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PREFACE

Under the direction of Dr. F. C. Todd, the major advisor to
this student, a quadrupole mass filter has been designed and is
presently in use as an analytical tool for measuring properties of
transient aluminum plasmas.

This device has been employed to determine the presence of
different ionic species in a dense aluminum plasma produced by a
spark gap in vacuum., It has also been used to some extent to study
the velocity distribution of the plasma ions.

The student is grateful for the preliminary work done on this
project by Mr. Larry J. Peery and for the many hours of consulta-
tion with Mr. William G, Robinson, For assistance in the design and
contruction of the electronic components, many thanks are due Mr,
John F., Stoops. Mr., Heinz Hall and Mr, M. Wayne Atkins were respon-
sible for much of the construction of the quadrupole vacuum system.

Without the assistance and guidance of Dr. Todd, the completion
of this work would have been impossible,

The understanding patience and the unselfish assistance of my
wife, Eva, in typing the manuscript have been invaluable in the pre-
paration of this work. The kindly restraint of Misty in providing
a studious afmosphere at home has been greatly appreciated.

This work was carried out under NASA Contract numbers NASr-7 and
NAS8-21391 administered through the Research Foundation, Oklahoma

State Universityo
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CHAPTER I
INTRODUCTION

One of the oldest disciplines in science is the field of electri-
cal discharges in gases. Sir William Crookes, in 1879, considering
the special properties of the matter in discharge tubes, tentatively
advanced the idea that these excited gases should be considered a
fourth state of matter. Compton and Langmuir (1930) introduced the
special designation "plasma'. Descriptively, the term simply denotes
ionized gases. Depending on the degree of ionization, such gases
exhibit similarities to metals, semiconductors, strong electrolytes
and ordinary gases. Thé concept "fourth state of matter" thus derives
from the extraordinary array of physical and chemical properties
characteristics of a plasma. This classification is usualiy reserved
for those cases wherein the densities of charges of each sign are
approximately equal, i.e., the cases for which quasi-neutrality exit
(Hellund, 1961).

Another source similarly defines the plasma as an electriéally
charged gas consisting of ions and electrons. It is therefore an
electrical conductor. The distinction between a liquid conductor
and a plasma is not very precise and can be most easily made in terms
of particle densities. When speaking of a liquid conductor, one is
usually talking in terms of the order of 1022 charged particles per

cubic centimeter. When the term plasma was first applied, the number



of charged particles was of the order of 1018 and lower and neutral
atoms were always present (Gartenhaus, 1964). A plasma may be thought
of as a gaseous conductor. Neutral.atoms are always present since
plasmas emit light with the recombination of iqns and electrons, and
light is always emitted., This is experimentally verified by recording
the emission of the characteristic radiation., A spectral analysis
with a far ultraviolet spectrograph was made of the light from the
breakdown of a spark gap in a vacuum. This spectra definitely shows
that metastable atoms are present in the plasma (Carpenter, 1967).
The presence of the neutrals has been further verified by the qualita-
tive measurements taken with the quadrupole mass filter. This device
was used to analyze both the vacuum spark gap breakdown and the laser
impact in which aluminum was the principle plasma producing source.,
The Plasma Group at Oklahoma State University, conducted by

F. C. Todd, has concentrated its efforts on the study of transient,
dense aluminum plasmas.. The facilitiés for producing this type of
plasma consist of essentially the following:

(1) A Q-switched, twin ruby rod laser

(2) An exploding wire device

(3) A device to induce the vacuum breakdown of the gap be-

tween spectroscopically pure aluminum electrodes
The laser is capable of delivering a tremendous energy output

to a relatively small target area in a very short time interval so
ﬁhat peak power outputs of the order of 0.33 X 109 watts have been
attained. This power is used to create and sustain an aluminum plasma
long enough for experimental investigations to be made,

The exploding wire facility produces a plasma by a pulse of



powervwith a duration of one microsecond, {This period is not to be
confused with ;he life time of the plasma itself). .This should en-
hance the resolution with which further velocityidistribution inves=-
tigations may be made. .The device consist essentially of a vacuum
chamber, into which is placed a short aluminum wire of one one=-thou=-
sandth inch diameter., A high voltage power supply (100 KV) is used
to drive a one microsecond pulse along a co-axial cable, which term=-
inates in the small aluminum wire. The characteristic impedance of
the cable is 50 ohms so a peak current of the order of 2,000 ampereé
is expected, The amBient resistance of the target wire is approxi;
mately l.4 ohms, with an estimated average resistance during the pulse
of five times this amount, or 7.0 ohms. The peak power input to the
plasma ;ould possibly attain a value of 28 X 106 watts; however, the
total energy into the plasma is only 28 watt-seconds (joules).

The vacuum spark gap apparatus consist of a vacuum envelope with
a glass manifold. With the use of meghanical feedthroughs, the spec-
troscopically pure aluminum electrodes are positioned so that a gap
width of the order of 1.0 mm is obtained. . By means of the manifeld
on the vacuum envelope, a pulsed photomultiplier may be employed to
monitor the visible and‘the ultraviolet light emission. A high volt-
age power sup?ly is used to charge a 12.5 KV condenser, which is then
allowed to discharge across the gap. The very high potential gradients
at the electrode points causes a breakdown of the spark gap. The high
current density arc at breakdown produces ions and electrons which,
in fact, comprise the plasma. The light emission results from the
downward transitions in the ionized, or excited atoms,

The analytical tools for investigating the properties of the



aluminum plasmas mentioned in the text above may be summarized by the
followings
(a) A vacuum spectrograph for the far ultaviolet (Payne,
1966) .
(b) A pulsed, high gain photomultiplier to record the in-
tensity variation with time for a fraction of the
visible plus the ultraviolet light emission (Brown, 1968)
(¢) The quadrupole mass filter
The purpose of this thesis is fourfold. (I)A description is
given of the design and construction of the quadrupole mass filter.

(2)

The results of the preliminary ‘investigations of the spark dis-

charge and laser impact are presented, (3)The analytical study, the

design and the construction details of a pulsed electrostatic lens

are presented. This lens is to be used in conjunction with the quad-
(4)

rupole mass filter to study ion velocities, Improvements on exist=

ing methods and equipment for future investigations are suggested.



CHAPTER II
THEORETICAL DISCUSSION
Mass - Spectrometer Development

Since 1913, when J. J. Thomsen developed the parabolic mass -
spectrometer employing parallel electrostatic and magnetic fields,
many techniques have been developed for mass analysis as is apparent
through -examination of the literature (Mosharrafa, 1961). The most
common types of mass - spectrometers are:

(1) The Magnetic mass -~ spectrometer
(2) Time-of-flight mass - spectrometer
(3) The Quadrupole - type spectrometer

The magnetic mass - spectrometer analyzes the mass of mono-
energetic ion beams by using_60°, 90° or 180° homogeneous sector
magnetic fields,  In fact, sector fields up to five revolutions of
360° have been successfully used.

The time-of-flight mass = spectrometer utilizes the principle
that the time needed for an ion with specific energy to traverse a
drift space is dependent on the ionic mass,

A rather new type of mass =~ spectrometer Was.developed by Wo
Paul and others (1955) at the University of Bonn, Germany, since
1953, This spectrometer employs the "mass filtering” principle
which concerns the ejecting of ions through a quadrupole rf field,

with a dc field applied simultaneously.



This quadrupole mass-spectrometer or mass.filter, as it may be

more appropriately named, was.chosen for the particular applications

in this plasma group for a variety of reasons:

(1)

(2)

(3

(4)

(5)

The resolution of the instrument is variable .and can be
changed very easily by simply changing the ratio of the
applied dc voltage to the rf voltage amplitudes. This

makes it possible to insure maximum efficiency and hence,

.higher sensitivity throughout the entire mass range. It

should be noted, however, that for the application to
the work reported here, only the single mass of aluminum
(13) has been of interest.,

Contrary to the other two types of spectrometers men-
tioned above, the quadrupole mass filter foers no
velocity discrimination, i.e., the device will monitor
ions .of whatever velocity, so long as an upper limit is
not exceeded. (This point will be further explained
later in the texta)

The quadrupole requires no type of magnetic field, It
is well known that stray magnetic fields greatly disturb

the conditions of an active, as well as a passive plasma.

‘'This eliminates, almost entirely, the difficult shield-

ing problems which plague the magnetic spectrometers.
A very tolerable acceptance angle-of.30o reduces, ,con-

siderably, the necessity for entrance and exit slits

and other complicated focusing and collimating require-

-ments.

An extra feature of being bakable insures the attain-



ability of a clean, high vacuum system.

The very nature of the transient plasmas that were produced in

this investigation required that a detection system, coupled with

the mass filter, be useful for fast scanning purposes. There are

several methods available for ion detection and a few of them may be

listed as an indication of the scope of endeavor in this research

areas

(1)

(2)

(3)

Detector Systems

Farady cup: This method has an advantage of a high
collection efficiency because of the large coverage
space of the collectoxio However, it is much . less
sensitive than some of the .other types and must be
coupled with an electrometer or other similar instrument
to detect small ion _currents of the order of»lO‘=12
Amperes.,

Electron Multiplier - Oscilloscope: This method‘com=

bines the use of an electron multiplier, which amplifies

the ion current through secondary electron emission gain,

with an oscilloscope, which is triggered by the multipli-

er output.

Electron Multiplier - .Electrometer - Recorder: In this
method the current output from the multiplier is inte-
grated, using a vibrating reed type electrometer., The

signal is then recorded on a strip chart recorder,

Although there are several other methods of ion current detec-

tion, they are easily available in the current literature,



The electron multiplier..- oscilloscope method was chosen because
it is a very fast detection system. In addition, the high gain of
the multipliefﬂmakes possible a reasonable oscilloscope display,
which may. be photographed as a permanent record of the output,

With the plasma - producing equipment beiﬁg‘available,‘and
with the choice of the ion analyzer and detector system having been
made, the theory of such an instrument and its principle of operation

can. now be given,
Quadrupole Theory

A literature search by L. J. Peery (1967) proved to be fruit-
ful, in that a wealth of reference material (Brubaker and Tuul, 1964;
Woodward and‘Crawford, 1963) has been compiled which illustrates the
adaptability and widening use .of the quadrupole mass filter since its
conception by Paul and Steinwedel (1953). Its role varies from a
partial pressure analyzer (Gunther,. 1960) and residual gas detector,
to that of detecting ions in plasma analysis., Although the principle
of operation is essentially the same for most of its applications,
this report will be restricted to the latter,

The quadrupole mass filter employs electric fields which permit
only those ions which have a pafticular charge=-to-mass ratio to pass
through it. In theory, all other ions, having a different ratio, are
rejected. This mass filtering action is based on the behaﬁior of the
solutions of the equations of motion of the injected charged particles
or lons.,

The application of a voltage (U + V cos wt) on a hyperbola-

shaped quadrupole, as will be shown later in Figure 4, results in



the establishment of a potential distribution within the quadrupole

region which can be written, neglecting end effects, as

2 2
= (U+V cos wt) 5—5——1— (2.1)
r
o
wheres ® = electric potential

U = dc voltage
V = rf voltage
@ = driving frequency
'r = distance from the origin to the point of inter=
section of the hyperbolae with the % and y axes
That this solution results is shown by solving tﬂe Laplace

equation for hyperbolic fields.

v 9=0 (2.2)

If we assume a solution,

2 2
6 = 6(t) (ax® - gy” + yz2) (2.3)
the substitution of it back into Laplaces' Equation (2.2) yields
the following relation between the constants:

@ -B+y=0 (2.4)

If we consider that the tangential field at the hyperbolic surfaces

is given,

22y =0 (2.5)

dz° surface
“then

B(t) (2yz) = 0 (2.6)



or

y=0 (2.7)

_Therefore Equation (2.3) becomes

B = B(e) (@x® - By?) (2.8)

Now apply the equations of the hyperbolic surfaces themselves,

+ x2 »zi
- _2— + 2\.= 1 (209)
r r
(o} (o}

to Equation (2.8)., Equation (2.4) combined with Equations (2.8) and

(2.9) now yields the value of the remaining constants,

w =8 =l§ (2,10)
r
o

Tf the time-dependent field is given,
P(t) = U+ V cos @t (2,11)

the potential distribution for the region is then given

‘ 2 2
= (U+V cos wt) 3‘;-%;-1- (2.1)
T . .
: A_

as was intended to be shown.
Having obtained the potential distribution, the electric field
is .then calculated component-wise using the familiar relation,

-» -+
E=-vy 9 (2.12)

Hence:

E_ = = §93= - 2(U + V cos wt) (2.13)
ox 2
(o]
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-1 Yy
Ex =3 " 2(U f V cos wt) > (2.14)
To
and
E =0 ' (2.15)

z

It is now desirable to analyze the motion of a positively charged par-

ticle which is injected into this time-varying field along the z-axis.
The equations in the X, y and z directions are given according

to Newton's second law,

~» - 1 -
F=ma=mu=2Ze¢ekE (2.16)
where: u=Xx, y or z

Z = degree of ionization
e = electronic charge
E = electric field strehgth

Along the x and y directions, the equations of motion are given,

respectively,
mx=2eE =-22e(U+Vcoswt) (2.17)
Yo
my=2e Ey =2 Z e{(U+ V cos wt) ZE (2,18)
r‘O
The motion along the z~axis is simply given,
mz =0 mz = constant (2.19)

The last equation presents no problem; but for Equation (2.17)
and (2.18), consider a change of variables,
= wt/2 (2,20)
so that

dx (2.21)

l

i
‘NIG
Sl
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and
x_wd oax o dkx | (2.22)
el 240230 T |

If Equation (2.22) is now substituted into Equation (2.17), the

following equation of motion in the x direction results.

.2 2
M4 X 2z e+ V cos 20) % (2.23)
4 -2 2
dg r
o
or
d2x 8ZeU 8ZeV
== + cos 2 (] x (2.24)
2 Lm0 22 2.2
dg my T my r
o
. Now define the "variable® constants,
_+ 8ZeU
a==-—5z (2.25)
myr
)
and
+ 4ZeV
q=- ; 5 (2.26)
L mwr
o
so that Equation (2.24) takes the following form.
d2 -
=L+ (a+2qcos2¢) x=0 | (2.27)
dg

Beginning with Equation (2.18) and following the same procedure,

the equation of motion for the y direction is obtained.

2
E—%'= (a+ 2qcos 2() y=20 (2.28)

dg .

The Equations (2527) and (2.28) which describe the motion of
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the charged particles in the electric field, given by Equation (2.12),
are differential equations of the "Mathieu type.! The béhavior of

the particles is thus éoverned by the properties of the solutions

of these equations (McLachlan, 1964). The Mathieu equation is a
linear, second order differential equation with constant, periodic
coefficients, Either Equation (2.27) or (2.28) is considered. to be

in the normal form, if appropriate signs are assigﬁed to the constants
Ma® and "q", This form was obtained by Mathieu, while solving for

the vibrational modes of a stretched membrane with an elliptical

boundary in. 1868, and is given here by the following,

2.
4 ; + (a =2qcos 2¢y) u=0 (2,29)

dy
Negative values of 'q', or a phase shift or t,n/Z applied to
Equation (2.29) yields the equation describing the motion of the
charged particles in the x.- direction. Negative values of "a" yield
the equationmof motion in the y - direction,.
The general solution to Equation (2.29) is given,

o : ® .
u=A.ye M# z Cn e ing +Be " “*\z Cn e iny

- = ®

(2.30)

(u) is bounded for values of () which are pure imaginary; otherwise
(u) will increase exponentially. For imaginary values of (u), the
value of (u) will oscillate in some stable range, depending on the
parameters, ™a' and *q'.

The rangeé of sﬁability for the solutions of the Mathieu equa-
tion are illustrated in Figure 1, From these curves, it is easily

seen that the stability ranges are symmetric about q.= 0. Now since
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g must satisfy stability requirements in both the x and y direc-
tions, then the graph may bg folded along the a =0 axis.

A blown-up version.of the first stability. range, thus obtained,
is shown in Figure 2. As indicated on. this graph, an operating
point of a = 0.2 and 2 & 0,7 has been choesen for the applications in
this work. This point yields an operating slope of a/q = 0,286,
which compares favorably with a typical operating slope of a/q = 0,310
used by the other experimenters in the field (Norgren and others,
1965)

It should be noted from Figure 2 that the operating point is
not at the apex of the stability region. Although to use the apex
as an operating point is desirable for some applications; such as
isotope scanning where extremely high resolution is demanded, the
resolution is quite sufficient at the point chosen.for our purposes.

_Attention should now be directed to the hyperbolic fields for
which the above solutions apply. The quadrupole mass filter, itéelf,
is not constructed of hypérbolic rodsj rather, it is composed of
field electrodes which are hollow, cylindrical rods, which are spaced

and held in place according to the relation,

r = 1,015 ro (2031)
wheres r = rod radius
r, = quadrupole field radius

It can be shown that this relation is essential for hyperbolic
simulation, and is accurate to.l.0 percent.,
The actual dimensions of the field rods will be dealt with in

the next chapter. The important point to be made here is that the
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foregoing derivations are completely valid for cylindrical electroedes,
so long as the relation (2.31) is observed, Figures 3 and 4 illus=-
trate this hyperbolic simuluation.

.Since the resolution is obviously increased, that is the field
has a greater chance to eject unwanted q/m ratioss with the number
of cycles an ion experiences in this field, the frequency of the
driving rf voltage is a determining factor. It should be noted that
the length of the electrodes is alse involved inm chesing the proper
frequency, as is illustrated by the following considerations,

Noting that,

cwt=mn 2.1 (2.32)

where w =27 f (2.33)
and 1 =v t (2.34)
then n = f 1/VX ' (2.35)
where w = angular driving frequency

‘1 .= length of field; hence the length of the quadrupole

electrodes
v, = velocity of incident ions in the x - direction
n = number of cycles

With Equation (2.35) in mind, the procedure is then to choose a
convenient field length (1) and then determine an upper limit on the
velocity of incident ions. For our. purposes, an electrode length
of 30,0 cm was chosen. It.was estimated from preliminary calcula-
tions that a maximum incident wvelocity of the ordér of 107 cm/sec
could be used for this value for frequency determining purposes. It

was found that an rf driving frequency of 3.2 X 106,cycles/seanould



Figure 4, Tdeal Hyperbolic Surfaces
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cause the ions to experience 9.6 cycles while traversing the electrode
field at a velocity of 107 cm/sec,

It can be readily seen from Equation (2.35) that ions of lesser
incident velocity will experience preportionally more cycles in the
field; hence the reason for the upper wvelocity limit,

.The ion trajectories in the quadrupole field are very compli-
cated and will not be gone into at this point. However, a graphic
illustration, after Dawscn and Whetten (1968), is presented in
Figure 5. In this figure some ion trajectories are shown as the
displacement .of an ion from the .center in one direction as a func-
tion of time. The upper trajectory shows an unbounded ion whose
displacement grows .in time., The center ion has a path which is
oscillatory through the center, but whose amplitude continues to
increase, The lower ion path is bounded; representing an ion that
is contained in the field. The important point'to note-here is not
the details of each trajectory, but the fact that ghe lower tra-
jectory is stable in the field for the proper parameter‘settings;
The parameter settings are referring to the proper dc and rf voltage
which, in turn, are determined by the values of ﬁa” and Yq" as given
by Equations (2.25) and (2.26),

Let. us now.consider these parameters as they affect the selec=-
tion of a particular ion from a plasma which contains several specie,
1f we choose, for example, to monitor only those aluminumhioné
which are missing oné electron, i.e., Al II or A1+19 then the nec-
essary voltages are calculated in'the following manner,

' Using Equation (2.25), the values which have been determined

are substituted to solwve for U, the dc voltage. Rewriting this
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equation yeilds,

- (2.36)

+1
Since Al has been selected to be monitored, the degree of

+1
ionization, Z, assumes the value, Z = 1, (Al is a singly-ionized

aluminum atom.) The remaining variable values are summarized below.

27 amu-= 4,48 X 1072 kg

3
i

W= (2 £)?

f =3.2X 106.cyc1es/sec

w2 = 4,04 X lO14 (rad/sec)2
(2.37)

r§;= 3.31 X.‘IO'=5 (meters)2
a = 0,2

q =Oo7

=19
e = 1,602 X 10 Coul ombs
The voltage is then given the following value,

U = 93,63 volts (2,38)

This same procedure is followed using Equations {2.26) and
(2.37) to,arrive‘at the necessary value for the rf voltage, which
is given as,
V = 655.4 volts \ (2.39)
If it is assumed that the mass of the aluminum ion is constant,
regardless of the ionization, i.e., neglect the electronic mass in
favor of the.nucleus,,then for the entire range of possible ions,

< <
1 « Z - 13, the proper voltages are determined with the following
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relations:

= 22%92 volts (2.40)
v =»65;°4 volts (2.41)

where the value of V is one-half the peak-to-peak amplitude of the

rf voltage.

In the following tables are presented the dc and rf voltages
for each ionic specie of aluminum up to Alﬁloa In addition, the
parameter values of "a" and ¥q¥ are given.in each case to show the
exclusion of all but one specie for a particular set of voltage val-
ues.

Notice that the accepted ion in each case corresponds to the
values a.= 0,2 and q.= 0.7, If the values "a" and "q" for the re-
jected ions are compared with the stability region, given in

Figure 2, it will be seen that the point corresponding to those

coordinates lies outside the region.



TABLE T

STABILITY PARAMETERS FOR AL +1

1

93,63 volts

V. = 2659, volts
z a. q Classification
1 0,20 0.70 accepted
2 0.L0 1.0 rejected
3 0,60 2.10 rejected
L 0.80 2.80 re jected
5 - 1.00 3.50 re jected
6 1.20 L.20 re jected
7 1.40 L 490 re jected
8 - 160 5.60 rejected
9 1.80 6.30 rejécted
10 2.00 7.00 re jected
11 2,20 7.70 re jected
12 2.40 8.L0 rejected
13 2.60 9.10 rejected
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TABLE II

STABILTTY PARAMETERS FOR AL +2

7z = 2
U = ¥ L6.82 volts
v = ¥ 327.7 wolts
Z a q Classification

1 0,10 0.35 rejected
2 0.20 0.70 accepted
3 0430 1,05 rejected
L 0.0 1.0 rejected
5 0,50 1.75 rejected
é 0.60 2,10 re jected
0,70 2,45 rejected
8 0.80 2.80 rejected
9 0.90 3.15 rejectéd
10 1.00 3650 rejected
11 1.10 3.85 re jected
12 1.20 L.20 rejected
13 1,30 L.55 rejectad
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TABLE 111

STABILITY PARAMETERS FOR Al ~3

Z = 3
= T 31.21 volts
= ¥ 218,5 volts
Z a q Classification
1 0.07 0,23 rejected
2 0,13 0.L47 re jected
3 0.20 0.70 accepted
L 0,27 0.93 rejected
5 0.33 1,17 rejected
6 0.140 1.40 re jected
7 04447 1.63 rejected
8 0453 1.87 rejected
9 0.50 2.10 re jected
10 0.67 2.33 re jected
11 0.73 2.57 rejected
12 0.80 2.80 rejected
13 0,87 3.03 rejected
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TABLE 1V

STABILITY PARAMETERS FOR AL -4

z = i

U = T 23,41 volts
vV = T 163.85 volts
a q Classification

0.05 0.18 rejected
0.10 0.35 rejected
3 0.15 0453 re jected
I 0.20 0.70 accepted
5 0.25 0.88 rejected
6 0.30 1,05 ’ re jected
7 0.35 1.23° v rejected
8 0.140 1.140 rejected
9 0oli5 1.58 rejected
0.50 ' 1.76 re jected
0.55 ‘ 1.93 rejeéﬁed
0.60 2,11 rejected
0465 2,28 |  rejected




TABLE V

STABILITY PARAMETERS FOR AL +5

‘Z -

4+

1l
i+

5
18.73 volts

131.1 volts

Z a q Classification

1‘ 'O;Chl | 0.14 rejected
2 0,08 0.28 rejected

3 0.12 0.li2 rejected
L O§16 0.56 rejected
5 »O.20‘ 0,70 accepted
6 0.24 0.8l re jected

7 0.28 0.98 rejected

8 0632 1.12 rejected

9 0.36 - 1.26 re jected
10 O.hb v 1.0 rejected
11 ' O.hhv: ‘1.5 rejeéted
12 . 0.48 1.68 re jected
13 ' 0.52 1.82 rejected -
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TABLE VI

STABILITY PARAMETERS FOR AL -+6

Z = 6
= ¥ 15,61 volts
= ¥ 109.2 volts
Z a q Classification
1 0.0j Ge12 rejected:
2 0.07 0.23 re jected
-3 0.10 0.35 re jected
b 0.13 07 re jected
5 0.17 0.59 rejected
6 0.20 0.70 accepted
7 0.23 0.82 re jected
8 0.27 0494 rejected
9 0.30 1.05 re jected
10 0.33 1.17 rejected
11 0.37 1,29 rejected
12 0.40 1.0 rejected
13 0.43 1.52 re jected
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TABLE VII

STABILITY PARAMETERS FOR AL +7

z = 7
= ¥ 13.38 volts
= T 93,63 volts
Z a q Classification
1 0,03 0,10 rejected
2 0,06 0.20 re jected
3 0,09 0.30 re jected
n 0.11 0,10 rejected
5 O.1h 0.50 rejected
6 0.17 0,60 rejec‘ted
T 0.20 0.70- accepted
8 0.23 0.80 rejected
9 0.26 0.90 rejected
10 0429 1.00 - rejected
11 0.31 1,10 rejected
12 0.3 1,20 rejected
13 0.37 1.30 re jected
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TABLE VIII

STABILITY PARAMETERS FOR AL +8

z = 8
= ¥ 11.70 volts .
= T 81.92 volts

2 a q Classification

1 0,03 0,09 re jocted

2 0,05 0.18 rejecfed

3 0,08 0.26 rejected

N 0.10 0.35 re jected

5 0,13 0.4k rejected -

6 0.15 0453 rejected

7 0,18 0.61 rejected

8 0.20 0.70 accepted

9 0.23 0.79 re jected
10 0.25 0.88 ‘rejected
11 0.28 0,96 re jected
12 0.30 1.05 rejected
13 10.33 1.1, rejected
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TABLE IX

STABILITY PARAMETERS FOR AL +9

z = 9
= ¥ 10.L0 volts
= % 72,82 volts
Z a q Classification
1 0,02 0,08 - rejected
2 0,04 0.16 rejected
3 0.07 0.23 rejected
h. 0,99 0.31 rejected
5 0,11 0.39 rejected
6 0.13 0.47 | rejected
7 0,16 0.54 rejected‘
8\ 0,18 0,62 rejeéted
9 0.20 - 0.70 accepted
10 0,22 0.73 rejected
11 0.2l 0.66 rejected
12 0.27 0.93 rejected
13 0.29 1.01 rejected
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STABILITY PARAMETERS FOR AL +10°

TABLE X .

Z = 10
= 2 9.36 volts
= T 65.54 volts
Z a q Classification
1 0.02 0,07 rejected
2 0.0l 0.1k rejected
3 0.06 0.21 ' rejected
e 0.08 0.28 re jected
5 0410 0435 re jected
6 0.12 0.L42 rejected
7 0.1l 0.49 rejected
8 0,16 0.56 rejected
9 0.18 0.63 rejected
10 0.20 0.70 accepted
11 0422 0.77 rejected
12 0e2l - 0.84 rejected
13 0.26 0.91 .rejected
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CHAPTER 111
QUADRUPQLE DESIGN AND CONSTRUCTION
Introduction

The quadrupole mass filter was designed to fulfill a specific
need for analyzing the charged particles, which along with the
neutrals, constitute the aluminum plasmas. The aluminum ions were
of principle interest, so the discussion of the»theory has been
restricted to that pertaining only to the ions. The requirements
for ion filtering (Peery, 1967) were determined and are presented
below:

(1) A field length of 30 cm which requires four poles of
diameter 13,23 mm and separation 11,50 mm.

(2) A.radio frequency generator which operates at 3.2 mhz
and which operates in the range from O to 1,000 volts
peak to peak. .

(3) A dc power supply which is variable from O to 150 volts.
4+ These requirements were basic to the design and each was met
without difficulty. As was mentioned in Chapter II, the judicious

spacing of the field rods or electrodes to.maintain hyperbolic
simylation yields the separation distance as given in (1) above.
Figure 6 gives both a cross-sectional and a side view of the spac=-
ing arrangeﬁent. The nickel cylinders were obtained commercially

and had an outside diameter of that given in (1) above. The spacer
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is constructed of Delrin which was machined to hold the rods at the
proper separation distances., Two such spacers were constructed and
the cylinders were attached as shown in Figure 6, A calibration rod
was carefully machined to a diameter of 11.50 mm and was used to hold
the cylinders in place while the containing screws. holding them to
the spacers were adjusted, After the screws were tightened into
place, the calibration rod was then removed, leaving the field radius
at the proper value. The nickel cylinders, held in place by the

Delrin spacers, then constitute the quadrupole lens system.
Quadrupole Power Supply

The power supply providing the high rf voltage wés constructed
according to the schematic shown in Figure 7. 1Included in the
power supply is a power transformer which stepsigall voltage up to
3 KV, which is then rectified using two mercury vapor diode tubes
(866-A). The output is then fed to.a class "C" oscillator circuit,
which employes two oscillator tubes {4-=65 A) and which provides
0 - 3000 VAC at 3,2 MHz. The same transformer provides 0 - 300 VDC,
plus and minus, for superposition on the quadrupole electrodes. A
large air condenser provides several continuously variable frequeﬁcy
settings, with 3.2 MHz at about mid-range. As will be noticed above,
the design requirements for the power supply were exceeded so that
a versatile piece of equipment was produced which may be used with
‘the quadrupole lens to investigate elements other than aluminum.
For all of the investigations done with the quadrupole mass filter,
the frequency was maintained consfant at 3,2 Mz, The maximum rf

voltage required obtained for the Al+l specié of aluminum and had



16 -0 0—3 KvAC
+ 214 o he { Q. 'ci .07
or
* 707 ée g N ¥ b
L e F o= g
F~ I N
N ~N
o | !
[} O—3 VAL
o A 44 o ol :
&.3vac A ~ l ol
100 &2 « i Y [EPAS
P P 3 . - T I.oz
% .
ot }—a 3
o2 1 m =Y e u
<
1000 \Y4 Q .9 .
T/ $-65a o o3 Kvac
it —0 3.2 MM,
Q D—=33 Kroc
—_— O —— 300 vot
P ROO Bimz
-0 OPEN
20 0. .
A —O0 ¥2se voe
é os2 ) ’
'l‘ 4207 FoC©
oa 2 173
6.3 ruse
vac B —0 o -e {+a00 vac)
e O CR/H BiasS
© = (— 500 vaC)
-204 &/AS
”"s
=

Figure 7.

o]

2.5 AL

Ao

Schematic of Quadrupole Power Supply

9¢



37

the value 1310.8 volts peak-to-peak. The maximum dc voltage require-
ment for aluminum ions occurred for the Ai+1ispeCie_also,'and‘had
the valﬁe 93,63 volts. As an indication of low voltage requirements,
for the specie Al XI, the values are given, respectively, 65.54 VAC
peak-to—péék'and 9.46 VDC.

In Figure 8 will be seen the diagram of the power supply as it
was used to provide the necessary voltages on the quadrupdle field

electrodes.
Quadrupole Vacuum System

"The vacuum system for the quadrupole mass filter consists essen=-
tially of a nickelrplated cylinder of 4.0 in inside diameter and
15.0 inches.in length. This vacuum envelope has a flange opening
at a point half way between the two ends, onto which is bolted a
diffusion pump. At one end of the envelope is a one and three-fourths
inch opening which provides an entrance to the glass manifold. At
the other end of the envelope is attached a 7.0 inch gpacer which
was constructed to.allow enough room inside the vacuum system for
the electron multiplier, This causes the over-all length of the
envelope to be in the neighborhood of 22.0 inches. At the end of
this spacer is boited a flange plate to close the system. Electrical
feedthroughs built into this flange plate permit the transmission of
power to the quadrupole electrodes and electron multiplier inside
the vacuum system, as well as the transmission of the multiplier out-
put signal to the 585 Tektronic oscilloscope. A diagram of the
quadrupole assembly . inside the vacuum envelope is given in Figure 9,

The diffusion pump was obtained from the Consolidated Vacuum
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.Figure 8,

Diagram of Quadrupole Electrode Arrangement
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Corporation and is properly described as a fractionating oil diffusion
pump, type MCF-300, This type requires 225 cc of vacuum pump £luid
to operate and the type used was Convoil-20, It contains an external
heater rated at 750 watts and is .conveniently operated at line volte
age, Cooling is provided by water coils through which the flow rate
should be adjusted to 0.20 gallons per minute. One nice feature of
this pump .is that it may be turned on as soon as the fore pump.pres~
sure reaches a value of 500 microns or lower, ,This allows a faster
evacuating rate, without the problem of contaminating the system
with oil. It should be noted, however, that a baffle was constructed
and placed between the envelope and the diffusion pump as an added
precaution. The mechanical fore pump used with this system was a Duo
Seal, type 1402, obtained from the Welch Scientific Company. The
pressure of the system was monitored using two methods., A CVC
thermocouple gauge tube, GTC-004, was used to measure pressure from
atmospheric down to 1.0 micron., An ion tube, GIC=015-2, was used

to measure pressures of 1,0 microns and lower. The output of both

of these was taken from a CVC Ionization Gauge, type GIC-=100,
Electron Multiplier

The detector system, mentioned before in the text, consist of
an uncased, twenty stage copper-beryllium multiplier and the 585
Tektronic oscilloscope. The stages or Dynodes of the multiplier act
as secondary electron emitters, as well as electron accelerators.
The -gain of this device depends on several factors, among which in-
clude the pressure and the accelerating voltage Between successive

dynodes. For the investigations completed with the quadrupole system,
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voltages of the order of from 800-1000 volts were used from the
0-2.,5KV power supply. With a voltage of 1000 volts supplied to the
multiplier, the gain may be conservatively given as 1.0 million. The
ions from the plasma source strike the first dynode; i.e., the cath=
ode, Electrons are emitted from the surface of this dynode via
secondary emission and are accelerated to the second dynode whereupon
more electrons are emitted, This process continues until the sec-
ondary electron current, which is the output of the last dypode9 or
anode, is fed across a load resistor to the oscilloscope. No de=
tailed discussion on the electron multiplier will be.given here since
the literature (Allen, 1939) available contains literally volumes on
the subject., A schematic diagram of the type of multiplier used by

this student is presented in Figure 10,
Data Collection

The 585 oscilloscope is used with a Tektronic type 86 plugin
unit which has high gain and a rise time of the order of 4,0 nano-
seconds, . This instrument provides fixed deflection factors from
0001 volts per centimeter to 50.0 volts per centimeter. Also a
variable sweep speed of from 2.0 seconds per centimeter to 50.0 nano-
seconds per centimeter are provided. The additional features of
single sweep and delayed sweep capability were invaluable to our data
collection techniques,

A Tektronic type C-12 camera was used to take pictures of the
oscilloscope traces for permanent records. Two types of film were
used for our purposes. Both are commercially available from Polaroid

and are given as type 47, 3000 ASA, and type 410, 10,000 ASA. The
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later type of film was found to be especially well suited to the rapid
scan speeds used to monitor the initial bursts of ions, as well as

the earlier light pulse from both the breakdown of the spark elece-
trodes and the laser impact on aluminum. These photographs are then
enlarged for study and several of the curves taken directly from

these are presented in Chapter V.

In Figure 11 is presented a block diagram. of the quadrupole
assembly in the operational mode for analyzing the spark discharge.
The high voltage power supply in the upper left of the diagram is
used to charge a General Electric pyranol capacitor, which is rated
at 1.0 microfarads and 12,5 kilovolts. This capacitor is then dis-
charged across.the aluminum electrodes; producing the plasma to be
analyzed. The mechanical feedthroughs are used to vary the spark
gap separation. The optimum gap width was found to be of the order
of 1.0 mm. The power supply in the upper center=left provides the
accelerating voltage for the electron multiplier, This is a positive
ground power supply and is rated at from 0-2.5 kilovolts. The power
supply at the upper center-right provides the rf and dc voltages for
the quadrupole field electrodes., The oscilloscope in the upper right
monitors the magnitude of the rf voltage, the dc voltage and the
frequency of the rf voltage, Although this power supply has been
calibrated, the scope . allows_a constant check to insure that the
proper values are maintained throughout the data-collecting process,
The oscilloscope in the lower right of the figure monitors the ocut-
put of the electron multiplier, The C=12 camera is attached to this
scope.

A photograph of the quadrupole assembly is presented in‘Figure
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12, This photograph shows the vacuum system, the vertical glass mani-
fola which contains the spectroscopically pure aluminum electrodes
and some of the support equipment necessary for operation. Figure 13
provides a picture of the quadrupole field electrodes in a glass in-
sulator sleeve. .Also shown .in this photograph, immediately to the
right of the field electrodes, is the uncased electron multiplier.
The flange plate with electrical feedthroughs are shown at the ex-
treme right., At the extreme left will be seen two typical aluminum
spark electrodes which are tapered to a point, The device attached
to the front of the field electrodes is a pulsed electrostatic lens;
which will be discussed in Chapter IV. It should be noted that for
all the investigations reported in Chapter V, this device was not

inserted between the plasma source and the mass filter,
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CHAPTER IV
THE PULSED ELECTROSTATIC LENS
Background Discussion

The work associated with analyzing beams of charged particles
has nearly always been involved, in some way, with the focusing or
collimating of such beams. In many instances,; a combination of
electric aﬁa magnetic fields has been employed for this purpose,
depending on the particular requirements. In the case of magnetic
mass spectrometers, a magnetic field is necessary to alter the
trajectories of charge particles so that they may be identified. 1In
the study of elementary particles, huge magnets are used to contain
the particles as they are accelerated to great velocities. It will
be remembered that in the Millikan oil drop experiment of 1917,
parallel plates were employed to create an electric field to counter
‘the gravitatiﬁnal force on the charged oil drops. Then from pith
'balls to electronic tubes to synchrocyclotrons, the use of electro-
magnetic fields to control the trajectories of charged particles is
well known.

It has already been discussed in Chapter IT how alternating
electric fields are employed in the mass filter to control the tra-
jectories of aluminum ions as they traverse the quadrupole field.
The need for additional control over the ions to be monitored will

immediately be seen upon further investigation of the procedure of
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plasma ion analysis.

Consider this simplified process of plasma production and emis-
sion. In the case of spark gap breakdown, energy. is supplied to the
plasma at the time of breakdown for approximately the duration of
the capacitor discharge, thereby ionizing the vaporized atoms, . as
well as energizing the neutral atoms to a metastable state. Imme-
diately thereafter, many of these metastable atoms undergo downward
transitions in which light is produced. The resulting emission of
the plasma which enters. the quadrupole mass filter then comsists,
.not only of ions, but of light and metastable atoms. The filtering
_action of the quadrupole will eliminate the undesired ionic species,
but the light aﬁd uncharged metastable atoms pass through the filter
undeflected. The light emission in the ultraviolet region and the
metastable atoms which strike the first dyncde of the electron mul-
tiplier, produce secondary electrons, just as do the ioms.

The difficulty in reducing the data, as regards a quantita-
tive measurement of relative ionic density and of ionic welocity
distributions, can be recognized when the fact, that the light and
metastable atoms are superpoéed on the output, is considered. It
was precisely this fact that 1@& to the initiation of the electro-
static lens system.

The desire to remove the neutral atoms and light from the ion
beam, prompted the .conception of several types of electric and/or
magnetic fields to use for this purpose. The disadvantage of some
of these lies in their distortien of the Qelocity distribution, as
well as in their inagbility to handle several ionic specie in suces-

sion. A variety of electrode geometries and voltage values were
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considered and the final design is presented later in the test,

It was decided to eliminate the use of magnetic fields entirely
and to design a device which could be used to focus all of the ions
along a direction with as wide an angular separation from the light
and neturals as practical; Since as in the quadrupole itself, the
light and néutrals are unaffected by electric fields, they are al-
lowed to pass through the lens along a straight line from the plasma
source, while the ion trajectories are curved to the extent of the

‘magnitude of the applied voltage tc the lens electrodes.

Design and Construction

One of the fundamental requirements, considered in the design
of the lens, was that all ions considered, regardless of their
velocity, exit the lens at very closely the same angle and along the
same direction. Of course, the ions enter the lens from the plasma
source along with the light and neutrals. A simple parallel plate
design was .taken as a starting guide, but it was quickly seen that
because of the velocity range of from 700 to 7000 meters per second
of the ions, the angular exit spread was impossible to cope with.
This was, of course, due to the ions, .although of the same charge,
spending different times in the uniform electiric field of definite
length., 1In order to overcome this difficult, a non-uniform field,
resulting from an asymmetrical electrode gecmetry, was found to be
suitable in theory, but the foreseen difficulty with construction
of the electrodes and the problem. of fringing discouraged this design.

A return to .the basic parallel plate was the answer to our de=

sign questions, The key to the solution was to construct a solid
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base plate, but to substitute discrete wire electrodes for the oppos-
ing plate. The obvious advantage in.this arrangement is that a
different voltage may be placed on each of the wire electrodes, there-
by producing the desired electric field gradient necessary, to focus
the ions, regardless of their velocities.

Figure 14 shows the field electrode wires and the base ground
.platezésvthey are held in place by the Delrin insulator. It was
found that if the electric field of the electrostatic lens was
applied for 1.0 microseconds,. the 7000 meter per second ions would
travel a distance of 7.0 mm in this time interval. Since the slower
ions will travel distances; proportionally shorter than this, the
effective field length of the lens was designed to be approximately
8.5 mm, It will be seen in Figure 14 ;hat there are eleven field
electrodes. Only the central five of these electrodes provide the
critical electric field gradient. Three electrodes on either side
of these central five were inserted to provide a means to maintain
a fairly uniform, i.e., parallel, field in the central effective
region of the lens, This seems to be the solution to the fringing
problem. The potential on the first. three electrodes is maintained
at the.same potential as that on the first effective electrode. The
potential on the last three electrodes, which are closer to the exit
of the lens, is maintained at the same potential as that on the fifth
or last effective electrode, The base plate is always maintained at
ground potential,

The name, pulsed electrostatic lens, derives from the fact that
the effective field is acting oniy for a very short interval of time,

which in this case is 1.0 microsecond. . This of course demands that
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the applied field be synchronized with the entry of the ions into the

lens.

Electrostatic Lens Theory

Consider the emission of ions from a plasma which is then
directed into the region of an electric field, produced by the elec-
trdstatic lens. The construction of the lens with spaced electrodes
necessitates the use of two equations of motion since the ions
directly, above a wiré electrode are in themfegion of a constant
electric field, whereas an ion between two electrodes is in the re-
gion of a space dependent field.

From Coulomb's law and Newton's second law the basic equation

of motion. is determined:

- -
F=net E (4.1)
- - :
F=ma ‘ (4.2)
where: n.-= degree of ionization

Then the.equation becomes:

- -» :
ma=nek (4.3)
or
3* - -
oo E
d’t
Now since the electric field is givens

-» s .

E = Ey 3 (4.5)

one is concerned only with the wvertical displacement of the ion in
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the field. The velocity in the x-direction, i.e., the initial direc-
tion of ion travel, is unaltered by the field.

| Then for an on-axis entry of the ions, i.e., with no initial
vertical displacement, the equation of motion is then the solution
to Equation (4.4).

Solving for the vertical displacement (y) in Equation (4.4),

L] t
dy _ , . ne
T - j' E dt (4.6)
_ne ey (@
tdt
: \'
where: E = g = constant
'V = accelerating potential
d = vertical field separation
then:
ne ¢ ¢ dy
y == EJ’ t dt'.-i-'J" (dt)o'dt (4.7)
0 0
or
ne t2 dy
y :;n-—E"z—‘l' (dt)O t A+ yO (408)

is given as a function of time in terms of the electric field (E),
the degree of ionization (n), the electronic charge (e), the ionic
mass (m), the .initial vertical velocity ((dy/dt)o) and the initial
vertical displacement (yo)o

.Through an obvious change of variables,

. _—_'(x - XO)

. (4.9)
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where:s v.= velocity in x-direction

Equation (4.8) becomes:

X = X o (x = x)
_nekE 042 0
V= ) Ay, — Y, (4.10)

. o= (Y
wheres v, (dt)o

Now with the equation in this form, the slope of the ion tra-
jectory is determined for any horizontal displacement. This slope
is givens:

o 2(x = x)
gy _nek 2 42 (4.11)
v

dx 2 m 2
v

The Equations (4,10) and (4.11) give the vertical displacement
and slope of the ion trajectory for any horizontal displacement into
the electric field, It is desirable to'know the slope of the tra-
Jjectory in terms of angular degrees above the horizontal or initial

direction travel, This is given by the familiar forms:

TAN & = 951
dx
orx
6 = ARC TAN X (4.12)

dx

Therefore from Equation (4,11) the following expression for the
slope is obtained:

)

2(x = x )y
nel. 2+ 9] O (413)

®=ARC'TAN[-2m =2

The equations derived above are for a charged particle in the
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parallel plate capacitor. They hold for the period in which the ions
‘are directly above the electrode wires of the lens system.

In traversing the entite lens, the ions intermittently pass
through regions between electrodes where the electric field is not
.constant, but an incréasing function of (%). The equation of motion
for the ions in this region differ from those derived above to the

extent that E = E{x).

fee,  y(r) =ReE neV ()

m md

(4.14)

where: v(x) Vo + o x (4.15)

and: o = v »

oxX
the special increase of the potential in the direction of ion travel.

Solving for (y) in Equation (4.l14), the equation of motion is

obtained:
’ ne t
iy e 40].6
y(t). 4 Io (V0 + o x) dt ( )
ne t
=g IO (V0~+ o v t) dt
so that:
(+) = D€ a v ey
y(£) = = [V t+ =]+ y, (4.17)
and
ne A o v t2 t-
= ——— ——— . R d 40 8
y(t) md-ro(vot'+ > )dt+‘J"oyot (4.18)

or



ne Vo t2 o v t3 °
= he ; .
y{(t) -~ [ 7t =% 1+ Vo £t Y, (4.19)

With a change in variables; the equation of motion yields the
vertical displacement as a function of (x) for the space dependent

region of the electric field.

Vo o(x - x)? a(x - x y?
(2} O

ne o
y(x) =— 1T + - ]
md 2 v 2 6 v 2
y (x - x)
FR B v, (4,20)
v

The slope is then given, similar to Equation (4.11) by the

following:

: 2
4 G _ ne EVO ) + x - %) 1+ =2 (4.21)
“dx T md v 2 9 v 2 oy °
or
YA

ne Vo (x = x0> alx - xo)

& = ARC TAN | %[ 5 + 5]
v 2 v
R (4.22)
” .

Thus the ion trajectories are specified at any point through
the lens system by Equations {4.10) and (4.12) over an electrode

region and by Equations (4.20) and (4.22) over a space region.
Siopes of the Ion Trajectories

The equations derived above were used to predict the motion of
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any ion, regardless of its charge or entrance velocity. The mass of
of the ions was taken as that of aluminum.

In the velocity range from 700 m/sec to 7000 m/sec the final
vertical deflection and slope of each .ion specie has been calculated.
The minimum vertical deflection for fhe 1000 m/sec ion has .the value
of 0,117l mm and the maximum deflection occurs for the 7000 m/sec
ion and has the value of 0,5948 mm.

A computer program was used to calculate the optimum voltages
requiféd to maintain a constant 15.00 degree slope. Using this value
of the slope as optimum, the following deviations were calculated,

The maximum value for the slope occurred for the 2500 m/sec
ion and is given: 17,13 degrees

The minimum value for the slope occurred for the 3500 m/sec
ion and is given:. 12.64 degrees

The deviation from the optimum slope is then given:

+ 2,13 and =.2°36 degrees

1t should be noted here that actually two.programs were run.
One held the slope or angle from the horizontal constant at 15.0
degrees and inquired the neéessary voltages to maintain this value
assuming a linear continuous potential gradient in the direction of
ion travel. This gave the approximate voltage values to be .on the
field wires, These values are épproximate since the actual electric
field created in the region by the several wires and ground plate is
not coﬁtinuous,vbut stepwise increasing.

The continuous program was used as a guide to set the voltages.
on the wires and to estimate the potential gradient for the region

between the wires, These values were then used in the second pro-
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gram to calculate the voltages on the wires so that the constant elec-
tric field in the region directly over the wires and thevlinearly in-
creasing field in the region between the wires would be such as to
yield values for the slopes of the ion trajectories as close to 15.0
degrees as possible. Several programs were written, based on the
vsolutions for the equations of motion and two of them are presented

in the Appendix. Also two pages of computer output data are pre-
sented there as typical examples.

It can be seen that the angular spread for the entire range

of velocities is .only.4.49 degrees. Using the relation
m radians = 180 degrees

and | (4.23)

arc length =r 8 ,
a conservative angular spread of 5.0 degrees yields an approximate
spread of only 0,873 cm after 10.0 cm of travel from the -exit of the

electrostatic lens system, l.e.,

10,0 cm X 0.0873

arc length

arc length . 0,873 cm

The diameter of the quddrupole aperture is 1.15:cm. This means
that -at a distance of 10;0 cm, the quadrupole should be in a posi;
tion to accept all ions that pass through the lens in the frescribed
manner .

The field wires or electrodes are situated so that the separa-
.tion between them and the base ground piate is constant at 4.0 cm.

The electrodes themselves are 0.5 mm in diameter and the longi-

tudinal center-to-center separation of the electrodes is 2.0 mm. The

electrodes are constructed of high purity nickel (Ni #200, 99%), as
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is the base ground plate.,

The voltage values for the five {5) electrodes as well as the
potential gradients are shown in Table XI.

In this table, electrode number 1 corresponds to the wire elec-
-trode nearest to the entrance of the electrostatic lens. Electrode
number 5 is very near the exit of the lens. ALPHA I corresponds to
the potential gradient in the direction of ion travel, for values of
displacement into the field of from 0.0 to 2.5 mm. ALPHA II corre-
sponds to values in the 2.5 to 8.0 mm range.

Figure 15 is presented as a graphic illustration of the potential
distribution on the five effective field electrodes. It may also be
taken as proportional to the electric field strength in the region,
since the distance from all the electrodes to the base ground plate
is the same,

The curve number 1 represents the potential distribution of the
lens electrodes necessary. to direct ion number 1, or Al+1 s toward
the aperture of the quadrupole mass filter. Curve number 2 represents
the potential distribution necessary to direct ion number 2, or Al+3
toward the quadrupole; etc.

A single power supply may be used to provide the different volt-
ages to all five of the effective field electrodes, if an appropriate
voltage divider is employed. Such a voltage divider is presented in
Figure 16, For design purposes, only the first five specie of alumi-
num ions were considered., The voltage on the fifth effective elec-
trode, necessary to curvebthe trajectory of the fastest A1+1 ion by
15 degrees, was calculated to be 125.0 volts. Therefore the highest

voltage required of the power supply has been determined. The lower



TABLE XI

VOLTAGE VALUES AND POTENTIAL GRADIENTS

'ION |ELECTRODE | EIECTROIE | ELECTROIE | ELECTRODE | ELECTRODE |ALPHA I & II.

#1 #2 #3 #h #5 »

volts volts volts volts volts volts/mm
1 3.00 20,00 55,00 90,00 125,00 | 8.9L7 | 18.120
2 150 | 10.00 27,50 45,00 | . €2.50 | L7y | 9.210
3 1,00 6.67 18.33 30.00 L41.67 2,982 60140
L 0475 5.00 13.75 22,50 - 31.25 2,237 1.605
5 0.60 4.00 11.00 18,00 25.00 | 1,789 | 3.684

19
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voltages for the other electrodes are téken from the voltage divider.

The switch at the center of the left terminal block in Figure 16
is set for Al II, i,e., in the number 1 position. The terminal numbers
on the switch correspond to the potentiai curves in Figure 15, The
voltage divider output terminal letters correspond to the five effec=-
tive field electrodes.,

The position of the pulsed electrostatic lens, as it will be
used to extract the ions from thé plasma emission is shown in Figure
17, The plasma source, at the extreme right, emits a composition of
light, neutral atoms and ions through the entrance slit. The light
and neutrél atoms pass through the lens undeflected, but the ions are

accelerated directly at the quadrupole mass filter aperture.
Summary

The design and construction of the pulsed electrostatic lens has
been completed and will soon be used as an integral part of the
quadrupole mass filter assembly. The design of the pulsed power
supply for the lens is under way and the delay circuits to synchro-
nize the pulse with the arrival of the ions to the lens, are already
available. 1In order to place a pulse of 125.0 volts for 1.0 micro-
second on the voltage divider, which in turn, supplies the electrodes
of the lens system, a Schmitt trigger circuit may be employed, The
Schmitt trigger is a modified cathode-=coupled bistable multivibrator,
which is widely used as a voltage discriminator (Malmstadt and others,
1962). This trigger is useful as a M"squaring circuit" and is often
used in a sine-square generator to convert the output of a sine-wave

oscillator to a square wave,
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The vacuum spark discharge will be used to calibrate the delay
system and to obtain proficiency in reducing the data. This data will
be in the form of photographs, similar to the ones taken in the ini-
tial quadrupole experiments. It is hoped that with the electrostatic
lens, velocity distributions of the ions from both the laser impact
and the exploding wire plasmas can be obtained. The device should
also enhance the resolution with which the relative ionic density

of the plasma can be determined.



CHAPTER V
RESULTS AND CONCLUSIONS

The design and construction of the quadrupole mass filter assem-
bly was completed in late 1967 and the preliminary testing began in
early 1968, The mechanical components of thebassembly behaved well,
but some difficulty was encountered in constructing a stable, class
HC" oscillator. Much effort was expended in balancing the ogcillator
circuits and it was found that additional trimmer capacitors were
necessary for balance. ‘A new oscillator tube that was defective
added to the instability. Both oscillator tubes were replaced and
the power supply was operational. The power supplies for the dis-
charge condenser and the electron multiplier gave no difficulty.

The quadrupole lens and the electron multiplier were placed into
the vacuum system and were then ready to analyze the plasma ions.

The aluminum spark gap, used to produce the plasma, was the same one
used by Vernon D, Brown in his measurements of the emitted light.
Payne has used the same spark at the same rated voltage and current
to obtain spectrographs of the emitted light in the far ultraviolet,
i.e., spectral lines are identified as being from AL IV, Al V, etc.
Measurements of the ion content have been taken for three settings
of the voltage across the gap. The most reproducible data was ob-
tained with the 1.0 microfarad condenser charged to 10,000 volts,

This was the same rating that was employed by Brown and Payne for

67
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their measurements.,

Procedure

In a typical data run, the quadrupole power supply is turned on
for a period of approximately 30 minutes to allow the oscillator and
rectifier tubes to warm up. During this period, thé oscilloscopes
are also turned on so that they will become completely stabilized be-
fore they are needed, The aluminum electrodes are aligned in the
glass vacuum manifold and the pressure of the system is constantly
monitored to insure that approximately 10-5 Torr is maintained. Next,
the electron multiplier is turned on and the voltage is set to about
800 volts.

The quadrupole power supply is then set at the proper rf and dc
voltages to obtain a particular ion. The high voltage power supply
is turned on and set at 10,000 volts in order to charge the condenser.
This condenser is then allowed to discharge through the spark gap.

The resulting trace on the output oscilloscope is photographed.
Discussion of Spark Discharge Data

The vériables to be considered in analyzing the curves,; which
are shown in this chapter, are given below, The electron multiplier
is electrically biased to receive no electrons, so that they are not
considered., The variables are identified in the following list.

(1) Light from the spark breakdown
(2) Excited atoms which are neutral, i.e.; atoms that have
been excited to a metastable state

(3) Singly ionized aluminum ions
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(4) Doubly ionized aluminum ions
(5) Triply ionized aluminum ions
(6) Quadruply ionized aluminum ions
(7) Quintuply ionized aluminum ions

The Qariables appear in different combinations which may be se-
lected, in part, by changing the fields in the quadrupole mass filter
and by chance location of the position on the tapered electrodes at
which the spark occurs. Since the ions travel a known distance, which
is approximately 34.0 cm, the initial arrival time of each specie of
ion at the electron multiplier is indicated by the curves for that
particular specie of ion, The initial response of the quadrupole mass
filter is to the ultraviolet light from the spark and this is an
accurate indication of time zero. The time interval which is measured
between zeroc time and the arrival of 10 percent of tﬁe ions of one
specie is the time that is required for the ions to traverse the dis-
tance of 34.0 cm. This velocity corresponds, to a first approximation,
to the random velocity of the ions. If this assumption is accepted,
the relation, 1/2 m v2 = 3/2 k T, permits one to know the (kinetic
energy) temperature of the ions. The time of arrival of the different
ions permits one to compare the temperaturé (kinefic energy) of the
different ions and of the excited (metastable) atoms:

Provided the ions of different species, such as A1+2, A1+39 cooy
and excited atoms, have the same random velocity, the discharge is in
kinetic equilibrium. It is entirely feasible for the different specie
to be in kinetic equilibrium although from the set of measurements

that have been obtained for conditions equivalent to those of Payne

and Brown, there cannot be equilibrium between the ionization energy
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and the kinetic energy. Figure 18 gives the ionic energy as a func-
tion of the random velocity. |

A considerable amount of informatién may be dedcued from the data,
and a considerable amount of interpretation is required. Some of the
problems iﬁ the interpretation have been encountered before in the
data from the spark breakdown, taken by Carpenter and Bréwn,

The shape of all the curves that are presented in Figure 19 is
controlled and dominated by the light emission. The electron multi-
plier responds by producing a current for ultraviolet photons, as
well as for some of the photons of shorter wavelength in the visible.
For the set of curves at the top of Figure 19, the lower solid curve
represents the light emission and provides a base curve for reference.
The curves superposed on the light emission provide a sample compar-
ison of all the ions with no ions. The curve for all ions was ob-
tained by turning the quadrupole fields completely off. Therefore
all ions, regardless of their charge, were allowed to pass through
the lens as there.is no filtering action. The dotted curve represents
only neutral, metastable aluminum atoms and the light emission. To
obtain this curve, the quadrupole power supply was set at values for
which no ion could penetrate the field.

Several interesting features were illustrated for the light
emitted by the spark discharge, The curve for the light alone .is ob-
tained occasionally and its occurrence is determined by chance. It
is believed that this curve results when the spark is such that the
ions are emitted away from the aperture of the quadrupole lens. Its
reproducibility with respect to the oscillations in the first few

microseconds and with respect to its amplitude, lend credence to this
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interpretatioﬁa The first oscillation on these curves was masked by
noise and no attempt was made to interpret this region. From the curve
for the light emission,.the plasma continues to emit light, as well as
ions, for the entire time that the curves were recorded, i.e., for

over 200 microseconds.

The oscillations have a duration of about 10 microseconds. Since
each half cycle of voltage should produce of power input, as in any
electric circuit, the fréquency of the oscillation is about 50 khz.
This is the natural frequency for the condenser discharge through the
spark° These oscillations are of considerable amplitude for a period
of about 40 microseconds,; which indicates that the condenser dis-
charge is tompieted in this time, ‘Thit is significant for the forma-
tion of the stable plasma, since the plasma is not fully formed and
therefore is not very stable until the discharge is completén

This interpretation finds some substantiation in the nonrepro-
ducible regions of the curves, where the arrival of the ions and
metastable atoms at the multiplier is first indicated. This region
of the curves is also of approximately 40 microseconds duration. This
duration corresponds very well, as it should, with the creation time
of the ﬁlasma,

Note that the ions and neutrals begin to arrive at the multi-
ﬁlier between 60 and 70 microseconds after the breakdown begins. The
intensity from the excited atoms :and the ioné is the:differénce be-
tween the ordinate of this curve and the ordinate for thevphotons°

On the lower set of curves in Figure 19, it is readily seen
. that the base for the photon emission is practically identical to that

in the upper set. The dotted curve corresponds to the Al+1 ions,
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whereas the solid curve represents the Al+2 ions. It must be remem-
bered that the neutrals are also included in these amplitudes. The
curves are so designated because‘the voltage parameters f'a’! and "q"
have been set to select only the.Al+l and Alr'—2 ions, respectively.,
Maximum amplitude is attained for each ionic specie when the voltages
are set at the calculated values.

The random velocities of the ions and/or the metastable atoms
may be taken, to a good approximation, directly from the Intensity
versus Time plots. In the upper set of curves, velocities of the
order of 5 X 105 centimeters per second were recorded for metastable
atoms, while velocities of 4 X 105 centimeters per second and lower
are shown in the figure for the all-ions configuration.

Both the Al+l and Af+2 curves indicate ionic velocities of the
order of 5 X 105 centimeters per second, which corresponds to an
energy of 3.5 eV, It must again be emphasized that this measured
value is considerably higher than would be -expected in the plasma
proper. The measured value of 6.0 eV corresponds roughly to a plasma
energy of the order of one (1)‘eV, or a temperature of approximately
12,000 Kelvin degrees.

Additional information on other ionic species is given in Figure
20, The set of curves at the top of this figure -compare A1+3 with
A1+4 and a measure of Af+5 is presented in the lower set. The pres-
ence of these specie is firmly established by the interpretation of
the -emitted spectra in the far ultraviolet by Carpenter.

As of this writing, no quantitative evidence is available from
the quadrupole data to substantiate the qualitative conclusion that

, +3, ;
the specie; Al “is the most abundant. However, measurements with the
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spectrograph appear to support this preliminary evaluation of the data.
Discussion of laser Impact Data

The quadrupole mass filter was employed to analyze the emission
of ions and light from an aluminum plasma that was produced by laser
beam impact, Thekdesign and construction of the laser was completed
by Peery (1967), Mr, W. G. Robinson made modifications on the laser
assembly and through his efforts, operation in the Q-switched mode
was achieved. The laser is fired by charging a large -condenser bank
with a high voltage power supply and then allowing the bank to dis-
charge through helical flash lamps, These lamps optically excite
the twin ruby rods. The resulting giant laser beam is then focused
onto the aluminum target. The piasma, thus created, is allowed to
expand freely into a vacuum. The ions, metastable atoms and the
light emission is monitored with the quadrupole mass filter.

The aluminum target was positioned, in vacuum, so that approxi-
mately the same drift space existed as that for the spark discharge.
Since the plasma is produced in about 30 nanoseconds and emission in
the ultraviolet continues for only about 2 microseconds, the curve
may, with some hesitation, be interpreted as velocity distributions.
It is not clear as to the meaning of a lack of emission during the
time of flight. The pressure of the vacuum chamber, containing the
aluminum target, was maintained at about lOG'5 Torr; |

Some typical examples of fhe data obtained with the quadrﬁpole
in the initial analysis of the plasma, produced by the laser, are
presented in the following figures. The dominating feature in Figure

21 is the ultraviolet light emission. The peak amplitude of this
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emission is reached after about 0,25 microsecond and it has decayed

to nearly zero amplitude after 2.0 microseconds. This emission dura-
tion is significant since it may very well indicate the production
time of the plasma. To obtain this curve, the quadrupole power supply
was turned completely off, allowing all specie of iomns to pass through
the mass filter along with the metastable atoms and light.

Figure 22 shows a curve obtained under similar conditions, but
with the time scale increased by a factor of ten, Notice first of all
that what is believed to be the ultraviolet emission cut-off also
occurs at approximately 2,5 microseconds. What is considered to be
the initial burst of ions begins immediately after the decay of the
light emission, or at about 2,0 to 2,5 microseconds after impact.

Figure 23 is presented for comparison with the subsequent curves
and is a result of similar conditions as for Figures 21 and 22, but
with an increased voltage scale.

, , +2

The quadrupole was set to reject all ions except Al and the
laser was fired in the usual manner., The resulting trace, shown
. . . Ny . +2
in Figure 24, gives :an indication of the Al ions, metastable atoms
and light.

: 3, .

Two curves are presented for Al in Figures 25 and 26. A com-
parison of these will show that while the data is highly reproducible
with respect to the initial light emission and the arrival of the
first ions and/or neutrals, the obvious difference in amplitudes
indicates that no two impact phenomena are identical, however, similar
they are.

e . +4 - . . .
An indication of the Al ions is shown in Figure 27.

The variance in the amplitudes of the curves for identical
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quadrupole field valués will necessitate a statistical a statistical
evaluation of the data, with regard to the relative concentration of
each specie, but from the curves presented here, significant informa-
tion regarding the velocities of the ions and neutral atoms may be
gathered,

If the peak, beginning at 2.5 microseconds in Figure 23, may be
accurately designated as the arrival of aluminum ions from the target
érea, then their velocity has a measured vdalue of the order of 107
centimeters per second., This velocity corresponds to ;nkenergy of
1.4 keV and a Boltzmann temperature of 10,800,000 Kelvin degrees,

The burst of ions corresponding to the peak beginning at about 20
microseconds, yields values for the velocity of the order of 1;7 X 106
centimeters per second. Velocities of approximately this value cor=
respond to ionic energies of between 20 and 50 eV and to temperatures
in the 300,000 Kelvin degree range.

Obsefvations of the continuous spectrum from the sun and the ap-
plication of the laws of radiation indicate that the effective,
surface temperature of the sun is about 6,000 Kelvin degrees., Dr.

L, W. Schroeder, of the Astrophysics Group at Oklahoma State Uni-
versity, indicates that the interior temperatures of the sun have
been reported to be of the order of 15 to 20 Kelvin degrees, Using
these values as a yard stick, the extremely high temperatures of the
plasma may be appreciated.

The study of sodium plasmas, carried out by researchers at the
Honeywell Corporate Research Center; Hopkins, Minnesota, has pro-
duced plasma enefgies of 20 to 30Q eV (ready, 1967). These results

correspond to temperatures in the 300,000 degree range, measured in
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Dr, Todd's group here at Oklahoma State,
Summary

The results of the quadrupole mass filter analysis of the spark
dischafge and the laser impact have provided some experimental veri-
fication of the theoretical work, currently being done by this group,
The work has not only been rewarding in terms of the initial results,
but the results themselves have provided an incentive to further in-
vestigate the properties of transient plasmas.

It is hoped that in the near future, an analysis of the explod-
ing wire plasma may give an even better understanding of the behavior
of the ions, metastable atoms and light. The exploding wire assembly
was constructed by Mr. J. A, Yoder and tests are currently being
made to determine its operational characteristics.,

One major advantage the exploding wire offers is the very short
production timebof the plasma. A production time of the order of 1.0
microsecond will not only decrease the uncertainty with which veloc-
ity distribution measurements can be made, but it presents the pos-
sibility of attaining a plasma in equilibrium. The two other methods
of plasma production, mentioned in this report, do not.

Other planned experiments include the addition of the pulsed
electrostatic lens to the quadrupole assembly. The exciting pro-
spect of analyzing the individual ion velécity distributions with
the aid of this device promises to make a major contribution to the

state of the art of plasma physics,
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APPENDIX

The equations of motion for the ions that traverse the electro-
static lens are given in Chapter IV. Because of the many calculations
to be made to determine the field dimensions and the voltage values
for the lens electrodes, two computer programs were written so that
the behavior of the ions could be determined for a variety of initial
conditions. Among these conditions are included the electric field
width, the field length, the diameter of the lens electrode wires,
the spacing of the wires and the voltage to be applied to each elece
trode. Also a factor, which was considered in the calculations, was
the electric field gradient in the direction of ion travel., It should
be noted that several pulse intervals, from_loo to 10.0 microseconds,
‘were considered. The best solutions were obtained fwr 1.0 micro-
second,

The programs were written in the FORTRAN IV computer language

and were run on the IBM 360 computer, model 50.
Continuous Program

The initial programs were written to inquire of the equations
of motion, the positions and slopes of the ions after a predetermined
time in the field. In this type program, the electric field was
specified as continuously increasing in the direction of ion travel.
Several values of the field were introduced in the program to obtain

exit slopes that were consistent with the geometry of both the pro-
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ﬁosed lens and that of the existing quadrupole. It must be remembered
that the field gradient is the factor involwed for extractiné the ions
from the lens at the same angle. The electric fieldg_necessary to
deflect a slow ion a given angle will hardly affect the trajectory
of an ion whose velocity is a factor of ten greater., Since all the
ions, regardless of their velocity, must pass through the same field,
the field value at the end of the lens must be large enough to deflect
the faster ions the same angle as the lower field, at the froant of
the lens deflects the slower ions., Also this field must be turned
off by the time the slower ions reach the end of the lemns so they
will not be deflected further,

A typical program of the continuous type is presented in Table
XII. A sample page of the computer output for this program is pre;
sented in Table XIII. For this program, the velocity ranged from
700 to 7000 meters per second in 10,0 meter per second intervals. It
is assumed that all ions, regardless of their velocity are present
at x = 0 for t = 0, This point represents the -entrance to the lens,
It will be noticed in this program that the slope; or angle THETA, is
held constant at 15.0 degrees. The program then gives the voltage
values along the route of ion travel which are necessary to give the
15.0 degree deflection. 1In the illustration given; the potential is
specified at the point the ions have reached at the end of the 1.0
microsecond interval, The value of the field gradient at this same

point is also specified.
Discontinuous Program

The values of the field gradient from the continuous program



TABLE XII

TYPICAL CONTINUOUS PROGRAM FOR ELECTROSTATIC LENS

$J08 2233-40031 H WAYNE WILLIS

1 1 FORMAT(////42Xs5HAN = 4E10.493Xs5HAK = 4E10.433Xs4HT = ,€10.423X,
16HPTO = ,E1D0.4¢3Xs4HV = 4E10.443XySHDV = 4E10.443X,5HVF = ,E10.4,
2/33Xy4HR = 4E10.4+20Xy8HALPHA = ,E10.4}

2 2 FORMAT(/ 44X e 14,5Xs6(EL2.4) 422X 4E12.41}

3 3 FORMATH/ /737Xy 1HM 10X e HY » 11Xp 1Sy OXp SHTHETA» 8X s 2HPTy 11Xe1HX 411X,

: 15HALPHA, 35X, 1HV}

4 4 FORMAT(SX,El0.41}

5 READ{S5,4) AN, AK,TePTO+V,DV,VF, Wy ALPHA

6 9 WRITE({641) AN,AX,T,PTO,V,DV,VF, W, ALPHA

7 V=T7.0E 02

8 M=1

9 DVC=DV

10 PT=PTO
11 10 WRITE(6,+3)
12 11 _X=V=*T
13 S={{AN#AK) ¥ {2 . 0*PTOXX+ALPHARXEX) )/ (VEVEW)
14 YS{{ANFAKIF(PTO*XEX+ALPHA® (X*X*X)/3.0)}/{VEVEY)
15 THETA=ATAN{S}*57.29578
16 PT=PTO+ALPHAXX
17 WRITE{6+42) My YsSsTHETA,PTyXsALPHA,V
18 M=M+1
19 IF{V.GE.VF} GOTO 50
.20 __IF{V.GE.1000.0) 0VO=10,0%DV
21 V=V+DVO
22 . _.60TQ 11
23 50 IF(AN.GE.S5.0} GOTO 60
24 T AN=AN+1.D
25 IF{AN.EQ.2.0) ALPHA=3.0 E 03
26 . IF(AN.EG.,3,0) ALPHA=2.,0 E 03
27 1F{AN.EQ.4.0) ALPHA=1.5 E 03
28 IFIAN.EQ,5.0) ALPHA=1.2 E 03
29 GOTO 9
30 60 STQP
31 END
SENTRY



TABLE XII1I
SAMPLE COMPUTER - OUTPUT FOR CONTINUOUS PROGRAM

0.3000E 01 AK = 0.1786E 07 T = 0.1000E~05 PYO = 0.5000€ QO v = 0.7000E 04 DV = 0.,1000E 02 VF = 0.7000F 04

nin

0.4000E-01 S = 0.2679E 00

H ' s THETA PT X ALPHA v

1 0.8483E-04 0.2679€ 00 0.1500E 02 0.9000E 00 0.7000E-03 0.5714E 03 0.7000E 03
2 0.8573E-04 0.2679E 00 0.15006 02 0.9200E 00 0.7100E-03 0.5915€ 03 ' "0, 7100E 03
3 0.8662E-04 0.2679E 00 0.1500€ 02 0.9400E 00 0.7200E-03 O0.6L11E 03 0.7200E 03
4 0.8751E~04 0.2679€ 00 0.1500€ 02 0.9600E 00 0.7300E~03 0.6301E 03 0.7300E 03
5 0.8841E-04 0.2679E 00 0.1500E 02 0.9800E 00 3 T400E=03 0.6486E 03 : 0.7400€ 03
6 0.8930E-04 0.2679€ 00 0.1500E 02 0.1000E Ol 0.7500E-03 0.6667E 03 0.7500E 03
7 0.9019E-04 0.2679E 00 O0.1500E 02 0.l020E OL 0.7600E-03 0.6842E 03 0.7600E 03
] 0.9109E-04 0.2679E 00 O0.L500E 02 0.1040€ 01 0.7700E-03 O0.70L3E 03 G. 7700 63
G 0.9198E~04 0.2679E 00 O0.1500E 02 O0.1060€ Ol 0.7800E-03 O0.7179€ 03 0.7800E 03
10 0.9287E-04 0.2679E 00 O0.1500E 02 0.1080E OL O0.7900E-03 0.7342E 03 0.7900E 03
11 0.9376E-04 0.2679E 00 0.1500E 02 0.1100E 61 0.80006-03 0.7500E 03 0.8000E 03
12 0.9466E~04 0.2679€E 00 0.L500E 02 0.1120€ Ol 0.8L00E-03 0.7654E 03 0.8100€E 03
13 0.95556-04 0.2679E 00 0.1500E 02 0.l140€ Ol 0.8200E-03 0.7805E 03 0.8200E 03
14 0.9644E~04 0.2679E 00 0.1500E 02 O.1160E Ol 0.8300E-03 0.7952E 03 0.8330€ 03
15 0.9734E-0%4 0.2679€ 00 0.1500E 02 O0.L180E Ol 0.8400E-03 0.8095E 03 0. 8400 03
16 0.9823E-04 0.2679E 00 O0.1500E 02 0.1200E Ol 0.8500€6-03 0.8235€ 03 0.8500€ 03
17 0.9912E~04 0.2679E 00 0.1500E 02 0.1220€ 01 0.8600E-03 0.8372E 03 0.8600E 03
18 0.2679E 00 0.1500E 02 0.1240€ 01 0.8700E-03 0.8506E 03 0.8700E 03
19 0.1009E-03 0.2679E 00 0.1500E 02 O0.1260E 01 0.8800E-03 0.8636E 03 0.8800F 03
20 0.1018E-03 0.2679E 00 0.1500€ 02 0.1280F 01 0.8900E-03 0.8764E 03 0.8900E 03
21 0.10276-03 0.2673E 00 0.1500€ 02 0.1300E 0l 0.9000E-03 0.8889E 03 €. 900CE 03
22 0.1036E-03 0.2679E 00 0.1500€ 02 0.1320E Ol 0.9100E-03 0.90LLE 03 0.9100E 03
23 0.10456~03 0.2679E 00 0.L1500E 02 0.1340E Ol 0.9200E-03 0.9130E 03 ; 0. 9200€ 03
24 0.1054E-03 0.2679E 00 0.1500FE 02 0.1360E 01 0.9300E-03 0.9247¢ 03 0.9300E 03
25 0.1063E-03 0.2679E 00 O0.1500€ 02 0.1380€ Ol 0.9400E-03 0.9362€ 03 0.9400€ 03 )
726 0. ID72E<03 0.2679E 00 0.1500F 02 0.1400F O1 0.9500E-03 0.9474F 03 0.9500E 03 : ©

S
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were used as guides for~simu1ating this field as closely as possible
with a discontinuous field. It should be explained here that the
field is discontinuous; so far as the field gradient 1s concerned.

This results from the use of the discrete electrodes, instead of a
single continuous one; to préduce the high gradients necessary. The
value of the field, directly over the electrodes, is approximately
uniform .and constant, The value of the field between the electrodes

is very nearly.linearly increasing., By the judicious appointment of
voltages to the individual eléctrodes,rthe field values and gradients
of the continuous case were closely simuiatedu This is to say that
these values were calculated, using the computer programs, which

were necessary to deflect the ions approximately 15.0 degrees from

the direction of entry. A typical discontinuous program is presented
in Table XIV. For these programs,; the ions are considered to traverse,
not one, but several electric fields as they pass through the lens.
Because of this, the initial conditions at the beginning of each new
field must be provided for each ion of a different charge and velocity.
For: all the ions, the initial conditions at the first field were con-
sidered to be that an on-axis entry was made into the lens, with zero
vertical velocity. Table XV is submitted to show a typical page of

computer results for this program.

i



TABLE X1V

TYPICAL DISCONTINUOUS PROGRAM FOR ELECTROSTATIC LENS

$J0B 2233-49031 H WAYNE WILLIS

1 1 FOPMATI{// /742Xy 5HAN = 4E10.4+3X35HAK = 4E10.443Xe4HT = Ell.4¢3X,06H
e _APTO = » = v E1D.4y3X aHE = JEL10.443X 4R = 4E1C.de/,2%
Zrerr = L€ 35107 1E10.4,3X,6HDPT = ,E10.4,3X,5HDV = +£10.4,
. . 33X, 5HVE = 4E1D.4¢3X.3HTF = ,E10.4) .
2 2 FORMATI/ +4X, 1455%,6(E12.41,3X,E12.4,4%,E12.4])
3 3 FORMAT(/ /73T IHM 10X o LHY o LIX s 1HS 39Xy SHTHET Ay 5X4 242 T, 9 X, 2HAY ,9X, 24

1AT ,20X 4 3HPTS 12X, 1HV)
4 FORMET (5X,E10.4

KEADIS 4 ) AN, ARy Ty PTO V0,  WeGrHs DT s OPT, 0V, ¥Fy TF
6 . .. % v=vD -
7 BVO=0V
8 10 WRITEU6,1) AN, AK TePTOsV_ 4 WsGeH,DT,0PT,DVD, VF,TF
9 11 WRITE(6,3)
10
1t
2 _ - _
13 .0
16 e }
15 PT-DPT
16 (=vsT
17 =X/ 15+n1
18 I=IFIX(2} R :
19 F1=FLOAT(I)
20 . D=2-Fi

XL ={5+HI%*D

- XL=G -
) Q.6T.0.00L=2 o
25 REFESEYY
26 M=} 3 3
27 FEIX.LT.6) 50T 60

ALL _EVODE#, L0

FILOAD.ED.2 Q 40
30 R=5 R
31 AX=UFLOATIM*1}/2.0) ¥ (G+HI=H
32 6GT3 50
33
36 ax=(FLOA
35 =Lx/sV
36 . CALL EVOD(M,LI4D)
37 JFLLCA0.EQ.2) GOTO 55
3g PT=PT+0PT

42 . $22.0¢CCM+PS B

43 GGTD So

45 (EANZAK) /L IVER2)TW) ) E(PT=R}

45 (LANEAKI /L AVES2) R )X DPT/H) ®(R=2)
ke L

47

48 = P1/H) 2R

49 56 THETA=ATANES)®57.2957&

50 FFtM_EQ. U} GRTD 72

‘51 PY=Y

52 . PS=5__

53 FEUTS

54 IFIe.£3.d) 5073 6D

55 GLTG 32

56 60 R=xL o

57 IFIL.ED.2) R=0

_58 AX=AX*R

59 GOTa 59

60 TO WPITE(Hs2] My YeSyTHETAPT,AX AT (PTS,V

61 IF(V.GE.VF} GOTD %0

62 1FIV.GE.1C00.010V0= 10.0%DY

b3 V=V+DV0

64 GQYD_12

65 80 IF(AN.GE.5.0) GATD 90

66 ANSAN+1.0 _ e

67 6GTO 9

68 20, STGP T L

69 END

70 SUBRQUTINE EVOD{M,LOAD)

71 FM={FLIAT(M11/2.0

72 1X(FM) N

73 LGATTM0)

74 FazfFM-F3 , L

75 [F(F4.GT. 0.4} GOTO 200

16 LGAD=2 e

77 GOTO 309

8 229 L0AD=1

79 300 RETURN

80 END e
SENTRY T T T T

%6



TABLE XV

SAMPLE COMPUTER OUTPUT FOR DISCONTINUOUS PROGRAM

-1786F_07 ) 3000€ 01 Vv__= 0,7000F 03 G = 0.S09NE-03
L1003E~05 L1200 027 VF = 0.7000F 04 : B
W Yy T e THETA PT ax AT PTS [
2 C.1252E-03 0.3060E 00 0.1701f 02 0.6000F 39 0.7000€-03 0.1000£-05 G.9579€ 00 H.7000F 03
2 7.1247E~03 0.3007E 00 0.1673fE 02 O0.6000E 00 2.7100E-03 0.1009E-05 0.9758E 00 0.7130E 03
2 0.1242E-03 0.2957E 00 O0.16476 02 0J.6000E 00 0.7200E-03 G.1DCDE-D5 0.9937E 0N A.7290E 03
2 0.1237E-03 0.2910E 00 0.1623E D2 O0.6000E 03 0,7300E~03 0.1C00E-05 0.1012€ 01 0.7300€ 03
2 0.1232E-03 0.2866E D0 0.1599E 02 0.6000FE 00 0.7400E-03 0.1000E-05 7.1029€ 01 0.7430E A3
2 0.1228E-03 0.2825E 00 O0.1578E 02 0.6000f 00 0.7500E-03 0.1000E-05 D.1047E O1 0.7550€ 03
2 0.1223E-93 0.2787F 00 0.1557E 02 0.6000E D0 O0.76D0E-02 0.10D0E-05 0.1065E OF 0.T60DE 037
2 0.1219E~03 0.2750E 00 0.1538F 02 0.6000E 00 0.7700E-03 0.1000E-05 0.1083€ 01 0.770DE 03
2 0.12156~03 0.2716E 00 0.1520€ 52 0.6000FE 00 0.7800E-03 0,1000E-0% O0.I101E 0%
2 0.1211E-03 0.2685E 00 0.1503E 02 0.6000E 00 N.7900E-03 0.l1000E-05 0.1119E 01
2 0.1207E-03 0.2655E 00 0.14B7€ 02 0.6700E 00 0.8000E-03 0,1000E-05 C<1137€ A1
2 0.1204E-03 0.2627¢€ 00 1 )E 00 0.8100E-03 0.1000E-05 n.118SE 01
2 0.1200F-03 0.2600E D0 0.i4S8FE 02 0.6000€ D0 0.8200E-03 0,1000E-05 C.1173E 01 0.8200E 03
2 0.1197E-13 0.2576E N0 0.1444E 02 0.6000E 00 0.8300E-03 0.1000E-05 O.1191E 01 0.8300E 03
2 0.1194F-03 0.2553FE CO O0.1432€ 02 O0.6000F J0 0.8400£-03 0.10C0E-05 0.1208E 01 N.84N0E 03
2 0.1191E-03 0.2531F 00 0.1420F 02 0.6000E 00 0.3500F-03 0.1COOE-05 0.1226€ 01 5.8530€ 03
2 0.1189E-03 0.2511f N0 0.1410f 02 0.6000€ 0D 0.8600E~03 0.1000E-05 0.1244E 01
T2 T 0.1186E-93  0.2492f 59 0.1399E 02 0.6000E 00 0.8700€-C3 0.1000E-05 0.1262E 01
T 0.1186E-03° T 0.6000E 00 "0.8800E-03 0.1000E-05 C.12R0E 01
2 0.1182E-03 0.2458 00 0.1381F 02 D.6000E B3 0.8900E-03 0.1000€~05 G.1298E C1
2 0.11B0E-03 0.2443E 00 O0.1373E 02 0.6000F 00 0.9000E-03 G.1000E-05 0.1316E 71
T2 T T 1178E-03  0.2428E 00 0.1365€ G2 0.6000E 00 0.9100E-03 0.1000E-0% G.1334E 01
2 C.1177E-03 0.2415f 00 O0.1358F 02 0.6000E D0 0.9200£-03 0.1000E-05 D.1352€ 01 5.8700E 03
2 0.1176E-03 0.2403F 05 0.1351E 02 0.6D00E 00 0.9300E-03 0.1000E-05 0.1369€ 01 TB.93060€ 03

Gé
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