses: that the

St

colloid source de;cribed in Chaptér 7 could be operated in the 300 kV
microégrticle accelerator, that the colloid beams could be accelerated,
and that mcusure;ents on colloid béﬂis could illustrate the propertfies
of the acceleratar.

Sections 9.2 to 9:5 describe the operationrof the collodd source
and accelerator. Sections 9.6 to 9.8:descr1bé results obtained while

studying accelerated colloid beams.

9.2 6é§rat1ng>Procedhrés for the Experiments

9.2.1 Operating Procedures for the Accelerator

Usually two people were required to perform the accelerator exper-
iments, operator stayed outside the accelerator shield walls, at:

the control panel (Figure 47);« Functions controlled from there
g ‘ c ’ ‘
included: analogue air!prgssure to the .colloid source, all other

i

pneumatic ccatrols, and operation of the 300 kv poweraéupply. The



second operator was stationed within the shield wall enclosure. His
duties included adjustment of the variable voltage within the dome, the
recording of allkgéasurements, and manipulation of beam detectors. Of
course the barrier between the target area and the accelerator arJ;lwas
kept closed and no—;ne was allowed within the accelerator area during
experiments requiring accelerating potentialgjgn the dome.

Safety precautions taken duging Operaélon of the collold source
and the accelerator included: monitoring of X-ray radiation, operation
of interlocks between the accelerator area entrance bargiers and' the
300 kV power supply, and use of proper grounding sticks after any high
voltages had been used. Also, accelerator operators always carrjied |

personal radiation film badges while working.

{
2.2.2. Operation of Control Systems -

The best way to 1llustrate use of the source and acceler:tor con-
txol schemes: is to describe the various steps followed 4in a typical

experimental sequence. The steps are:

(a) The source 1s cleaned and gnstalled in-the source chamber.

(b) The system is evacuated to 5 x 10~7 torr or laower by the turbo-

-

molecular pump and liquid nitrogen trap.
(¢) The d;me cart 1s rolled up to a point close to the source chamber.
The high voltage lead to the §6ﬁrce, the analogue control air lipe,

~and the collimator electron retarding ring bjias lead are connected

-

liary support stands are removed.
(d) The main air supply valvé.is opened. N
'-(e) jThe'soleﬁoid valve 1is opened and the air motor and generator in the

228

to the*source. The dome is rolled completely forward and the auxil-
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dome start up. After one minute the blas voltage supply 1is started
by the bullrfﬁgiiime delay relay. After five minutces the tetrode
has reactiad oper%cing temperature. | ()

(1) The high voltage supply'within the dome 1s started by means of the
control panel air switch controlling the variable dc regulator in
the beam, The high voltage is adjusted io be between lé kv and’18k
kV by means of the nylon filament and pulley arran§ement:

() The source control pressure is increased to about 6 psig. After

-6
about 5 minuées, the system vacuum pressure rises to about 2 x 10

torr because glycerol is now being sprayed into the system.
\ .
(h) A stable dc buam must be egkablisheq, which may happen spontan-—
eously. Othervise, the volteke and\béessure applied to the seurce
\
are increased until the stable ﬁc beanm appears. Occasionally the

00

high voltAge\may be interrupted for one or two seconds by meanc of

the control “panel alr switch 1abelléd "tub;\grid", which inftiates
a level change at the anode ‘of the high voltage tetrode. This
pro;edure sometimes helps a dc¢ bkam to | EStab]ished.

(1) VWhen stableldc has been establis od, expe @ents hegin. These may
include oeservatioee of the various detect;re and ;eqsurements of
the spatial distribution of the beam on the i;tectorq.\‘

(3) Time of flight measurements are initiated by the air switch

labelled ”TOF...reset...pulse"#ﬁﬁkthe control panel whi}h trig-

gers - the puls circuit in the dome. The storage osé}ligscope is'.

triggered:by‘the pulse emanating from the acceleratqr dome via‘the
, R : - K 3 v

T ow
A

opticai 11nk. L ‘ o ‘.. R \‘7,

(k) . When' an accelerating potential is to be, applied to the dome, alk‘

interlocked access barriers Lo the accelerator area and Earget >
. \ :
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area are closed, and the 300 kV

e supply started.
(1) When experiments are completed, the?300 év power supply 1s turned
off. A walting period of at least 5 minutes 1s required before
the dcme voltage falls to less than SOO'V, due to th energy stored
in the power supply. |
(m) The air pressure controlling the colloid source is redfced to zero.
(n) The source capillary high voltage supply is turned off by the con-
trol panel air switchl

~

(0) The air supply to the entire dome 1s turned off by the solenoid

i

valve. ' : :
(p) The accelerator dome {is gréunded'by a ground stick which is kept in

“

contact with the dome for several minutes to ensure that the 300 kV

power supply 4s properly grounded.

(¢) The main air supply 1s turned off and the pneumatic control system

1s vented. . »

This control sequence was used whenever experiments were performed. Of
~ A

Ed < - 5 i

cour se Stéés Ti) through (1) were mﬁdified dependin% on, the behaviour

of the colloid source and the experidents .to be perﬁ‘rmed
\Ip

The control of the source wich accelerating pogcnt

worked as designed. The tetrode was successfully fire-#."pot

tials
up to 90 kV. Also, the optical link transmitted the uapproptﬁ syn-
s S
chronizing pulses. It must be noted again that che adJustment o@&the
l 8

~source 6§enating voltage by means of the nylon filament and pulley

arrangement was used oniy during the- starc~up procedures for. the colloid

source, when the dome was at laboratory ground potential. Once a dc

- beam had been estabfished rhe source voltagg was left constant during

“beam. accéleiation experimenis.

a
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i

A and
s -
. i '
The method of operating the’ fluld feed pressure in the collofd
| 2 ¢ v
sourfe by means of ‘the pressure converter and the analogue pressury
1t wad found that 1t was not necessary to

Y Ly,
“

BOULCe

also worked as desfgned.
correspondence between the callbration graphs of Figurd
to about 6 psig when the

follow the ¢
Instead, the control pressure was set
A
was started, then varled until a Akfiablc cperating point was found
of operating control pressure, typically between B and
I
¢+

Thus the cholce
10 psig, was det ermined solely by the behaviour of the collotd sourcs

)()llrk F

9.3 The (A)ll()id

n—

information learped about the properties
prop
co

9.3.1 Introduction

Section 9.3 contains the

{ the colloid source, which has been previpusly desaribed in Chapter 7.

Many pr. blems had to be alleviated before the source would operat

sistently An the accelerator, and Scction 9,3.2 lists the vnrié 5
id sour

]
<
it
i
C\\

accelexator during the

I for the ¢
he acc

to the source and
and 9.3.4 give results obtained for the ¢
. preser

m
¢/
izl
]
e
A
=

».4\
<]
y

‘changes made to
—ﬁiﬁg fs‘tﬁ tia
evaluation

-
[ d
=
R
o]

ﬂlﬁﬁé,.iﬂﬂéﬁrﬁaéﬂt of an
i 9.3.5 48 a summary and

source design and operation.
9.3.2 . Experdmental Development of the Colloid Sourc
E The

”

:

This section discusses the developmental work that was requircd
. L -

before the colloid source would operéte in the 300 "kV acceﬁarator.

&

problems encountere? and solved were related solely to the epnvironment

.

of the source (i.e « source geometry and vaguum pressures) while in the’
since they pocurred both with and without accelerating

’I
~

accelerator

-
-



potentials applicd to the accelerator dome,

Figure 59 shows the gsource fnstalled in the source chamber of the
accelerator, togethber with the dimensfons of the accelerating e lee=
trodes, It should be noted that the ordgin of the axial position scale
cof the entire accelerator Is defined to be the outermost tip of the
bigh voltage electyode. This origin is chosen bechguse Lhe source and
tow voltage accelerating electrode can be fndependently moved relative
to the high voltage electrode, while the high veoltage electrode ard
detector postitions are {{xed fn the accelerator. Thus the high voltage
electyode provides a convendent {ixed reference polnt for axial posi-

X
tion measurements.,

Successful operation of the colleid sourced in the accelerator was

achieved only after a séries of modificatians to the source and the
accelerator, The prnb] ms cncounterced fell into threc categbrien:

acuum prnblr,ﬁ associated with the accelcrator itself, vacuum problems

in the colloid source capillary tube tip replon assoclated with the

désigﬁ
resulted in a worsning of ihé sparking prubTPA( and vice versa.

The infé' mation gathered duri. '8 work with the accelerator pumpinb

»
T

system is’ presentéd in Section 9.4. .
| EIE was noted tﬁat, as - the éxpériméﬂlﬂliﬁfﬁgfém progressed, it be*
came ' increasingly more difficult to achieve suitable, stgble colloid
source o?eratioq.:7Thisid1fficulty was attrjhutﬁd.to‘a‘grﬂdual cont am-
:ihation*of the afcelcrqtor surfaces by ﬁgyccrofa Ac§ordingly?fpﬁe

design of the colloid source was gradually improved so that experiments

8
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could be continued. The sequence of source design changes 1s now
discussed.

Initially, the «‘ollimatorffoxtra('t(';r~~in.-mluling support plece
assembly was contaluned completely within the high voltage electrode,
and the source chamber extension was not used, This configuration s
denoted as Ceometry A, and the dimensfons f{or it are given in Table 20,
Modif fcations made to this source deslgn to Improve pumplog In the
source region and reduce high voltage sparking were;

(a) four longitudinal slots were cut in the extractor plece,
(b) pumping holes were cut in the 1Insulating plecc,
(;) a new extractor and insulating plece were made,
The new jinsulating plece lncorpérﬂtEJ a longer high voltage tracking
path and larger pumping holes.
" AMfter these steps had produced only temporary improvement 1in

source behaviour, the sougce chambar extension was installed, the

source wa: moved bacli from the high voltage electrode, and the space

thus created was used for a mew extractors=insulating piece structure,
The dimensfions for this case, denoted as Ceometry B, are also given in

thééis all display Geometxy B, The ESSéntigl dif ference between Geo-
metries A and B is thé different Positioﬂ of the source relative to the
remainder of the accelerator structuré.

At two gepar;te times in thié sequence of changes to the source,
the source was installed and operatéd on the test bench. Tﬁésgrtwo
5 . s
t%ials helped to clarify such problems as high voltage tracki.g across

contaminated insulator surfaces, When these probléms were alleviated,
B . ‘ : - :

test bench operation of thé source would consiétentiy produce dc beams

234



' the accelerator, and that the source fitself operated correctly.

Table 20: Dimensions for the Two Accelerator Geometries Used in the *
Experdments.
Item Geometry A Céometry B
(m) (m)
caplllar§’tubu tip ~0.10520.002 ~0.17020.002
axial position
! ” . b ; ~4
capillary tub¢ outer (2.0320.03)x10 (2.0340,03)x10
radius
collimator position -0.04520.002 ~0.11120.002
. 4 R
collimator aperture (1.2710.01)%10 (1.2720,01)x10 )
radius
captllary tip to 0.06120.000%5 0.059320,0005
collimator distance
high voltage electrode 0.0 0.0
axial posftion !
low voltage electrode 0.12720.002 0.12720.002
axlal position
target axial position 0.9120.005 0.91+0.005
for periods of 2 hours or more, 1In the accelerator, the source would
|
produc a suitable beam for periods of 10 minutes to 1 hour, then thé\
i : \ R
\

beam would degenerate into a pulse mode or current bursts, It was

therefore coMluded,that the poor operation of the source in the ateel

erator was assoclated with the geometry of the source while mounted in

9.3.3 Experiments with the Electron
Retardiry; Bias Ring in the Collimator

~ Reference to the designldétails of the collodd Bource (Chapter 7)
shows that the collimator design includes provision for a ring-shaped

elec;rode mounted between the collimdtor and the extractor tube. This
, ' A
electrode, when biased negatively, was intended to prevent secondary

- R
*
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¢lectrons created by the impact of the beam on the collimator from
O
backstreaming into the capillary tip reglion of the source.

In tests of the collofd source both In the accelerator and on the
test bench, blas potentials of between 0V oand ~360 V were applied to
the ring clfctrodc. It was found that the source behaviour was almost
independenht of the blas voltage—~the only improvement in source behav-
four when bias was applled was a reduction in the number of @Inwr beam
instabilities. (Similar results were found for plasing the extractor
1tself in the test bench experiments described in Sectdon 6.4.) Tt

appears, therefore, that use of this electrode 1s optfional,

9.3.4 Use of the Source, and Source Cleaning Procedures

Several experiments were performed to test whether or not the col-

1oid source could bes re~started after 1t had been uscd once and then

{

left evacuated for some time, It was invariably found that the beams

into curtrent bursts accompanied by corona 1ﬂ?th¢ capillary tip ‘region

of the bean. " As stated 4in Sectdon 6,2.4, Ehiérbéiﬁ condition féuld not

iments,

There are some hypotheses as to why the source failed to re-start
s . \ .

successfully. These 1nclude:

(a) glycerol” previously depos}ted on the collimators may have caused
the vacuum pressure in the capillary tip reéion to be unacceptably
high for source start-up, 4 |

.(b) glycerol eyapgrated from the fluid in the capillary tﬁbegmay have .

left a residue,'which was probably crystalline Nal. This residue

T
4 4



‘Eghch. The collimators, extractor plece, insulating SUP%OFI piece, and
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may have distorted the capillary tip shape, or it may have changed
the fluild charging mechanism at the capillary tube tip.
The cleaning procedure for the source is as follows. The source

15 removed from the vacuum chamber and set on a stand on a Yaboratory

[

ﬁgpillary tube are removed from thé front of the source, and cleaned in
water and methanol. (Chbapter 7 gives the mechanical details of the
source,) The capillary tube tip is re~-shaped, if nefeséary, For re-~
assembly, the piston in the source 1is pulled to the fully withdrawn
position by means of the length extension plece at the end of the

source body. The feed tube on the source body leading from the fluid
reservolr 1s éarefg]ly cleaned. The latter step 4is essential so that,
when the source 12 placed in vacuum, the air trapped in the top part of -
the fluid reservoir can be pumped out through the capillary tube with-
out interference fr%m glycerol bubbles, When the feed tube is clean,
the capillary is replaced with teflon tape‘cn the thre;ded joint between

the capillary tube cap and the feed tube, Then the support piece,

" extractor, and ccllimator are reinstalled, The source is then replaced

A

in the source Ehambcr and evacuated as soon as possible. Usually the

F

entire cleaning procedure Can be accomplished in less than one~half hour,

9.4 Experiments Concerning the Acceleratof{Vacuum System

Initial attempts to adequately punp the accelerator using the

original pumping system were:unsuccessfdi. In this unsuccessful

sequence, the entire raccelerator was rough~pumped by a carbon vane

mechanical’ pump aéﬁ two large capacity zeolite sorpcion pumps cooled

by liquid nitrogen. System pressures at this stage were typically
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5 x IOPA torr or highcer. A 100 £/sec {fon pump took the system to about
1 x 10—6 torr. Then the 11qu1d nitrogen trap (which was in fact the
cooling ™roud for a 500 £/sec titanium sublimation pump) was coo]cﬁ,
and the titenfum sublimatfion pump started. Problems encountered here
were:
(a) The 1on pump overheated severcly because It was inadequate to pump
the entire accelerator over the range 10_4 torr to 1056 torrc.
{b) System pressures rose to an unacceptably high level of greater
than 5 x 10—6 torr during collold source operation.
(¢)  When the liéuid nitrogen trap was allowed to warm up, the increased
gas lordrcauSed the 1on pump to trip itself off.
(d) The system consumed large amounts of l{quid nitrogen, up to 150 &/
day,
(e) There was no way to completely remove glycerol from the system,

after {L had been deposited on gystem SUT%BC?S during éﬁll@id
source experiments. -
* At this stage, the turbomolecular pump (Sectfon 5.2) was installed on
the accelerator. After some experimentation, the following pump down
broc¢dure wés successfully uééd for the éﬁpérimeﬁﬁai trials of the col-
loid scarce:
(a) The syster was rough-pumped to about 50 torx by the carbon vane
mechanicai pump.
(b) The turbomolecular pump was started by either opening the gate .,
valve while the pump was running,,or opening the gate valve and
tﬁen starting the pump. ' E
(¢) The, system was left to pump to 2 x 10~6 torr of iower, which took )
abéut‘b to 12 hours dépeqding‘on the previous pumping historf of
i
“*/\f“"/

o
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the system. -

(d) The trap was filled with liqujid nitrogen. System pressure fell to
5 x 10~7 torr or less In onc-half hour or less.

(e) During operation of the collold’ﬁource, system pressures were
typlcally 3 x 10—6 torr,

(f) After the complet fon of the éxplrlmxg:;, the trap wa]ﬁgllowcd to
warm up,

(8) 1In the period between experiments, the turbomolecular pump would
collect glycerol vapour, and eject it from the system. Thus min-
imal build-up of glycerol contamination in the system occurred
afger a series of experiments. .

I
The remaindcr of this section réports the observations made during
operation of the collold source in the accelerator, This information
was gatherced with t1 hope that it would provide insight {nto the prob-
lems being encountered with the vacuum systgﬁﬁ Also, the information

For all results,

was on, the liquid

ﬁifréééﬂ trap was cold, end the system pressure prior to starting the
experiments was less thpn 5 X 10Fﬁ7 torr.

Usually no change in system pressure occurred when accelerating
pctentials up to 90 kV were applicd to the acce?eratcr dome, whether
a colloid was being produced and accelérated (pressure "3 x 10P6 torr),
orénbt (Pressure <5 x 10a7). Towards, the end of the expefimental,p;o~
gram, one exception to thi; behaviour was noted. At dome potentiqlg\
be;ween 80 kV and 90 kV, short bursts of outgassing were observed to be
correlated to small discharges on the high voltage electrode as

iy

observed onvtﬂg high voltage power supply.’ The small discharges were

A &
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probably due to electrode surface contamination, and "‘could probably
have becn eliminated by cleaning the electrode surfaces.
The fact that there was no consfstent change in system pressure

as the colloid beam energy was Increased means that vapour production
A

from high speed droplets hitting solld surfaces 1s fndependent of
accelerating voltage, between limits of O and 90 kV.

In the major 1nvestigation concerning the vacuum system, a Vacuum
Cenerators LIdABO Micromass 1A residual gés analyzer was used to
measure the relative partial pressures of the gasses 1n the vacuum
systen, both prior to and during collold source operatfon. The mass
spectrometer type analyzing head was mounted on the end flange of the
vacuum manifold, replacing the viewling flange shown in Figuré 46, In
the prescnt résiduai gas experiment, the absolute pressure measurements
and mass number identifications were not, experimentally calibrated in
the laboratory.

Figure 60 shows the residual gas spectrum of the accelerator

Tuum sfsbam. Total pressure, as measured by the Varian ion gauge

ection 8.3), was 3 x le7 torr, and the system had been pumped fox
about 24 hours following thé last operation of the colloid Scurééa
Figure 60a is a plot of the partial pressure of varjous gasses as a
function of mass npumber, over ;he masé range 12 to 60 amu, Figure 60b

-

covers the mass rénge 48 to 240 amu, for the same conditions as Figure

60a. The partial pressure spectra were obtained in the following

»”

fashion. An analpgue output corresponding to the residual gas analyzer
pressure reading was connected tqg a storage oscilloscope. An automatic

mass scan sequeénce (12-60 amu or 48-240 amu) was started at the same

instant as a slow, stored, single sweeﬁ on the oscilloscope. The time

240
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relative
partial
pressure

12 20 30 40 50 60 <
mass number {(amu)

) (1 major division = 4.8 amu) '
' /

(a) Mass Scan for Gas Components 1in .the Range 12 amu to 60 amu.

f

relative -
partial
pressure

48 80 120 7 160 200 740

mass ﬁumberv(amu)
(1 major division = 19.2 amu) 1

¢)) Mass Scan for Gas Components in the Range 48 amu to 240 amu.

‘Figure 60: Residual CGas Analysis Results for the Accelerator
‘Vacuum System Prior to Operation of the ColYoid
Source. Vertical Scale 1 Pressire Unit/Division.

; ' ¥ \
§
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j
ta?en for one mass scan on the analyzer was identical to onme complete
s&éep on the oscilloscope, or 50 sec. After the tracc stored on the
-oécilloscope had been photogréphed, the same scan of mass numbers was
! made by opérating the analyzer manually. Thus the peaks in the resfdual
gas spectrum were identified with mass numbers on the scan dial of the
j ghalyzer by manually picking out the partial pressure péaks. Masses 2,
3, and 4 (1.e. hyd}ogen and helium isotopes) do not aﬁpear on the
s;ectrum because prf the Micromass analyzer they are measured discretely
; !
in a manual mode, The partial pressures of these mass numbers have not
?een reported because they were alwa}s negligible in comparison to the
ﬁajor residual gas components.
J A[ In the spcctra showm in Figure 60, some easily f{dentified major
.!' %gs éomponegts and mass ﬁuﬁ;éré might be assigned as: HZO‘(IB), CO and
‘l,k\ﬁz (28), Ar (40), and CO2 244). Vacuum Generators Ltd. technical
informaticnso shows that masses 77,“) 29, 41 to 43, and 55 to 57 can

A ;
7"virrise from hyﬁroearbop contamination. Masses larger than 60 can be

W
.| attributed to hydrocarbon or organic vapours. Partial pressure peaks
i K : : :
A |
, A , o , -
\ 4 §§¥ mass 92 (glycerol) and 46 (doubly charged glycerol) do not appear.
BE O Figure 61 shows the results of a gas analysis performed while the
y

""colloid source was operating. System pressure measured 2 x 10~§ torr

‘. on the Varian fon gauge, and the colloid source had been on for about
- o J E }

1 A, :

'”fh ﬁw one-half‘hour. The partial pressure spectra in Figure 6la and Figure

- 61b are taken on a preasure scdle six times less sensitive than, those

e

1n Figure 60, 6§er the same mass ranges. A comparison of Figure‘61

W

majority of . system gas is at -mass 46. Componeunts also appear at mass

27, 28, 32, and 64.

S

£d
7

5
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(a) Mass Scan for Gas Components in the Range 12 amu to 60 amu.

relative
partial
pressure i
<
48 80 120 160 200
. , mdss number (amu) . '
(1 major division = 19.2 amu)1 i
(b) Mass Scan for Gas Components in, the Range 48 amu to 240 amu. i

\

‘Figure 61: Residual Gas Analysis Results fot;T‘glAcéeieratof ‘
] Vacuum System During Colloid Source peration. -,
' .. Vertical Scale 6 Pressure Units/Division. C #

AR



'"89.5 The Properties of the”300 (3% Acceletatof

The mass 46 peak 1is probably doubly ionized“giycerol.
other gages 1n the Syelem are probably fract{onated hydroCarbons or

‘ brganic vapours (eithef glycerol, glycerol molecule fragments,

solvents, or turbomolecular pump o1l). ~The fractionated guses may

exist throughlout the System, or may be created in the 1on source of the

hass spectrometer {tself.

- These results indicate that fractionated hydrocarbons or organic

vVapours are preaent both before and during colloid source operation

a

comprise a small fraLtion of
2

AlsQ, gases such as‘Bz, L NZ’ and\CO

~

the Bystem pressure while the colloid source is operating -~ the major

gas component is glycerol vapour,

i

In view of these comménts, 1t appears that the present pumping

system of a turbomolecular pump and lfquid nitrogen trap 1s a good
design because the trap can pump large quantities of condensible hydro-~
carbon and‘organic gases,

and the turbomolecular pump has the same

pumping speed for all gases. FProblems encountered in achieving

9.5.lv Introduction

» Sparking acrobs the accel-~

i

Information on these para—

atory ground, corona from the dome surfaces

erator gap, and X~ray radiation produced

i

-meters aided the analysis of problems encountered during operation of

the colloid source, ‘ ;f i ' »

The variods

c]eaning>

"
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9.5.72 [solation of the  Accelerator Dome

Th;:\.ﬁnq;nitmie of the leakage curvents and corona was found by
first gﬁmplvting fnstallatfon of the alr lines,'light 1ink, and voltage
ix\djuﬁtmmu' mechanism between the dome and laborateory ground, Then,
with the dome rolled away from the source, voltage from the 300 kv
power sup;';ly was applicd to the dome. At each vol t,ﬂgo, the current
drawn by t‘l;e supply was noted, This current was then ns:;umwi to be the

sum of leakage currents and corona currents, - The power supply indicated

leakages of about 60 pA at a dome potent {al 0f775 kV, Therefore the

_:g,zthur than JO ohms ,

effective {solation rasistance bf'thc.dome‘

&

The laboratory alr tempcrature was 27 C ﬂné thL alr had a relatlve

hunidity of about 457 duriﬂg,qhe testsﬁ Some corona could be heard
Vi _ ’ ‘ '
while the dome was at 75 kV, but none could be secn while vicwing the
dome 1in the darkened laboratory, X i
9,.5.3 Breakdown across the Accelerator Gap »

characterized by the passa g' of large currents between the electrodes

& b

and a large decrea5é in the potential difference between the eleatrgdes,
i
Currgnt and voitage”wﬁ7eforms are basically determined by the char- n o

acteristics of the power supply connected across the interelectrode gap.

The main phenomenon during sparking s’ that the “interelectrode impedance

b@eémes very'low and "stays xég)until the .breakdown isdinterruﬁte& by

some éxgernal,égent such as a power éupgly Currenc;limit_, The second
breakdown mechanism is ‘termed microdischarging Microdlscharges aqLUsually
characterizad as shoft term (<10 msec) bursts of low current (<1 mA)

which are selfeextinguishing. The intefelectrode potential decreases

3
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>

only a few percent of {ts total value durfng a microdischarye.

Microdfucharges between the high voltape electrodes occur at volt -
ages well below the sparking threshold.  In fact » an oa funct fon of

. ' é :
Increaning fnterdlectrode voltage, microdf{scbarges appear first, a
steady (nterelectrode current appears next (which {s mainly electrons),
Lo 81 . ) o

and {inally sparking conmences . Some factors influencing the onset
of microdincharges are: pap voltage and electrode ﬁJf ace ffeld
strengih, system vacuum pressure, anode material, and electrode conflp-
uration, In addition, the presence of microdischarges 1s strongly
dependent ong the presence and nature of electrode surfacc contamination.

The accelerating potentinl at which sparking across Uhe accelerat

T

)

gap may occur has been estimated using Kilpatrick's Criterion for vacuum

87

pael

- The criterion is an empirical relatlonship, based on
experimental data for rf and de fieclds, which definesn a threshold at

sparking

which sparking from an élécir@dc surface is 1l4kely to opcur. The bagic

i

;*ﬁ\\\ (9.1)
, b /
where Kl =], X : V'/em”.  Values of W and |

[
/

which sparking is likely to occur. Since the electxode geometry in the
300 kV accelerator is quite regular, it bas been assumed that the max-
imum surface electric field on the electrédés is given by the average

- . §#

B4
%! . /
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gap tield, or
~ B~ V/g, o (9.7)

where g s the pap width., Thus the erfterion reduces to

3 . X , )
Kog =V vxp(:ﬁlx/V) . . (9.

'

Solutions of this equation for three values of gap width are shown An

Tab e 21_ .

Table 21:  Sparking Thr(ﬂ§7hl}%nfntiﬂla Across Various Accelerator Cap
’ wl(l(lla, as Clven by the Vilpx\ll ick Lri[LII()IA, T(luuilun 9.3.

A ! BAD \Jid”l threshold potent 1&]

Vi (g ) (kV)
25 207
75 503
127 7176

R -

E*v..‘ !

Because 1t has been assumed that the f)(:ﬁk field on the electrode
es 1s cqual te the average gap £ fjd, the s

" an arbitrary geometrical’enhancement factor of two 1is used, it appears
that oycratimn at the full pover supply putuﬂtial of 300 kV is unlikely
for an interelectrode gap of 25 mm, marginally posslb]e at a gap of 75

mn; and reasonablel at a gap of 127 mm, Thus the 117 In de has been .

used throughout the present experimental program.
’ %
Somé points related to the experimental conditfors are given by

Kilpatrick 'as:

¥

(a) No .sparks werc observed belo? the calculated threshold.
) .
(b) Thbithrcshc d is iﬁdépéﬂdénz of electrode materfial.
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(¢) MConditioning” of the electrodes ralses the sparking (hrt-bhn]d.

(d) 1he h;>x-4~:;(~11<‘l* of contam{nants such as ofl on the electrode surfaces
greatly Ioncreases the {requency of sparking once the Nureshold s
reached. 7 ' J

. .

(&)  "Vacuum' 1 defined to be the situatfon where the mean {ree path
o ' "
of the gas molecules is greater than the Interclectrode spacing,.
B3 ~ . , 7 i
Alston agreeg with Kilpatrick's conclunfons 1isted above,

In tha present experiments, no sparks ever accurred for potentials
up ta 95 kV across the 127 mm gap, both with or without a collafd bean
being produced by the collofd source,

A}

The collithator of the colloid source was desipned so that the col-

this is that the incident glyﬁéfﬁi particles, scatterad glycerol part~
lcles, and sccondary electrons would groatly dncreasc the probability

of microdis to z?fffﬁﬁﬁt ona of the

In the prepent exj

¥

were performed edther
voltages of less than 50 kV, Thus by the time higher acceleoration volts

mination ©of electride surfaces by glyceral

T cont

jod]
™
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had already occurred. FElectrode contamination, whigh cohtributes to
the prescnce of microdischarges, occurs in the period between experi~

ments as glycerol deposited on the detector and collimitor surfaces

evaporates from these areas, then re—-condenses on all the vacuum system

surfaces, As a result, when experiments using potentials greater than
13
80 kV were tried, microdischarges were observed. These microdischarges
s T .

appoared as negative-golng pulses of the ordex- of 100 UV on the
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electrical detector output . These pulses were as large as, or larger
than, the de current level betng recorded from the collofd beams.  The

mlerodischarge phenomenon appeared with (M}id beams present or not,

-
becaune of the previously given (-Jujlrmllc contaminat fon mechan spes .,
"

For potentials between 80 and 90 kV, the microd{scharges were pot soeen

on the 300 kv power supply current meter or on the Varflan Ton gauge

mondtoring the vacuum system pressure.  With more than 920 kV potential

on the dome, an additfonal form of discharge appearcd--one piving a
positive detoctaed voltage of several millivolts on the clectrical
detector accompanicd by momentary Increases in vacuum pressure and

power supply current. ~Operation with potentials preater than 95 kV was

not attempted,

The negative-going pulses were detected 1f and only 1{ the detector

surface segments were connccted to t) 11l oscgope input by way of the

discharges

e

whiich were accclerated towards the el ,f“i'f‘i tPCt§r,
4 —
9.5.4 fMeﬂSUfﬁﬁéﬁFﬁrff;XjRﬂjiRﬂdiatiﬁﬁ
Observations of X-ray radiation from the accelnrator dome, accel- )
;rator gap and targét:aréas were égfriéd out as both a safet p;ééﬂutiﬁn

;and an ekpcrimenta] observation. vA Victorecen Model CAO}T raéiatﬁo;

metexr was psed. The meter response is specifiéd to be witxig :152 0£

true value for X*ray and gammg iayérédiatiéﬂ from 12 kev to 1f2:MevE.
For qll acce]erating‘potcntials up to 95 kV, observed ra;iation

was always less qhan'the measurement limit of the inscrhmcnt) 0.05 mrad/

hr. The radiastion was measurcd from an unobstructed viewpoint at a

)

& - T
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distance of about 2 to 3 m from thu‘;u‘('«-lvx‘;:tor dome and .'x({;g)'e-l(-rutjn};
gap. Measurements of yadiatfon from the tarpet were taken with € he

meter window agafost the glass target chamber wall, which {s about 80
pm distant from he target ftaelf.  The radiation monttoring was done
with no collold beam present, and acceloerator potentials up to 95 kV,
and again with 40 pA of colleid beam bvim’;& n(‘(‘v,l('rﬂtt‘d up to 90 kv,

Since no radfaticn could be detected/ the radfation level was less

thap 0.05 mrad/hr. The allowed X-ray dose rate for radiat ion workers

) i , B4
1s 5.8 mrad/hr over a 40 br/week, 13 week period .

o - 4
9.6 Beam Detectors T R
2:6,1_Introduction 1

.
s . ) S N . )
This section discusscs the desipn of , use of, and results obtained

available.

al Detector

%
ric

2.6.2 Elect

The first electrical detector used on the accelerator consisteod

of four concentric rings of flat aluminum ﬁheét;meﬁﬂtéd on a lucite

backing plate. Detector constiuction™etalls and electrical connec-

tions were the same as for the methods, evolved in the test bench wérk,
| . hal

which 1s described in Section 6.3.2. .In later stages of the work, the



outer three rings of the four ring detector were subdivided into four
quadrants, giving a total of thirtecen sepments on .the detector surface,

Figure 62 shows the dimenstons of the detector surface.

|

4,76 mm radius 33.13 xxim radlun
!

14,3 mm radius 23.8 mm radius

While the beam current detection apparatus was eléctfiéaily idéﬁw;
tical to that described 4n Section 6.3.2, a 5;mmafy of the detection
method is given here. A segmented metal detector surface is pla;éd inu
a grounded epclosure witﬁ a wire grid in front of {t, The grid can be
blased to help ;uppress secondary eleétroné created at the detécfor
surface. The current Intercepted by each of the detector segments is

fed through a high vacuum féédthrough to a switch box, where the aesiréd

combination of signals can be " observaiion. The chosen

~

currents flow through a resistor, whidb is 10 kohms in all these exper-—

iments,. to ground. - It should be noted that, in the test bench -



£
less than 10 kohms so
frequency com-

detector reslstor had to be much
the higher

experiment s, tl
clrcuft did not {1{lter out
In the accelerator, the source

that the detector
ponents of t - current decay waveform.
to detector distance is longer, and the frequency spectrum of the cur-
Thus a larger
|

o

rent decay curve waveform is correspondingly lower.
A preampliffer and storage oscilloscope monftor

can be

resistor uned.
the voltage across the resistor, thereby displaying the beam current

waveform,

The segmented c¢lecprical detector was used to measure beam spatial
The only problem encountered
total above the threshold

on) the individual

|
K

distributions and total beam currents.
beam current was wel)

was that, even 1f th
of current detection of 0.1 pnA, the current
Thus the sum of currents

segments was below the detection threshold,
on the segments was usually 57 to 10%Z (but never more than 207) lower
casecs measured in the expori~

m

for th

than the measured total current
mental program,
e of flight and particle source to detector

The results for tim
transit time measurements are given in Section 9.7.5.

9.6.3: Visually Reacting Beam Detectors
()
Becav : visually reacting beam detectors had proved successful in

.the operation of colloid sources in the test bench, they werc used in

Q

the accelerator experiments. The detectors tried were a phosphor
a liquid crystal screen which changed colour when locally heated by the

screen which emitted green phosphorescent light where hit by the bean,
energy of the incident beam, and a black surface which showed where

glycerol was deposited on 1c5by the beam,



The phosphor screen, which had a4 65 mm diameter active surface in
order to be compatible with the detector mount (Section 8.6), wasu made
in the same fashion as those described in Section 6.3.3. That is, a
glass plate was coated with a chromfum layer to help bleed Away beam
charge, then coated with phosphor powder on tep of the chromium,

The behaviour of the phosphor detector was correlated to the accel-
erating potential applied to the colloid beam. Wth less than 10 kV of
afvvlerating‘?&tentiul on the accelerator dome, 40 pA of beam current
spread over z}ﬁpnt 40 or 50 mm {n diameter on the phosphor screen could
be seen Oﬁiy,aé occasional flashes during boam instabilitfies giving
sbort bursts of higher current. These flashes werce useful as aivisnal
monfitor of beam shape when viewed in the darkened laboratory. Attempts

Ly @
to photograph the phosphor detector reaction showed that exposure times
of greater than 3 min were required, hence detcctor photography was
impractical, The camera had an £/2.5, 135 mm lens and Gsed Kodak High

of 600, For colloid beams of 30 to 40 nA accelerated through a poten~

n

tial of greater than 50 kV, the phosphor dctectox gave bettér results
because thé beam had more energy due to the increased accelerating
poténtlal, and because the beam'was bettér focussed bx the acce}era;or
1 .

gap. The Beam spot appeared as a continuouély but faintly 1lit éréa,
but atg;ﬁpts to photograph the ‘phosphor deteéior resuits ﬁor accelerated
beams were still inconclusiva.‘

EI% sutimary, then, the phosphor screen detector could be used tq. .
viewacoquid beam distributfions in the accelerator, but photography of
the results was not feasible. 7

The second type of visual detector used in the‘acce]erator was the

5



commercially prepared 1iquid crystal screen.  The detector method has
been desceribed dn Scction 6.3.4.  The sereen consisted of a clear
plastic layer, a layer of liquid erystal materfal encapsulated in small
spheres, and a layer of black paint. The detector was mounted with (he
black side agalnst a 67 mm diameter wire grid and bombarded from that
side. The grid helped bleed off the beam charge.

In the test bench experiments, the colloid iam:x were sulflciently
intense to cause local bheating of ‘the detector surface so that the beam
distributioﬁ‘was indicatédiby vigible colour changes in the 1iquid
crystals. 1In the accelerator experiments, the beam was too diffuse to

cause a visible reactfon on the liquid crystal detector for all acceler~

ating potentials less than 90 kV, with beam currents of 40 nA, Two

i ) .0 SO
types of detector having temperature scnsitive ranges of 19 C to 25°C
o o . . )
and 25°C to 31°C (nominal) were :tried without success. Attenpls to

make the beam more visible by thermailytbiﬁfiﬁg the liquid crystal

material were upsuccessful because the héﬂti§i§k {fect of the detcetor

]
]

o

jol

mount surrounding the relatively small detector surface forced an un-—

even change 1in the background colour of the screen, and therefore che beanm

distribution was not reliably indicated,

. .

The liquid crystal, screen:detection method failed for the same
reasonithe phoéphor screen results were inconclusive-~the beam intensity
on the detector was too low. The low beam intensity on the detectors
was a resﬁlt of bothr t;'hé beam col%‘\ation and the long source to detec~—
tor distance. ; : E

The ;iqﬁid crystal screens ' did prov{gé an aiternéir mqins épr
obéerving beam distributfbhs,pbécause the glycerolldepésitéd by the beam

i ’6 visible on-the black surface of the screens. Results given in
o

Ol



Section 9.8.3.2 were obtalned by exposfug the black detector surface to
the beam, then photographing the detector surface after the experiment
had been completed and the detector had been removed from the vacuum
-

Bystem. Analyslis of the results 1s glven' in Sections 9.8.3.3 to
9.8.3.5.

A metal surface palnted with f1lat b]m'k enamel was also tried as
a detector for the glycerol deposited by the beam.  While I,h;~ results

of one such experlment are glven in Section 9.8.3.72, {t was concluded

that the liquid crystal screen surface gave better results than did the

ol
™
~
,.
jam

S

~

painted surface, For this reason the liquixd crystal sorecps w

for subsequent experiments,

9.7 Acceleration of Collofd Beams

9.7.1 Introduction

The results of this s.ction show that.colloid beams can bd ‘success=

e

ully elerat:

4]
W

Investf{gated: the amount of current avallable from the source, the

effects of accelerating potentials on source operation, sccondary

particle production, and the transit times of particles between the
source and detector.
Experimental data for this section, some of which are presented in

Section 9.7.2, consist of observations of beam currents and measurc-

*

ments of the soufce to detector transit time for various acccleration

voltages.  The transit timc measurements were, accomplishad using the
7 ! ) ) :
time of flight circultry in the accelerator dome.

”



9.7.2 Presentation of FPxperimental Data

Experimentally, the transit times of the particle beam were
measured as a funetion of jaccelerating voltages by Interrupting beam
production in the soultce (using the Cupil}ary voltage switch) and
observing the subscquent decay 4n beam current at the gloctrlral
detector.  Flgure 63 shows some photographs of the current decay curves
during one such experiment, 485 stored on the storage oscilloscope,

Each photogré}h consists of two superimposed traces, The first trace
Lo
shows the constant dec current level, while the sccond trace shows the

&

current decay curve. Flgure ¢35 was taken at the start of the experi-

ment with zero accelerating voltage and a source voltage of 18.72 kV,

[yl

Figures 63b and 63c were gakéﬁ at accelerating volrtages of 40 kV and 90
kV, respectively, Flgure 63d was taken at the end of the experimont,
again with zero ’C’Eiératfﬁg voltage, The normalized aéﬁe{eratinﬂ volt-
ages gilven 1a Figure 63 are the ratio of

Bource voltage, The curves in Figuré 63

ages were used.. Also, measurer nts at zero accelerating voltage were
repeated periodically in order to monitor the beam current and nomingl
charge to mass ratio throughopt each experiment.

~

9.7.3 Currents Available from‘the Colloid Source

It was found that dc Beams established in the colloid source varied

I4

N

from 5 to 70 nA in detected beam current. Examinayibn of the glycerol
N . ° f/ ’ 5
deposited dinside the cpllimators showed that the range of output beam’

currents was ayresult of the beam beiné off-axis before striking the

nd

)

‘collimators. When the beam was too far off-axis or else showed an un-—

[l

'sﬁitable’beam shape, the hole in the collimators transmitted only a

4
A
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(a) Normalized Accelerating Voltage 0.0.

A
-~

(b) Normalized Accelerating Voltage 2.20.

‘ . p
" (d) . Normalized Accelerating Voltage 0.0.
\ : .
Figure 63: A Sequence of Transit’'Time Measurements on Accelerated
: Colloid Beams, as a Function of Normalized Accelerating

\ Voltage. Vertical Scale is § nA/MABgr Division, and
. the Horizontal'Scale is 200 .usec/Major Division.



small fraction of the total current produced by the source. Comparison

oo
of the beam currents measured f{or the source with and without colli-

L}

mators showed that typfcally the collimators transmitted 1/4 to 1/10 of

the total beam current. This problem in the spatlal distribution of the

total beam somctimes pave beam cross-sectfonal arcas which appeared
cresce t shaped (Jl\l the detectors.

As explained in ?errinn 9.3.2, the dc beams inrthe collofd source

M -

lasted for perfods ranging from 10 min to 1 hr. During that tfme, the
magnitude of the current arriving at the detector udiklly decreased, by
sudden fnstabilfities, by amounts up to 30% of the iiditfial detected beam
éurrenf. Possible reasons for the current decreases include both
changes 1in the total beam current emittggiat th. capillary tube, and
changes in the spatial distribution of the beam up%ifeam of the collir
mator. The current éeﬁréﬂﬁé gfféct can be seen in the results shown in

7

?igUfé Gﬁa'and Figure 63d. For the s 'g exper{mental éénditiﬁps, the

/s

beam currents are 7.5 nA and 6 nA, re PgatiVélyf for two'beam current

measurements takén about 30 minutes apart 53 : ) ﬁj,

The application of accelerating potentials dp to 75 kV had no cor~

relation to the iﬁb‘ instabilities seen {n the beam currents, Abovyé .

. - ’ ' H -
75 kV, interference from the microdischarges at the accelerator elec-

i

trodes became evident, as discussed in Section 9.5.3. \.

One effect of the accelerating potential on the beam current was a

’

decrease in.detected beam current as accelerating potential was

1ncreased. The efoCt appeared ko cause a reduction of the .order of 2

to 5 nA in detccted beam current at acceleration potentials of ~90 kV.

§

This phenomenon is 111ustrated by the curves In Figure 3¢ and Figure

63d. Figurc 63d was.recorded immediately after Figure .63c, and shows. a

/ S ‘ -

4 \



"y

(

¢

2.5 nA increase in beam vurrent as the normalized aceeleration poten-
>

. b
141 was returted from 4.7% to 000 The eftect was reproducible and
S .
reversible,  Atter pts to correlate this offect 1o secondary vlectrons

at the detector were unsuccessiul (nee Sectdion 9,7.4), It fo suppestoed
that the decrcane In beam current 1s caused by neutralization of bheam

5 ‘ :
charge in the accelerator gap region of the accelerator,  Charge neu-

-

# -
tralization could be caused by clectrons produced at the low voltage
) s : |
elect rode surface bedng attracted to, and peutrallzed by, the positive ’
2
charge In the beam, Analyslia of the data showed that the - mapnitude of

A

the effect wan about tho same for all casoes,

. Y -
¢
peary Nl
- " = N n i
Expertence galoned during oxperiments Investipating necondary par-

. A i , .
ticle ﬁrddurtﬁﬁn on the teat boneh (Section 6.4) showed that oloctrons

|

are produced when the collodd beam strilies a matal surface such as the

electrical For this reason, additional secondary electr

of BHTQQ i}drlittlﬂ SOULC ‘
;Paftiéulzrg the.'d at ¢ )
:détéétgf as a function Gf‘inérﬂasing;ﬁrégiérétiﬂg vo]tégezw?s the samd ’
Eér?eithé;'Oror ~360 -V on tﬁiﬁ é)égtrﬁdé. * )
o Figuré 64 éhé;ﬁ ghqi in‘ﬂ&ditfﬂﬂ;FO the wire grid indorééraréd 1
into t£§ élécgfiéﬂl’ééﬁéﬁkﬁf, a ring%shupéd‘e1eétrode‘wns placed in > o
: i \ : % . e
. fromt of thé'aéé?CtO% e ; b

N S
v \ o \ L . P
dbsbrvat%Ons made during varfationsof the blas on thc(dotector
. ' : R4 ' ! !

. Ly [T ‘

geld, were: | T, 7 P |
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biased ring electrode

/ e biased detocton
’\/ prid

il
N e o mur face of
) / segment od
electrfeal
odaat orlor

detector support
Tow voltage . ductte plate

clectrode fnuulator

Vi

SRS
<}

by

(9.8 mm

6/ min

e
N
[N

PLLLLALL 0

P o 1.0 min

2k
-
=
=

]

Flpure Gh: sketeh of the Electrades at the Peteator Used Tap Secondary

Partfcle lxporiments,

(a) ~With na colloid beam dn the aceclerator, a bias vf]rngv of more
. than ~200 v eauaed 8 nogative cuprent to appear. an
wetronn omitted Trom
ihé‘grid and dotect h
(b) Appli 1 of, bigses
N ¢ T ] . Uy » r?;: B
stability as evidondied by fewer, 'shoyt term: instabil {tdes in
detected Sﬁﬂﬁ:fu{Pﬁﬁtai: B A : :
o . . . i ; R
7 (¢)  The dependénee of ‘detgcted beam current onl accélerating
" was independent of grid bias between -50 V and -500 V.
i ‘ - \ -~ . "
Observations made during varfations of the bilas voltage on
‘- . » . s - . ., ]
ring electrode in front of the detbetoxr wore# ! gl



R~

()

(b)

(b)

With no collotd beam present, and bLias voltopes up to -4 PV on (e
L

v
»

ring (‘1(‘\'(1'\:«](', Do gurtents were detected on 't'lu' clectrteal
detector,

Ul'trh a collofd beam precent, and between -2 hV oand <4 KV on the
clectrode, small (51 pA) nepatdve cuirents were dotected on some
segments of the ¢lectrioal detector,  1t. is postulated that thepe
NepAative carrents were cauned by pecondary clectrons ereated Ly

the dmpact of the beom on the reld fu front of the detector bedng

returned to the electrical detector nurface by the electfie {{eld

/

e Wi ih/(“ ohnervied
23

set o up by the 1iancd rinp electrode. At po f:

negative current comparable to the magnitude of the beanm current - -

accelerating potential polationshiip déscribed 1n the previous sce-

. . R
Blar voltages of up Lo =4 kV on the clectrode had po of oot on the

_pulses observed on the clectrical detector durfng operation at

The eloctrode bias had no effect op the bedn cprr%ntzvaCCﬁ1ernting
. ) i * =
E = i # ! Z
voltage effecr, . . : '

&

~ ~ 5 B . o ;
These secondary ‘eledtron experiments can be sumnarized as:
y ,

Scecondary electrons ercated at thé‘gétﬁétoré apparently have l{ttle
effect ¥n the accelorator of colloid source operation, \
T L » . ' )

i
i
i

The dectreasce in detected beam current as a, function of accelerating”

Véltag¢ could not be significantly ibfluencad by detector grid or

'



ring clectrode blanesn,
() Secondary elections are produced when the collotd beam sty then a

sur face, whether 1t fn the detector surdace gpF the blan prid, It

-

appearn, then, that the Lot detector conlipuratfon would conuntnt

of only the detector P face apd a rlop clectiode tn {ront of the

surface, blased to provent eucape of secondary clectrons produced

v
al the detector narface,

At the concluston of these experfments, 10 was decided to aperate

; the accelerator experiment: with the detector prid held ac =100 V oand

—

the ring clectrode grounded,  Thene condit lons wore uacd {for the ro-

mainder of the crxparimental program,

anslt Time Fxperd

1 TIntroduction

yIransit tinme is defined to be the time 4t taken a particle

~

to travel from the capillary tube tip in the colloid source Co Lhe

L
; cd by ﬁ%t':’ﬁiﬁg;i time of flight
type measurcment whil (,11(*| beam 1in lz(,‘il’;f’,~HC(“(‘1QX‘§§C(::§1;
For the firstﬁcnﬁcjihbrﬁ ;re nOrpﬁCthiﬂligrﬂdiFﬁtﬁ in the
’ SYStG;\?XCﬁﬁY {OT thﬁ‘figldﬁrﬁurrouﬁding;thé Cﬂpiljéfy tgﬁg tip in tgé

collofid source, A timo of flight meast’ ¢ment 1s performed when the

».5 B H i
tetrode in the accele‘r;atc?f dome 1s triggered to pulse the source capn
illary voltage to zero, thus momentarily interrupting the collofd beam
i r'd & . 4 H <y B = f’

[ s
A
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-l

production,  For some tlue after the collold beam i fnterrupted ate the

source  particlen continue to arrtfve at the detector,  The detected
current then decayn to zero. Sectton 3.3 has ohown that caloulat fons
pexrformed on the rurrvnnl decay curve yleld 1niulm§1un on the nomdaanl
v)ml’w/(n wans ratio of the beam, and the total mass flow rate in the
lw:un( The transit time detined i‘m(»v’(\ 1 nv;xi]nl:llv from i time of
flehy current decay curve Hu:’: the time between the fpotant the source
7?\=\lﬁj!'ﬁll1 upted and the polnt on the decayfng, portion af the deteet od

current curve at which the dast particles of a glven charge to masne

ratlo apecjen arrive at the detector,

The calculations performed In o time of flght measurcement

il

agsume (hat the source to detoector drift dintance s a f{eld={ren
repton,  Therefore, while the source can be Interrupted and a current

A ]
deeny curve can boe recorded with an accelerating potentinl present on
the fap, and while transit timeg of lj’iﬁTf‘iFT(".‘i capn be measured, no time

of fldght measurement caleulatio In other words,

potential along the parricle trajectory, but the transit: f;imc- measurc—

is a uniform potent ial along the drift:sbaCG between the souYce and

Fl

’h

detebtor, : 3 LT

In Section 9.7.5.273 fhﬁﬁfﬁ?iﬁﬁl valud for transit time is

derived {rom an asnsUmcd dfﬁtribﬁridﬁ of potential along the . particle

- h
,tr‘ajéétory ‘Se ction 9.7.5.3. pr(* ,untu lh e'xpurimcntalg datu and a, ;

I

) .
?&compﬂrlngn between’ the caleulated ung mcaqurcd valuaes ff tranait time
- 4 _ i § ERE ‘ - H
“for_varfous a C'clcrﬂting tentials, : : P ,

s Lo s ! i
= . \ . . : i
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9.7.5.7 Theory ol Par ttele Traneft Times
d e
A relationshlp betveen Clme U, axial position v, and
>
radial porftion 1 of o particle traveroing a potenttal dintxibution

-

V(r,r) can be found by stavting with an cquation

0 =Y m(i42) 4 q Vir,e) . (9.4)

The right=NMand side 1g the num o of the kinetlo and potential energtes
of the particle.  The part fcle motfon and the poteoent fal dintribut fon

are ansuncd to be fndépendent of the rotational coordinate 0, The i
L r

left-hand stde of cquat fon 9.4 Is rero beca the referepnce [O0r poton-

b ¥

o ‘g

Particlo mass and charpe are denoted by m oand ¢, respeatively, {m

, < . ® . . )
tial V{(r,z) han been choacn so that the total part {ele enetey 1o zora,
: At

'

condition of zero total r-jxéif?,}" 15 canily satis{icd by adjustment ©f all *,

potent ‘ala in the systop by a pujtable additive

tant potential

which dependa on the dnitdial enerpy of the particle, Now,

iy

a8
g

[
o

o

o

where £ = do/dt, ©' = dr/dz, and z = dz/dt, Therefaore equation 9,4
: ’ . ! A
becomes i . = i -
| 3
0 =% m(tr'")z" + q V(r,z) . - €9.6)
L] ki K -~ _ . .74 . .
' Tgansposition of vardables dn equation 9.6 leaves :
A -
a ) i . /¢
R ' ' de 'r’m(l'fjr"z)' i;,,l o
F AR Y TR IS VA ;
X i,i )
dz . (9.8) ’




W ";’.)

Thus £f the partfcle trajectory were known (Lo, © as a funct lon of z2),
the tran tt tdme (C - € ) taben by a particle to traverne the axfal

9]

distance (2 ~ 2z ) could be found. Untortubately Fuowledpe of the tra-
o -

Jectory requires o complete knowledge of  the potential ddstribat {fon
V(r,z), which 18 not known, a
Equation 9.8 can be slmplificd by ausuming that the particle
4

Is paraxtal. This 1o jJustificed by the fact that A-Xpi-llm’('nt,xlly the beam

Is collimated to within 18 mrad of the axis. Then

~y , i ,
o Jz \2q V(0,z) o -
(o}

in the transit time as a function of the axial patential distribution

V(0,z), The axfal potential dideribution can be esCimated. and an
L4 »

3

approximate transit time calceulated uging equation 9,9, i

N

Figure 65 shows £l

approximation

accal **-;rﬁting potential {s (]:C-ﬂg’)téd as'V , and the origin of the zmaxts
¢ s ;] >V ! g k

: i N : I .
. 18 the outermost tip of the high voltage electrode.: V' 1s the axial

boténtialldistribugicn with respect to the low letagelélEctrode;rﬁhich

is held at laboratory ground potenttal. The fields associated with thé
. o & ) C
linear potential approximation V (0,z) are assumed to penctrate the
H . .
4 S 7 : ! [ A ®

” i ] 3 . ) - ’
bores of the two electrodes a distdnge equal to pone-half the electrode

. . ) E . . e "
inner radius. o . ’ LT T

1

. ‘ . A S
. The ngxt step 1is to relate the potential sV (0,2), vhich is

1( o ) s ".: P ! 7 .

the potential wil, respect to laboratory ground, to the potential V(0,z)

P . . N -+

- H B ) EY

s

7
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Figure 66 shows the part-~

and detectors.

time equatfon 9,9,
»

In the transit
lome, accelerator electrodes

required

-

lcle pource, accelerator

Alsc shown are the potentfals, with respect to laboratory ground poten-

tial, (lux"ln;'-, normal accelerator operat fon, VU s the operating voltoye

of the source relative to dome ground.  Now, a particle of {luld is nt

rest dn the partfcle source at some instant Just prior to belng o jected
;I‘lx§~1’(‘f('>r(-, for the particle (o have 7vro

( ~

(},/;, the pﬁU‘nLI’fil of the source

{fram € he capillary tube t 1p
~
requfred by equat fon

total encrpy, as
(9.10)

must be roero, and
z—ﬁ'— = - \, =
V (0,z) = (V 4V .
(0,2) = (Vv )
. A
al mass m

&
4
tranait time of a particle
cnce, since

A !
Equatiofl 9.9 gives the
and charge q, It would be copvenfent to remove this dependence,
! - B )
the trannit time ﬁﬁ’aiﬁﬁﬁﬁﬂ’iﬁvﬁ]\f&ﬁ the entire beam with 1ts range of
eharpe and mass values, A Lransit time (t = t ) s dincd 1o bﬁ:thﬁ
5 E N £
Cransit tme tl
(t =t ) 15 defined | nme ;
. Va = 0. By means of equatiuns 9,9 and 9,10, the ratio of transit timcs .
5 : ; : . c -
CUdefingd byt : ' g
i 1 i : N 3 V ::‘: o PO ’ V ’
i t -~ €t )
. _ . R. = ( 6)5 ’
) t (t - L )

i 9.11)
b1

1.
S 2
) dz L i !
: . A
A .

’ .
' ; "1 z, =V
Z = z 2/
! “o Yo'v( :412 N

becomes
A ‘ & R
. R
SO , y e i s E
el et : . i
,%‘ N : . E
) ' ! ! # 4 * : i ! T N ) B ’ .
The ratio R will be referred to as the normalized transit time.  This
. r ‘ ' ° ' . o o ¢ . . )
Can be further reduced'to ) e R
e R Y - ¢ ,‘,”'., ‘. { X Yoy i r‘ A "\ .
; % IR L) . A i
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low voltage clectiode
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[
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Figure 66:

i

Schemat 1c of the Accele rator Showing the Potentials of the
Companents RgldtiVO to 1dbUTdtDry Ground, ‘Also Shown 18
the Poten&t%i‘functloﬂ v, L) Required’ 1n Fquatiun 9.9,

N . [ ., \

Loy 3

? ; "~ . s |
¥ "wwt"’" “ ., " . s .
M‘ ‘ O



268
el
1 dz .
Rl A : (9.17)
, Z - 4 s 2
/' ‘ o o P(z)"
where P(z) hao beon v\ﬂ'uln“«r«l‘, trom cquation 910 and the potential
* - -
distributdon V (0,2) shown in Figure 65, to be -
P(z) = 1.0 | ) £ < =953 mu
' . =~ 1.0+ CO.062 4.0,0065 2) ~9.5%% mm <z < 1Ah5H pm
= 1.0+ C : z = 1445 nm (3.173)
whie e
. ~ \Y
n . .
Comoeth (9 .14
¢ v . { )
& -
Lo
™ . . ) B 7‘ . B ) .
" Hereafter € will be referred to aa the normalized accelerating voltage,
~ T Two important featured of cquation 9.%2 are;
, : , )
(a) The result s independent of partdcle charge to mass ratio, "!jh'us
tha ﬂﬁf’l‘ of the current decay cufve in a transiC time measureent
; : o L
= . £ ; -
steepecr as .the nommalized accelk age Is increased 1in a
* . peries of tramsit gi*ﬁ;f asursl /iht . 5 5
B i R . P W ’ /,) " 7“«,‘ I3 - “
. . , - S H R P T , '
L (b)  The intekrand {s dependent opnly ol Cif phe normalized accelerating . .
poteéntial, and not on the absolude values df source and accelerator
: ' potential, v - v e X -
- . ) i . , :‘, R
, I the following section, the r‘eﬂults.'obta}'ined by measuring
")+ the change'in the time schle of the trans{t time curve for various
A ,7 V ’ ' - - "
« "+ accelerating potentials Vo oare :comparcd to the thebretical estimate of
- . F ; Dt A a : ! 5 v
L s : ' [T ' . R Ee
the ‘time scale change given by equatdons 9.12, 9.13, and 9{14. A
- i . L. . . ~ R
. . S 4 \ A e a b
' ’ / | U “nl
' - ) A *
r ) ., -
N . -;" o



9.7.5.3 FExperimental Investipation of Particle
ix e 1[ I Ilu t e .
e e 2 T i . - v /

The experimental resulte shown o Flpare G are yeprosenta-
tive of the renults observad In several transit time experfment .,

Thoee obrarvations made from the data are:

4

-

()  The duratfons of the tranait time curven dedreane an acaclerat ing

v()l(“p)(« s dvcreased (e 1. Piyrures (7173:'1‘ O H"u and (:"ﬂr) .

(b) The durations of the transit t{me curves returned to their tnitlal

I 4 '; al
valuesn as accelerating voltage was retwned to zero (e f, Kipures

<

ih
63a and 6349, . 8

A

(c) The slopen of the current decay curves decrease as accee'leyat ing

; i - - N
voltage 1s fnereased (c.f, Figures 63a, 63b) and £3c),
A A # 3 * . : ! :
The first twoe of thepe observations sagree with the expected results of
-~ - Q
B A K . ) F i
the experiment, as d ';{iﬁ\xfisiﬁél f}\ the precedin  seltdon, However, the',

change

and the ﬁhéorctiéﬂl Cusﬁréﬂ]Cuiitﬁi%VSfﬁg equations 9,12 to 9,14 from

the previous secction. The experimental transit- times were arbitrarily

~

measured as the duratians\?f the curves, in scconds, at. the half-
. "'a%“ ) i -
current points of the curre f\?ULJy curve This procedure assumes

Wé

that .the halff(nxrcnt podnts ru{er to the, same species of particle in
. . ey :
each case., Thentrnnsit time rnt%os were‘then found using the transit

- 5 )

time found {rom the zZero accele ration v01 age case taken at the starty
- ' ! : \ 5, N frm

of the experiment: Figurc 67 shows the combined results - of three

N
-

‘experimetits, . for Vhich’the:expefiméﬁtal ﬁbndit}@ﬁs'arc given in Table

22. ‘Thg accg}eraCOf‘geonwt;y A defined in Table 20 was used. in all

r
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- ™ - ;‘Ux‘\!(' fitted to N /
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'l ! ‘ I 0.6}

pormalized
» transit,
) time, K
t
# 041 ' "]
»s;*& S v
fooRE x tflj] 1 d
- i . _ * . 4
B ). 24 o trial 2 : *’\ ;
' A trial 3 ) !
‘ ' - N
ﬁ\ = \i‘z ) -~ _ \
' Of S
0 5 5
s b I
s / 7 |
! . Armmiag o
Figure 67: Experimental Trapsit Times Compgred to the Theoretical
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the beam, and

three experdments.  The nominal charge to mass ratio of
R Y
the mans flow 1ate, wepe caleulated {rom the zero acceleratlon cane, A
which Is Just:a ‘tlxm- of flipht measurement.,
The error bars tt,hv experimental polonts were found by
in the data extraction from the photopraphs of
’

congidering the erroz
Figure 67 shows that :

the transit time decay curves.
(a) The results taken in the three experiments are self consistent.
through thg experimental points

. -

~

b
5

differ by about 207 at

a normalized accolerating ~wacntTiﬂ of 5.0.
difference between the curves can be
o«

attributgd to three

- ;',; ,
shown by thd

The theoretical curve and the curve

.

(b)

The

re 1s the experfmental uncertainty
B ~

-ondly, there must bg some exror introduced

there

Firstly, ti

ed

figura.
1¢ calculation 6f7 the theorctical,curve,

errof bars in the
leading to ti

At this point some comments can be made about the possible
- ' Y E .

changes in the particle charge to mass ratio as the particle traverses
cs may be due to

Two
4

conatant

the source to detector drift distance. These changes

AR E b e

changes in particle mass, charge, or a combinatdon of the two.
s must be noted-~that the velocity of the particle
' Lo

basic fac

1

[

y I

'+ in field-free reglons of ‘the trajectory, and that the transit time .
3 L]

Some ramifications of this

\basically-méﬂsufvs velocity.

\
\ measurement

are: - : o
' »

Wor g
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Table 222 Paramvters for Three Experiments on Transit Time Measure-
mepts, Cortesponding to the Results Shown dn Figure 67,
Figore 67 Shows the Valucs of Normallzed Accelerating Vol
age Used In Fach Jelal.
Trial Source i Baawm S fl(gnllml ( harge Masg8 Flow Rate
Voltage V Current to Mans Ratio - 9
O ~
(kV) (nA) (coul/kg) = a (10 kg/mec)
e . e T I o —— .
i 18.7 7.5 21.9 - 0.34
2 18.5 72. 22.8 3.2
3 14,2 8.0 ’ 18.7 0.4
E _— — — ————— —— " .
(a) 1f ;there Is no accelerating voltage present, the transit time
measured for a particle is that determined by the particle charge

®

1]
(b) TIf there is an acceleraring voltage present, any changeesin purridﬁu
V i
charge to mass ra(iﬁ,which takes place betyeen the source and the
i : po B

accelerating gap wi]i”ﬁﬁi]nxﬂx the paftié]ﬁ ~velocity, heﬁéﬁ a

: : %
K} 3 A L < - <
change in.charye to mass ratip L&f‘ on the Jﬁuréﬁ and the gap

3

,‘

The CdlculdLIOns of trans 1t time have assu " the part-
icle charge to mass '‘ratdd is (onstant Hownver, ii the ﬁhar?b to mags

' |
ratio ingrease in -the sourvc to bnp reginn, thé partiﬁéb ﬁ?lonity wil¥

be highcr Chan expected aftér ﬂCCF]éTﬂCiGﬁ. This 1n/g1ﬁp means that” /
. ’ B H ,." s H ,{ ;’
the measuf@d\transitrtimé ratio,wi]i be lower than that indiéatéd by !

\
!

the thecry. On the othcr hand if the particlé chaer to mgj %dtiO

. dECrLaSPb, the particlg 15 ‘going SlOWGf than cxpecncd after nc<cluration,
- gt i >



- g ¥
*co® &

and the transit time ratfo ig higher than that indicated by .the theory.
L2 af : k .

Figure 67 shows that the consigtent dffferenee betweon the

I

theoretical transit Y.ime ratio ¢urve and the curve drawn through the

" experfmental points {s such that the experimental transit time gatios
. . - , ®

are higher’than those predicted by the theory. Therefore ft appears as
. |

!

4
though the particle charge to mass ratlo was decreasing in the reglon

- o . :
between the soure:: and the acceleratfng. gap. The decrease in charge to

,
.

" mass ratdo ip tary Amplies that even though both charge and mass 1oss

may occur, charge loss 1s the dominant effect. 1In other words, mass
- " /
loss due to glyp(‘rol evaporation from the particle 1s relatively less
| ‘e ) N
important than the chargeé loss, The conclusion that charge loss occurs .

s consistent with thg fact that the detected beam current was scen to
- . »

~
’

detrease somewhat as the ac%elgtating voltage was Increased,”’
! %

9.8 Spntial Distriburions of Accelerated Colloid Beams ' o,
222 opn] , : : crated Lollold Peans o,

. 9:§f1 Iﬂ{roduc}jon ) ’
: ’ ) » . R

/ﬂﬁ The spatial d4stribution of %hq colloid beam hitting the detectors

'S . Fomm ; B . * 7; ’ . . ’ N 'i

is of dnterest for four reasons]  Firstly, the shapg of the beam before

being: intercepted by the co}limét0%s can be paftly deduced from the

shape 0{ ihé Sctéctéd beam, Sécéﬁ@ly? alignment of the source inrche:

actelerator can be asse§8éd. Thirdly, SomérprpértiéS;Of &rifting and

accelera%ed beams are illustrated. Finally, the prqperties of the

3

o ;;accelera£or 1tself can be investigated, r Generally speaking,-the first
,of these four reasons 1is less impoftant than the 1ast‘threé, because

useful experi nts can be perforncd with a variety of beam shapes,
. ‘ ¥ ~

5

Jprovided thau the current transmitted through the collimator is suf-

ficlent to be détected_qh“the'indiyidual segments of 'the electrical beam
" N / , ‘ ' ! " i Lo

R ST : .
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detector.

Section 9.8.2 discusses the theoretically predicted focussing prop}

[

erties of the accelerating gdp, which 1s in fact a single gap acceler-
. \

. : (

ating lens. )
The presentation of data in Section 9.8.3 'is intended to servela
. P , Cof i
dual purpose.  The most fmpgrtant *aspect 1s an fpusessment of the opeffu-

M ~— . -
//ﬁ tion of the collofd source\in the accelerator §n the particular fasliMon

usced 1n theset experiments. The_second aspect fs the generalization of

o

M

the results and ]Fchniques o accelerated colldld beams in general.,

9.8.2 lhenr?tiiul Miscussion of Acc elcxdtor1}o<u sing Prop?rtius

Tt 1s well known that the. passage of a b;éwfof charged particles

through a series of elec ent potentials can be

”r
odes held at diffe
analyzed in a fashion vcry‘hiélogous’to ti

, %ai” / o
through a series of\pptical‘len553\2;AﬂfacceTernting gap acts 4s a

'€assuge of a 1{ght beam

focﬁas{ng lens for the beadaof charged particles, but the beam image

F can be fither realeorévircuﬂl. The discussion of the acceler rator
focussfng propert ics which follows 1s based partly on a discussion by
ot 7 777857 ) ) “i?‘.‘, iy
Spangenberg . : . . -

= 8

The single accelerating gap in the microparticle a CP]Z ator is

. considered as the electro;tatic lens {n this discussion. The electrode
' geometry»has been shown in Figure 59 of Section 9.3.2. A comple&e dis-

\
\CUSSiOH of the lens propertiE5 can be made only by using the potentihls
bt each point 1in the 1ntere1cctrodc gap as a bpsis for calculating

) A
‘ =

v detailed particle trajcctorigs across the \gap. This procedure cannot

bg ubed here since thq potential distribution is not available. However,

pro‘erties of electrostatic lenses.f The properties of the aécelﬁrating

Y




-ratio of accelerating voltage to source voltage).

. 27s

-

lens depend §n{q on the ratio of the incoming and outgglng particle

velocitic#™ Thus 1in the’ present particular appli(ation .the lens prop-’

erties depend only on the normalized accelerating voltage (i.e. the

Two focal lengths are associated with the lens., These focal

~

‘lenthS‘are different betause the particle velocity is different on the

objcctvand imagd sides of the lens. The shorter focal length lies on

-

the incoming, or high potential, side of the lens. At higher normalized

i

accelerating potentials, the lens displays stronger focussing properties,

and the foral pofnts lie closer to the center of the lens.

The, next part of the discussion assumes that the nox alized accel-

erating potiential s fixed. For the source located out’side the first

focal point] the beam will be focussed at some 1mage point on the other
lens. ﬁpr the source located at thé first focal point, the~

beam emer 1ng from ghe lens w111 be cylindrical 1n shape. ' For the

:source logared betwec the first focal point and the gap, the image is

, O  at some arbicrary point (where beam diameter is dependenc on

fdetector position)

virtual, éﬂﬁ the bean is diveréent, However, because the axial particle
oA | \, .

velocity 4is ingrecased and radial particle velocity 1s nearly constant |

during theracceleraticn, the beam is less divergent when accelerating

voltages are present than when no acceleration tokes place.

For fixed accelerating potential and source position, various pos—
itions of th%)detecto% will show varfous beam shapes as weii, depending
onﬁﬁhéther the detector is at the image point (thus detecting an 1mage Qv(?

of the source),‘the second focal peint (detecting a focussed beam spot),

e

e

: £ :
- k. PR N ! i , . ) “ H '
It is sdén thcrefore, that source pOSition, detector position,
N ' N 2 o/

o / s, ! . . "~




-/ each centered'around a bright spot‘in the phaiogfaph iﬁdicatingvthe

3

EA ™

B < |
and normalized accelerating poténtial together determine Eﬁ;/g;apc of

colloid beams as detected,  In the present experiments, the source was
located as close to the- accelerating gap as possible, 1n ordei that ther
beém diameter ée as small as possible where the beam enters the accel-
erating flelds. Two positions of the source (described as ‘Ceometry A

and B) were used because of problems encountered in getting reliable

»

source operation (Segrfon 9.3.2). 7The detector position was fixed by
' .\ . P~
the geometry of the complete accelerator structure. and was not thanged
A
r

throughout the experimental program. Likewise, the gap geomctfy was

* held fixed. Thus the variations in accelerating potential in any ‘one

expeximent correspond to variations in the posltiod&-of the two lens
PEX, el

focal points, with the source and detector positions being fixed. The

‘results of the beam optics experiments are -given in Section 9.8.3.4,

»

and are sufficicnt to allow an asse:rsment of the lens properties,

9.8.3 Re ults of the Optics Experiments : ’ /

' "9.8.3.1 Presentation of Data ~

"

This ééction displays and describes the data recorded during

3

exp: riments performed to ‘nvestigate the focussing properties of the.

accelerator. Figures 68 to 70 are resultq taken during three different -\

exﬁeriments ~in- Figure 68 the detector was an, aluminum plate painted

with;fiat black enamel. 7Two beam spots are ¥;$1ble on the one plate,

gegmetrical centers Of -the Two detector positiuns. Two Separate discs

—— —"V"“—*ﬁw
~

of 11quid crystal screen material Wefzkagéd‘fvr the two sgparate measure-
N

ments required 1n each of Figure 69 and Figure 70. In, each experiment,_

RIS o .

the photograph of thb glycerol deposlted on the black surface detee{or

A

fis compared to the distribution of :he beam On the electrical detector,
ﬁ*‘ T

Tl - L tnd

N

Y

’



a

-

(a) Pattern of Glycerol Deposif&d (c) Pattern of GlycerotﬁZ;;bsited

on the Painted Surface Detec~ on .the Painted Surf ®\ Detec~
- tor, Zerb Acceleration Voltage. + tor, Normalized Acceleration
" _‘&f" . Voltage 2.28,
o ‘?_ ' .
ﬂ‘h

e

(b) Currentg”ﬂeasured (in pA) ‘ (d) Currenits Measured (in nA)
on the Fouf Ring Electrital on the Four Ring Electrical
. Detector, Corresponding to Detector, Corresponding to
" the Glycerol Pattern in (a). - the Glycerol Pattern in-(c).

 Figure 68: Comparison of Painted S$urface and Electrical Detector
Results for Beams Undergoing Zero ‘Acceleration ((a)
and (b)) and Normdlized ﬁhcélgratiop of 2.28 ((¢¥and -
(d)).  Geoméyry A has been Used in the Accelerator.

This Figurelisfﬁrawn 7/8 Full Size. TR :

‘o v

gy



(a) Pattern of Glycerol Deposited (b)
on the Liquid Crystal Detector,’
Zero Acceleration Voltage .

N
“

Currents Measuraed (in nA) on
the Thirteen Segment Electri-
Detector, Corresponding

' . to the Glycerol Pattern in (a).

[

w3

s | | ) | e
(c) Pattarn of Glycerol ep Ng“ (d) Currents Measnred‘(fn nAthn_A

- -on the: Liquid Crystal Detector v ent Electri—’\' A
' NormalizedrAggeleration Voltagg cal DeteccOr Corresponding - T
« 1 58 e L P f-7~23_ihe GIYCEIDi%FﬁGGGID~iﬂ'(C) o
S| " S : - —— e
N T o ;g\ﬁi'~<w»v\ A T L
- Tt - e H‘“J“‘-“M [y -
Figure gQﬂ“‘ComparisQn_of Black Surface’ and Segmented E ectricxi—ﬁafeetot
; "_ L R '\its for Beans Underg“ng ceélerattonit(a) and (b)) ﬁ*‘**""““*~

and No§maiized Acceleration of 1. 58 ((c) and*{d¥§v-ﬁceometsy‘
“,‘ ‘ Used “;;he Acceierater. The Figure is Drawn
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«

(a) Pattern of Glycerol Deposited }(b) Currents Measured (in nA) on \\\_
on the Liquid Crystal Detedtor, the Thirteen Segment Electrical
Zero Acceleration Voltage. ) Detector, Corrésponding to the

Glycerol Pattern 1in (a).

1 . ’ . ' !,

(c) PaCteru of Glycerol Deposited (d) Currents Measured (1n nA) on

on the Liquid C¥ygtal Detector, . the Thirteen Segment Electrical ,
‘.~.vNormalized Aéceleration Voltage "' Detector, Corresponding to Lok
L 4 57, S " the Glycerol Pattetn in (c). . )

“riguge\70:f Compariaon of Black Surface and/ Segmented Electrical L

.Detector Results. fotr Beams Undergoing. Zero Acceleration® =~ . vy
. 4(a) and (b)), and Normalized. Acceleration of 4,57 ((c) IR L
.4 . ‘and (d)). Geometry B has been Used - for the Aceeletator.uv o

X ,The Figute is DraWn Full Scale. e

\-—( =

,..




for both no accelaration voltages and acceleration goltéges present.,

The current distributions are displayed as the current incident on each
I3 £
. , . '
segment of the detcffor. Thedelectricdl detectors and- photographs have
the same scale in each figure. Table 23 lists the technical detalls

pertadning to Figures 68 to 70.  Because thjuz;tcnsitiég of the beamd
. varied depending on the acceleration voltages present, varlous times of
. . P
. ¢
glycerol deposition were required to get visible deposits on the black

’

s
surface detectors. The timés are also given in Table 23.

.

In any one experiment, the procvdures followed were:
(a) measure the beam current distribution on the electrical detector,
(b) Insert the black surface detector for the measurement period,

, .
(¢) remove the black surface detector and repeat the beam current

measurement ,

. (d) apply.the avcelerating>voltage,

\
(e) repeat steps (a) through (c), -

»

(f) rxemove the accelerating voltage and fepeat the beam current

measurement, ‘ o /l

An assessment of beam stability was made using the electrical detector

"

results. All the data presented in’ this chapter are éaégi in which the

beapm intensit) and current spatial distribution were reasonably con~ ' /

\ , /

.

sistent throughcut "the measurement period.

9.8.3.2 . Beam Shapes and Alignment

. An 1nportant point to notice from the results in Figures 68
‘-co 70 ﬂs that the pattern of deposited glycerol correlates very. well.

with the pattcrn of current indicated on the segmented electrical

"
L

detectors. Also the thirteen segment electrical detector in Figures

¢f69 and 70egives a reasonably good description of the asymmetric beam . SN
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1
) Table 23: Experimental Details, for the Results, Displayed in Figures'
- 68, 69, and 70.
“ Figure Accel. Total  Source  Accel! Normalized Time of Detect 1dn
Number Ceometry Beam Voltage Voltage Accel. and Detector Typ
Current i . Voltage o
. (nh) V) (k) (min)
.__._u'r_ - —— ) - N
68a . A .33 17.5 0 0 6 painted
surfacé
68b A 33 17.5 0 o . - electrical
( , ‘
68c A .33 17.5 40 2.28 6 painted R
' surface
68d A . 33 17.5 A0 2.28 ~ electrical
69a B 33 19.0 0 0 11 black
g : surface
69b B 33 19.0 0 0 ~ ' electrical '
69c¢ B 33 19.0 30 1.58 5 black
' ) surface
69d B 33 19.0 30 , 1.58 - electrical - /
. 70a B 34 16.4 0 0 13 black
. surface
70b B 34 16.4 0 0 - electrical
. ? ’
70¢ = B 34 16.4 .75 . 4.57 2 blacK
' " surface
, 704 B " 34 16.4 75 4.57 - electrical
distributions, -«
In Figure 68, the beam cross section is crescént'shaped.
: | . . ‘ | - e - A
The crescent shape occurs because the beam from the source is not
4 'uaifornly dis;ributed'over the apetture hole in the collimatdr. Fig;
A Lo ure 69 shows a similar cype of beam»~it is crescent shaped and slightly “.
LR

of f axis. Figsre 70 shows a beam which is. unifcrmly spread over. a “:?,;fﬁﬁ

\

T 'circular cross seccion but w tch is mis-aligned with regpeet to the 7 }>ﬁ“‘”"

) S, v [ : .o . . f e

s
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. . /

aceelérator axis, which is defined by the geometrical center of the
b ) : f ~ a

detector disc.
] -

~These results show that the collimation of the central part
? ~A 'y - ’ .’
]
of the colloid beam from the source Hoes not always produces a uniformly

distributed beam on the detectors. In addition, the fact that the

r'S ¢
A}

*collimator 1s transpitting a small fraction of the beam emitted by the
source means that small instabilities in the beam distribution emltted‘
from the source give relatively larger instabilities in both detected
beam current apd detected beam spatial distribution. This problem was

observed several times during the experiments§ and is fundamentally due

i t6 the fact that the beam’emitted by Shﬁ source 1is a group of jets

clustered around the central axis, and is not homogeneously ‘fstributed

¢

over the belp cross-sectional area. (

9.8.3.3 Beam Radii with No Acceleration,
and Space Charge Effects

’ %his section compares the observéd radii of the beams
fncident on the detector with the beam radid expected from the geo-
metrical dimensions of the accelerator, Also, expected radii wﬁich

b include space charge effects have been,calculated using the space

charge theory derived in Section 2.6. Table 24 gives the results of

4 -

 the comparison The radii of the beams Were determined by examining
the shape of thé o;posited glycerol spots on the black surface detectors -

ERE 1 Figures 683, 69a, and 70a. o
e ‘ . S : S I
SRR _”f‘ In calculations of ideal ‘0T expected beam shapes based on ‘ ‘F;'; ;

‘the known geometrx of . the source and accelerator, Lt ia assumed that

i

juthe beam emerges from the capillary tube tip outer radius in a»uniformly te  ?“f

‘_Vlaistributed cone. It is further assumed that,‘at the collimator axial




. \

P

; - . -
positidn, the beam cope radius~is larger than the collimator

-

apérture radius, so "that the collimator aperture does in fact define

the shape of the beam transmitted towards the detecgor. In the fgl”

lowing discussions, the term ''inftial divergence angle” is the angle .

of the cone occupied by that portion of tﬁe uniformly distributed beam

which is sqbsequently,transmftted through the collimator aperture. The

initial divergence angle is given at the capillar§ tube tip axial pos-

Y

ition.

>
s { .
I1f there are no space charge forces present in the beanm,

the ideal beam shape i8 a cone defined by the radius and axial position

of the collimator aperture, and the outer radius‘and axial posifion of

-~

the capillary-tube tfip. The radius of this cone where it intercepts
, . . .
the detechg; is defined as the "c culeted radius-—no- space charge' in

Table 24. Clearly the initial divergence angle is the angle of the

e

. beam cone. FigUre 71 shows a sketch of the beam\envelope in this case.

LK
’ i K
/

S

In $ection 2.6, an equation giving ar: lotimaﬁg of the space
charge effects’in a colloid beam was ferived Equation 2.30 has been
used 1n the present calculations Nq&, the collimator aperture defines
the siﬂe of the beam traﬂsmitted’towards ‘the detector. An inicial

divemgence angle must be found*for the beam such that the space charge
!‘ ': "
qfces expand the beam to" a: point where 1t jaﬁ& bafely passes through

A A
the collimator aperture. F%gure 71 shows the beqp.envelape and the

1n1tia1 divergence angle 1n thia case.- The‘radiug of the beam°envelope

A
calculated from equaxion 2 30 1s called the "calculajbf radips--space

charge" 1”'Table 24. Resu%ts arg given for ehe two souree positions

283
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Table 24: Comparison of Measured and Calculated Beam Radi4 )
- (No Acceleration) at the Detector Position. - - . .

el i v

L X T Calculated Cajtculated
¢ " ¥Beam R dids Bgam Lydtial. '
N ‘ .- ivergence Angle
Figure Accelerator Measured No Space Space No Space Space
Number Ceométry "Beam Radius Charge Charge Charge Charge
(mm) . (mm) (m ) (mrad) . (mrad)
68a A 26.5 ¢ 2. 18.3 22.4 17.78 15 59 S’
69a B 25.0 = 2. 19.7 23.7  18.0 ° 15.95 ‘»
70a - B 25.0 2 2. 19.7  25.0  18.0 . 15.69
s * - : - ' A

for the calculated radius and initial divergence angie using space

charge Becéusg‘the experimental conditions différedigq the two cases.
It 1s clear that the measured beam'raaiifhfé Significantly

,\ higher than those calculatedawith no space’ charge.‘ However, the incor-

Ry

& poration of space charge efﬁects significantly ‘increases the calculated

beam radii. In two of_three cases, the‘measured and calculated (with ’

: < . o _
'space charge) beam radii agree within‘exgerimenggl’ertori Any further
‘ . . co T T e ! b
discrepancles can be attributed to errors 1A the geometrical measure~
' . - A .
ments, to scattering ofﬂgﬁe beam by the collimator aperture,. or tq an

error in the assumption “that the beam emerges\from the capillary tube i,
tip at the oquter radius of the capillary tube. In addition, the spacg _ "
e o . . 4

pharge calculation is onlg a first‘apprqximation'to the problem.

[ 1y
LA & ' . : s e . -
. gt Lo

+ P

'ﬂ 9.8, 3 4 Focussing,ProPerties of the Accelerator = .
R i
. As explafined 1n the thebretij

ator focussing properties, the acceleratot gap should act as a 1ens for

disc%sion of the accefr-—

the colloid particle beam. This efféct’?ras investig-ated experimekt-ally

? \

by observing the beam radii 0\1 the dctectora for various accelcrator
A

. ' ' A . T “ |D

‘ j_;,f:‘yo}‘tageﬁ,"and tgp\5ou1;cgquqce1'erggor‘\ggome»tr,’ie‘s,.V G :
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)

Figure 72 presents tﬂe results of the measurements, together
w7 he - .
t i

with lines joinfﬁg the various experimental. points for the two acceler-
ator geometrfes (A and B 1n Table 20). The results are given as the
ratio of beam radius with acceleratfon divided by the radifus without

accelerat fon. This ratio s plotted as a function of the normallzed

-

accelerating voltage.
, 7 !

. The focusuing properties of the accelerator should depend

s
only on the ratio between actelerator voltage and source voltage. TIn
or volcages
the results shown in Figure 72, accelerator voltages Lween 30 kV and
i ' ’
90 kV were used, fn copjunction with source voltages between 14.6 kV

and 19.0 kV. The results for the various voltages are self consistent,
as expected,

i . \/'
Two methédégﬁf beam radius measurement were used, In the
) T\% * 7 )
first, the beam s%ot @lze€s were measured directly from-the photographs
of deposited gl ycerol on the black detector surfaces, These three
7 ‘ ‘

H

results are shown as solid points in Figure 72, L the second method]

t 4 LA N '\' S !
the beam currecat op - :ch complete xing of the segmented electrical

. .. % £ i . A .
.detector surfacé was plotted gs a function of angle off-axis, after
x ¢ : i £ . - i

L3 \ H - 7 k3
B "‘I . i )
the beam currents had been normalized to a sum total of 1.Q. From a

(4]

1ine drawn fhrougﬂﬁthé four points on the plot),. an off-axis ang}e
; = :

correspondifig to the distribuﬁion width at half height was found.. When:

the ratio of the two wilths for, accelerated and non—acceleqéted beams

was taken, it was found that the ratto of beam sizes agreed with the
ratio of heam sizes measured on, the black -surface detectors. This K
o : L B : ' N
-method for determining”the ratio of beam

Q

sizes is, arbftrary, but it

@ ~
¢

appeared to giVé adcquate:fesulté whethexh{Fe beam ‘spot was asymnetricy

o
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7

: off-ﬁﬁié,ior both. fhg data fqund using this méthod'of a&:lysis on' the [/7:
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beam

;f“xgtio W s

Y

radius

KEY
. Symbol _ . feometry o Detector
- O A electrical’
— A black surface
—_—— N - — B electrical
e B - black surf{ace
2 N R B I R T T
1.0 ' .
0.8 -
AN
0.6
" Geometry B
0.4 -
0.2 ]
oL I 1 SN WS ] ]

, Eiguré 72:

3 4
normalized accelerating voltage, C

-

/

Results Showing the Reduction of Beam Radius Ratio as a
Function of Normalized Accelerating Voltage. The Beam
Radius Ratio is the Beam Radius with Acceleration Divided:
by the Beam Radius Without Acceleratiom, While Normalized

,Accelerating Voltage is the Ratio of Accelerating Voltage

to Source Voltage.

287



| _ E 4 - 288

electrical detector resvlts are plotted as open points on Figqfé ?%r

. A
Data described in Section 9.8.3.2 are displayed, along with additional

\ " !
y

Flectrical detector Qaba.

. : Analysis of the results displayed in Figure 72 show that:
o .

(a) For all cases examincd, the source of colloidal particle@ 1ies
between the fif%t focal point and the accelerating gap. Thus the
lens 1s only partially focussing the beam.

(b) The lens becomes stronger as the accelerating voltaée is 1ncreased.

(c) Geometry B displays stronger focussing than geometry A because in.
geometry B the sourcéﬁlies closer to the first focal point and
further from the lens gap than does the. source in geometry A.

No theoretical analysis of the fécussing pfopertiﬂs of the
\ ,
lens is possible beglfuse the distribution of potential 4n the acceler-

ator fdown . However, the results of Section 9.8.3.3 show .

that any'such analysis of particle trajectories in -the accelcrator '
should include space charge calculations.
R4 It should be nbted,hgfe that the discussion of the focussing

properties of the accelerating gap has not depended on the nature of the

colloid beam being accelerated. Thus the colloid beam has been used as

-,

H 8

a diagnostic tool £o indicate the optipalfbehaviour of the accelerator
for the two speciql case geometyr cs used in these experiments.

Also, it should be noted that at a normalized accelerating

3

\\' potential of 5,0, the beam radius at the detector was about 15 mm, andL\L;/
. ot ; 'Y . . )

the beam was close to the central axis, Thus these conditions are

‘ close to producing a beam Qaving*a shape suitable- for injection iato’
,furthétvaccelérating structpres. If someyhat higher accelerating /
\j,yﬁxentials could be-uéed,'orlif'theis?urcé were moved further’éwéy‘from

i

(U K
+ v. l' . .‘ “’ /
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» J

the accelerating éap, sttonger focussing wcul&
et A

colloid leams would'be:ewcn smaller Iin radius. This wodld make further
: [ Y .

occur, and the resulting

-

acceleration of the beaws 'more attractive.

9.9 "Summary

This chaptex has dieaussiﬁ topics in three main areas, which can

be described as oper fon® oﬁ Qhe colloid source in the accelerator,

“ AU
,,:ahun

operation of the acce}epat?r {tself, and acceleration of colloid beams

in Fhepaccelerator. S ' Vf
Successful operatlon of the colloid source was achieved after some

development wolk improved the vacuum pressure in andAche pumping speed

of the extractor--collimator assembly in the colloid source. Beams of

between 5 nA and 75 nA beam current, collimated to haye'an angular

-divergence of 17:mrad with respect to the central axis, were directed

onto the dJdetectors placed one meter from the sourYce,® The remote con-
0 , P
trol scher-: for the source proved to be reliable. E

o
i

:The'acceleratmr itself performed at!voltages up to 80 kV before
aicfodiecharges across the accelefating gap appeared. The accelerator
in 1cs present form needs a highef pumping cpeeq fcr élycerol vapour,
since the vacuup pressures enc0untered)in the experiménts performéd 1n55
the pfesenc work seemed to cause source instability problems. |
Colloid beams were accelerated through voltages up to 90 kV. TFor .: ‘

e

thése” beams it was seen tljat space charge forces arg presenc and are
o ‘ ‘ 3 c )

’significant for the_sourcevcdnditioQS”ueeH‘hereg 'The accelerator gap

was seen to exert a focussiﬁg effect,on the colloid beam. Tbere seemed

‘to be a. partial neutralization of charge in the accelerated beams which

indicated electron curtents 1n the source and accelerating gap regions

.
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of , . ;

. , .
e 0f the accelerator;) However, source heating or X-ray radiation created

by the back-strecaming electrons was not observed,

The upper limit to accelerating voltage, about 100 kV, was deter-

min$d by the abpearqnce of microdischarges on the electrode surfaces

forming the accclerating gap. Better methods of pumping the accelerator
. ~
would improve electrode cleanliness and thus probably improve the micro- '

-

discharge,thﬁgshoid.
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CHAPTER 10 A
IS e :

CONCLUSLONS

¢

* 4

The results contained in this thesis were obtained while investi-~

f

gating a variety of éspects of colloid source operation and ¥olloid

. ‘ . 1 /
beam acceleration. Thus the conclusions to be drawn from these results
oy s

4

may not be directly related to one another, but together they comprise "
¢

a broadening of the knowledge of colloid sources and/beams. "The con-

.,
ki

clusions drawn from the present results ¢in be grouped 1into those con~

cerning operatfion of the colloid source o the testtbench, and those

" concerning operation of the colloid source in the accelerator.

) -, ‘ :
The investigation bf the colloid soéurce on the .test bench commended

with a literature review of the. fluids suitable fo® the produceion of 4

colloid beams. The review showed that 'a great variety of fluids had

been used in colloid sources, but the values quoted for fluid properties

£

(specifically bulk resistivity) were 1neonsi§tent. Thus, once sodium

i

/
iodide doped glycerol was chosen fof the present work, a thor0ugh in-

»

yes;igation of the dependence of fluid resistivity on measurement fre-
quency, outges procedure, “temperature, and fluid dopingrlevel was made.

The results showed that fluid resistivity could be consistently re-
R 9] . -
produced ‘provided a certain fluid treatment and measutémedt'procedpre |

was followed( This procedute conSisted of a five—hour“dutgas period

while,the fluid was' held at 65 C Which was’ followed by a resistivity

' measurement using a vector impedance meter: connected to a, resiStance‘

.

‘:ce1l. A measurement frequency of l kHz gave unambiguous results.

Once colléid beams had been produced from the test bench source,'

it became clear that determination of the beam spatial distribution was

v K ) . Lo ! Wx .
. N . L Q, '

B . S A iR : o
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o focussed beamsfwas crucial to the subsequent installation of a colloid
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L]

i A |
inadequate usin; conventional beam current measurcément with a. segmented

electrical detector. Therefore three visibly reacting beaa detectors

A

were developed. The phosphor screen detector gave a nearly instantan-~

eous picture of the beam spatial distribution. Thé’liquid Crystdl

detector showed the average beam spatial distributionrover time perfods

-\ :
A

of perhaps ten seconds to one minute. Also black sur&aces were used to

observe the deposition of glycerol by the beam, and detection periods

5

of two to ten minutes were used. Use of the phosphor or liquid Crybtal

detection methods has not been previously Treported in colloid beam

a

. Tesearch.

At

Initially the colloid source was operated at values of fluld feed

pressure and capillary voltage similax to those reported in the liter-

&

ature. The results obtained ehowed that beams with suitable nominal
cha}ge tq mass ratio (10 coul/kg to 500 toul/Kg) could beiproduced.
However, beam stabilityﬁand’reproducibility were>unacceptable, and the
beams usually shoﬁed off~axis,.d1vergent spatial distributions. The M

results obtained in this "low voltage operdting region' (feed pressure

2 cm Hg to 20 cm Hg, capillary voltage 5 kv to 8 kV) 8e25r31£2 agreed

'

with the results shown in the literature.
. A
- The most significant discovery made while operating‘the colloid

source on: the test bench was the exiatence of d’"high voltage operating

A

€

soutce in the 300 kV microparticle accelerator because of the | 3‘@;4jﬁ¥:i"”
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geometrical restraints on divergcent beams passing through the acceler-
atlng electrodes. OperaQﬁon‘nf~the colloid source in the high Qoltage
Opera;ing region seemed to be more reliable tH’n was the case in the

low voltage operating region. An extensive investigation of the beam

nominal charge to mass ratio and spatial distribution was made as the

~

~ . 4 ‘
capillary tube size, fluid doping level, extractor shape, fluid feed
pressure, and caplllary operating voltage were varied tn the "high volt~
age operatingfregion.

With the inves&igation of the test bench verdion of the colloid

- "

sourcevﬁﬁmpleced, it appeared that operation of a colloid source. in the
300 kV microparticle accelerator was feasible, Accordingly, a colloid j .

~ source suftable for operation in the accelerator was designed ezdﬁbuilt.

»

The accelerator was rebuilt in order to make the experiments more

practicablé‘rriﬁe remote concrol system for operating the source was T
designed and built. Included in the design of the etelloid source was a

uniqi& pressure converter to transform analogue control pressures just

~

. -
above one atmosphere in pressure to analogue cogitrol pressures just
’ i R

above zero absolute,prgssure; Operation of the source in the acceler-
"
ator was plagued by problems such ds high vbltage sparking and tracking

=

b%}ween the source components, poor pumping speed at the capillary tube

’t

.tip, and poor vacuum in the accelerétG“*Irvelf Improvements to source
gq?metry to reduce sparking and improve the pugping speed together o ‘Q
/

with installatﬁon of a turbomolecular pump on the accelerator, allowed

adequg;e colloid source operation. ReSidual gas analyses on the accel»

pr

. erator vacuum system showed that giycerol vapour was the major gas 1n .

————

the system.‘fj

-



'\‘g‘

the central axis, were directed onto the beam detectors. It was found
that thce segmented eléctrical détectqr and black surface detector gave
good results’for the Bcam spatdal distributfons, but the beam Iintensi-
ties wer; too low to show useful ;p;(ial distribution results on the
pbosphor and liquid cry;tal detectors. Comparison of calculated and
measured beém sizes for some of the colloid beams showed that space
ch;rge effects were significant for beam currents 1A the 30 nA to 40 nA
range. )

The colloid beams were accelerated‘through potentials up té 90 kv.
At potentials above 80 kV, microdischarges from the accelé;ator elec-

%

trodes interfered with the colloid beam measurements. However, thQre

a

was no evidence that operation of the colloid source in the accelerator

_ dome depended 1n any way upon the potential applied to the dome.

3

Measered values of particle transit time from the source to the detector

were less th.n 207 higher than calculated transit ciﬁee. This “pdicates

that the particles were successfully accelerated. The discrepancy be~

tween measured and cglculated transit times, together with a;'observed
inght.déqrease in beaﬁ current with increasing éccelerating potent1313

,inéicates that the particle charge to massﬁratio decreaSes somewﬁ:t in
the drift space between .the source and the—eeeelerator gap. ,The effect
is probably due to lectrons, created in the‘accelerator as pofential
is applied across‘the accélerdfing gap; which neutralize some offfhe
béaﬁ charge{" | .

' The optical properties df the accelerator gap were measurcd by

4
. observing the size of the bedm at the detector as a function of accel*

1erating voltage. It was cIear that the gap exerted a focussing effect

&

on the colloid beam.‘ Bowevew, the colloid particle source was j

294
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positioncd between the first focal point of the electrostatig lens and
the lens (i.e. the accelerating gap) 1tself, and the resulting beams
showed virtual images. Analysis of these results shows that the col-

loid beams can be 'sufficiently focussed and that further stages of

/

acceleration are feasible.

ol

Thus the results given in this thesls describe a series of exper-
1éents leading up to the final goal of showing that svceleration of
coitloid beams fin a microparticle accelerator s pOSSible. The resultg%%?
obtained in the edrlier stages of the work add to the knowledg of

]
colloid sources in general. The later stages dof the w;gﬁ bhOW that

7

‘colloid beams can.be successfully accelerated, that,éddffion of more _

stages of acceleration is feasible, and that the collold source can be

used as a diagnostic tool in the experimental invest1gation of micro~
R

. # w -

particle accelerator properties. 7

-

P
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APPENDIX A

THE DISTR1BUTION OF CHARCE,-MASS, AND CHARGE
3

TO MASS RATIO AMONG PARTICLES IN THE COLLOID BEAM

Section 3,2 has shown that certain average vaiues of param ters
’ related to a collofd beam can be found from a timeﬁofsflight measure-
) ment. Th's appendix shows that more detuiled information cannot be
found from the measurcment dAta.
The distributjon of vurrent 1(t) (defiged by equation 3.2) is
» equivlent to knowinglthe distribution of beam current over velocity or
charge to mass ratio. Fof particles having a given charge to mass
ratio; there is né information as to wheéher the current contributed byﬁ
these pa-ticles {s generated by a few ba;iicles with large charge and

large mass or many particles with small charge and small mass. Now, -

the existence of a fundamental distribution function £(q,m), defined by

‘unit g, unic m, unit beam length

- X

f(q,m) number of particles at charge q, mass m (Al.l)

is assumed. The following 1s a derivation, in terms of the distribution
£(q,m), of a.function which describes the current decay curve actually

measured in the ti:e of flight method Examipation of the derived func-

tion provides useful ir-. ight into the limits of the time -of flight
‘medsurement technique. g | o N
Figure 73 111uscrates,what the graph of the distribution functiOn

might look like.f “The Rayleigh Criterion for droplet Stability has been

N

ﬂaketched in the figure, also.‘

!

~ Stnce the ‘time of:flighf measurement ‘contains. the ¢ariables current'
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(which is related to charge q) and elapsed time (which is related to
velocity), it is convenient to intreduce a second general distribution

function defined by

N
_ number of particles at charge q and velocity v .
g(q,u) unit q, unit u, unit beam length - (AL.2)
A * ‘
“ Now, the cbarge q, mass m, and velocity u are related by the
' equation , a
r
N 2 \ "
! N \ A :
: \ "y
were V is the colloid source.operatipg voltage. Thus
n = 29Y ;’ ) ’ (A1.3)
u ,
Since equatign Al.3 holds, the function g(q,u) can be related to the
. function f(y,m) by equating equal numbers of particles in a unit beam
: ' »
length, namely ) !
/ ST 8(a,wdgdu = £(q,m)dqdn ,
or ) S » ) ’
dm . .
S(q,u) = f(q)m) -d_l; . : ' (Al.li)
® o . The dependencglof mon q and u (eqﬁation‘Al.S) can be 1ncorpotatéd
into equation Al.4 by using.an integral -over mass, and a delta function.
o Thus\edﬁation A1k4‘beeome§ :
5‘:7 ) : .‘ e o : :
, T R T dm
T 1 C 7L 'ﬁf f(q.m5 G(m -—q-> dm ,.
4 FRUANEN ".;‘ b N — “ , N

o . . 1 ;
P | X Ot 2 | ‘.',4 )

B A L T O N
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/ .
Once th. function g(gq,u) has been established, the total charge Q,

due to pa:ticles with velocity u, per unit u per unit beam length is

Iy

1

‘ Q(u) =/;' q g(q,u) dq . (A1.6)

The current due to these same particles 1s

o
\
.
A

R 1) = u Q) , (a1.7)

- o~ |

and the current due to ailﬁparticles having velocity u or slower is

u
I () =ﬁ) 4 Qu) du . (Al1.8)
e )

In terms of the fundamental distribution function f(q,m) this equation

is (by substituting eqﬁations Al.6 and Al.5 in equation Al.8)
"J(u) = ~z.vf duf dqf dn A= 6(n -~ 2Ly f(q,m) . (A1.9)
“Jo 0 0 2 2

From the discussioprin Section 3.2, it can be seen that the current
decay curve I(t) measured in a time of flight measurement 1s the -current

contributed by all particle species having velocity u or lower, where

4

e
1]
o2 ]l+]

r
ahd D ig the source to detector drift distance. Thus
S0 L) = J(W) with. w=D/t . b ..,
‘“,“The theorétiééllexpression for I(t)'is;,fiom equaﬁionvAl.Sﬁ

. I N £t v . .t A fe | ’

‘e ' i ca . ~
G

Cak



7 D/t * =2 2qV. 7 .
I(t) = ~4V-}; du.}; dq 0 dm SE—-(S(m - *359 ﬁﬁq,m)- (A1.10)
u u }
Equation Al.10 1s the result relating the measured current decay
curve 1(t) to the'theoretically based fundamental distribution f;nction
f(q,m). Inspection of the equation s;ows that knowledge of I(t) does
not yleld any information about the fundamental distribution function
f(q,m) because of the presence of’the double definite integr. 1in the
right-hand side of the equation Al1.10. Therefore the time of flight

method cau yleld information only on the average values of beam péra~

meters,

”
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APPENDIX B '

ASSEMBLY PROCEDURE FOR THE LOLLOID SOURCE

Section 7.2.2 has discussed the mechanical design of the colloid
source used in the 300 kv microparticle accelerator. ,This appendix
discusses the assembly procedure for this source. Part nuu‘érs on

componénts mentioned in this discussion refer to those in Flgures 40,

r
\ A 1

41, and 42, and Table 19,

The assembly procedure for the source was treated In three separate
sections. First the body of the source (#7 to #29) was assembled: Then
the body of the source was attached to the previously assembled -end
;flange (#30 to #38). The capillary, extractor, and collimators (#1 to
o) were installed last. .

or tﬂe body of the source, assembly started with the end plate

.and the eiéht long claﬁp rods (#8). The block (#9) was fitted onto the
rods. The diaphragms and piston heads (#10, #11, #28 and #29) were
placed in the support flange (#12) and this subagLembly was placed
agains the block (#9) previously installed. " The two piston assemblies
(#13 uné #27) were placed on the diaphragms without tightening them
into final positien. Block (#15) was installed next) withvthe two piston
shafts SIiding through the ball bushings in the block.. fiston assemhly
(#17) was placed on the pair of piston rods and tightened firmly, and
'then the two other piston assemblies vere tightened into position.
Finally the end- plate (#16) was- 1netalled

| Care had to be takcn that the piston and diaphraéms were not moved
wben there wasvno preSSure differential ocross the diaphrabms or else

[

. the diaphragms tended torwrinkle and jam. Alsu, care had to be taken

. e Tt T
o
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to install the fabric side of the diaphragms against the piston heads,

and the smooth sides faced against the high pressure chamber (Chamber B

“in all cases he e).

At this stage the source was placed on end with the end plate (#16)

upwards, and the four Outermost clamp rods tightened. Chamber B was

then filled with glycerol through the hole in the end plate (#]6). Since

. " this glycerol Server to keep air from the diaphragm surfaces, it need °
: : : ‘ ’

not be outgassed or doped with sodfum iodide (see Section 7.3.1).

WSen chamber B had been filled, the last diaphragm (#18) and 1its
Piston (#19) were.placed in the blocg (#21), and the three pleces fitted
against the end plate (#16) and piston assembly (#17) already in pldce.ﬁ

’

The center part of the length adjustment Plece (#22) was screwed into

"

position to hold the diaphragm in place. The thirdAball bushing (#20)

_ 1n the Plage (#24) was screwed into position, then the length adjust-
ment plece screwed into it. The final steps involved tightening the

last “our support rods, installing the piston stop (#23), and selecting

the dusired piston travel range by acjustment of part (#22).

Normally the source chamber end flange that contained the various

2

feedthroughs and the source’ support did not have to be dismounted when
the source was removed from it. Assembly of the end flange (#30 to #37)
was straightforward, using the photographs in Figures 42 and 43 for

reference. The szpport bracket (#35) has a step in one end of 1t-—the

¢

step had to be mounted facing the ‘high voltage feedthrough (#36) ..

The source body was connected to the end flange by firsc screwing

the lucite support pieces (#37 and #38) to the side of the source body
The soutce was then placed on the support bracket of the end flange

assembly,w The two Swagelok fittings to Chambera A and B (#33 and #34)
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were tightened. Next the lucite pleces were attached to the support
- !

bracket with nylon screws. Finally, the high voiéage lead was attached
~to the so;;ce body using on; of the screws on the piston stop (#23).

The final stayes of assembly of the colloid source iAvolved ﬁhe
capillary tube;,and extractor. The electron bias ring (#4) was fastened
to the extract;r, aud the fwo collimators were installed. The colli-
mators were rotated so that the pumping holes kn them were at right
' angle'. to each other. .Theocapillary tube, soidered into the support
cap {##5) was screwed 6nt0htﬁe source body (at #8) using teflon tape as
a joint sealer. Tgen the iucite'1n§u1at1ng.support piece (#6) was .
screwed into position. ,Finzlly the,extfﬁctor (#3 plus {1, #2, and f#4)
was iqstalled.

Dismantling the source was most easily accomplished by exactly

reversing the order”of the steps recommended for source assembly.
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