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ABSTRACT

Theoretical and numerical analyses are made of planar,
cylindrical and spherical-electrode two-field time-of-flight mass
spectrometers in order to optimize their operating conditions. A
resolving power enhancement method is introduced which can
improve the resolving power of these instruments by a factor of
7.5. A numerical analysis of potential barrier gating in time-
of-flight mass spectrometers is also made.

Experimental studies of a miniature cylindrical-electrode
time-of-flight mass spectrometer and of a miniature hemispherical-
electrode time-of-flight mass spectrorrieter are presented. The
extremely high sensitivity of these instruments and their ability
to operate at D-region pressures with an open source make them
ideal instruments for D-region ion composition measurements.

The design, testing and successful launch of a sounding rocket
experiment package carrying a cylindrical electrode time-of-flight
mass spectrometer are discussed. The mass spectrometer data

indicate that essentially 100 per cent of the positive electric charge
on positive ions is carried by ions with mass-to-charge ratios
greater than 500 below an altitude of 92 km. These heavy charge

carriers were present at altitudes up to about 100 km.
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CHAPTER 1
INTRODUCTION

1.1 The Ionosphere

The study of the weakly ionized plasma enveloping the entire
earth and extending from about 50 km to about 1000 km in altitude
was stimulated by two primary reasons. The first was to discover
its effects on radio waves, while the second was to discover: its
effects on the geomagnetic field. Although there were earlier
proposals relating to the existence of this plasma, the first significant

papers were written by Kennelly (1902) and Heaviside (1902). These

_researchers explained the success of Marconi's radio experiment

(in 1901) by postulating the existence of a conducting layer at a high
altitude, The use of the name '"ionosphere'’ for the ionized plasma
surrounding the earth was proposed by Watson-Watt (1929) and has
become the commonly used term.

The beginnings of the modern theory of the ionosphere were
with the works of Hulbert (1928) and Chapman (1931a,b). Since
the di:scription by Chapman (1931a, b) of an ionospheric layer, the
division of the ionosphere has commonly been into layers. However,
the boundaries between these layers have usually been regions of
large electron density gradients. These layers are known as the D,
E and F—regions (and sometimes the C-region). The D-region is
roughly the region below 90 km., The region from about 90 km to

between 140 km and 180 km is knbwn as the E-region. The F-region
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(usually divided into the Fl and Fz-regions) extends from 140-180 km
to about 300 kmm. Above 300 km is usually referred to as the topside.
The C-region is sometimes used to describe the region from 50 km to
60 km,

With the definite proof of the existence of the ionosphere
obtained in the early portion of this century, theorists have attempted
to construct ionospheric models. These attempts continue to the
present day. The data needed as inputs, for modeling, include
temperatures (ionic, neutral and electron), the pressure, the chemical
composition (neutral and ionic), reaction rates and solar radiation
information, This thesis will discuss the use of time-of-flight mass
spectrameters for the measurement of the positive ion composition

of the D-region and E-region of the ionosphere,

1.2 Mass Spectrometry in the lonosphere

The mass spectrometer has become an established and sensitive
tool for use in the quantitative analysis of complex mixtures of gases.,

It is natural, therefore, to apply mass spectrometry to the measure-

'~ ment of neutral and ionic species in the earth's atmosphere. Of

special interest, in this thesis, is the study of the ionic species of the
earth's, aAt;mc;sphere, The first measurements of ionospheric composi-
tion were made using the radio frequency mass spectrometer developed
by Bennett (1950). These early measurements were made in the E and

F-regﬂi‘g;;s of the ionosphere by Townsend (1952), Johnson and Meadows

: (1955) and Johnson and Heppner (1955). Although the quaht'itative

results of these measurements are in doubt, they did indicate that the

?rincipal ions present in the altitude range of 100 km to 200 km were

o' (16), No* (30) and O} (32).
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Since these measurements, numerous experimenters, using a
variety of mass spectrometers, have entered this field. These
experimenters include Boyd and Morris (1955), Boyd (1959, 1960),
Boyd et al., (1974), Sayers (1959), Hoffman (1967, 1969, 1970),
Hoffman et al., (1973), Istomin (1962), Istomin and Pokhuﬁkov
(1963), Bowen et al., (1964), Taylor et al., (1965, 1968), Raitt
et al,, (1965, 1973), Taylor and Brinton (1961), Young et al., (1967),
Goldberg and Aikin (1973), Aikin and Goldberg (1973), Smith et al.,
(1967), Zhlood'ko et al., (1974), Brinton et al., (1973), Arnold et al.,
(1969), Goldberg (1975) and Krarkowsky et al., (1972c).

A subject of great interest, since the middle 1960's, has been
the ionic composition of the D-region. The discovery of hydrated
ions of the form H?’O‘l~ . (HZO)n by Narcisi and Bailey (1965) stimulated
a great amount of debate, However, the presence of these ions is
generally accepted today. The type of ions in the D-region have a
great affect on VLF radio wave propagation and knowledge of these
ions is crucial for reliable communication using VLF radio wave
propagation, Experimental measurements in this region are made
extremely difficult by the high ambient pressure and the small ion
concentrations. The higher pressures mean a smaller mean free
path than the dimensions of the instruments used for measurements.
The small ion concentrations result in small ion currents, 10—10
amps or less, and introduce problems of current detection. The

workers in this field have, for the most part, used quadrupole mass

filters which sample through an orifice, typically 1 mm in diameter,
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and are differentially pumped by cryopumps or ion pumps. This
method allows the use of electron multiplier detectors for ion current
detection. Some of the researchers who are working in, or have
worked in, D-region ion composition measurements are Narcisi and
Bailey (1965), Goldberg and Blumle (1970), Narcisi (1966, 1967,
1969, 1970, 1973), Narcisi et al., (1967, 1969a,b, 1971, 1972a,b, c),
Narcisi and Roth (1970), Goldberg and Aikin (1971), Arnold et al.,
(1969, 1971, 1974), Krankowsky et al., (1972a, b), Johannessen and
Krankowsky (1972, 1974), Johannessen et al., (1972) and Arnold and
Krankowsky (1974), All these researchers used the quadrupole mass
filter introduced by Paul and Raether (1955). Recently, a differentially
pumped magnetic sector mass spectrometer was flown by Zbinden
et al.,, (1975) and measured D and E-region positive ion composition.
Negative ions in the D-region have also been subject to study
by a number of experimenters. These include Johnson and Heppner
(1956), Narcisi (1969, 1973), Arnold et al., (1971), Narcisi et al.,

(1971, 1972a,b) and Krankowsky et al., (1972a).

1.3 Time-of-Flight Mass Spectrometry

The instruments which are the subject of this thesis are
time-of-flight mass spectrometers. The original studies of time-of-
flight mass spectrometers were carried out more or less
simultaneously by Stephens (1946) and Cameron and Eggers (1948).
Further investigations were done by Keller (1949), Takekoshi etal,,
(1951), Glenn (1952), Wolff and Stephens (1953), Ionov and Mamy’r'm

(1953) and Katzenstein and Friedland (1955). ' .
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In 1955, Wiley and McLaren introduced the two-field time-of-
flight mass spectrometer. This instrument used two acceleration
regions in the ion source. This produced significantly improved
resolving power compared to earlier time-of-flight mass spectrom-
eters. The mass spectrometer of Wiley and McLaren (1955) and the
earlier time-of-flight mass spectrometers used planar electrodes.

Sayers (1959) and MacKenzie (1964) developed time-of-flight
mass spectrometers which used a cylindrical geometry. These
instruments were designed for use in ion composition measurements
in the E-region of the ionosphere. They did not use the two-field
source of Wiley and McLaren (1955) and with a flight path length of
12 cm, had a resolving power of only 3. A successful sounding
rocket flight showed the presence of NO' (30) and O} (32). Work
was also done on a cylindrical-geometry time-of-flight mass
spectrometer by Lincoln (1957). He used a modified vacuum tube
with an ion flight path of 5.6 cm and observed a resolving power of
about 1.

Diem (1967) reported a time-of-flight mass spectrometer
combining the cylindrical geometry of MacKenzie (1964) and the
t%&o-fiéld acceleration source of Wiley and McLaren‘ (1955). This
instrument had a drift region length of about 4 cm and had a resolving
power of 5. These early results were extended by Zabielski (1970),
Zabielski, Diem and Kendall (1970), Stein (1974) and Kendall and
Reiter (1975). In 1970, Zabielski described a time-of-flight mass

spectrometer using a spherical geometry and the two-field source of
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Wiley and McLaren (1955), The theory of this instrument was
subsequently described, in more detail, by Zabielski, Stein and
Kendall (1972/1973) and Stein (1974). Experimental studies of this
instrument were reported by Reiter and Kendall (1974); The
laboratory version of this instrument had an ion drift length of about

4 cm and a resolving power of 13,

1.4 Statement of the Problem

The principal objective of this thesis is the study of the
application of miniature time-of-flight mass spectrometers (TOFMS)
with planar, cylindrical and spherical geometries to D-region and
E-region ionosphere composition measurements on sounding rockets.
The use of time-of-flight mass spectrometers for ionosphere
research has been attempted on few occasions in the past (see
MacKenzie (1964) and Zabielski (1970)). Since the introduction of the
quadrupole mass filter, there has been little use of other types of
mass spectrometers for lower E-region and D region ion composition
measurements., The development of the miniature time-of-flight
mass spectrometers to be discussed in this thesis is to provide an
alternate type of mass spectrometer for ion composition measurements
in the lower ionosphere.

The first step in accomplishing the principal objective is the
theoretical and numerical study of time-of-flight mass spectrometers
with planar, cylindrical and spherical geometries in an attempt to
optimize their resolving power and sensitivity, The second step is

the numerical study of gating in time-of-flight mass spectrometers
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in order to understand the effects of gating on resolving power,
sensitivity and mass discrimination. The third step is the experi-
mental study of cylindrical and hemispherical-electrode time-of-
flight mass spectrometer operation and their suitability for D-region
ion composition measurements. The fourth step is the description
of the construction and testing of a sﬂounding rocket experiment
package carrying a cylindrical-electrode time-of-flight mass
spectrometer. The fifth step is a description of the sounding rocket
flight and the data reduction procedure for the mass spectrometer
data. This step includes a discussion of the calculation of detached
shock wave parameters and the effects, on the mass spectrometer
data, of sampling through a detached shock wave. The last step is

a description of the results of the mass spectrometer measurements,

their implications, and a comparison of the results to those of previous

researchers,
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CHAPTER II

TWO-FIELD TIME-OF -FLIGHT MASS SPECTROMETER
THEORY AND NUMERICAL STUDIES

2.1 Introduction

This chapter will develop the mathematical basis for study
of the operating conditions of two-field time-of-flight mass
spectrometers with planar, cylindrical and spherical geometries.
This will be done by first introducing the definitions and the
necessary background in order to understand the terms and the
previous work on two-field time-of-flight mass spectrometers. This
will be followed by a detailed analysis of the time-of-flight for the
three geometries. Computer studies of two-field time-of-flight mass
spectrometers will be made. In addition, .the theory and numerical
studies of a possible resolving power enhancement method will be

presented at the end of the chapter.

2.2 Definitions

Time-of-flight mass spectrometers can usually be classified
as constant energy or constant momentum devices. Constant energy
time=-of-flight mass spectrometers give the same energy to ions
with different mass-to-charge ratios. Constant momentum time-
of-flight mass spectrometers give the éame momentum to ions with
different mass-to-charge ratios. The spectrometers considered
in this thesis are all constant energy devices. |

In constant energy time-of-flight mass spectrometers, the

resolving power is given by R = t/2A t where t is the ion flight

e g e
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time and At is the spread in the time-of-flight of the ions of a

given mass. In this thesis, At will always signify the full width

at half height of any mass peak uader study. The resolving power
is often equated with resolution i recent studies of mass spectrom-
eters, This is not really correct and this thesis will only use the
definition of resolving power given above.

Two important focusing priaciples, which will be referred to
often in this chapter and in the rest of this thesis, are space
focusing and velocity focusing. The definitions of space focusing
and vélocity focusing applied to time-of-flight mass spectrometry
are different from the definitions of these terms which are applied
to the rest of the mass spectrorﬁétrya In this thesis, space focusing
occurs if ions of a given mass-to-charge ratio, produced at the same
time at differenAt places in the soufce region with the same velocity,

are focused so that they reach the collector at nearly the same time.

Velocity focusing occurs, again in this thesis, if ions of a given mass-

to-charge ratio, p'roduced at the same time and same place with
slightly different velocities, are focused so that they reach the
collector at nearly the same time. If perfect velocity focusing and
periect space focusing occur simultaneously, the result is perfect
dcuble time foqusiﬂgo

In order to properly analyze and understand the operation of
two-field time-of-flight mass spectrometers with planar,
cylindrical and spherical geometries, it will be necessary to

derive analytical expressions for the time-of-flight for each

geometry., The theory for the planar geometry two-field time-of-
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flight mass spectrometer was first worked out by Wiley and McLaren
(1955). This work was extended by Stein (1974). A series solution
for the cylindrical geometry was deriQed by Diem (1967) and extended
by Zabielski (1970) and Zabielski, Diem and Kendall (1970). A series
solution for the spherical geometry was derived by Zabielski (1970)
and extended by Zabielski, Stein and Kendall (1972/1973). Closed
form solutions for both the cylindrical and spherical geometries
were derived by Stein (1974). The ex;.)ressions presented in this
thesis for the time-of -flight for all three geometries will follow

those of Stein very closely.

2.3 Linear Constant Energy Time-of-Flight Equation

Consider an ion of mass m, charge q, starting at a point X
and with initial velocity v, When this ion is placed in an electro-
static field E(x), corresponding to a potential V(x), the equation of

motion can be written as

RS
)

. :
mvi2 + qV(xi) = —Z—rnv2 + gV(x) (2. 1)
In this expression, v is the ion velocity at any point %, -and V(Xi)

is the potential at the ion's starting point. The time-of-flight
equation follows from equation (2. 1) by substituting 3—? = v . and
integrating both sides of the equation after rearranging terms.

This gives

m 1/2 ¥ dx!
=) ) — e
* [ qu + Vix,) - V(x')] (2.2)

e _A.i.»gu,—‘ﬁy;
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where x is the final position of the ion and the sign is to be chosen
to insure an increasing t. The denominator under the integral is
always positive so the (+) sign is chosen if dx' > 0 and the (-) sign
if dx' < 0. Equation (2.2) defines the time-of-flight of an ion
moving in a straight line.

Reflectionv points in an ion's path, for an ion with initial
velocity in the opposite direction of the electrostatic field, can
be calculated from equation (2. 1). Since v = 0 at the reflection

point

mv

Vi) = Vi) + (2.3)

2q

and if the expression for V(x) is known, a solution for X can be

calculated.

2.4 Two-Field Time-of-Flight Mass Spectrometers; Definitions

The theory of time-of-flight mass spectrometers presented in
this chapter deals with idealized mass spectrometers. This ideal
two-field time-of-flight mass spectrometer (referred to hereafter as
TOFMS) has four electrodes which are planar, (see Figure (2.1)), |

concentric cylinders (see Figure (2.2)), or concentric spheres (see

Figure (2.3)). The outer or left-hand electrode, designated

electrode 1, with applied voltage V., and radius Ty is either solid

l’

ora grid. The next two electrodes, labeled electrodes 2 and 3, have

voltages V2 and V3, and radii r, and T, and need to be essentially

transparent to ions. The right-hand or inner electrode, the collector,

T e
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and Kendall (1972/1973)).




15

has voltage VC and radius T These four electrodes bound three
regions (designated 1, 2 and 3) and are defined as the source,
acceleration and drift regions. The widths of these regions are

dl, d2 and d3.

Ions are formed or drawn into the source region when it is

field-free (V1 = VZ).

then turned on. For positive ions in the TOFMS considered in this

The electric field in the source region, E, is

thesis, this is usually done by pulsing V1 more positive (so that V1 >
VZ) until all the ions have left the source region. The ion initial
position is x, or r, and the initial ion velocity is Vi

In the planar geometry the time-of-flight is independent of
initial velocities parallel to the grids. However, in the cylindrical
and spherical geometries, non-radial initial ion velocities will affect
the time-of-flight. In order to slightly simplify the theory, and
because the non-radial velocities will be small in most applications,
only radial initial velocities will be considered.

The ions arrive at grid 2 in time tl’ unless the ions have an
initial velocity away from the collector large enough so that the ions
pass through or strike grid 1, and are lost. When the ions enter
the acceleration region, they are influenced by a new electric field
EZ (where V2 > V3 for positive ions). The time for fhe ions to
traverse the acceleration région is ty. The ions then pass through
grid 3 and enter the field-free drift region. The time for the ions to

pass through the drift region is t The total time-of-flight can now

3"

be written as

+t, + ot (2. 4)
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A more general expression for the total time-of-flight should
include the turn around time for ions initially travelling away from

the collector. If the turn around time is defined as t,, then we can

tl
redefine the time-of-flight for the source region as
1 1
- 1 — —_—
t, = t] + 5t & >t (2.5)

where t'1 is now the time-of-flight in the source region for ion with

initial velocity toward the collector. This now redefines the total

time-of-flight as

—
[

2 v T Y 2 Tt (2.6)

where the (+) sign represents an initial velocity away from the
collector and the (-) sign represents an initial velocity toward the

collector.

2.5 Planar Two-Field TOFMS

The electric field E between planar electrodes is a constant
(assuming no time variation of the potentials on the electrodes).
Therefore, the potential is V(x) = Clx + C, , Where C1 and C2 are
defined by the boundary conditions. For two planes, j and k,
separated by a distance d, and set at potentials Vj and Vk’ the poten-
tial between the planes is

(v. - Vk)

Ve = g x Vo | (2.7)
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(see Figure (2.4)). The time-of-flight can now be calculated for any
initial position Xss between j and k planes, to any final position x,

for any initial velocity Vi from the time-of-flight equation (equation

(2.2)).

For an initial velocity toward the collector, the time-of-flight

is

¢ = % m 1/2 S}S dx! »
- 29 2
g [mvi (VJ.-Vk) ' ] 1/2
i + (x. - x)
2q d i

(2.8)

Since x < X dx' will be less than 0 and the (-) sign should be used

so that t > 0. Solving the integral in equation (2. 8) gives

2
L. |m 1/2 24 mv; X (VJ.- V) —— 1/2
- 2q (V. -V.) 29q d i ’
J k
X
(2.9)
X,
i
Evaluating this expression at the limits reduces it to
1/2 (V. - V,) |
A | 2d kK xo-x) +
2q (Vj - Vk) -d i

2, 1/2 25 1/29
mvi I’I’IVi .
7s } L { T } | (2. 10)
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Figure 2.4 Generalized Region Bounded by Planar Electrodes j and k. For Clarity the Cases of
Ions Initially Directed to the Left and Right are Indicated with a Separation of Ion
Paths. (Reference: Stein (1974)).
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The turn around time for an ion with an initial velocity away 1rom the
collector must be included. Substituting the appropriate potentials

into equation (2.3) produces

(V. - Vk) rnvi2 (V. - Vk)
_.J_d__xm+vk= T — x, + V. (2.11)
which reduces to
mv2
_ i a
xo = % o+ | vV (2.12)

Notice that if X0 > xj, the ion is lost. The turn around time will be
just twice the time for the ion to travel from X to X, Substituting
for x into equation (2. 10) and multiplying by 2 gives the turn around

time as

1/2
(2.13)

2
\ i} 2(-2)1/2 2d rnvi
t 2q (VJ. -Vk) 2q

The time-of-flight can now be calculated for all three regions

in the planar TOFMS. In the source region we substitute d = dl’
(Vi -Vy) o (V- V)
d d

into equations (2. 10)

v.=v , X. -x=d, and
i o) i 0

and (2. 13). 1

Then using equation (2.5), the time-of-flight for the source

region is
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1/2 2d (V. - V,) mv® 5 1/2
¢o= | 1 1 d + +
1 2q Vl’-V2 d1 o 2q
2 _1/2
mVO'
{Zq } (2. 14)

In the acceleration regmn.(.xi -x)=d= d,, (Vj -Vk)/d = (\/'2-V3)/d2

and
2 _ 2 2q
vi T Y, + — (Vi-VZ) (2.15)
ds
Substituting V., = (V. - V,)—=— + V. into equation (2.15) gives
i 1 2 dl 2
2 2 2q Y 2
T Ve t o ViVl =y (2.16)

When equation (2. 16) and the other parameters for the acceleration
region are substituted into equation (2. 10), the time-of-flight for

the acceleration region is given by

1/2

1/2 Zdz YZ
t, = _an {V V. + _r_n___} -
| q V, - vy 2~ V3t 2g

m2 2]
2q } (2.17)

As the ions traverse the drift region, their velocities will be

constant and the equation of motion is

qV3 + —é— mvf1 = qV, + = mv (2.18)

-~
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Solving for the drift region velocity gives

2q 1/2 mvcz) 1/2

where Vi is the potential at the ion starting position. Since vyq is

constant through the field-free drift r;agion, the time-of-flight

is given by dS/Vd or

y1/2 d3
)

t = (———- 2
. mvo
{Vi—V3 b }

2q
Because the drift region is field-free, the same expression for t3,

/2 (2.20)

with the appropriate expression for Vi’ can be used for all three
geometries to be discussed here. Substituting the proper expression

for Vi into equation (2.20) gives

1

/2
e = |2
3 (Zq) a mvz 1/2
{(V -V,) o +V, -V, + o}
1 2" —=—
d1 2q

Combining the expressions for the time-of-flight in the three

regions gives the total time-of-flight for a planar two-field TOFMS
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2
.- |m 1/2{{ .2d1 1 {(Vl,—vz) 44 mvo}l/Z . )
. 2q V, -V, i d, o 2q
2 1/2 .
mv
(o]
{Zq }
2d2 25 1/2 24 1/2
P {v v +_r2_1_} {r_n_y_}
(V2 - V3) 2 3 2q 2q
ds
+ 4 2 1/2} (2.22)
(o] (o]
{(vl - V) T F V-Vt

The (+) sign is for an initial velocity away from the collector,
while the (-) sign is for an initial velocity toward the collector.
Equation (2. 22) reduces to the expressions for the time-of-flight

calculated by Wiley and McLaren (1955) and givenby their equations (2a),

(2b) and (2c¢). It is necessary to substituted, =s,, d; = s, d, =d,

2 0’ “1 2
d3-—D, UO=T, ——d"l———=Es,—-—a—2—-——EdandU—UO+
quS + qud into equation (2.22) and rearrange the terms. Itis

also necessary to change the units kg, m, V and sec into amu, cm,
eV and pusec, respectively, in order to produce the multiplicative
factor of 1.02 used in Wiley and McLaren (1955). Egquation (2. 22)
also reduces to the result presented in equation (1) in Pavlepko et
al., (1968) if the erroneous symbol s is corrected to o in

Pavlenko's equation (1).

e e et e e S e e et T o Tt i . g Py . 3 o P .
et ] e i e a0 g
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2.6 Cylindrical Two-Field TOFMS

Between two concentric cylinders, the electric field E(r) is

proportional to % . Therefore, the potential is V(r) = C; Inr + C

1 2’

where C1 and C2 are determined by the boundary conditions. For

two concentric cylinders, labelled j and k, with potentials Vj and Vk

and radii rj and Ty the potential between cylinders is given by
(v. - Vk)
Vir) = 3 In (r/r.) + V. (2. 23)
n rj T j j

(see Figure (2. 5)).

For an initial velocity toward the collector (inward in the
spectrometer considered here) the time-of-flight equation for the
cylindrical-geometry mass spectrometer can be derived by
substituting the potential given by equation (2. 23) into the time-of-

flight equation (2. 2) and using r instead of x. This gives

r
- s (_rﬁ )1/25‘ dr!
2q  fmv® (V. -V,) In(r./z') 1/2
r, LI J k 1
i 2q ln(rj /rk) }

(2.24)

Since r < r_., dr' will be less than 0 and the (-) sign is chosen so

. 0’
that t > 0. If we define

Q
!

{mviz In »(rj/rk)
jk 7 2q TVJ. - V) (2.25)

T L T e e e L
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Figure 2.5 Generalized Region Bounded by Cylindrical Electrodes j and k. For Clarity, the Cases
: of Inward Directed and Outward Directed Initial Velocities are Indicated with Slightly
Separate Ion Paths. (Reference: Zabielski, Stein and Kendall (1972/1973)).
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and
1/2
= 1
P {111 (ri/r ) + cjk} (2. 26)
then 2
-(P™ - Cjk) L )
r' = r, e (2.27)
and
2
'(P - k)
dr' = -2r.Pe I gp (2.28)

Substituting equations (2.25), (2.26), (2.27) and (2.28) into (2.24)

and rearranging terms produces

{In ( r/r +c }1/2 —(PZ-C

)
2r,Pe K ap
t = (_TP_ g LI
‘ ) 1/2 v, , /2
Cix k)
n(r 7
(2.29)

Taking the constants out of the integral reduces equation (2.29) to

{in(r./r)+C,. }1/2
v 1/2 i ik
t = (E )1/2 2r {—————ln 3/ } eCij“ e—PZdP
2q i (v, - Vk) ' '
R J cl/z
ik

(2.30)
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We can write

A, 4 2 B 2 —_
Sl e F dP=S. e T ap -S‘e‘P dP = g (erf.A - erf B) -
B o o

(2.31)
where
2 & 2 '
erf A = 51 e”” dy ' (2.31a)
N
o
Equation (2.30) can now be written as
m 1/2 Trln(rj/rk) 1/2 cjk 1/2 i
t = ( 7q ’ (Vj - Vk) } e {erf[ (ln(ri/r) + Cjk) 1-
1/2 .
erf [ Cjk ] } ' (2.32) -

The time-of-flight for each region of the mass spectrometer
can now be derived. For an initial ion velocity toward the collector

in the source region we substitute r, = ro, Vj = Vl’ Vk = VZ’ r.=T,

k

v.=v andr, =r
i o 2

m 1/2 Trln(r /r
t'lz (Tc-l—) ro{ 2)}

i
erf [ Cl/z] }

into equation (2.32) giving

{erf[(ln(ro/r) +c,3/2-

(2.33)
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where

mvi in (rl/rz)
c = (2.34)
12 2q V] -V,

When the ion has an initial outward velocity, the turn arouad
time can be calculated after calculating the turn around radius, T

Substituting the appropriate potentials into equation (2.3) gives

(Vj - Vk) V 1’nvi2 (Vj - Vk)
SCRCNER] (rj T in (rm/rj) + Vj = X + ln(rj/rk) ln(r.l/rj) +Vj
(2.35)
This yields
C.k
. r = r, e d (2.36)

Note that if r > rj the ion is lost. From equation (2.32) we can
solve for the time for an ion to travel from r  to the initial position
T, by substituting r = T, TL=ET and v, = 0. The turn around time

will be exactly twice this time or

- 1/2
1/2 min(r./x, )
o= ( —2% ) Zl‘m _WJ_E—V—I;I)(_" eri [{1n(:rm/ri) }1/2]

(2.37)

Now substituting for T from equation {Z.36) gives

1/2

mln(r./r.) o
J k}’ e ik erf [C;liz]

1/2

t, = = -Zr.{ -
t 2q , i (VJ ~ 'Vk5
(2.38)

e A e A g
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Making the same substitutions used in the derivation of equation

(2.33) produces

1/2

t =

1/2 m ln(r /rz) C
- &)

12 1/2 .
-T——-Ts— e erf [ C ]
(2.39)
Combining equations (2.33) and (2.39) into equation (2.5) gives an

expression for the time-of-flight in the source region

1/2 ln(r /r 1/2 C '
t) = (m) 7—-—_———-) e 12JLei‘f[(l_n(ro/rz)+Cm)1/2]

+ erf[ 1/2] } (2. 40)
In the acceleration region region we substitute rj =T, =T,
r =Ty ST, Vj =‘V2 and Vk = V3 into equation (2. 32) along with thc

initial velocity. The initial velocity for the acceleration region can
be calculated from equatic;n (2. 1) by making the appropriate

substitutions. This gives

12 vy - Vo) 12
-z-mvo + Wln(r /r)+qV -z—mV1+qu

(2.41)

where v, is the velocity in question. Solving for Vi2 gives
2.zg T Valinlr o’ 72} + v = gl (2. 42
i 7 m in (rl/rz) . = B . 42)
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Now the time-of-flight for the acceleration region is given by

)2 cin(r./r.) 1% o

t, o= | r 2_3 e 23 erf[ (In(r,/r,)

2 2q 2 (VZ - V3) 2° 73

1/2 1/2
+ Cy3) ] - erf [c23 ] } (2. 43)
where

. _ @2 1n (rz/r3) : (2. 44)
23 2q (V2 - V3) ’
In the drift region we substitute d3 =Tra - T into equation

(2.20). This gives the time-of-flight for region 3 as

! 731/2
{Vi—V3+ m"o}/ (2. 45)

Now combining equations (2.40), (2.43) and (2.45) gives the total

time-of-flight for a cylindrical two-field TOFMS as

1/2

1/2 1 /r C
t = (m ) { {T\' o } e 12 {erf[(ln(ro/rz)
1/2 min(r,/T,) 1/2
+ Cl 1/2] :!:erf[ CIZ ] Z{T\Té—%—vj—)'

C
e 23 erf[(in(r,/r) + C )1/2] f[Cl/2 ]
2'73 23
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r3 - rc
+ mvz 1/2} (2. 46)
fo!
{Vi -V3 + Zq |

The (+) sign corresponds to an initial ion velocity away from the
collector while the (-) sign correspon,ds)to an initial ion velocity
toward the collector. ﬂ

Expanding the error function terms of equation (2. 46) in
v

Maclaurin series and making the substitutions Ty =T

2

= v
0 s’

produces an expression for the

]

C V=VsandC

12 = A2 Vi 23 = #23
time-of-flight in a cylindrical TOFMS which is identical to the
expression obtained by combining equations (11), (12), (15) and (16)
in Zabielski, Diem and Kendall (1970), according to equation (2. 6)
in this thesis. Equation (2.46) is also identical to equation (2 5.26)
in Stein (1974) if the substitutions Ty E T, Vg =V, C12 = A12’

C23 = A23 and Vi' = Vs are made.

2.7 Spherical Two-Field TOFMS

When two concentric spheres, labelled j and k, with radii ‘rj

and T, are set at potentials Vj and V

spheres is V(r) = Cl/r + C, where C

K’ the potential between the
1 and C2 are defined by the

boundary conditions. Solving for C1 and C2 yields

-k, (r.V. - r. V)
- k
Vi) = s ek (2. 47)
NEFEEN
with
r.r. (V. -V.) ,
g, = Xk J_ _k (2. 48)

jk (rj - rk)
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This potential produces an electric field E(r) proportional to —
r

(see Figure (2.6)).

The time-of-flight can now be calculated for any initial
position T between the j and k spheres, to any final position
r{r < ri) for an inward velocity. Substituting equation (2.47) into

equation (2.2) and using the variable r instead of x produces

Ir
t = % 2)1/2 S‘ dr'
- 2q 2 1/2
N ] 1 1
Ll * k-k(?‘ T E
4 J i (2.49)

Since r < T, dr' will be less than 0 and the (-) sign is chosen to

give an increasing t. Multiply the numerator and denominator of

equation (2.49) by r‘llz. After rearranging terms, this yields

1/2 r
¢ = - ( m :r'l/2 dr'
Zq : va k.k 1/2
i {k + — - J ] r'}
jk 2q r.
{2.50)
Now dividing numerator and dencminator by
k., mv2 1/2
jk i
[ r, 2q }
i
and defining
)
r. k, '
_ ik
a. = 2.51
ik 7z ( )
i
Kk " Ti | 2 )

FACE okt a1
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give t as
1/2 @,y 1/2 &
P Y ik 2 ar (2.52)
Zq k. )1/2 ’
r.
i
It is now necessary to show that ozjk> 0 and ajk -r>0 in

order to solve the integral in equation (2.52). Let us calculate the

maximum radius for an ion with an initial velocity away from the

collector. Substituting the proper potentials into equation (2. 3)

results in

2
-kjk N r. V. - rka ) mv; .
r (r. - rk) 2q
-k, r.V, ~r. V
[ NLSEE N R k.k] (2.53)
r. (r. - rk)
Solving for r yields r, o= ajk (2. 54)

Therefore, a,, > 0, and since r__ > r,, then «a., - r > 0. With the
jk m-— i ik .
substitution of r' = x2 into equation {2.52) we get

7

1/2 @y 1/2 A
- m Zx dx
FT (Zq ) ) §1/2 -X'2 1z (228

Since djk > 0 and ajk - xz > 0, this integral can be evaluated as
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1/2] o 1/2
(B R
jk

1/2

r
. -1 x
Oljk Sin \_:k—]j—z—}} Jl/z (2.56)

J 3

where only the principal values for sin'"1 are to be used. Evaluating

the limits of equation (2,56) yields

AU N R 1/2{1/2 N /2 _1/2 1/2
= g Iy ey - (gery)
1/2
1/2 r,
) ajk [Sin_l {(Of ) }' sin”! {( a.l ) }]}
K | ik (2.57)

The time spent in the source region for an ion initially moving

toward the collector can be calculated by substituting V= Vo
¥, =T, Vj = Vl’ Vk = VZ’ rj =1, and r = T =T, into equation (2.57).

This yields

0| m ) VP e 1/2{1«1‘/2(@ RS VRS Ve 172
1% | 2q K, 2 Yz Tl Ty (-1,

1/2

e e {2 Y =) Y

(2.58)
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The turn around time for ions initially moving away from the
collector in the source region can be calculated by substituting

kjk=k12’ Vj =V V= Vs, S TR N PR R %, T =T,

(ij = a _ and v, = 0 into equation (2.57) and multiplying by 2, This

12
yields
i/2] a 1/2 r
- m 112 1/2 1/2
b= 2 (Zq ) K, .iro Ga -0 -y,

r 1 T 1/2
[sin { a'loz ) }- —121- j‘} (2.59)

Combining equations (2.58) and (2.59) according to equation (2. 5)

gives the total time-of-flight in the source region as

1/2 [ . \1/2
L (_rg_) 12 {rl/z

2q x, 2 (gp - 1) - e,

T2 t

-1 { ,

{ st (alz | o (al‘Z %o
r i/2 :

l: sin~ 1 { aloz } - -’122— } (2.60)

The initial velocity of an ion as it enters the acceleration region

is given by vy where v, is defined by
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(2.61)

and where

V., = + (2.62)

Solving for V.l2 yields

v2 29 (v, . v.)+vE = AP (2.63)
m i 2 o

il

2’
T =T =T, %k= @3 jk:k23’ Vj:VZ’ szV3 andv.l:A

into equation (2.57) to calculate the time-of-flight, This yields

In the acceleration region we substitute rj =r =r

k

1/2 | a,., \1/2
| m 23 1/2 1/2  1/2 1/2
by = (_z}i' ) K, {r3 (@p3 = x3)" " " - 15 @y -1y)

. 1/2 1/2
-a23[sin_l{%) }sml{(;) H} (2. 64)

To calculate the time-of-flight for the drift region, we

substitite d3 =Ty - T into equation (2.20) yielding

: i/2 r., -1
¢ :(_*_n__) 3 ¢ (2.65)




Combining equations (2.60), (2.64) and (2.65) gives the total

time-of-flight as

r3 - rc
+ z 1732 } (2, 66)
(o]

where
NI G A B E U (2.67)
12 r1 - rz
- y
. ) rzr3 (V2 V3,
23 = o {(2.68)
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o 12
alZ = va (2.69)
k r 9
12 ol 2q
and
r.k
o = 2 23 (2.70)
23 2
K - m A
23 2\ 2q

The (+) sign represents an initial ion velocity away from the
collector and the (-) sign represents an initial ion velocity toward
the collector,

Equation (2.66) can be shown to be identical with equations (12),
(13), (18) and (19) of Za‘tbielski, Stein and Kendall (1972/1973)
combined, using equation (2.6) in this thesis., The substitutions of

Y ka3 Va3
2 = = and 2 = 3 into
12 s 23 2

k
v =, Al g2 12

equation (2.66) are necessary. When the sin-1 terms are expanded .

1/2 i/2
127 T2l s lagy ) (e, -

rz)l/z are expanded into binomial series, a simple

into Maclaurin series and (« r

3)
and (a23 -

rearrangement of terms will show equation (2,.66) is identical with
the results of Zabielski, Stein and Kendall (1972/1973).
Equation (2.66) is also identical with equatioh (2.6.27) in
Stein (1974), with the substitutions of r . =r , v, =v _, V.=V and
0 s 0 s i s
AT = ,raz into equation (2.66).

2.8 Numerical Studies; Two-Field TOFMS

The most convenient method of studying the effect of various

operating voltages and grid spacings on the ion flight time
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characteristics of TOF mass spectrometers is to use computer
simulation. Computer programs were developed by myself using the
time-of-flight equations derived earlier in this chapter, These
programs calculated ion flight time as a function of ion starting
position in the source region, ion initial energy (velocity), electrode
spacings, operating voltages and ion mass for planar, cylindrical
and spherical-electrode TOFMS.

Numerical studies using computer simulation have been
reported by Zabielski (1970), Zabielski, Diem and Kendall (1970),
Zabielski, Stein and Kendall (1972/1973) and Stein (1974). Zabielski
(1970) discussed time-of-flight versus starting position for all three
geometries when there was zero initial ion velocity and near to the
optimum space focusing operating conditions. The effects of initial
velocities, initial energy spreads, operating voltages which produce
better velocity focusing characteristics and varying electrode
spacings were, for the most part, ignored. Zabielski, Diem and
Kendall (1970) and Zabielski, Stein and Kendall (1972/1973) discussed
only optimum space focusing operating conditions for zero initial ion
velocities for the cylindrical and spherical geometries, respectively.
Stein (1974) concentrated on optimum space focusing' characteristics
with zero ion initial velocities. However, he did study the effects of
varying electrode spacings and discussed the effects of initial ion
velocities and initial energy spreads on the flight time characteristics.

One striking characte’ristic of the results presenfed by the

above authors is the lack of significant variation in the time-of-flight
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versus starting position curves between the three TOFMS geometries.
Obviously, the radius of curvature of the electrodes for the cylindri-
cal and spherical geometries studies was not small enough, in
relation to the interelectrode spacings, to produce a significant
variation in the source and acceleration regicn electric fields as
compared with a planar geometry.

In order to fill in the gaps left by previous researchers, this
section will concentrate on the effects of initial ion velocities,
initial energy spreads, velocity focusing characteristics and
exaggerating the cylindrical and spherical geometry effects on flight
time characteristics. .

Figure (2.7) shows the space focusing characteristics of the
placar, cylindrical and spherical geometries for near the optimum
space focusing voltage ratio (the voltage ratio is defined as
R = (V1 - V3)/(V2 - V3))° This Figure is presented for comparison
with the Figures which will follow. The time scale of Figure (2.7)
is greatly expanded to bring out the characteristics. An excellent
discussion of these curves and the resulting peak shapes can be
found in Stein (1974), It must be emphasized that no initial velocity
spread has been considered in producing the curves in Figure (2.7).
The effect of an initial velocity spread on resolving power is signifi-
cant. For example, the space focusing resolving power for
R = 1,64 in a spherical-electrode TOFMS, taken from Figure (2.7),
is 1450. However, the actual ’resolving power for this type of
instrument in the laboratory is about 10 due to the initial velocity

spread,
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Figure (2.8) illustrates the space focusing curves for high
voltage ratios with an initial ion energy of 4 eV in a cylindrical-
electrode TOFMS., The bars represent an energy spread of £ 1 eV
around the ion initial energy. As the voltage ratio increases, the
poorer space focusing characteristic can be easily seen. Also
notice the decreasing spread in the flight times due to the initial
energy spread, Figure (2.9) illustrates the space focusing
characteristics for a spherical-electrode TOFMS for the same
conditions as were used in Figure (2. 8).

Figure (2.10) represents the changes in the flight time spread
for a cylindrical-electrode TOFMS due to a 2 eV initial energy
spread as the voltage ratio is increased. This Figure is derived from
the time spread bars of Figure (2.8). These curves can be said to
represent the velocity focusing characteristics of the cylindrical
TOFMS. Perfect velocity focusing would be represented by a straight
line at zero time spread. These curves suggest that an extremely
high voltage ratio or an extremely long drift region length would be
required for perfect velocity focusing. This conclusion confirms
the suggestion made by Stein (1974) and by Sanzone (1970). Figure
{2.11) represents the velocity focuéing characteristics for a spherical
TOFMS taken from Figure (2.9).

A comparison of Figure (2,8) to Figure (2.9) and Figure (2.10)
to Figure (2,11) illustrates, again, the similarity of the space and
velocity focusing characteristics for the cylindrical and spheyical

geometries, The differences-in the curves are minimal for the

[
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- 1%3 amu, and an Initial Ion }Energy of 4 eV (Directed

Toward the Collector). The Bars Represent an Initial
‘Energy Spread of £ 1 eV,
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electrode spacings and electrode radii being considered. For
simplicity and convenience, I will concentrate on the cylindrical
geometry for the remaining Figures in this section,

Figure (2.12) shows the effects of changing the initial ion
velocity when a low voltage ratio was used. It also illustrates the
time spread (bars) due to a 2 eV initial energy spread for a low
voliage ratic. The initial ion velocity was not constant across

the source region in the calculation of these curves since V., was

2
held constant while V0 was varied., VO was the voltage applied to
electrode 1 when the buncher pulse was cff, In the usual operation of
the two-field TOFMS considered in this thesis Vo = V2 and the source
region is field free, but in these cases, the source region was operated
with an electric field when the buncher pulse is off, The ion initial

velocity was then dependent on the ion distance from r Varying

50
the ion iritial velocity distribution as a function of the position. in

the source had two important effects, First, changing the ior initial
velocity distribution from initial velocities which increased as the
ions approach electrode 2 to a distribution in which initial velocities
decreased as the ions approach electrode 2 is equivalent to increasing
the voltage ratioql Second, the time spread due to the initial energy
spread decreases as the initial ion energy is increased. This
decrease in the flight time spread occurs because the ion initial
energy spread becomes a smaller fraction of the ion initial energy

as the initial velocity is increased. This Figure illustrates clearly

the reason for reported poor resolving power at near the optimum
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space focusing voltage ratio, The flight time spread, due to an
initial ion energy spread (2 eV in this example), is significantly
larger than the time spread due to the different ion starting positions

(see the curve for V, = -8 V},

0
Figure (2.13) shows the effect of varying the collector radius

while holding the source and acceleration regions at a constant

radius of curvature for R = 1,56, This varies the drift region length.

Variation of the drift region length was studied by Stein (1974) te

deduce the effect of grid waviness. He looked at only very small

variations in the drift region length (less than 1 mm) and concluded

that this had very little effect on the shape of the space focusing

curves, The effects of larger variations in the drift region length

are more pronounced and are very similar to changing the voltage ratio.

The curve for r. = 38 mm in Figure (2.13) is very similar to the curve

for the cylindrical TOFMS in Figure (2.7). However, when r_ is moved

tc 58 mm (from the center of curvature), the resulting curve is very

similar to the curves in Figure (2.12) for low voltage ratios. The

bars in Figure (2.13) again represent the flight time spread due to

an initial energy spread of 2 eV (all the remaining Figures in this

section will use bars to indicate the flight time spread due to an

initial energy spread of 2 eV), The ion initial energy in this Figure

and the remaining Figures in this section was 4 eV for all starting

positions in the source region, Notice the decrease in the flight

titne spread in Figure (2. 13’) due to the initial energy spread as

compared with the lower voltage ratio curves in Figure (2.12)
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Figures (2.14), (2.15) and (2. 16) show the flight time curves
for voltage ratios of 2,10, 2.56 and 3.06, respectively, while the
drift region length is varied as in Figure (2.13). Two important
observations can be made from these Figures. The first is the
equivalence of decreasing the drift region length to decreasing the
voltage ratio, as far as the space focusing characteristics are
concerned, without significant variation of the velocity focusing
characteristics. The second is the steadily decreasing flight time

spread due to the initial energy spread as the voltage ratio increases.

Figures (2.17), (2.18), (2.19) and (2.20) represent the computer

derived flight time curves for voltage ratios of 1.5, 2.0, 2.56 and

3.0, respectively, for grid radii which are greatly reduced from those

used in Figures (2.13) through (2.16). The source and acceleration
region grid spacings are the same as Figures (2.13) through (2.16),
but the radii of curvature are greatly reduced. It was thought

that these grid radii would emphasize the effect of the cylindrical
electrodes on the source and acceleration region electric fields.,
However, close examination of Figures (2.17) through (2.20) reveals
no significaht differences from Figures (2.13) throﬁgh (2.16).
Evidently, the electric field between c‘ylindrical elegtrodes spaced |
as in Figures (2.13) through (2.20) does not vary significantly from
the electric field for similarly spaced planar electrodes. In fact,
subsequent calculations showed that a significant variation (greater

than 10 per cent) from the electric field between planar electrodes

5 mm apart does not occur until the radii of curvature for similarly

PR R XL A
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spaced cylindrical-electrodes are less than 23 mm and 28 mm., A
useful area for future study would be to examine the flight time
characteristics of cylindrical and spherical TOFMS with an outer
source electrode radius of less than 30 mm.

The Figures presented in this section confirm a number of
observations made by previous researchers. First, inferior mass
peak shapes would result if the operating voltages of a TOFMS were
adjusted to allow ions starting at the inner and outer source region
electrodes to arrive at the collector simultaneously (i.e. be space
focused). Second, the optimum space focusing voltage ratios for a
planar, cylindrical or spherical TOFMS are very nearly identical.
Third, the spread in ion initial energies (velocities) is the cause
for the poor resolving power at good space focusing voltage ratios
in a TOFMS. Fourth, the velocity focusing characteristics can be
improved by increasing the voltage ratio at the cost of degrading
the space focusing if the ion initial energies and the grid spacings
are not altered. Fifth, varying the drift region length is
equivalent to varying the voltage ratio, as far as space focusing
is concerned. Sixth, the fact that a mass peak produced by a voltage
ratio near the optimum space focusing value, with no iritial velocity
spread, is extremely narrow with respect to the mass peak which is
produced when an initial energy spread greater than about .5 eV
is considered. At the optimum space focusing vcltage ratio in a
cylindrical TOFMS, the flight time spread, due to an initial energy
spread of .5 eV, (for a specific initial energy) is about 10 times the

full width at half height of a mass peak produced oaly by space focusing,
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Since the true mass peak is a convolution of the space and velocity

contributions to the flight time spread, it should be possible to

deduce significant information on an unknown initial ion energy spread.

For large initial energy spreads (> .5 eV), the initial energy
distribution can be deduced from direct observation of the resulting
mass peak shape. This is because the space focused contribution
to the mass peak is similar to a delta function (for optimum voltage
ratios) and the convolution of the flight time spread due to the initial
energy spread and a delta function will reproduce the flight time
spread directly due to the initial energy spread. It should still
ke possible to deduce the initial energy distribution for smaller
energy spreads (< .5 eV) through deconvolution, since the space
focusing flight time distribution can be easily calculated, with
great accuracy, from computer programs. This last observation
was originally made by Ferguson et al., (1965) and has been used,
with great success, to calculate the translational energy of ions in
TOFMS by Franklin et al., (1967) and by Hadley and Franklin (1975).

There are also two 6bservations which can be made that have
rot been mentioned by previous researchers. The first'is that the
velocity focusing characteristics in a TOFMS are almost entirely
determined in the source and acceleration regions since varying the
drift region length has little effect on velocity focusing while
having a large effect on space focusing.

The second observation was suggested by Figure (2.12). This
Figure showed that it was possible to simulate a change in voltage

ratio by changing the initial ion velocity distribution in the source
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region. Although Figure (2.12) illustrates flight times for a low
voltage ratio where there was a large flight time spread, it seems
entirely possible to apply this effect to high voltage ratios. This
would greatly improve the velocity focusing characteristics. The
ions closest to the collector, in the source, arrive at the collector
last, while ions farthest from the collector arrive there first (see
Figures (2.8) and (2. 9) for example)., If ion initial velocities
(before the buncher pulse turns on) can be produced, which are

g reater closer to the collector than in the outer portion of the source
region, it should be possible to reduce the effective space focusing
voltage ratio while still keeping good velocity focusing, This should
produce greatly improved resolving power, The next two sections
will discuss this resolving power improvement and present computer

simulations for several examples,

2.9 Resolving P’b%er Improvement; Variable Initial Source Velocity

The resolving power in commercial time-of-flight mass
spectrometers has shown an increase over the results by such early
workers as Wolff and Stephens (1953), Cameron and Eggers (1948),
Katzenstein and Friedland (1955), Ionov and Mamyrin (1953) and
Agishev and Ionov (1956). However, the resolving power obtainable
in time-of-flight mass spectrometers today (up to about 600) is a
mere fraction of the resolving power which could be obtained if, for
example, double time focusing could be obtained (see Stein (1974)).
Curiously, there has been little reported effort, since the two-field

planar TOFMS of Wiley and McLarén (1955), to improve the resolving
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power in time-of-flight mass spectrometers. There have been some
results reported by Studier (1963) and Marable and Sanzone (1974)
who attempted to improve resolving power by decreasing the ion
turn around time in the source region, This improvement in velocity
focusing was achieved by increasiag the initial force on the ions in
the source through the use of an initial ion accelerating pulse which
was initially a high voltage spike that was quickly reduced to a good
space focusing value. Improved resolving power has also been
reported by Carrico (1971), Poschenrieder and Oetjen (1972),
Bakker (1971, 1973), Oran and Paiss (1973) and Karataev et al.,
(1974). These workers used equal momentum acceleration, time
varying fields, two-dimensional ion motion, ion reflection or a
combination of these methods.

Sanzone (1970') has reported theoretical analyses of planar
time-of-flight mass spectrometers with a variety of electric field
directions and a number of acceleration regions. He concluded that
aone of the cases he considered showed any sigrificant imnprovement
in the resolving power, One possible arrangement, not considered
by Studier, is suggested by the numerical results in the first part
of this chapter. The addition of an electric field in the seurce region,
directed toward the collector when the bunching pulse is off, makes
it possible to give ions in the source an initial velocity which varies
across the source region. This variable initial velocity in the source
region can be used to improve resolving power in sitwations where

there is a large energy spread in the ions under study. A large
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energy spread requires a large voltage ratio to improve the velocity
focusing characteristics of the mass spectrometer. However, when
the voltage ratio is increased beyond the optimum space focusing
value, the ions closest to the collector, in the souwrce, begin arriving
at later times at the collector. The variable initial velocity makes
it possible to correct for the poorer space focusing characteristics.,

This variable source velocity can be produced by several
methods. The most straight forward is to make V, more negative
than the dc level of the bunching pulse (Vo). This produces ion
velocities which increase as the ions approach grid 2, vy and Vi
are then altered to produce the desired voltage ratio (and the same
source and acceleration region electric fields).

The theoretical description of the variable initial velocity

requires only the substitution of VO(xi) for v, in the sections of

0
the time-of-flight equations referring to the iritial velocity. The
complete time-of-£flight equations can be altered by inspeaction.,

The total time-of-flight for a planar two-field TOFMS with

the variable source velocity can be written as

- . 2 '
- (_EP_ .1/2{ 2d, , {(\/‘1 - V,) 1. mv_ (xi)}l/z )
2q vV, - V,) q ot T2

2, . 1/2
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where

29| o
= ) == (V|- V) (2.72)

2
2.._- o(n-) }
1

The total time-of-flight for a cylindrical geometry two-field

TOFMS with variable initial velocity is given by

1/2 7 ln(r./r.) \1/2 C.
T (7%) {‘ v ) « [erf{““(”o/rz”
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Y (rl/rz) + v, (x.l) (2.76)
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The total time-of-flight for a spherical-geometry two-field
TOFMS with an initial velocity which depends on the source position

is giveﬂby
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r k
@, = 01z (2.78) -
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and \A is defined by equation (2.62),
These revised equations can be studied through the computer
models developed for the conventional two-field TOFMS with minor
modifications., The computer results are presented in the next -

gsection,

2.10 Numerical Studies; Variable Initial  Source Velocities

Figure (2.21) presents the computer simulated flight time

curves for a planar-electrode TOFMS as V2 is varied for a

constant voltage ratio, R = 2.15, Since V, (the potential on electrode

o

1 when the buncher pulse is off) is held constant at -4V, the ion

initial energies will be 4 eV plus a contribution depending on the ion's
position in the source region before the buncher pulse turns on., As

V., is made more negative than V_, positive ions approaching r

2 0’ 2
will be given larger velocities, Maintaining the same electric field

across the source and acceleration region, as well as a constant

voltage ratio, requires that V1 and V3 be altered as V,_ is varied.

2
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Figure 2.21 Computer Generated Space Focusing Characteristics for
a Planar-Electrode TOFMS Having r; = 88 mm, r) =
83 mm, r, = 80 mm, r = 38 mm, R = 2,15, and an Ion

Mass of 133 amu, While V, was Varied. This Produced
an Ion Initial Energy Which was Dependent on the Ion
Starting Position, The Bars Represent an Initial Ion
‘Energy Spread of = 1€V,
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A constant voltage ratio does not always produce the same electric
fields in the source and acceleration regiocans. In this thesis, the
use of a constant voltage ratio will always mean that the source and
acceleration region electric fields will be constant, Remember that
thg voltage ratio applies tc the mass spectrometer when the buncher
pulse is turned on. The bars in Figure (2.21) represent an initial
energy spread of 2 eV (the bars in all the Figures in this section will
represent a 2 eV initial energy spread), The ion initial energy
(velocity) should not be confused with initial energy spread. The
initial energy spread is *1 eV regardless of the ion initial energy
at any startiny position. This stipulation is applied to all the

flight time versus star‘ting position curves in this chapter.,

The effect of making the ion initial velocities increase as the
ion starting positions become closer to the inner electrode of the
source region is to lower the effective voltage ratio without
increasing the flight time spread due to the initial energy spread.
Since the velocity focused flight time spread is held constant while
the space focused flight time spread is decreasing, the resolving
power should be significantly improved, This resolving power
enhancement will be offset slightly by the decreasing overall flight

times, There is a point where decreasing V, will no longer improve

2
the space focusing characteristics but will start to degrade them.
This can be seen in Figure (2.21). The actual point of maximum
resolving power could be anywhere from V?. =-15V to V2 =-40V

since it is the presence of maxima or minima in the space focusing
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characteristics curves which produce a narrow mass peak.

Figure (2.22) illustrates the flight timne characteristics for a
cylindrical-electrode TOFMS with the same operating characteristics
as were used to produce Figure (2.21). Figure (2.23) illustrates the
flight time characteristics for a spherical-electrode TOFMS with the
same operating characteristics as were used to produce Figures
(2.21) and (2.22). The differences in the flight time characteristics
between Figures (2.21), (2.22) and (2.23) are minimal for the
operating conditions considered.

The actual point of maximum resolving power was determined
experimentally for a cylindrical-electrode TOFMS with operating
conditions near those used to produce Figure (2.22). The value of
v, obtained was about -25 V and the maximum resolving power was
about 17 for an ion mass of 133 amu (Cs+). The initial energy spread
was estimated to be about 1.5 eV. Taking vV, = -25 V as our
example, we can calculate the theoretical resolving power from
Figure (2,22) foi’ a cylindrical-electrode TOFMS. The theoretical
space focused resolving power is about 960. When a 2 eV initial
energy spread is considered, the theoretical resolving power drops
to about 34. This means the actual resolving power is about half
of the predicted resolving power. The presence of an ion gate in
the laboratory cylindrical-electrode TOFMS and finite rise and fall
times on the buncher and gate voltage puls es can explain the lower

actual resolving power (see Chapters III and IV),



a6q

458

450

442

434

4.26¢

4.8

410

402

FLIGHT TIME (pu sec)

392

386

378

3.70

70

R=2.15

r 288mm
2=83mm
3=80mm
rc=38mm

83

Yigure 2.22

STARTING POSITION

(mm from center of curvature)
Computer Generated Space Focusing Characteristics
for a Cylindrical- Electrode TOFMS Having r, = 88 mm,
ro = 83 mm, r, =80 mm, r =38mm, R=2.15, and an
Ion Mass of 13% amu, WhileCV was Varied. This ,
Produced an Ion Initial Energy Which was Dependent on
the Ion Starting Position, The Bars Represent an Initial

Ion Energy Spread of 1 eV,



71

466
i R=2.15
458 r; =88mm
5 1,=83mm
l'3 =80mm
4501 re=38mm
4421
\
- V,=- 4V
434}
| Vz-iov
426
- -V2="|b
S al8}
(7]
2 [ye-20
¥ 410+
-
-t
5
5 402 y-_psy
™ 2
3.94

378F Vo35V
3.70-@/

i ] ; 1 L )
83 84 85 86 87 88
STARTING POSITION
(mm from center of curvature)

Figure 2,23 Computer Generated Space Focusing Characteristics for
a Spherical-Electrode TOFMS Having ry; = 88 mm, r, =
83 mm, r, = 80 mm, r, =38 mm, R=2.15, and an Jon
Mass of 1§3 amu, While V, was Varied. This Produced
an Ion Initial Energy Whichi was Dependent on the Ion
Starting Position. The Bars Represent an Initial Ion
Energy Spread of £ 1 eV, '




72

Figure (2.24) represents the flight time characteristics for a
cylindrical-electrode TOFMS when a voltage ratio of 6.0 is used. -
The curves show the effects of varying V2 while maintaining a

constant voltage ratio (by varying V1 and V V. is, again, - 4V

3)° 0
and the electrode spacings are the same as those used in Figures
(2.21), (2.22) ané (2.23)., Making V2 more negative than V0 results
in a lower effective voltage ratio without significantly altering the
velocity focusing characteristics. Notice that the voltage required
on electrode 2 is much more negative than the voltage required for

R = 2.15. Also notice the dramatically reduced flight time spread
due to the 2 eV initial energy spread. A sample calculation of the
theoretical resolving power using the V2 = - 180 V curve from
Figure (2.24) shows the space focused resolving power to be about
122, This is greatly reduced from the space focused resolving power

for R = 2.15 and V, = -25 V calculated from Figure (2.22). This

2
theoretical resolving power is also less than 1/10 the theoretical
space focused resolving power for an optimum space focused voltage
ratio for a TOFMS with no variable source velocity. But whea the

2 eV energy spread is considered, the theoretical resolving power
for R = 6,0 and V, = - 180 V only drops to about 75. This is more
than twice the theoretical resolving power for R = 2,15 and VZ =
-25 V and more than seven times the resolving power of an optimally
space focused TOFMS (with no variable source velocity) with an
initial energy spread of 2 eV, Figure (2.25) illustrates the flight time

characteristics for a spherical-electrode TOFMS with the same

operating characteristics as were used to produce Figure (2.24).
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There will be a decrease in the sensitivity of a TOFMS
operated with variable source velocities because of the increased
velocities in the source region. This means there will be fewer ions
in the source region for each mass spectrum., However, this
sensitivity loss will be offset, to some extent, by the fact that more
ions will be arriving in a shorter period of time at the collector,
Experimental measurements at R £ 2,15 with a cylindrical-electrode
TOFMS showed no significant decrease in sensitivity which could be
attributed to operation in the resolving power enhancement mode,
Experimental confirmation of the resolving power enhancement
produced by the variable initial source velocity will be.discussed in

Chapter IV,



CHAPTER III

ION GATING IN TIME-OF -FLIGHT MASS SPECTROMETERS

3.1 Background

The use of gating systems in time-of-flight mass spectrometers
has been present for nearly as long as time-of-flight mass spectrom-
eters. The first reported gating systems wele used by Glenn {1952),
Ionov and Mamyrin (1953) and Katzenstein and Friedland (1955).
Glenn (1952) placed a grid with a dc potential directly in front of the
collector. Ions arriving at the appropriate time were given additional
energy by the gate pulse and could reach the collector. The gating
system of Ionov and Mamyrin (1953) used four grids placed at the
end of the ion drift tube, directly in front of the collector. The
outer two grids were at the drift tube potential. The inner grid
closest to the collector was set at a dc potential corresponding to the
ion acceleration voltage plus a small AV. The other inner grid had
a positive pulse which gave ions arriving at the proper time enough
energy to spill over the potential barrier. In this instrument,
varying the gate pulse time and varying the ion acceleration voltage
produced equivalent results. Katzenstein and Friedland (1955) used
an arrangement which was very similar to the system of Glenn (1952).
The systems of Glenn (1952) and Katzenstein and Friedland (1955)
were similar to the varied gate pulse delay time mode of Ionov and
Mamyrin (1953). The grid arré.ngement of Katzenstein and Friedland

(1955) is shown in Figure (3.1b). Other gating systems have been
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described by Wager (1960), Narcisi et al., (1966), Diem (1967) and
Zabielski {1970). These systems will be described below.
Glenn (1952) used his gating system to insure that ions which
did not have the appropriate flight times did not reach the collector.
lonov and Mamyrin (1953) used their gating sysfem in order to
produce enough current at the collector to be measured with the
electrometers in use at that time. The gate was also used to
eliminate the need for an electrometer with a high frequency
response. With their gating system a dc electrometer could be used.
The gating system of Katzenstein and Friedland (1955) was developed
to eliminate excessive capacitive coupling to the collector plate.
This improved the signal-to-noise ratio of the mass spectrum. The
gating systems reported by Wager (1960), Narcisi et al., (1966), -
Diem (1967) and Zabielski (1970) were used in instruments carried
on balloon and sounding rocket flights. The fact that time-of-flight
mass spectrometers produce a spectrum in a very short time (usec)
results in two major problems when used in atmospheric applications.
The first problem is the need for an electrometer which can satisfy
the severe environmental constraints imposed by a sounding rocket
or balloon flight and still have a sufficiently high frequency response.
The second problem is the low-bandwidth constraint imposed by the
telemetry systems in use. Ewven if an electrometer could be
developed to handle the output of a TOFMS directly, the telemetry
system could not handle the electrometer output. _ ) ‘ -
These problems can be solved by ”slvowing down'' the mass

spectra, without losing any of the significant features, through the
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use of gating. Wager (1960) developed the necessary electronics

to sample a mass spectrum after amplification and to reproduce the
spectrum at a suitably slowed down time. However, a high
performance (with respect to frequency response) electrometer was
still required. Narcisi et al., (1966), Diem (1967) and Zab!elski
{1970) described gating systems which were used to sample a mass
spectrum before the ions reached the collector and so introduced a
slowed down spectrum to the electrometer. This second gating method
greatly reduced the frequency response requirements of the electrom-
eter and allowed a much greater electrometer sensitivity. It also
satisfied telemetry constraints. The electronics used in the gating
systems used by Zabielski (1970) and Diem (1967) were described

by Hazelton (1968) and Barnes (1971).

The gating systems of Katzenstein and Friedland (1955) and
Wager (1960) produced a significant increase in the mass spectrum
signal-to-noise ratio. A partial analysis by Zabielski (1970) showed
all the gating systems discussed here produce a slight decrease in
sensitivity (in this thesis, sensitivity refers to the number of ions
collected in nﬁass peaks in relation tok the number of ions entering
the spectrometer) and no marked decrease in resolving power. The
sensitivity decrease was also mass dependent. It was also mentioned
by Zabielski {1970) that the gate pulse shape would have a direct
bearing on the mass peak shape. Unfortunately, no further studies
were made. |

The ‘difﬁculty in producing a gate pulse which had a variable

width and was compatible with the other spectrometer electronics



80

prevented most direct experimental studies of the effects of gating
on mass spectrometer operation in this laboratory. It is possible

to study a number of gate pulse shapes, used in the gating
configuration shown in Figure (3. la), by using computer simulations.
Ion transit times through the gate region can be interpreted to give
the effects on sensitivity and resolving power by the gate pulse shape

for any number of TOFMS operating conditions.

3.2 Computer Simulation

A typical gate pulse shape is shown in Figure (3.2). It can be
approximated closely by a triangular pulse shape. The ideal gate
pulse is a square pulse with infinitely fast rise and fall times. Both
a triangular gate pulse shape and a square gate pulse shape can be
studied with relative ease using computer models.

The important parameters in the study of a gate pulse are the
gate voltages, the ion energy as it enters the gate region, the ion
mass, the time the gate starts with respect to the ion arrival in
the gate region, and in the case of a triangular pulse, the rise and
fall tirﬁes, The computer programs used for these analyses followed
the path of one ion at a time through the gate region and calculated
the time for the ion to pass the electrode with the gate pulse.

The flight times for ions traveling a distance corresponding to
the width of the gate region are shown in Figure (3.3). The
calculations carried out for this Figure and the Figures that follow

were carried out by using planar electrodes for greater simplicity.
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The ion energies considered are typical for the mass spectrometers
under study. Figure (3.3) can be used as a reference for ion flight
times when a gate pulse is present.

The ion flight times for a triangular gate pulse closely
approximating an actual gate pulse shape (see Figure (3.2))are
shown in Figure (3.4). The flight times discussed in this chapter
are only the transit times through the gate region and should not
be confused with the total ion flight times in a spectrometer. The
rise and fall times for the pulse were 50 nsec, the barrier potential
was 155 V, the pulse amplitude was 100 V, and the gate pulse
was started just as the ions entered the gate region. This Figure
illustrates several interesting effects. The first effect of the gate
is to produce a mass discrimination against the heavier ion masses.
This should result in a sensitivity decrease as the mass of ions
under study increases. For the operating conditions under study,
this discrimination is not easily noticeable at masses less than
100 amu. A sensitivity decrease for Kt (39,41) and Cs+ (133) was
observed experimeﬁtally by Zabielski (1970) when the barrier
potential was increased {which is also similar to narrowing the
gate pulse). The results of Zabielski's measurements are
reproduced in Figure (3.5). The presence of this sensitivity
decrease at higher masses has been confirmed in measurements
made by me, although exact sensitivity values were not obtained.
The second effect of the gate pulse was not expeéfed, The gate
pulse also discriminated against certain ion starting positions in the

source. In a typical operational cylindrical-electrode time-of-flight
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mass spectrometer developed at Penn State, the various starting
positions in the source produce ions with energies between 78 eV

and 150 eV when they reach the gate. The lower energies correspond
to a starting position closer to the collector while the higher energies
correspond to ion starting positions away from the collector. As
Figure (3.4) indicates, for an ion mass of 100 amu, only about 50

per cent of the ions will be collected. The 100 amu ions that are
collected will only be from starting positions in the half of the source
farthest from the collector.

The ion flight times in Figure (3.4) are for only one gate starting
time with respect to the ion arrival in the gate region. When a number
of gate starting times are considered, the three dimensional figures
illustrated in Figures (3.6) and (3.7) are the result. The rminimum
ion flight times through the gate region can be seen to be very near
or at a gate starting time coincident with the ion arrival in the gate
region. Ions entering before or after the gate starting time
corresponding to the minimum ion flight times travel through the
gate region more slowly. There is a significant time spread
introduced for ions of the same mass which enter the gate region as
little as 30 nsec apart. Also notice the distinct asymmetry of the
ion flight times referenced to the gate start time corresponding to the
ion arrival in the gate region.

The effect of raising the gate barrier potential to 175 V (keeping
the other operating conditions the same as for Figure (3.4))011 the

ion flight times can be seen in Figure (3.8). The decrease in

sensitivity for cst (133) and Kt (39,41), when compared to the
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results in Figure (3.4), can be calculated to be approximately 60
per cent and 40 per cent respectively. The experimental results of
Zabielski (1970) show the sensitivity decrease to be approximately
75 per cent for Cs+ (133) and 40 per cent for K' (39,41). The
computer simulation results agree fairly well with the experimental
measurements. It must be remembered that the computer results
are for only one gate start time. A completely correct result
would require an integration over all gate start times. There is
also a larger sensitivity decrease for very light ions than for ions
of mass 40 amu to 100 amu. This is due to the fact that the lighter
ions turn around and leave the gate region befo~re the gate reaches
a sufficiently low voltage to let the lighter ions through the gate.
Ion masses greater than about 350 amu do not get through the gate
‘at all,

Increasing the triangular gate pulse width to 200 nsec (rise
time and fall times equal to 100 nsec each) while keeping the
barrier potential at 155 V and the pulse amplitude at 100 V produces
‘the ion flight times shown in Figure (3.9). Again, the gate start
time is coincident with the ion arrival in the gate region. This
produces several interesting effects. Ion masses near 100 amu
iraverse the gate region in approximately the same times and with
the same se’nsitivity as for the 100 nsec wide triangular gate pulse
(see F'igure (3.4)). The lighter fnassesb are severely discriminated
against in this case. This is, again, because these ions turn
around and leave the gate regikon before the gate pulse is fully

turned on. The heavier mass (m > 200 amu) ions travel through
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the gate region in faster times and with less sensitivity loss. For
example, about three times as many 3000 amu ions pass through the
gating region as for a 100 nsec wide triangular gate pulse.

When a square gate pulse is used, with a pulse amplitude of
100 V, a potential barrier of 155 V and a pulse width of 100 nsec,
the ion flight times through the gate region for a gate starting time
coincident with the ion arrival in the gate region are shown in
Figure (3.10). It can be seen that there is no sensitivity loss for
the lighter ions (m < 100 amu) but the sensitivity falls off for
higher masses. The mass discrimination effects are still present
but are not as serious as for a triangular gate pulse. This Figure
can be compared usefully to Figures (3.3) and (3. 4).

If a number of gate starting times are considered for the
square gate éulse described in the preceeding paragraph, the ion
flight times in Figures (3. 11) and (3. 12) are the result. An
interesting feature of Figure (3. 11) is the distinct asymmetry of
the lighter masses (< 500 amu) and especially for ion masses less
than 100 amu. The minimum flight times for m = 10 amu occur
at a gate start time before the ion arrival in the gate region. For
masses greater than 100 amu, the minimum flight times are for a
gate start time very near the ion arrival time in the gate region.

The ion flight times for a 100 V square gate pulse;, a 100 nsec
pulse width, a 175 V barrier, and a gate start time coincident with
the ion arrival time in the gate region are shown in Figure (3. 13).
Because of the inﬁhitely fast rise time of the pulse, there is no

discrimination against the very light ions (m =10 amu) as there is
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for a triangular gate pulse with a raised potential barrier (see
Figure (3.7)). The sensitivity at higher masses does not fall off as
rapidly for the square gate. However, there is a mass cut off at
m £ 1600 amu.

If the width of the 100 V gate pulse is increased to 200 nsec
while the potential barrier is set at 155 V, the ion flight times that
are the result are shown in Figure (3.14). The sensitivity is
significantly improved at all masses compared to the triangular
gate flight times (see Figure (3.9)). The most significant improve-
ment is at the very light masses (m £ 10 amu) where there is no
slow pulse turn on to affect the ions' trajectory through the gate
region. |

Care must be taken in the evaluation of the flight time curves
in this chapter and their effect on resolving power. Except for Figures
(3.6), (3.7), (3.11) and (3.12), only one gate start time has been
considered. In order to gain a complete understanding of the
gate pulse effects, it is necessary to consider all gate starting

times.

3.3 Jon Background Current

The presence of a dc potential barrier with a superimposed
gate pulse in a time-of-flight mass spectrometer allows ions with
a selected flight time (corresponding to a selected mass) to reach
the collector. However, this gating technique produces the
discrimination effect described in the previous section. It also

produces a uniform background current. This background current
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was subject to study to try to find the answers to several questions.
These questions were whether the background current was propor -
tional, in a simple manner, to the ambient plasma density; what was
the background current dependence on the mass spectrometer
operating conditions and what are the sources of the components of
the background current.

The production of the background current was originally thought
to come from three sources. The first was ions which enter the
mass spectrometer after the bunching pulse has turned off. These
ions would then gain enough energy to pass through the gate if they
arrive at the right time. The second source was thought to be ions
which had undergone one or more collisions and therefore had
their flight times (and energy) altered enough to still pass through
the gate but too much to arrive in the proper ion peak. The third
source was supposed to be the alteration to the ion flight times by
the action of the gate.

The flight times illustrated in Figures (3.6) and (3.7) for a
typical triangular gate pulse show that it would be impossible for
ions not receiving energy from the buncher pulse to get past the
gate potential barrier. The energy of ions entering the mass
spectrometer after the buncher pulse has turned off Would be 78 eV
at the most.

The dependence of the background current on the operating
voltaées of the mass spectrometer is illustrated in Figure (3. 15).

The background current ratio is defined as the total ion current in
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the mass spectrum ion peaks divided by the background current.

The voltage difference is the difference between the barrier potential
and the maximum ion energy in one bunch of ions. The typical
barrier potential was 155 V while the maximum ion energy was 150 V.
Since the background current is greatly reduced by raising the
barrier potential, the time spread introduced by the gate itself can
not be a major source of the background current.

The contribution to the background current due to collisional
éffects was studied by measuring the background current while raising
the pressure in the mass spectrometer. The results are shown in
Figure (3.16). The results were surprising in that the background
current ratio was not a constant at all pressures as simple theory
would predict, but increased as the pressure increased. No
satisfactory explanation for the variation of the background current
ratio due to changes in the pressure has been found to this date.

A contribution to the background current which could not be
studied in the laboratory is the presence of a shock wave in the
mass spectrometer flight region (as could easily occur in a sounding
rocket flight). The presence of a shock wave makes the breakup of

heavy cluster ions a distinct possibility. A)study of the breakup of

~ heavy cluster ions in a shock wave has been made by Narcisi and Roth

(1970). In a time-of-flight mass spectrometer with no potential
barrier gating, there would be no pfoblern since the charged ion
frag’ment would arrive at the proper time at the collector

(at i time corresponding to the flight time of 'the heavy ion) as

long as there were no energy losses. When a gating system
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is used there is a time difference in the flight times of heavy and
light ions Eraversing the gate region (see Figure (3. 4) for example).
Therefore, the ion fragments would contribute to the wings of a
mass peak. With the possibility of the presence of very heavy ions
in the D-region ionosphere (see Cuirle (1976), Farrokh (1975) or
Chesworth (1974)), this might be a source of the background current
in D-region ionosphere measurements.

In summary, at low pressures, gate spillover and time spreads
introduced by the gate are probably the dominant contributions to the
background current. Ion spillover can be reduced by raising the
barrier potential at the cost of significant sensitivity loss. At
higher pressures collisional effects become important to the back-
ground current ratio, contrary to simple theory. It was also found
that the background current did have a simple relationship to the
ion density entering the mass spectrometer in the laboratory if care
was taken to apply the proper pressure correction. However, the
ion flight times through the gate region presented in this chapter show
complicated discrimination effects which would make the relationship
between background current and total ion density difficult, but not

impossible, to deduce in the presence of very heavy ions (>500 amu).



CHAPTER IV

LABORATORY MEASUREMENTS WITH CYLINDRICAL AND
HEMISPHERICAL-ELECTRODE TIME-OF-FLIGHT MASS
SPECTROMETERS

4,1 Vacuum System and Ion Source

The primary motivation for the study of the cylindrical-electrode
and the hemispherical-electrode time-of-flight mass spectrometers
(TOFMS) was the need to understand the operation of these instruments
for use in the D-region ionosphere. In order to simulate the vacuum
environment of the D-region, the vacuum system illustrated in
Figure (4.1) was used, This vacuum system included a gas inzlet
system and a zero pressure reference system for a diaphragm
manometer, The ion source used in all the laboratory measurements
was a surfac.e ionization source identical to the one described by
Diem (1967) and Zabielski (1970). The ion source and the associated

electronics are shown in Figure (4. 2).

4,2 Cylindrical-Elecirode Two-Field TOFMS

4,2.1 Operating Voltages and Electronics

The results in these sections extend the experimental work
reported by Diem (1967), Zabielski, Diem and Kendall (1970) and
Zabielski {1970). The cylindrical-electrode two-field TOFMS used
for laboratory analysis is shown, completely assembled, in Figure
{4.3), A cross-sectional viéw of the spectrometer is shown in
Figure (4.4) with the grid labeling and interelectrcde spacings. The
operating vo,l._tages are designed for positive ion collection. The

voltagé applied to the outermost grid, VO’ is used to draw ions into the
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spectrometer and to isolate the surrounding medium from the voltage
pulses inside the mass spectrometer. The bunching pulse, with
positive amplitude Vl’ is applied to grid 1., The dc potential applied
to grid 1 is usually VO (the same as the potential on grid 0). A dc
potential, Vo is applied to grid 2. Grid 3 carries the ion accelera-
tion voltage, V3° Grids 4 and 6 are also set at V3. Grid 5 carries
the dc barrier potential, V5, and the gate pulse, The collector is
also at V3., All potentials can be varied independently., The inter-
electrode spacings are fixed, The electrodes were made from nickel
wire mesh with 80 lines per inch and individual wire diameters of

1 mil. The grid transparency was about 89 per cent,

The electronics for the production of the voltages for this mass
spectrometer were contained in a single controller built to the
specifications of Dr. B, R. F. Kendall by the Electronic: Services
Group of the Electrical Engineering Department of The Pennsylvania
State University. The controller was based on the designs of
Hazelton (1968), Barnes (1971) and Zabielski (1970)., Modifications
were made on £he controller by myself at a later date, The buncher
pulse and gate pulse widths were fixed by the original controller
design. A typical buncher pulse is shown in Figure (4.5). A typical
gate pulse has already been illustrated in Chapter III, The gate
pulse delay time could be varied at fixed scan rates of 20 Hz, .5 Hz,
and ,1 Hz. A manual scan was also possible.

Several electrometers were used during the study of this mass
spectrometer. The first was a linear electrometer with four gajin

settings based on a Keithly 302 commercial electrometer. This
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electrometer circuit is shown in Figure (4.6). The frequency response
of this electrometer was about 100 Hz at the lowest gain setting. The
second electrometer was a logarithmic electrometer, based on an
Intersil 8500A commercial electrometer, designed by Locus, Inc. of
State College, Pennsylvania. The frequency response of this
electrometer was better than 1 kHz at the cutrents of interest, The
third electrometer was a Keithley 610B vacuum tube electrometer.
This electrometer could only be used with the manual gate sweep
because of its extremely low frequency response (less than 1 Hz).
Extraneous microphonic noise caused by pump vibration was a constant
problem in making noise-free current measurements, The vacuum
system backing pump could be shut down for short periods and a

liguid nitrogen cooled zeolite pump used in its place. When this
method was inconvenient, a signal averager (a Princeton Applied
Research Waveform Eductor) was used. Care was needed when

using the logarithmic electrometer with the signal averager since

amplitude measurements could be misleading in this situation.

4.2,2 Ton Flight Times and Mass Spectrum Characteristics

Experimental flight timme calibrations were obtained for a
number of mass spectrometer operating conditions. A representative
example is shown in Figure (4.7), The mass spectrometer operating
voltages cah be deduced from the buncher pulse positive amplitude,

Vi and the voltage ratio, R = V1 - V3/V2 - V3., The gate barrier

was 155 V (V5 = 85 V and vV, = -70 V) and the gate pulse amplitude

1/

was typically 100 V. Them 2 dependence of the flight times can

be seen easily. A typical mass spectrum obtained by using the
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surface ionization source is shown in Figure (4.8). The resolving
power (m/Am = t/2At) was 5.9 at Nat (23), 6.5 at Kt (39,41) and

9.4 at Cs+ (133). The voltage ratio was 2,30, This voltage ratio

was higher than the theoretical ratio for optimum space focusing to
offset the effect of the initial ion energy spread. The variation in
resolving power with mass is thought to be due to the operation of

the gate and to the finite rise time of the buncher pulse. The improve-
ment in resolving power over the results reported by Zabielski is

due to improved electrometer frequency response and buncher pulse

rise time characteristics (typically 10 nsec).

4,2.3 High Pressure Operation

Measurements of the mass spectrometer sehsitivity at high
pressure have been reported by both Diem (1967) and Zabielski
(1970), However, these measurements were taken using a thermo-
couple pressure gauge to measure the pressure from 6.67 x 10-2 pa
to 6.67 pa. A thermocouple gauge is not particularly accurate over
this pressure range and requires constant calibration, The addition
of a diaphragm manometer to the vacuum system used for these
measurements made it possible to make extremely accurate pressure
readings for sensitivity measurements. Because of this improvement
in pressure accuracy, the sensitivity measurements for the cylindrical
TOFMS were repeated in conjunction with the measurementsb of the
background current ratio reported in.Chapter III, The relative:
sensitivity é.s a function of pressure is shown in Figure (4.9). The
sensitivity has been co‘rrected for the distance the ions hﬁve to

travel before entering the mass spectrometer. An important
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observation, also reported by Zabielski (1970), was that there was
no degradation in the resolving power at pressures up to 5.33 pa.
This is due to the way in which a time-of-flight mass spectrometer
operates. Once an ion has left the very narrow source and accelera-
tion regions, it enters the drift region. Any ion which has its flight
time altered in the drift region (due to collisions) will usually not
get through the gate. Those which do undergo collisions and get
through the gate will contribute to the background current instead of
the proper mass peak. Therefore, it is only collisions in the source
and acceleration regions which can degrade the resolving power.
Above 5,33 pa the ion mean free paths become shorter than the
width of fhe source and acceleration regions. The extremely high
sensitivity of this spectrometer and the lack of resolving power
degradation at high pressures makes it an excellent instrument

for D-region ionosphere measurements,

4,2.4 Resolving Power Improvements; Variable Source Velocity

The numerical studies in Chapter II showed the possibility of
improving the resolving power in time-of-flight mass spectrometers.,
A cylindrical-electrode TOFMS was used to test these studies
experimentally, The principle was to make the'ion velocities in the
source proportional to their distance from the collector before the
buncher pulse turns on. While operating in a high voltage ratio mode
these ion initial velocities should make it possible to correct for |
the poor space focusing characteristics inherent in the high voltage

ratio mode. The new ion initial velocities were produced by making
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V2 < VO while altering the other operating conditions to produce the
desired voltage ratio. The results of these measurements are
illustrated in Figure (4.10). The voltage difference across the
source region is plotted horizontally as A V = VO - Vzo The
resolving power is plotted vertically, For these measurements

R = 2.30 was used. The resolving power maximum occurrzd at a

& V which was within the range of AV's predicted in Chapwter II for

a voltage ratio of 2.15. The difference in the voltage raéios between
the computer studies in Chapter II (see Figure (2. 22)) and the ratio
used in this section will not make a significant difference in this
discussion, The effect in Figure (4.10) which does not agree with
computer results in Chapter II is the immediate decrease in the
resolving power for AV's greater than the AV corresponding to the
maximum resolving power, There should be a broad range of AV's,
from AV £ 25 Vto AV £ 35 V, where the resolving power is
maximized, The resolving power decrease for AV > 25 V can be
easily explained when computer studies of .gating in TOFMS in
Chapter IIl are considered (see Figure (3.4)). Only ions starting in |
the outer half (appréxirﬁately) of the source when the buncher pulsé
is turned on are collected for Cs+ (133). Therefore, when the mini-
mum in the flight time curves (Figure (2,22)) moves inward toward
r, (as V2 is made more negative) and passes the center of the source
region, the resolving power should decrease rapidly. The behavior
of the K+ (39,41) resolving power curve should exhibit a broader

resolving power maximum and a slower resolving power decrease

above the optimum AV values because gating will discriminate
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against only the innermost source starting positions. This is, in
fact, the behavior which is observed in Figure (4.10). This
discussion shows that the computer simulations of Chapter II and
Chapter III can be combined to accurately explain the experimental
measurements with a gated cylindrical-electrode TOFMS.

A resolving power maximum of 21 for Cs+ (133) had been
obtained at a slightly lower voltage ratio (R = 2,03) in other studies

using source position dependent initial ion velocities.

4,3 Hemispherical-Electrode Two-Field TOFMS

4.3,1 Instrument Dimensions and Electronics

The theoretical calculations carried out in Chapter II were for
a spherical-electrode TOFMS. In order to experimentally test the
results of Zabielski (1970), Zabielski, Stein and Kendall (1972/1973),
Stein (1974) and myself, it was decided to use a TOFMS constructed
with hemispherical electrodes because the construction of hemi-
spherical electrodes was thought tc be simpler (than spherical
electrodes) and could be accomplished quickly. It also simplified
the proper spacing of the electrodes. The hemispherical TOFMS
used for these measurements is shown in Figure (4.11). The effects
of fringing fields were bypassed by taking care that ions entered the
spectrometer at the center of the outer electrode. This was
accomplished by injecting the ions through a cover which had a
hole at the center, This cover was maintained at the same potential
as the outermost spectrometer grid before the buncher pulse was

applied. Ion detection was made using a 16 stage venetian blind



121

AL e ki ”:Enu; i ¥ 1 | f
2 e s e Gl o § e wen] ) 1T 12 18 14

fEibidi

Figure 4.11 Hemispherical-Electrode TOFMS. A 16
Stage Electron Multiplier Used for Ion
Detection is Shown.

ORIGINAL PAGE IS
OF POOR QUALITY

» _



122

electron multiplier with unactivated Be- Cu dynodes. The spectrom-
eter cover also performed the same task as grid 0 did for the
cylindrical TOFMS. The associated electronics and spectrometer
grid spacings are shown in Figure (4.12)., The hemispherical TOFMS
did not use any form of gating. Because a commercial pulse
generator was used for these studies, the buncher pulse rise time was
considerably longer than the cylindrical TOFMS buncher pulse rise
time. The buncher pulse rise time was typically 150 nsec in the

hemispherical TOFMS studies.

4.3.2 lon Flight Times and Mass Spec;frum Characteristics

A composite mass spectrum is shown ih Figure (4.13). This
mass spectrum illustrates a number of characteristics which might
not be visible on any one mass spectrum. The ion mass peaks
represent Na¥ (23), KT (39,41) and Gs™ (133). The resolving power
at these particular mass peaks are 8.2 at Na.+ (23), 9.2 at K+
(39,41) and 10,1 at cst (133), Ther significantly lower resolving
power at the lower ion masses is thought to be due to the relatively
long rise time of the buncher pulse. Another important observation
is the smaller resolving power variation with mass than in the
cylindrical TOFMS. This is undoubtedly because of the lack ovf
gating in the hemispherical device., It is obvious that the use of
gating does have a significant effect on resolving power. Also notice
the overall improvement in the resolving power at all masses over
the cylindrical TOFMS operating with normal voltages as repbrted
in this thesis and by previous researchers, Some of this improve-

ment must be due to the lack of gating., The extremely high
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frequency response of the electron multiplier might also contribute
to this resolving power improvement, The finite depth of the conver-
sion dynode of the electron multiplier could produce an ion flight
time spread corresponding to as much as 17 per cent of the observed
cst (133) mass peak (and a correspondingly larger amount for the
lighter ion mass peaks) if the ions were not properly focused at the
collector. This lack of proper focusing could easily result if the
hemispherical TOFMS electrodes were improperly centered or if the
electron multiplier conversion dynode was not placed in the correct
position. In actual fact, an examination of the conversion dynode
showed th;e ions had been focused onto a spot which covered only
about 25 per cent of the depth of the conversion dynode.

The background current starting to the right of the cst (133)
mass peak is produced by ions entering the mass spectrometer after
the buncher pulse turns off. These ions pass th-rough the source
region before the next buncher pulse starts and are eventually
collected. The lack of background current up to this point is due
to the buncher pulse repelling ions about to enter the source. This
explanation for the background current was verified by varying the
width of the buncher pulse, which caused a correspondihg change in
the starting flight time for the background current, and by varying
the spectrometer potentials, which again caused a corresponding
variation in the background current starting time. One feature of
the background which could not be explained immediately was the
small current peak at the beginning of the background current. It

was concluded that this small peak was caused by ions which were
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just at the turn around point outside the spectrometer as the buncher
pulse turns off, Since the current density of the ion beam from the
ion source is conserved, the ion density (charge density) at

the turn around point is enhanced and produces the small peak when
they are eventually collected.

A best resolving power of about 13 was obtained with the hemi-
spherical TOFMS at cs?t (133) with a voltage ratio of 2,46, This is
the best resolving power obtained with a hemispherical spectrometer
operating with the normal operating voltages. The resolving power
improvement method using a variable initial source velocity has not
been attempted with the hemispherical TOFMS to this date. The
high voltage ratio required for best resolving power is probably due
to the sl:ightly larger source region width and the shorter drift
region length combined with the large initial energy spread (see the
discussion of high initial energy spreads in Stein (1974)). The
smaller radii of curvature of the hemispherical-electrode TOFMS
used for these studies will not make a significant difference in the
resolving power compared to the cylindrical-electrode TOFMS (see
the discussion of radius of curvature in Chapter II). Some of the
results presented in this chapter have been previcusly reported by
Reiter and Kendall (1974), Kendall and Reiter (1975) or were used

as examples in Stein (1974),
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CHAPTER V
SOUNDING ROCKET EXPERIMENT PACKAGE AND VEHICLE

5.1 Mechanical

5.1.1 Vehicle

In 1969 the initial plans for a second generation sounding rocket
experiment package were discussed by Dr. Kendall, members of
our research group and NASA personnel, It was decided to fly this
package on a Nike-Apache two-stage sounding rocket. The mechanical
configuration of the experiment package was then designed by Elec-
tronic Services (a special projects group associated with the
Electrical Engineering Department of The Pennsylvania Staté

University).

5.1.2 Experiment Package

The actual experiment package was a combination of two sections.
One half of the package was made at Penn State University and
contained the electronics for the instruments carried by the package.
These instruments were to be a cylindrical-electrode time- of-flight
mass spectrometer, three ion pfobes of various geometries, a
thermocouple vacuum gauge and two thermistors for temperature
measurement, The mass spectrometer and two of the probes were
forward facing. The remaining probe and the thermocouple gauge
inlet ports were facing to the side. One temperature thermistor was
placéd in contact with the inside of the experiment package skin while

the second thermistor was placed in contact with the hottest part of
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the electronics inside the experiment package. The other half of

the package was made at Wallops Island, Virginia by NASA personnel.
This second half of the package contained telemetry equipment;
batteries, a magnetometer, solar sensors and thermistors. When
both sections were combined, the complete experiment package was
hermetically sealed. This was considered essential for two reasons,
First, outgassing from the interior of the package would be a serious
source of contamination to the measurements contemplated in the
ionosphere., A discussion of this effect can be found in Kendall ard
Weeks (1974). Secondly, the loss of convective dissipation of heat
that would be a result of a reduction in pressure around the electronic
components could cause component failure. The exterior of the
complete experiment package was also gold plated to reduce both
outgassing effects and photoelectron emission., Figures (5.1), (5,2)
and (5.3) show photographs of the Penn State portion of the experi-

ment package.,

5,1.3 Mass Spectrometer Vacuum Cap

A vacuum cap made of bare aluminum was designed to be placed
over the front end of the experiment package, covéring the mass
spectrometer, the two forward facing ion probes and the inlet ports
to the thermocouple gauge. The purpose of this cap was to keep the
enclosed instruments, and the front end of thé package in general,
under partial vacuum until the pavioad (the complete experiment
package will be called the payload) was ejected into the ionosphere

and began taking measurements. The volume under this cap wat to
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Figure 5.1 Front View of the Nike-Apache
Experiment Package Showing the
Cylindrical-Electrode TOFMS and
Two Ion Probes.
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Figure 5.2 Side View of the Nike- Apache Experiment
Package Showing the Arrangement of the
Electronics.
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Side View of the Nike-Apache Experiment
Package in the Outer Skin Showing the Side
Probe Connector. An Adapter for Shake
Testing is Shown Attached to the Bottom
of the Experiment Package.
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be pumped for approximately 24 hours and then backfilled to near
atmospheric pressure with dry Nitrogen. A pressure valve was
added to the cap to keep the pressure differential to about 1,38 x 104 pa

during the rocket ascent.

5.1.4 Separation of Experiment Package from Vehicle

The experiment package separation procedure was designed for
minimum contamination of the surrounding atmosphere. The
separation takes place in two stages. The first stage starts when a
sealed pyrotechnic charge fires a bolt cutter which cuts a bolt
holding a V-band (a flexible metal band wrapped around a joint and
held in place by a metal bolt) which holds the nose cone, The V-band
flies away and a spring, positioned underneath the nose cone and
attached to the top of the vacuum cap, is released. This pushes the
nose cone ahead of the experiment package. When the spring reaches
full extension, the vacuum cap is also jerked off. All the experiment
package instruments are exposed at this time. However, the package
is still resting in a short sleeve attached to the second stage motor,
After the first stage of the payload ejection, the experiment package
is no longer directly attached to the rocket motor. The second stage
of the payload ejection takes place at this time., A second sealed
pyrotechnic charge fires a second bolt cutter. This releases an air
spring, located beneath the experiment package, which has been
pumped out and then backfilled to about 1,03 x 105 pa with dry
Nicrogen. The piston of the spring then pushes the experiment

package out of the sleeve on Teflon skids., A strap is attached to the
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piston to keep it from escaping. The experiment package is then
completely separated from the rocket motor and nose cone and
follows its own trajectory. See: Figure (5.4) for a diagram of the
ejection sequence..

The pyrotechnic charges were designed to be completely sealed
when the charge is.fired. Three versions of the charges were tested
in the vacuum laboratory at The Pennsylvania State University by
Dr. B. R. F. Kendall and John O. Weeks. The final version was
found to have a satisfactory leak rate. The initial leakage from the
successful charge was 2.00 x 1073 pa-liters at firing and 4.44 x 1076
pa-liters/sec. thereafter.

An important design parameter was the altitude at which
separation was to take place. This altitude needed to be high enough
so that the dynamic forces which the mass spectrometer grids are
subjected to would not tear the grids. Studies, using high speed
films, were made by Dr. B. R. F. Kendall and J. O. Weeks of the
reaction of the mass spectrometer grids to sudden decompression.
Static pressure tests made by. myéelf were also made. Results of
these studies showed the minimum ejection altitude to be about
65 km. An ejection altitude of 70 km was decided on to include

a safety factor..

5.2 Environmental Testing

5.2.1 Shake Testing

In order to qualify for launch on the Nike-~Apache sounding
rocket, the experiment package had to undergo several shake

tests. The first shake test was with just the Penn State section of
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the payload. The second test was with the complete payload
installed inside the nose cone. The shake tests were conducted at
the Wallops Island, NASA, facility. These tests were conducted
on the three axes of the payload, the thrust axis {z-z axis) and the
two axes perpendicular to the thrust axis (the x-x axis and the y-y
axis). The thrust axis shake tests included a low level sine-wave
shake test, a simulated flight level shake test, a random noise
shake test, and a transient shake test (tc simulate the shock of a
Nike booster ignition). The shake tests for the other axes included
a low level sine-wave shake test, a simulated flight level shake
test, and a random noise shake test. The details of the simulated
flight level shake tests are shown in Table (5,1).

The experiment package electronics and telemetry were run
during all the shake tests to monitor the behavior of the payload
instruments. The electrometer outputs showed severe microphonic
effects during the actual shake tests but this was not considered

important to the operation of the electronice after payload ejection.

5.2.2 Payload Weight, Center of Gravity, Pitch and Roll Moments

In order to accurately determine the altitude to be attained by
the payload and the precise trajectory to be followed by the payload
and the nose cone after ejection, the weight and center of gravity
of the complete payload had to be determined. The payload weight
of the complete experiment package was 23 kg. The center of
gravity was found to be 50.3 ¢m from the rear of the combined

experiment package (the total package length was about 117 cm).
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Table 5.1: Shake Test Parameters for the Nike-Apache Experiment

Package
g Level or
Axis Frequency Displacement Sweep Rate
2-7 (Thrust)  10-120Hz 39
120-200Hz 10g
> 4 octaves/min
200-350Hz 20g
350-2000Hz Sq J
X-X and Y-Y 7-11Hz 1020vm )
(Lateral)

11-20Hz 0.5 08+m
20-30Hz 0.20,3wm
30-40Hz 0408mm
40-120 Hz 0.06sm
120-200Hz QOI87wm |

> 4 octaves /min

note: Lateral g levels were limited to 30g's
at the center of gravity.
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Two other important parameters to the payload trajectory are the
pitch and roll moments of the payload. These were measured at

the same time as the center of gravity.

5.2.3 Spin Test

A dynamic spin test of the experiment package and the complete
payload and nose cone assembly was carried out to determine the
dynamic stability. The stability was found to be such that it would
produce a 2° - 3° coning angle for the experiment package from
after payload ejection until the payload reaches about 70 km on the
downleg.

The behavior of the experiment package electronics were
monitored during the spin test to determine the effect of the
projected spin rate. The outputs of thé electronics showed severe
microphonic effects. This was considered more important than the
microphonics caused by the shake tests since the experiment package
would be spinning throughout the flight.

After a careful analysis for possible reasons for the severity
of the microphonics, it was found to be caused by the slight
instability of the experiment package acting through the fixed base
of the spin table to cause vibration. Since the base of the experiment
package would not be fixed after it was ejected from the rocket |
motor, this effect would not be important. However, it was decided
to apply a potting compound to the sensitive electronics in any future
experiment packages. Microphonic noise was found to be negligible

during the actual flight after the second stage rocket motor stopped
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firing. It decreased even further once the atmospheric pressure
had decreased to the point where the experiment package trajectory

was ballistic,

5.2.4 Qutgassing and Ion Collection Tests

A special vacuum chamber which could hold the entire experi-
ment package was built to study the outgassing from the surface of the
package and any leakage frem the interior of the package., A surface
ionization ion source was included so to be able to check ion
collection of the mass spectrometer and ion probes.

The results of several measurements show the outgas/leak rate
of the clean, complete experiment package to range between
5.2 x 1072 pa-liters/sec and 1.6 x 10_1 pa-liters/sec, The spread
in the outgas/leak rate is due to the cleaning ard handling methods for
the experiment package.

Ion collection by the mass spectrometer and the ion probes was
confirmed by using the ion source in this vacuurn chamber. The
telemetry operation was tested at this time to compare the data
outputs with previous results hard wired out of the experiment

package.

5.3 Experiment Package Electronics .

5.3.1 Determination of Mass Spectrometer Repetition Frequency

and Electrometer Requirements

The volume of the pulsing region of the flight version of the
cylindrical-electrode mass spectrometer is 16.34 cm3° The fill time

of this pulsing region is dependent on the ion draw-in potential, the
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vehicle velocity and the experiment package angle-of-attack

(defined as the angle between the package velocity vector and the
package spin axis). The fill time for the minimum vehicle speed
{(~300 m/sec), smallest draw-in voltage (-5 V) and maximum

angle of attack is about 5usec for 500 amu ions (this is the worst
possible case and would never be found in flight). To analyze heavy
ions up to 500 amu in this mass spectrometer, a sufficiently long
initial pulse width needs to be selected. A pulse width of 3 usec was
calculated to be more than sufficient. The total mass sweep time
would then be 8 useconds. A repetition frequency of 90 kHz was
selected for the sounding rocket flight.

The dominant fill mechanism for up to 500 amu ions will be the
draw-in potential at all times after payload ejection until the experi-
ment package reaches about 50 km on the downleg. At the lowest
draw-in potential (-5 V) the radially directed ion velocity due to the
draw-in potential will be at least twice the thermal and ram filling
velocity contributions at altitudes above 70 km.

Calculations of the total ion concentrafion for any measured ion
peak can be made, assuming the source region is completely filled.
If we define the sensitivity correction for the increased pressure
behind the vehicle shock wave as S, the correétion for grid
transparency as T, and ts as the length, in time, of each mass

spectrum then for a measured ion current, in a mass peak, I;

SxTxIxts
n = - — (5. 1)
{(16.34 cm™) (1.6 x 10 coul/ion)
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S and T are dimensionless constants, I is in amperes, and ts
is in seconds. Singly charged ions are assumed.

For example, suppose the peak ion current for NO+ at 85 km is
measured to be 3.0 x 10—11 a and ts is 11.1 % 10"6 seconds. S can -
be found from the pressure vs. sensitivity curve discussed earlier in
this thesis. At 85 km the ambient pressure is about .333 pa. The’
pressure behind a normal detached shock wave calculated for this
experiment package will be 6.19 pa (see Cuirle (1976}), This
corresponds to S € 75, where S is the inverse of the relative sensi-
tivity. For 90 per cent transparency grids T = 1.69, where T is the
inverse of the transmission fraction for the spectrometer when all
the grids are considered. Substituting these values into equation
(5.1) yields n = 1.61 x 10% ions/cms.

The minimum detectable current for the mass spectrometer
electrometer was originally set for 1 x 10—13 a. However, because
of difficulties with oscillations, the minimum detectable current was

altered to 3 x 10_13 a. The original calculations of Zabielski showed

3 a would give a sensitivity of about

that a current of 3 x 10
150 ions/crn3 at 75 km and 6 ions/cm3 at 90 km for an 8.9 cm
diameter blunt nosed cylinder travelling at Mach 1.5. Recently
revised pressure enhancement calculations by Cuirle {(1976) for a
15 c¢m diameter blunt nosed payload travelling at about Mach 3 show
that 3 x 10-13 a would correspond to a sensitivity of about 215 ions/

cm3 for NOT at 90 km. The revised sensitivity versus pressure data

will be discussed in greater detail in the next chapter.
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5.3.2 Mass Spectrometer Stepping Ground

In order to study the effect of a varied potential gradient used to
draw ions into the mass spectrometer, the ground to which all the
mass spectrometer voltages were referenced was stepped from
+3Vito +1 Vto~-1Vto-3V. The mass spectrometer was run at
each offset level for one second before shifting to the next offset
level. Hopefully, the study of the effects of these various offset
levels superimposed on the dc draw-in potential on the pulse
terminator grid will shed some light on chemical reactions that

might be induced by the draw-in potential.

5,3.3 Potential on the Pulse Terminator Grid

The dc potential on this grid shields the surrounding plasma
from the pulses inside the mass spectrometer and acts as the ion
draw-in grid. This grid is called grid 0 because it is not essential
to the mass spectrometer operation. The potential was set-at -8 V
with respect to the mass spectrometer offset ground. With respect

to the payload skin, this voltage will step from -5 V to -11 V.

5.3.4 Potential on the Pulsed Grid and Grid _2_._

The dc potential of the pulsed grid, which will be called grid 1,
was set at -7 V with respect to the mass spectrometer ground. This
potential produces a nearly field-free region between grid 0, grid 1
and grid 2 when the pulse is not applied to grid 1. This reduces the
possibility of electric field induced chemical events occurring in
this region. The dc potential of the third grid, called grid 2, was

set at -8 V.
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The performance of the mass spectrometer is very dependent on
the energy spread of the ions in the source region. The -8 V dc
potential on grid 2 can produce an ion energy spread in the source up
to 5eV to 11eV (depending on the mass spectrometer offset ground).
This initial energy spread requires the operating voltages of the
spectrometer be set for better velocity focusing. This means a
larger pulse voltage will be required than for optimum space
focusing. A positive pulse amplitude, applied to grid 1, of 72 V with
respect to the offset ground (from now on all mass spectrometer
voltages will be referenced to the offset ground) was decided on as the
optimum voltage. The energy spread in the source region could be
lowered by lowering the dc potentials on grids 0, 1 and 2. There
were two reasons for choosing the dc potentials that were actually
used. First, the effect of larger draw-in potentials was of interest
and this required draw -in voltages of -10 V or larger (more
negative). Secondly, there was a possibility of the payload skin-
swinging positive with respect to the surrounding plasma. This
necessitated a draw-in potential at least several volts negative. As
a compromise between these two requirements, the flight voltages
were decided on.

5.3.5 Remaining DC Potentials and the Gate Pulse Height and
Width

The potential of the fourth grid, called grid 3, was set at -70 V.
This voltage was a result of the need to produce the proper velocity
focusing characteristics and to give ions a reasonably fast flight

time in order to measure ions up to 500 amu. Grid 4 {the fifth

-



143

actual grid) defines the beginning of the gate region. The potential

on this grid is common to the sides of the drift region (between

grids 3 and 4) and grid 3. Grid 4 shields the drift region from the

gate pulse. The gate dc potential was set to + 85 V (grid 5) with

gate pulse amplitude at about 100 V. The base width of the gate

pulse was set at about 110 nsec. The grid terminating the gate region

(grid 6) was common with the sides of the mass spectrometer inner

shield and was at -70 V. ‘In future experiment packages this grid

will be set at a slightly more negative potential and isolated from

the sides of the wedge in order to suppress secondary electron

emission from the collector. Finally, the collector was set at -70 V.

The collector was gold plated to reduce possible photocemission effects.
The gate pulse was swept from .8 usec to 8.7 sec which sweeps

over a mass range of 7 amu to 500 amu. This scan occurred twice

in a one second interval. One scan was over a .95 sec interval and

a fast retrace cccurred in .05 sec. The slower sweep was from

light to heavier ions; the fast retrace was from heavier to lighter

ions.

5.3.6 Spec_trometer Shields

A shield was placed around the mass spectrometer in order
to prevent the spectrometer sides and bottom from being exposed
to the plasma. This shield was held at the mass spectrometer
offset ground (it steps from +3 V to -3 V with respect to the payload
skin). This outer shield had a number of holes cut in it to allow the

ambient atmosphere to flow through part of the mass spectrometer.
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An inner shield at -70 V with respect to the offset ground was
placed inside the shield at the offset ground. This inner shield

covered the mass spectrometer from grid 3 to the collector.

5.3.7 Summary of Flight Mass Spectrometer Voltages

A listing of the flight voltages is shown in Figure (5.5).

5.3.8 Payioad Electronics

Figure (5.6) shows a block diagram of the mass spectrometer
electronics. The portion of Figure (5.6) showing the dc voltage
buss is self-explanatory and the voltages have been discussed in
the previous sections. The buncher pulse production begins by
putting the output of the 1.11 MHz clock through the — 10 multivibrator,
The output of this multivibrator is then used to trigger the buncher
multivibrator after passing through a delay window. The delay
window produces a trigger every 1l.1lusec. The buncher multi-
vibrator is set to produce a pulse width of 3 psec. This pulse is
then amplified and biased to the proper level and applied to grid 1.
The gate pulse is produced by putting the fast and slow sweep
generator outputs into a comparator. This produces a trigger
pulse which occurs at varying intervals after the buncher pulse
startse. This trigger pulse then triggers the gate multivibrator. The
gate multivibrator produces a negative pulse with a width of about
110 nsec. This pulse is amplified by the gate pulse amplifier and
biased to the proper voltage level. The pulse is then applied to

grid 5,
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There are a number of additional functions illustrated in
Figure (5.6) which are not directly related'to the mass spectrometer
voltages. The first of these is the production of a signal which
contains mass sweep information and timing marks for the calculation
of ion flight times. The output of the slow sweep generator is a
fast increasing ramp and a slow decreasing ramp. The fast ramp
corresponds to the fast flyback and the slow ramp to the normal
mass spectrum. The time mark multivibrator, when triggered by the
1.11 MHz clock, generates positive pulses which represent ion flight
times measured from the beginning of the buncher pulse. The first
time mark represents an ion flight time of 1.85usec. Each
succeeding time mark represents an additional flight time of
.925usec. The ramps and the time marks are combined in an adder.

The second function is the production of the mass spectrometer
offset ground. The pulse output of the 1 second pulse generator
triggers the + 4 multivibrator. The outputs of this multivibrator
are combined in the D/A converter. This produces the 4 step
offset ground which is then used to bias the mass spectrometer
voltages and the electrometer ground.

The third function is a calibration signal which was originally
designed to make it possible to determine the relationship between
the electrometer output voltage and the collector current. Every
third sweep the calibration signal is added to the collector current.
The calibration signal was deliberately out of step with the 4 step
offset ground so that the signal would not appear during mass sweeps

with the same offset ground voltage throughout the flight. This

g -
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method of calibrating the electrometer was found to be inadequate
because of the difficulty in determining absolute current values.
However, the calibration signal was left in operation as a general
check on the operation of the electrometer. The revised calibration
procedure will be discussed in the Mass Spectrometer Calibration
section.

The last function is the presence of an automatic gain changer
which determines the gain to be applied to the electrometer signal.
When the spectrometer current exceeds certain levels, the signal
gain is decreased. Similarly, when the current falls below certain
levels, the gain is increased. The switching levels had a hysteresis
built in to prevent oscillations from occurring during a gain change
{referred to as a range change). The original design was for a
linear electrometer which had four range levels. However, the most
sensitive range level had to be eliminated because of excessive
electrometer ncise. The electrometer used was a Keithley 302

commercial electrometer.

5.3.9 Telemetry

The telemetry system used for this payload was designed and
installed by NASA personnel at Wallops Station, Virginia. The
carrier frequency was 240.2 MHz. This is a standard P-band
carrier frequency. The total telemetry system was a PAM/FM/FM
system. Analog signals from the payload electronics drive voltage
controlled oscillators (VCO's) which then are used to frequency

modulate the carrier. The subcarrier channel assignments and

et AR e N e oo e Bt et
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frequencies are listed in Table (5.2). IRIG* channel 21 carried the
mass spectrometer ion current. IRIG channel 20 carried the mass
spectrometer electrometer gain indicator. Channel 19 carried the
slow sweep or fast retrace indicator and ion flight time timing marks.
IRIG channels 13 and 14 carried both the Penn State monitor lines

and the NASA monitor lines. vThe Penn State monitor lines are listed
in Table (5.3). These two telemetry channels were commutated
channels with 30 segments, each sampled at 5 times/sec. The

payload antennas were 4 Vega bent spikes phased 90° apart.

5.3.10 Mass Spectrometer Calibration

Ion flight times were calibrated against ion mass-to-charge
ratios for the experiment package on several occasions. Calibrations
were done with the Penn State portion of the payload run off an
external power supply. They were also done with complete payload
run off external power. As a final check the calibrations were
repeated with the complete payload run off battery (internal) power.
The mass spectrometer outputs were measured while hard wired out
of the vacuum test chamber and then measured using the telemetry
equipment. The results of these calibrations were consistent.

The mass spectrometer electrometer output could not be
properly equated with a collector current by using calibration signals
described in the Payload Electronics section because of the difficulty
in determining absolute current values. An alternative method for
calibrating the electrometer was developed. Artificial ion currents
were fed directly onto the collector through a connector in the side
of the mass spectrometer. The artificial currents were produced

*IRIG: Interrange Instrumentation Group
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Table 5.2: Telemetry Channel Assignments for the Sounding
Rocket Flight

IRIG CHANNEL SUBCARRIER LOW PASS
CHANNEL OUTPUT FREQ. FILTER
CUTOFF
21 MASS SPECTROMETER CURRENT 165 KHz 3720 Hz
20 MASS SPECTROMETER RANGE  [24KHz 3720 Hz

~_FACTOR
19 MASS SWEEP AND TIME MARK 93 KHz 1395 Hz
MONITOR

18 PROBE | ION CURRENT 70 KHz 1200 Hz
17 PROBE | RANGE FACTOR 525KHz 1200 Hz
6 SOLAR SENSORS | + 2 40 KHz 7290 Hz
5 PROBE 2 ION CURRENT 30 KHz 600 Hz
4 COMMUTATED CHANNEL #1 22 KHz 330 Hz
i3 COMMUTATED CHANNEL #2 14.5 KHz 330 Hz
12 PROBE 2 RANGE FACTOR 10.5 KHz 220 Hz
n PROBE 3 ION CURRENT 7.35 KHz 1O Hz
10 PROBE 3 RANGE FACTOR 5.4 KHz 11O Hz
9 CALIBRATE SEQUENCE 3.9KHz 110 Hz
8 ACCELEROMETER 3.0 KHz 110 Hz
7 MAGNETOMETER ROLL 2.3KHz 35 Hz

6 MAGNETOMETER PITCH 17 KHz 25 Hz

S SOLAR SENSOR #2 .3KHz 20 Hz
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Table 5.3: Monitor Outputs on the Commutated Channels

GRID O DC VOLTAGE

GRID | BUNCHER PULSE

GRID | BUNCHER DC VOLTAGE
GRID 2 DC VOLTAGE

GRIDS 3,486 DC VOLTAGE
GRID 5 GATE PULSE

GRID 5 GATE DC VOLTAGE
GATE PULSE LOGIC
BUNCHER PULSE LOGIC

FAST SWEEP INPUT

I-SEC PULSE GENERATOR
CALIBRATION SEQUENCE

I5A POWER SUPPLY

I5B POWER SUPPLY

I5C POWER SUPPLY

I5D POWER SUPPLY

I5E POWER SUPPLY

90 VOLT POWER SUPPLY
MASS SPECTROMETER OFFSET GROUND
PROBE OFFSET GROUND
THERMOCOUPLE HEAD CURRENT
THERMOCOUPLE OUTPUT
SKIN TEMPERATURE

POWER SUPPLY TEMPERATURE
MAIN CURRENT SUPPLY

~ MAIN VOLTAGE SUPPLY



152

by picking a voltage off a battery through a potentiometer and putting
the voltage through high valued resistors chosen to simulate ion
currents. The battery and potentiometer were placed in a grounded
box. A coaxial cable carried the voltage to the high value resistor.
The resistor was shielded by a specially designed grounded sheath.
In addition, the entire procedure was carried out in a grounded wire

mesh cage.
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CHAPTER V1

SOUNDING ROCKET DATA REDUCTION

6.1 Sounding Rocket Flight Conditions

6.1.1 Launch Conditions

The experiment package described in Chapter V was launched
on a Nike~Apache ‘wo-stage sounding rocket on May 15, 1974 at
21:37 GMT. The launch site was Wallops Island, Virginia (latitude
-37.85°N, longitude -75.47°W). The NASA identification number
for the flight was 14.482 ard the experiment package will be referred
to by this number. May 15, 1974 was classified as a disturbed
day according to the Kp index (Journal of Geophysical Research, 76,
3886, 1974). The Kp index at near the launch time was 4.3, the Ap
index was 30 and the CaiI index was 8.7. The sunspot number was
24. Electron densities for May 15, 1974, for near the 14.482
launch time, were calculated from an ionogram taken by the Wallops
station facility and are shown in Figure (6.1). The ionogram was
reduced using the Ionosphere Research L.aboratory reduction
program. Xlectron densities calculated by Dr. H. S. Lee from
wave interaction data, taken at State College, Pennsylvania on

May 15, 1974 are shown in Figure {6.2).

6.1.2 Sounding Rocket Flight

The 14. 482 sounding rocket had a number of difficulties during
theyflight. The output transistor of the NASA transmitter failed
about three seconds into the flight, corresponding to the end of the

Nike booster burn. The transmitter operated at six per cent of its




HEIGHT (Km)

Figure 6,1

IONOGRAM_ELECTRON DENSITIES
MAY 15,1974 21:00 GMT

3601 WALLOPS ISLAND, VA.

320

280
240
200+

160 A

120-

80 ! T | T Y —

0 2 a 6 8 10 12 14

Ne ( (Celectrons / em’)

Electron Densities at Wallops Island, Virginia Taken from an Ionogram Made at
21:00 GMT on May 15, 1974.

$al



HEIGHT — km

Figure 6.2

90r WAVE INTERACTION ELECTRON DENSITIES
MAY 15, 1974

85F 21:22 GMT

80} STATE COLLEGE, PA.

I o

70+

65t

60}

S5¢

50F

4 s 01 el NPT E S | NP | T |

Ol A | (0] 100 I000

Ne(#/cm3)

Wave Interaction Electron Densities Measured at State College, Pennsylvania at 21:22
GMT on May 15, 1974,

S61



156

normal power output for the remainder of the flight. This reduced
power output was still sufficient for telemetry reception with only
small portions of data loss due to telemetry dropout. It has been
suggested by Wayne Powell (1976) of the Computer Science
Corporation that this failure might have been caused by the dischaxge
of a large potential, on the rocket, through the pointed telemetry
antennas. The antennas on the 14.482 package were capacitively
coupled to the transmitter and the failure of the coupling capacitor
would allow excess current to flow through the transmitter output
transistor. The large potential on the rocket could be the result

of charged particles being carried away from the rocket during

the firing of the Nike booster. Such charging effects have been
observed on jet airplanes (Na.neviéz {1974)) and rockets (Nanevicz
(1972))}. There have been eight transmitter failures on recent NASA
sounding rocket flights with pointed, capacitively coupled, antennas.
Since switching to inductively coupled antennas, no transmitter
failures have been observed due to this charging problem.

The second stage (Apache) burn was uneventful. The nose cone
ejection occurred at the proper time (about 65 seconds after launch)
and all the 14. 482 experiment package instruments were exposed.
However, the experiment package failed to separate from the second
stage motor. This was probably caused by the failure of the bolt
cutting mechanism which was supposed to release the air spring
ejection mechanism (see the explanation of the experiment package

ejection sequence in Chapter V). This problem did not directly
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affect the data collection by the 14. 482 instruments. However, it
could have provided a serious source of contamination for any
large angle-of-attack; the angle between the experiment package
spin axis and the experiment package velocity vector.

Data was collected by all the experiment package instruments
from nose cone ejection at about 70 km on the upleg, to about 70 km
on the downleg. One of the ion probes operated down to about 40 km.

A typical portion of the 14.482 time-~-of-flight mass spectrometer
(TOFMS) raw data is shown in Figure (6.3). A portion of the slow
mass sweep, lasting about 950 msec, is shown. The slow mass sweep
is from low mass-to-charge ratios to high mass-to-charge ratios.
The fast mass sweep, called the flyback, is not shown in Figure (6.3).
One mass peak is visible at the mass of 30 amu, assuming singly
charged ions. This spectrum was taken at an altitude of 138.6 km.
Also shown in Figure (6.3) are the timing marks for ion flight time
calculations and the gain multiplier for the mass spectrometer
electrometer.

The experiment package altitude versus time after launch, also
called flight time but not to be confused with the ion flighé time in the
mass spectrometer, is shown in Figure {6.4). The experiment
package apogee occurred at 138.7 km. The experiment package -
angle-of-attack versus altitude for the 14.482 flight is shown in
Figure (6.5).

Two thermistors were carried in the 14.482 experiment package

to monitor the temperatures inside the experiment package. One
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thermistor was in contact with the experiment package skin. The
other thermistor was in the power supply section of the experiment
package to monitor the largest source of heat inside the package.
The results of the thermistor measurements during the 14.482
flight are shown in Figure (6.6). The skin temperature was nearly
constant until re-entry heating occurred and then the skin temperature
increased rapidly until impact. The experiment package power
supply temperature showed a small but steady increase during the
flight. The internal temperature of the package stayed well within
permissible levels, for proper operation of the package electronics,
during the flight.

The data from the three ion probes and the thermocouple gauge

will be presented in Cuirle (1976).

A

6.2 Calibrations and Calculation of_,petached Shock Wave Parameters

6.2.1 14.482 Mass Spectrometer Calibrations

The ion flight times versus mass~-to-charge ratio calibration
curves for the cylindrical-electrode TOFMS carried on the sounding
rocket experiment package are shown in Figure (6.7). Since the
mass spectrometer offset ground steps with respect to the experiment
package ground and with respect to the surrounding plasma, there is
a calibration curve for each of the four resulting ion draw-in
potentials. The measurements of the ion fiight times for these
curves were made using the surface ionization ion source described
in Chapter IV. The vacuum system described in Chapter IV was
modified so that the entire experiment package could be placed in

a vacuum.
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The mass spectrometer electrometer calibration curves for
ion current versus telemetry voltage are shown in Figure (6.8). The
curves in Figure (6.8) can be grouped in four sets of three straight
line segments. Each straight line segment describes the electrometer
output for one gain setting. Each set of line segments represent
one of the four offset ground voltages. The method used to prcduce

these calibration curves was described in Chapter V.

6.2.2 Detached Shock Wave

A detached shock wave was generated in front of the 14,482
experiment package while moving at supersonic speeds. The
important shock wave parameters are the shock wave detachment
distance, the stagnation point pressure and the pressure enhancement
profile between the shock wave and the stagnation point. The shock
wave behavior has been studied by Cuirle (1976) for the 14.482
experiment package and the discussion of the shock wave parameters
here represents a summary of his work:

Using elementary continuum theory based on Liepmann and
Roshko {1957}, the shock wave parameters can be calculated if
the payload angle-of-attack is small. The 14.482 experiment
package was in the continuum flow regime only below 60 km.
Calculations of the Reynolds numbers and the Knudson numbers
show the 14.482 experiment package was in the transition flow
regime from 60 km to about 100 km on the upleg and in the free
molecular flow regime from 100 km to apogee. The same flow

regimes apply to the downleg. However, some of the continuum

-~
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flow regime results can still be applied to the transition flow regime
since the various flow regimes are distinguishe;d mainly by the
boundary conditions used tor transverse flow calculations. The
stagnation pressure, at least, is a phenomenon considered relatively
independent of flow effects. Also, neutral pressure calculations

by Cuirle {(1976) from the 14.482 thermocouple gauge, using
continuum flow theory, are extremely close to accepted values
(CIRA 1972) up to about 95 km. This indicates that continuum flow
theory can be extended at least’ for the 14.482 experiment package,
to the transition flow regime. In the free molecular flow regime
there will be no pressure enhancement behind the shock wave and
the ambient atmospheric pressure can be used for calculations.

It has been calculated by Cuirle {1976) that the elementary
continuum flow theory of shock wave production can be rigorously
applied only for angles-of-attack near 0° (axial flow) and 90°
(transverse flow)’. The precise angles-of-attack for the 14.482
experiment package which can be justified in the theory are 0° to 4.5°
and 85.5° to 90°. The theory can be extended to include 4. 59 to 7.5°
and 82.5° to 85.5° with less confidence in the results. The use of
qontinuum theory to calculate the shock wave parameters for
angles -of -attack from 7.5° to 82.5° can not be justified. This is
because the stagnation point was near, or went over, the edge of the
forward bulkhead of the 14,482 experiment package.

The upleg angles-of-attack for the 14.482 package, while it
was in the transition.-flow regime, varied between 5° and 18°,

However, the angle-of-attack was greater than 7. 5 from 70 km to
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to 100 km. This means the exact shock wave parameters can not
be calculated but it is possible to place limits on the shock wave
parameter values and to make an educated guess about the precise
values.

The 14.482 experiment package had an angle-of-attack greater
than 90° during the downleg portion of the flight through the transition
flow regime altitudes. This means the stagnation point was some-~
where on the side, or rear, of the experiment package. Since the
second stage motor was still attached to the experiment package,
there are significant unknowns in the calculations. It also means
that continuum flow theory can not be used to calculate the stagnation

point pressure because the flow is primarily transverse.

6.3 Mass Spectrometer Data Reduction

6.3.1 Gross Features of Mass Spectra

Figure (6.3) showed a typical portion of the 14.482 TOFMS raw
data. The significant features of the mass spectrometer data, other
than any mass peaks, are the presence of a uniform background
current and the periodic modulation of the mass spectrometer current.
The presence of the uniform background current in the mass spectra
of a gated cylindrical-electrode TOFMS has been discussed in
Chapters IIT and IV. The background current represents a fraction
of the total ion current entering the mass spectrometer.

The periodic modulation of the mass spectrometer ion current
corresponds to the spin rate, or multiples of the spin rate, of the

experiment package. This spin modulation had at least two causes.
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The first was the effect of the two forward facing ion probes, situated

on posts on opposite sides of the spectrometer (see Figure (5.1}}, -
passing between the mass spectrometer and the direction of the gas
flow into, or past, the spectrometer. The ion probes can interfere
physically with the gas flow or the region affected by the ion probe
draw-in potentials can affect the entry of ions into the spectrometer.
The second cause of the modulation was the interference of the sides
of the spectrometer with the ion collection at the collector.

The observed spin modulation of the ion current had more fine
structure than should have beer the result of the two causes
mentioned above. However, the general behavior is explained very
well by the two causes for the entire flight.

The background current which appeared in the 14.482 mass
spectra was much larger than the background current expected on
the basis of pre-flight calibrations. A change in the background
current would be caused by a shift in the experiment package potential
with respect to the surrounding plasma. The 14.482 experiment
package potential was calculated by me from the ion probe data. The
results are shown in Figure (6.9) for the upleg portion of the flight.
The experiment package did, in fact, shift its potential with respect
to the surrounding plasma. The experiment package either had a
positive potential of about +2V or immediately took on that potential
when nose cone ejection occurred. The potential then went negative
to about -3V within 15 seconds. The potential then slowly became less
negative until it reached -1 V at apogee. The slow oscillation in the

package potential corresponds to the period of the coning of the
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experiment package with a coning half-angle of about 3. 5°. The
payload potential during the downleg portion of the fliight was
remarkably similar to the potential during the upleg. The potential
went more negative until an altitude of 85 km was reached. The
potential then shifted from negative to positive and it reached abcut
+2 V at 70 kmm. This shift in the experiment package potential was
not enough to completely explain the high background currents.
Therefore, there must have been a drop in the gate dc barrier
potential which occurred after launch. A small drop of several
volts in the gate barrier potential could not be confirmed by studying
the appropriate telemetry monitor output. This is because the
monitors were used to detect gross changes in any of the payload
potentials. A change of only a few volts in the gate barrier potential
would be undetectable.

Because of the probable drop in the gate barrier potential, the
mass spectra near apogee were used to recalibrate the backgrcund
current ratio for each of the four draw-in potentials on the mass
spectrometer. An additional correction was then applied for the

change in the payload potential with respect to the plasma.

6.3.2 Analysis of Mass Spectrometer Data

The proper examination of the mass spectra {rom the 14.482
flight required the removal of the spin modulation. This was
accomplished by using autocorrelation to normalize the spin
modulation. One spin modﬁlation period near the end of each mass
spectrum was used to normalize that mass spectrum. Since the spin

modulation varied from one mass spectrum to the next, due to the

PRSo.
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charging draw-in voltages on the spectrometer, the normalization
needed to be done for each individual mass spectrum. Care was
taken to make sure there were no mass peaks in the spin modulation
periods used for the normalization. The complete normalization
procedure was to digitize each mass spectrum, convert teléxnetry
voltage to ion current (using the calibration curves shown in Figure
(6.8)), average the digitized current data using a three point average,
and then use autocorrelation to remove the spin modulation. These
calculations were done partly by hand, partly at the Hybrid Computer
facility of The Pennsylvania State University and partly on an IBM
360/175. Brad Kuhn was primarily responsible for the hybrid
computer programming.

All the mass spectrometer data from the 14.482 flight have been
digitized and converted to ion current. However, only small portions
oi the mass spectrometer data have actually been normalized. The
normalization procedure has not been computerized and, therefore,
has been done by hand. This thesis will concentrate on the portion
of the mass spectrometer data which has been completely reduced.

The concentrations of ions with mass-to-charge ratios greater
than 500 can be deduced from the background current collected
by the 14.482 cylindrical-electrode TOFMS. The relationship
between the background current and the mass spectrometer operating
voltages is well understood. The behavior of the background
current at various pressures inside the spectrometer is known
empirically. A more convenient quantity for comparison with

previous researchers is the percentage of ions with mass-to-charge
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ratios greater than 500, :These ions will be referred to as
heavy ions.

The backgrcund current ratio has been defined (Chapter III) as
‘the total current collected in the mass peaks present in a mass
spectrum divided by the background current. Therefore, if we
define BI as the background current ratio with heavy ions present
and B. as the background current ratio with no heavy ions present,

L

the percentage of heavy ions, H, is given by

By
H = 100 (1 - g-) (6. 1)
L

Care must be taken to use the value of BL for the pressure at which

the BI measurement is taken. BL contains the corrections for the
experiment package potential variation and for the drop in the gate
barrier potential. The mass discrimination effects due to ion

gating have not been included in equation (6.1). Because the
discrimination is more severe against larger mass-to-charge ratios,
H is the minimum percentage for singly charged heavy ions.

It is necessary to have some knowledge of the pressure inside
the 14.482 spectrometer during the flight in order to calculate BL
and, therefore, I-‘I The difficulties in calculating the shock wave
parameters and, therefore, the préssure inside the mass spectrom-
eter have been discussed. The precise values for the pressure inside

the spectrometer can not be calculated. However, it is possible

to calculate the limits on the spectrometer pressure. One of the
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limits for the upleg portion of the flight is to assume that there

was no pressure enhancement in the mass spectrometer (i.e. there
was no shock wave) and use the ambient atmospheric pressure for
data reduction. This will provide a lower limit on the pressure
inside the mass spectrometer. The other limit is to assume an
angle-of -attack of 0°, and a shock wave detachment distance equal

to the distance grid 0, of the mass spectrometer, was in front of the
forward bulkhead of the experiment package. Emphasis is placed

on a 0° angle-of-attack because it should provide the highest average
pressure inside the spectrometer. Also, an angle-of-attack of 0°

is the closest angle-of-attack to the 14.482 upleg attack angles to
which the continuum flow shock wave theory applies rigorously. The
average pressure inside the 14.482 TOFMS is shown in Table (6. 1),
as a function of altitude, for the two limiting cases. These cases
will be referred to as the ambient pressure case and the total
immersion case for simplicity. Also tabulated in Table (6. 1) is the
pressure maultiplication factor which represents the ratio of the mass
spectrometer pressure for the total immersion case to the mass
spectrometer pressure for the aﬁbient pressure case. The altitudes
considered in Table (6.1) are altitudes of interest in heavy ion
calculations. Table (6.1) was calculated using parameters calculated

by Cuirle (1976) and mach numbers calculated {rom

~ w .
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Table 6.1: Average Pressure in the 14,482 Mass Spectrometer
During the Upleg Portion of the Flight for the Ambient
Pressure Case and for the Total Immersion Case

FLIGHT TIME APPROXIMATE AMBIENT  AV. ENHANCED MULTIPLICATION

AFTER LAUNCH  ALTITUDE PRESSURE PRESSURE FACTOR
(seconds) (km) (ol LU {‘:‘nm:jm::}
80 85 424 : 14.5 34
8l 86 355 9.96 28l
82 87 293 8.05 275
83 88 .247 6.43 26,1
84 89 .213 .38 25.
85 90 185 44 238
86 9l AST 355 225
87 92 : 130 272 209
88 93 ? .08 2.5 199
89 94 091 169 18.6
90 95 o077 133 172
9l . 96 065 1.05 16.1
92 o7 056 845 1.1
93 98 048 688 14.5
94 99 04 .532 13
95 100 035 428 23
96 ot 029 317 10

 ANGLE-OF-ATTACK = 0°
CONTINUUM FLOW BEHAVIOR ASSUMED
SHOCKWAVE DETACHMENT DISTANCE
IS ASSUMED TO BE 76mm

"ORIGINAL PAGE IS
OF POOR QUALITY
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where v = the total payload velocity (m/sec), W = the mean
molecular weight of the neutral atmosphere (kg/mole), Y = the ratio
of specific heats, R = tlle gas constant and T = the neutral tempera-
ture (OK). The temperature values used were the CIRA 1972 mean
values. The mach number profile, for the portion of the 14.482
flight referred to in Table (6.1), is shown in Figure (6. 10).

Only the upleg mass spectromete‘f data will be considered,
in detail, in this thesis. This is because of the difficulty in even
estimating the limits on the pressure inside the mass spectrometer
on the downleg, the possibility of contamination due to the second
stage motor and problems with the normalization procedure when
there was a large angle-of-attack and the resulting extreme spin
modulation,

6.3.3 Effects on Mass Spectra of Sampling Through a Detached
Shock Wave

4

If the detached shock wave was in the TOFMS drift region daring
the upleg (85 km to 105 km) portion of the flight this could have
important implications for the heavy ion calculations. The drift
region of & TOFMS is field free. Therefore, any breakup of
cluster ions in t].;le'érift region, due to t}ie shock wave will not
significantly affect the measured flight t;i'mes of the cluster ions.

This is because a charged fragment frorn a fragmented cluster ion

~will be collected at approximately the flight time corresponding to

the mé,ss-to-charge ratio of the original cluster ion. The ion gate
will slightly affect the flight time of the charged ion fragments. For

example, if we assume a singly charged cluster ion of mass ~500
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amu exists and has been fragmented into one H O+ (19) ion and a

3
number of neutral fragments, the H3O+ (19) transit timé through
the gate will be about 60 nsec. The gate region transit time for the
original 500 amu cluster ion would have been about 300 nsec. This
will change the apparent flight time of the 500 amu ion by only

2.5 per cent. If the shock wave was outside the drift region, the
fragmentation of any cluster ions should occur before the ions enter
the drift region. The charged fragments will then appear at the

collector at flight times corresponding to their own mass-to-charge

ratios.



CHAPTER VII

MASS SPECTROMETER MEASUREMENTS, IMPLICATIONS AND
COMPARISONS WITH PREVIOUS MEASUREMENTS

7,1 Results of 14.482 Mass Spectrometer Measurements

7.1.1 Altitude Profile of Major Positive Ion Species

A portion of a 14,482 time-of-flight mass spectrometer
(TOFMS) mass spectrum with the spin modulation and background
current removed is shown in Figure (7.1)., This mass spectrum
was taken at about 95 km on the upleg, The mass peaks present
are at mass-to-charge ratios of about 30 and 56, The mass peak
atm/e = 30 is presumably No™ (30) and O; (32). The resolving
power of the spectrometer was insufficient to separate these two
peaks, The peak at m/e = 56 is probably Fet (56) based on the
results of other researchers,

The altitude profiles of the positive ions detected during the
upleg portion of the 14,482 flight are shown in Figure (7.2). The
positive ion densities were calculated assuming ambient atmospheric
pressure inside the 14,482 mass spectrometer, The relative ion
densities at any particular altitude are accurate. However, since
only a fraction of the ions in any bunching cycle will actually be
collected (Glenn (1952)) the cylindrical-electrode TOFMS should not
be used to calculate absolute ion densities, The 14,482 spectrometer,
as well as other types of mass spectrometers, are only accurate in
relative ion density measurements. The minimum sensitivity,
translated to ions/cm3, i‘s indicated by‘ the dashed line in Figure (7.2)

as a function of altitude.
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A significant feature of Figure (7.2) is the lack of any clearly
defined peaks corresponding to hydrated ions of the form H30+ o

(H,O)_with m/e ratios less than 500, This statement is subject to

2 )n
the constraint of lower than expected sensitivity due to the larger
than expected background current., In the small portions of the
downleg data which have been normalized there was a similar lack
of hydrated ions with m/e ratios less than 500,

A metallic ion layer was observed at about 95 km which was
made up of Fe+ (56). Mg+ (24) (or Nat (23)) was observed in one
spectrum at about 96 km. These observations correspond to the
jesults of numerous investigators (for example, see Krankowsky
et al., (1972c)). The metallic ion layer at about 115 km reported
by some investigators was not seen.

It is possible to obtain a more precise detern:ination of the
ion densities by normalizing to the ion densities measured by the
14.482 experiment package ion probes. The results of the probe
measurements are to be presented in Cuirle (1976) but have not yet
been calculated,

7.1.,2 Heavy Ion (m/e > 500) Altitude Profile

The lack of hydrated ions was a rather surprising result in
light of the measurements of previous researchers., However,
when the background current was used to discover the presence of
ions with mass-to-charge ratios greater than about 500, a possible
explanation was found for the lack of hydrated ions with m/e ratios

less than about 500,
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The heavy ion percentage for the ambient pressure case and
the total immersion case, both defined in Chapter VI, are shown
in Figure (7.3). These heavy ion percentages were calculated
assuming singly charged ions, A more exact definition for the
heavy ion percentage might be the amount of positive charge carried
on positive charge carriers with m/e ratios greater than 500 in
rciation to the total amount of positive charge on all positive charge
carriers,

The differences in the heavy ion altitude profiles in Figure
(7.3) are not especially large. The two cases provide the lower
(ambient pressure case) and the upper (total immersion case)
limits on the variation of the heavy ion percentage as a function of
altitude, Assuming an angle-of-attack of OO, a more realistic
shock wave detachment distance can be calculated as well as the
other shock wave paramefersn The exact shock wave detachment
distances and their spatial relationships to the 14,482 TOFMS for a
0° angle-of-attack, and for upleg altitudes from 85 km to 105 km,
are shown in Figure (7.4). The shock wave detachment distances
can be seen to be inside the mass spectrometer drift region., The
altitude profile for the heavy ion percentage for this case, called
the continuum flow pressure case, is shown in Figure {(7.5). The
heavy ion percentage altitude profiles for the total immersion and
ambient pressure cases are included in Figure (7. 5) for comparison,
It can be seen that the altitude profile for the heavy ion percentage
for the continuum flow pressure case is almost identical to the
profile for the total irnmersiokn case, Again, singly charged ions were

assumed.



100}

.}

8 &

~
o
T

i

s
3
©
8
0
A
i
4 60} :
2 s
= S0 3 X 3
E 3 I AMBIENT PRESSURE X
2 40k CASE ° -
o J.» IR J T
;5 30F I ¥
- I TOTAL IMMERSION 3 )
& : 4
E 10F J. J.b J
) ) 9 ¢
ok o } )
° !
..|O|.
oo
-20¢
- 1 L i A 1 1 1 A 4 ‘l' A 'y

Figure 7.3

80 82 84 8 88 90 92 94 96 98 100 102 104 106 108 110

ALTITUDE (km)

Heavy Ion Percentage Variation with Altitude for the Ambient
Pressure Case and for the Total Immersion Case. Singly
Charged Ions are Assumed.,

€81



A OFF DISTANCE VARIATION
ZIZ777777 RGN e¥em 13 105 km " °

FOR ANGLE OF ATTACK =0° D RE NS it B FANDOFE DISTANCE INCREASES

14482 MASS SPECTROMETER DRAWN TO SCALE

pocel BTN ke
7777777777 777777777 7€ SHOCK WAVE STANDOFF AT 105 km $50.3mm
SHOCK WAVE STANDOFF AT 85km ¥ 45.5mm

DRIFT REGION ™~_~~

GATE REGION ~ 5

RID 4
RID S-GATE GRID

€]

RID 6
COLLECTOR
fh
\ 3 FOWARD BULKHEAD OF 14.482 PAYLOAD
S
\ v
L3 ¢
Ve~ CENTER OF CURVATURE
Figure 7.4 Shock Wave Detachment Distance for the Continuum Flow Pressure Case. An

Angle-of-Attack of 0° is Assumed. The Altitude Range from 85 km to 105 km
is Considered,

¥8I




777777777 SHOCK WAVE_STAND OFF DISTANCE VARIATION
FROM 85km I05km

. AS ALTITUDE INCREASES & VEHICLE VELOCITY,
FOR ANGLE OF ATTACK =0° DECREASES THE STANDOFF DISTANCE INCREASES

14482 MASS SPECTROMETER DRAWN TO SCALE

- ~
«GRID O - DRAW IN GRID
e e—~GRID | - BUNCHER GRID
SOURCE REGION
ACCELERATION REGION «GRID 2

DRIFT REGION —~_~~

D4
GATE REGION RID 5-GATE GRID
COLLECTOR
IlCm '
. \ 7 FOWARD BULKHEAD OF 14.482 PAYLOAD
\
\ oy
N/
Vo~ CENTER OF CURVATURE
Figure 7.4 Shock Wawve Detachment Distance for the Continuum Flow Pressure Case. An

Angle-of-Attack of 0° is Assumed. The Altitude Range from 85 km to 105 km
is Considered.

781

—



PERCENT OF IONS WITH MASSES > 500 omu

185

100
90 T
®l v
60}  TOTAL IMMERSION I T
50} CASE '[
of III[
20}
]
Oh
-iof 1
]
90 I
70 CONTINUUM FLOW I I

PRESSURE CASE I I :
,, 1]
20-
]
o»
-op 1
< S8 § 1
box | |
70-
60
50 mmmsm[

CASE _

x I
2
10
o
-10

34 86 88 90 92 94 96 98 100 102 104 106 108 110
ALTITUDE (km)

Figure 7.5 Heavy Ion Percentage Variation with Altitude
for the Total Immersion Case, the Ambient
Pressure Case and the Continuum Flow
Pressure Case. Singly Charged Ions are
Assumed.




-

186

Calculations of the heavy ion  ercentages on the downleg

portion of the 14.482 flight are significantly more difficult than for

the upleg. This is because of the difficulties discussed in Chapter VI.
A few points of the altitude profile of the heavy ion percentage on the
downleg have been calculated assuming ambient atmospheric pressure,
no pressure enhancement or reduction, inside the mass spectrometer,
These calculations indicate the heavy ion cutoff péint, where 50 per
cent of all ions are heavy ions, occurred about 2 km lower than for

the ambient pressure case on the upleg. The changeover from heavy

ions to light ions occurred more quickly on the downleg.

7.2 Irrplicafions of Mass Spectrometer Data

Since no cluster ions with m/e ratios less than about 500 were
seen during the 14.482 flight, subject to the constr;\\i:nt on sensitivity,
two conclusions can be made, The first is that all the cluster ions
had mi/e ratios greater than 5"00‘, The second is thal‘t t}ile detached
shock wave was, in fact, in the mass spectrometer driift region
during the upleg portion of the flight below 100 km. A discussion of
the reasoning behind these two co;‘iclusions was given in gecﬁ‘ion
6.3.3. The heavy ion measurements showed that esseanti;.lly} 100
per cent of the detected ions below about 92 km had m/e ratios
greater than about 500 if singly charged ions were a.ssf};'t:urnéd!o

Although the heavy ion measurements from the ;14.,482 mass
spectrometer seem to b; father surprising, there arga a number

of possibilities which could make the results more consistent with

previous measurements. First, the quadrupole mass filters and the
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magnetic sector mass spectrometer used by previous researchers for
D-region and lower E-region measurements required a low pressure,
much lower than the ambient pressure in the D-region especially,

for proper operation. This means ions are sampled through an
orifice into the differentially pumped mass spectrometers. If these
mass spectrometers were moving supersonically all the sampled

ions must pass through a shock wave. Any composition changes
which occur in the shock wave will be indistinguishable from the

true ion composition. However, the cylindrical-electrode TOFMS
flown on the 14.482 experiment package was specifically designed

for high pressure operation with a large, open, ion collection area
and no differential pumping. Since the shock wave for the upleg
portion of the 14,482 flight was probably in the mass spectrometer
drift region, the ion composition measurements are more likely to
re:flect the correct ion composition, even if ion fragmentation
occurred.

Second, the quadrupole mass filters and the magnetic sector
mass spectrometer flown on previous sounding rocket flights are
extremely sensitive ‘to the experiment package angle-of-attack in
their detection of massive ions, This is because of the fairly long
distances ions have to travel from the sampling orifice to the actual
spectrometer (see especially Zbinden et al., (1975) or Johannessen
and Krankowsky (1972)). Another difficulty in coping with large
angles-of-atta.ck, in the collection of massive ions, occurs in qua.di‘u-
pole mass filters. These instruments are unable to cope with large

trarsverse velocities and the massive ions are more likely to collide
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with the rods (Brubaker (1975)). Therefore, even if massive ions
survive passing through the shock wave and the sampling orifice,
they are much less likely to be collected in quadrupole or magnetic
sector rmass spectrometers on sounding rockets, The cylindrical-
electrode TOFMS is relatively insensitive to transverse velocities
because of the large ion acceptance area and the short ion flight
path,

Third, the possibility of greatly decreased sensitivity at large
ion masses (m > 150 amu) in quadrupole mass filters (Dawson (1975))
makes measurements using the quadrupole high pass mode very
doubtful. The 14.482 cylindrical-electrode TOFMS does have
discrimination effects, mainly from the ion gate, which will decrease
the sensitivity of the spectrometer at larger ion masses. However,
the sensitivity decrease is much slower, as the ion mass increases,
compared to the quadrupole mass filter, It has also been calculated
by Dr. B. R. F. Kendall and me that extremely heavy ions, with
m/e ratios of 104 or more, will be collected by the cylindrical
TOFMS if the experiment package angle-of-attack is less than 25°,
These particles will have a large enough equivalent energy due to
ram filling that they will pass through the ion gate and contribute
to the background current.

Fourth, essentially all the previous D-region mass spectrometer
experimer:lts used some form of electron multiplier for ion detection,
Electron multipliers have discrimination effects which are not well

understood. This is because the operation of an electron multkiplier
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depends on the relationship between the collisions of various ions
with the multiplier conversion dynode and the subsequent emission
of secondary electrons. The emission of secondary electrons
following an ion collision with a multiplier surface depends on the
n;aterial the multiplier surface is made of, the type of ion, the mass
of the ion, the energy of the ion and the angle at which the collision
occurs. The cylindrical-electrode TOFMS used an electrometer

for ion current measurements and was free of those discrimination
effects.,

The detection of heavy ions during the 14.48Z flight does not
really contradict the actual measuremeits of previous researchers.
The lack of ion measurements for ion masses greater than 77 amu
using the magnetic sector mass spectrometer (Zbinden et al,, (1975))
and the doubtful results of the quadrupole mass filter in the high
pass mode make it entirely possible that the presence of heavy ions
in the D-region and the lower E-region ionosphere would not have
been detected,

7.3 Comparison of 14,482 Heavy lon Measurements with Results of
Previous Investigators

A range of possible values for the heavy ion percentage from
the 14.482 flight is shown in Figure (7.6). The measurements of
water cluster ions of a number of previous investigators are shown
for comparison, Narcisi and Bailey (1965), Goldberg and Aikin (1971),
Narcisi et‘al. , (1972b) and Johannessen and K_rankowsk’y (1972, 1974)
used differentially pumped quadrupole mass filters. Zbinden et al.,

 (1975) used a magnetic sector mass spectrometer. The results from
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Mitra (1975) are a generalization of previous mass spectrometer
data., The heavy ion altitude range for the 14.482 flight was obtained
by taking, as limits, the minimum and maximum possible values of
the heavy ion percentage from Figure (7.3) (while being consistent
with aerodynamic constraints). At altitudes below 100 km, the
experiment package was still definitely in the transition flow regime
and the heavy ion altitude values were probably close to the maximum
values of the 14.482 heavy ion percentage values shown in Figure
(7.3) for the total immersion case, Near 100 km the experiment
package was moving into the free molecular flow regime and the
heavy ion percentage values profile approached the heavy ion profile
representing the ambient pressure case shown in Figure (7. 3).
Singly charged ions were assumed for the 14,482 heavy ion range
shown in Figure (7.6).

The altitude where the 14,482 measurements show the heavy
ion cutoff point is at least 10 km higher than most of the measurements
of water cluster ions., However, the slope of the 14,482 heavy ion
cutoff is similar to some of the previous water cluster measur’ementso

Also, a 10 km variation in the water cluster ion cutoff altitude has

“been seen under varying conditions.,

The existence of hydrated ions of the form H3O+ o (HZO)n in

the D-region was first reported by Narcisi and Bailey (1965). Many
experimenters have since reported that the detection of H?)O+ o (HZO)n
iovns (Goldberg and Blumle (1970), Goldberg and Aikin (1971),
Johannessen and Krankowsky (1972, 1974), Krankowsky et alv‘,

(1972a, b) and Zbinden et al., (1975)). It has been shown- that the
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measured concentrations of H3O+ o (HZO)n

depending on draw-in potentials, vehicle velocities, vehicle attitudes

ions vary considerably

and launch sites. Some general tendencies in the D-region hydrated
ion measurements are an inérease in the value of n at high latitudes,
with slower vehicle velocities (reduced shock wave sampling effects)
and with lower draw-in potentials. Significant variations of n are
seen at different times of the year and with different ionosphere
conditions.,

The presence of hydrated ions with masses greater than 150 amu
was detected by a quadrupole mass filter flown on a slowly moving
experiment package (Aikin (1976)). Data from a previous cylindrical-
electrode TOFMS flight has been examined by Kendall (1975) and
showed that at least 75 per cent of the ions at 80 km had m/e ratios
greater than 275, A sounding rocket ion composition measurement
reported by Boyd et al., (1974) showed some interesting results,

The instrument flown on this sounding rocket flight was a modified
version of the Rogers-Boyd rf mass spectrometer (Rogers and Boyd
(1966)). Because of the extremely small size of this spectrometer,
and its position with respect to the sounding rocket, it was relatively
free of shock wave effects., Unforturately, the spectrometer was
orieanted so that it was parallel to the gas flow and icx collection

might have been affected by the transverse velocities of the ions,

The Rogers—Boyd‘instrument measured H3O+ (19) ions in significant

quantities up to, and slightly above, 100 k. It also showed a shafp

cutoff of NO¥ (30) and 0, (32) ions just below 100 km. The mass
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range of the imstrurnent only extended to 60 amu. The sharp cutoff
of the NO* (30) and O; (32) ions at higher altitudes than usually
reported tends to support the 14,482 measurements,

It is significant that the investigators who delibrately altered
the cperating conditions of their quadrupole mass filter to increase
the sensitivity at larger ion masses (*» 100 amu), saw the most
massive positive cluster ion to be reported to date (Johannessen and
Krankowsky (1972)).

Observations of several other types of positive cluster ions in

the D-regicn have also been made, These ions are nNo't - (HZO)n,

+

Na - (HZO)n and Fe+ ° (HZO)no At room temperature in uncontamina-

ted atmospheres, at a pressure of one atmosphere, containing HZO’

+ o

COZ’ Ar, O 2

> and NZ’ the reported values for n for the hydrates O

(I—IZO)R, H,0" . (HZO)n and NO* - (E—IZO)n usually do not exceed 6

3

(Siksna (1973)), However, under certain conditions larger values

of n have been observed. Lin {1973) has observed H3O+ - (H O)rl

2
cluster ions with n values up to 179 in studies of supersoric water
jets. He used a quadrupole mass filter with a radio frequency of 650
kHz. This was a low frequency compared to the frequency used in
quadrupole mass filters carried on sounding rockets. Searcy and Fenn
(1974) have observed H3o+° (H,0)

studies of free jet expansion. Both Lin (1973) and Searcy and Fenn

cluster ions with n up to 27 in

(1974) reported an unusual stability of the H,0" (H,0),, ion. A study
of water clathrates by Siksna (1973) has suggested a possible mec_:han-
ism for the stability of massive cluster ions, This stability is accom-

plished by the formation of a clathrate cage around an alien molecule
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or ion, The original study of clathrates was made by Powell (1948),
The role of clathrates as prenucleation bases for condensation of
water vapor has been studied by Bolander et al,, (1969), Allen and
Kassner (1969), and Loeb (1971). A significant prediction of these
studies of clathrates was the existence of the unusual stability of
clathrates with 20, 24, 26, 57, 70, 72, etc. water molecules. The
stable clathrate with 20 water molecules corresponds exactly to the

reported stability of H ot . (HZO)ZO ions in the laboratory.

3

The existence of particulates in the mesosphere has been
proposed by a number of researchers (for example, Narcisi et al.,
(1972b) and Hunt (1969)). The attachment of ions and electrons to
these particulates has been suggested as a possible mechanism for
the production of massive ions by Chesworth and Hale (1974). The
measurements of some Gerdien condensers have indicated the
existence of ions with possible m/e ratios of several thousand
(Bourdeau et al,, (1959), Pederson (1963), Widdel et al., (1971),
Rose and Widdel (1972) and Farrokh (1975)). E=xact calculations of
ion m/e ratios from Gerdien condenser measurements is difficult
because of the lack of knowledge about the rélationship between ion
mobility and ion rn!'/e ratios. Also, Gerdien condenser measure-
ments above 70 km are difficult to obtain because of the large size
of the condenser which would be required.

The éxistence of noctilucent clouds is a well documented
phenomenon of the D-region., ‘These noctilucent ciouds ére thought

to be particﬁlates, possibly compbsed mostly of water vapor,

These clouds have b‘e,en observed at altitudes up to 92 km, A

L

Wik g
TN g .
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summary of the knowledge about noctilucent clouds was given by
Hummel (1973),

The presence of noctilucent clouds, the possibility of the
existence of massive cluster ions, the existence of clathrates and the
possible existence of massive charged particulates tend to support the
measurements of the 14,482 mass spectrometer, Because of the
problems involved in D region and lower E-region ion measurements
with quadrupole mass filters and magnetic sector mass spectrometers,
the measurements of previous researchers using these instruments do
not really contradict the 14,482 measurements. The results of the
14.482 flight indicate that, if singly charged ions were assumed, heavy
ions with m/e ratios greater than about 500 dominated the upper D -
region and probably extended up beyond 95 km on the 14,482 launch date.

The cylindrical-electrode TOFMS can not tell us which type of
massive ion produced the background currents observed during the
flight. It is entirely possible that the heavy ions which produced the
background current were of several different types. It should also be
pointed out that singly charged ions are not the only possible type €5f
ion, A relatively small number of multiply charged massive ions
could produce the observed currents. In this case the heavy ion
percentages, calculated assuming singllfy charged ions, would vary
considerably., It would then bes more az:curate to say that the amount
of charge carried on positive .charge carriers was carried predomin-
antly on charge carriers with m/e ratios greater than about 500 up to
95 km, It is because of the possibility of multiply charged ions that
number densities for the 14.482 heavy ions have not been |

calculated. However, for reference, the number af singly charged
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heavy ions in the upper D-region, calculated from the 14,482
measurements, would be about 5 x 103 ions/cm3u

In summary, the 14,482 heavy ion measurements are worthy of
being considered. The use of an open ion source, a spectrometer
which operated at ambient D-region pressures, the completely
different operation of the 14,482 spectrometer, a shock wave detach-
ment distance which probably did not affect ion composition measure-
ments, different mass discrimination effects and the reasonable
results from the 14,482 spectrometer with respect to the metallic
ion layer and the ion composition above 100 km should make the
14,482 measurements an important check on previous D-region ion
composition measurements using quadrupole mass filters and
magnetic sector mass spectrometers. Adequate explanations for
the dominance of the charge on heavy ions to a relatively high altitude
and the evident lack of lighter cluster ions have not yet been
discovered. The flight of a nearly identical sounding rocket package
in the near future is expected to help find the answers to these

i

questions,



CHAPTER VIII

SUMMARY, CONCLUSIONS AND
SUGGESTED ADDITIONAL INQUIRIES

8.1 Summary
8.1.1 Ion Dynamics in TOFMS

The results of the studies of miniature time-of-flight mass
spectrometers (TOFMS), in order to better understand their operation
in a lower ionospheric environment, are summarized below.

A cylindrical-electrode two-field TOFMS was analyzed
theoretically., Computer programs were developed to study the
space focusing and velocity focusing characteristics for a variety
of operating voltages, electrode radii, electrode spacings and non-zero
initial ion velocities. A spherical-electrode two-field TOFMS was
also analyzed theoretically and computer programs were developed
to study the space focusing and velocity focusing characteristics. A
number of observations were made which confirm the results of
previous investigators. They are:

1. Cylindrical-electrode TOFMS, spherical-electrode TOFMS
and planar TOFMS had almost identical space focusing and
velocity focusing characteristics, if similar electrode
spacings and operating voltages were used, for an outer
electrode radius as small as 38 mm.,

2. Inferior mass peak shapes would result if the operating
voltages of a TOFMS were adjusted to allow ions starting
at the inner and outer source region electrodes to arrive at

the collector simultaneously (i.e. be space focused),
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3. The spread in ion initial energies was the cause for the poor
observed resolving power at good space focusing operating
voltages in a TOFMS.

4., The velocity focusing characteristics can be improved by
increasing the voltage ratio, at the cost of degrading the
space focusing, if the ion initial energies and electrode
spacings are not altered.

5. Varying the drift region length was equivalent to varying
the voltage ratio as far as space focusing was concerned,

6. It was possible to deduce the ion initial energy distribution,
in the radial direction. by studying the mass peak produced
'by operating with good space focusing voltages.

7. The velocity focusing characteristics of a TOFMS were
almost entirely determined in the source and acceleration
regions.

The possibility of enhancing the resolving power of a TOFMS

by using initial ion velocities which depended on the ion positions in
the source region was suggested by computer studies, This resolving
power enhancement method was studied theoretically and using
computer programs., These studies suggested a significant improve-
ment in resolving power was possible up to a factor of 7.5 for certain
operating conditions,

Computer programs were developed to study the effects of

gating in a TOFMS on resolving power and sensitivity and to examine

any mass discrimination effects. It was found that, theoretically,
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gating will decrease the spectrometer sensitivity for all ion masses.
The amount of sensitivity decrease depended on the gate pulse width
and height and the height of the gate barrier potential. It was also
found tha{ the gating arrangement studied in this thesis discriminated
against heavier ion masses and against ions with lower kinetic
energies, ' The discrimination against lower ion energies was
equivalent to discrimination against certain starting positions in the
source region, For typical cylindrical-electrode TOFMS operating
voltages, only ions starting in the cuter half of the source region,
corresponding to the ions receiving the largest kinetic energies,

will get through the gate., The operation of the gate usually degraded
the spectrometer resolving power but under certain conditions had no
effect on the resolving power, or even slightly improved the resolving
power, because of the discrimination against some of the ion starting
positions.

An attempt was made to study the effect of the gate pulse
starting time on the ion flight times through the gate region. The
gate pulse starting time was measured with respect to an ions
arrival in the gate region. This study showed that it should be possible
to use the computer results to determine the exact effect of gating
on an ion mass peak by integrating over all gate starting times.,

Both cylindrical and hemispherical-electrode TOFMS have
been experimentally investigated., The cylindrical-electrbde TOFMS
studied was a gated version with'a drift region length of 49.2 cm. A |
maximum resolving power of about 10 was obtained, with improve-

ments in the associated electronics, while operating without the
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variable initial source velocity method of resolving power enhance-
ment, Operation in the resolving power enhancement mode has
produced a maximum resolving power of 21 to date., A decrease in
sensitivity was expected in the enhanced resolving power mode
because of the higher average velocities in the source region,
However, no significant decrease in sensitivity was observed in the
preliminary measurements. The operation of a cylindrical-electrode
TOFMS at pressures up to about 7 pa was re-examined because of
improvements in pressﬁre measuring methods, The results were
consistent with previous measurements and showed the usefullness

of the cylindrical TOFMS at pressures which are found in the D-region
of the ionosphere. A hemispherical-electrode TOFMS with a drift
region length of 4,02 cm, and without gating or the resolving power
enhancement method, produced a maximum resolving power of 13,
Hemispherical electrodes were used in the faboratory instrument

because of greater simplicity in construction and handling.

8.1,2 Ionospheric Measurements

An experiment package carrying a cylindrical-electrode TOFMS

L3

and three ion probes was described. This package was developed

for sounding rocket positive ion composition measurements in the

D-region and E-region ionosphere. The spectrometer calibration

methods and a description of the environmental testing of the experi-

ment package were given,

A successful sounding rocket experiment package was launched

on May 15, 1974 from Wallops Island, Virginia. The sounding rocket

—
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launch conditions and the actual flight were described. The presence
of a detached shock wave in front of the experiment package was
discussed and the method for calculating the shock wave parameters,
based on Cuirle (1976), was presented. The method for reducing the
mass spectrometer data was also discussed. There were two
n}'ajor difficulties in reducing the mass spectrometer data. First,
the spin modulation had to be removed. This was done by auto-
correlation., Second, the background current was much larger than
expected, A drop in the gate barrier potential and a shift in the
payload potential with respect to the surrounding plasma explained a
portion of this large background current, The background current at
apogee was used fo recalibrate the mass spectrometer background
current ratios. The expected effects, on the mass spectra, due to
sampling through a shock wave were discussed. Because of the
difficulties in the'ci;.ta reduction and because the experiment package
did not separate from the second stage motor only the upleg portion
of the mass spectrometer data was considered in detail,

The TOFMS data from the sounding rocket flight will give the

correct ratio of the ion densities for ions with different mass-to-

charge ratios observed at any one altitude. The mass spectrometer

+
2

and oF (16) in the upper E-region ionosphere. A metallic ion layer

data indicated the presence of what was probably No™ (30), O, (32)
at about 95 km, probably consisting of Fe' (56) and Mg+ (24) or
Nat (23), was also observed. The absolute ion densities for these

ions could not be calculated. This was because the TOFMS was
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never intended to measure jon densities, but rather just the ion
composition. The mass spectrometer current can be normalized
to give correct ion densities if another instrument, such as one of
the ion probes on the experiment package, was used to calculate the
total ion density, Unfortunately, the 14.482 ion probe data has not
been completely reduced and no other accurate source of total ion
density for the 14,482 flight was available,

When the background current from the 14.482 mass spectrom-
eter data was examined, it was calculated that ions with mass-to-
charge ratios greater than about 500 dominated the upper D-region
and at least up to 95 km when singly charged ions were assumed,

If the presence of multiply charged ions was assumed, the 14,482
data could be interpreted to indicate that the positive charge carried
on charge carriers with m/e ratios greater than about 500 was
greater than 50 per cent of the total positive charge carried on all

positive charge carriers below about 95 km.

8.2 Conclusions and Implications

The use of a TOFMS with an open source which operated at
D-region pressures with no differential pumping, the completely
different operation of the 14.482 TOFMS, shock wave sampling
effects which probably did not affect the.ion composition measure-
ments, "and completely different mass diy_scriminaﬁon effects
indicated the usefullness of the 14.482 results as a check on previous
ion composition measurements,

‘
1_
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The reasonable ion composition detected by the 14.482 mass
spectrometer in the upper E-region indicated the proper operation
of the mass spectrometer. However, the presence of ions with m/e
ratios greater than 500, detected by the 14,482 mass spectrometer
in the upper D-region and the lower E-region, has not been observed
in the past. The possible types of ions which could have m/e ratios
greater than 500 are massive cluster ions, charged clathrates or
charged particulates, The more likely contributors to the back-
ground current measured by the 14,482 mass spectrometer are
charged particulates and charged clathrates. The massive ions
detected during the sounding rocket flight probably were multiply
charged. In this case, the results of the 14,482 flight indicate the
dominance of the charge on massive charge carriers with m/e ratios
greater than about 500 up to an altitude of about 95 km.

These massive ions, with m/e ratios greater than 500, would
not have been observed by the quadrupole mass filters and the
magnetic sector mass spectrometer flown by previous investigators
for a number of reasons. They are:

1. The sampling through an orifice, behind any shock wave,
into the differentially pumped quadrupole mass filters and
the magnetic sector mass spectrometer flown on previbus
sounding rocket flights allows composition changes before
ions enter the actual spectrometer,

2., The sensitivity of previously flown mass spectrometers to
angle-bf-attagk; because of the rela.t‘ivelby long distances

.a

between the orifice and the spe‘ctrom'eter in these flights,
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makes the collection of massive ions less likely in these
instruments.

3. The inability of the quadrupole mass filter to cope with
large transverse velocities makes the collection of massive
ions less. likely.

4. The mass range of the magnetic sector mass spectrometer
flown by Zbinden et al., (1975) extended only to 77 amu.

5. The rapid sensitivity decrease of tfxe quadrupole mass
filter at large m/e ratios (greater than about 150) makes
the quadrupole high pass mode measurements very
doubtful.

6. The use of electron multipliers as current detectors on
previous quadrupole mass filter and magnetic sector mass
spectrometer flights introduced serious mass discrimination
effects against massive ions.

The implications of the 14,487 results are important, The

presence of massive positive ions would require a new appraisal
of the chemistry of the D and lower E-regions of the ionosphere to
properly account for their presence.

The data reductio::z of the 14.482 data required the assumptions

that continuum flow theory could be used in the transition flow regime
for the 14,482 flight and the experiment package had an angle-of-

attack of OO., It was also assumed that there were no massive ions

- at the 14,482 experiment package apogee (~ 138 km) in order to

calculate the background current ratios used for data reduction.
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8.3 Suggested Additional Inquiries; Ion Dynamics

For continued studies of the time-of-flight mass spectrometers

discussed in this thesis it would be useful to carry out the following

projects.,

10

Study the changes in the focusing characteristics in
cylindrical or hemispherical TOFMS when the outer
spectrometer electrode radius is reduced to less than

30 mm. This should emphasize the variations from the
electric field between planar electrodes and might
improve space focusing,

Apply deconvolution methods in order to increase the
resolving power of the TOFMS beyond the factor of 7.5
mentioned in this thesis. Computer deconvolution methods
have been described by Zabielski (1966) and Rarick
(1969) which could produce an effective increase in
resolving power up to a factor of 8 undex"’ optimum
conditions (no noise). Commonly used Fourier
deconvolution methods can produce effective increases in
resolving power up to a factor of 2.5. Using Fourier
deconvolution methods, an effective resolving power

of 180 is entirely possible for the instruments

discussed in this thesis.

Use the gate simulation computer programs with the
computer programs for calculating ion flight times in

a TOFMS to deduce the exact mass peak shapes, The
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most effective use of the computer programs developed
for the work in this thesis would be an interactive (with
the programmer) study of TOFMS operating conditions
on a hybrid computer, Some work in this direction has
been started by Steve Rossnagel of the Physics Depart-
ment of The Pennsylvania State University.
4, Study the operation of the hemispherical-electrode

TOFMS using the resolving power enhancement method

introduced in this thesis.

8.4 Suggested Additional Inquiries; D-Region Measurements

A follow-up sounding rocket flight scheduled for the near
future should provide more data on the D-region ion composition,
This flignt will have an apogee at about 85 km and will be flown with
a parachute, This should allow the examination of D-region under
supersonic and subsonic sampling conditions., It should also produce
data for an angle-of-attack which is varying (before parachute
deployment) and for a constant angle-of-attack (after parachute
deployment)‘o Of special interest will be an attempt to find why no
light water cluster ions (with m/e ratios less than 500) were observed
during the 14,482 flight., |

It is suggested that a r’evealing experiment would be to
simultaneously’ fly a time-of-flight mass spectrometer, a quadrupolek
mass filter and a charge detector (such as a faraday cup) througha
noctilucent cloud. This would allow a comparison of these instru-

ments under conditions where massive particles are known to exist.
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The resolution enhancement method presented in this thesis
should be incorporated in future TOFMS sounding rocket experiment
flights as soon as it is feasible. This will provide a resolving power
for the cylindrical-electrode TOFMS which is comparable to the
resolving power of other types of mass spectrometers used in lower
ionosphere measurements. It is also suggested that a flyable version
of the hemispherical-electrode TOFMS be constructed and tested
for possible use on future sounding rocket flights. The superior
sensitivity of the ‘hemispherical TOFMS should be very useful in

lower ionosphere measurements.,
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