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ABSTRACT

This work is concerned wifh.the application of mase
spectrometry to solid state electronics, A sYsteﬁ which |
incorporates a mass spectrometer and anCillary'vacuum
equlpment has been utilized to analyze typical gases used in
the production of 1ntegrated circuits.

After a review of the'principles of mass spectromefry
and vacuum technology, a standard ahalyticai procedureris
established to assist in obtaining repeatable results. An
analysis of nitrogen and argon‘is accomplished and the
typicai cracking patterns and ionizafien efficiency curves
obtained‘are presented, Characteristics ofrthebgetter_ion>
Vacuum_pump are‘eXpiained andjdifficﬁities eneountefed Wi£he
_‘the analysis of diborane are disCussed; . Finally, recommenéa;
.tlona are made so as to increase the capablllby of the

equlpment to a551st in fature work



CHAPTER 1
INTRODUCT ION

In . 1883 Thomas Edison noted that é current was able
to flow between a hot filament and a positive plate enclosed
in a vacuum,"Using this observation as a starting point,
Fleming, and later de Forrest,'developed the vacuuﬁ tube.
This development marked the beginning of the electronicé,:

. industry. At about the same time, J. J. Thbmpson,'looking at
the phenomenon noted by Edison, was able to show that the
transfer of electric charge in a vacuﬁm was due £Q the motion
of small particles. It was Thompson; investigating these
Cﬁarged particles, who constructed the Parabolic Spectrogfaph
in lélO, This apparatus, firét-ﬁsed by Thompson, has o
developéd through the years into today's maés spectrémeters
(Kiser, 1965). The applibation of fhé mass spectrometer‘in
the petroleum induétry has been quite extensive., It wéé this
techniqué Which cénfirmed the theory thatvpetroleum originated;
from organic matter (MéLafferty, 1963), Masslspectromefry‘is
also utilized in,suéh diverse fiélds as chemistry, huciear;
pﬁysics; geochemistry, cosmochemistry, and biochemisﬁry; ﬁq_
name a few. Examples éf possible applications are iﬁsta54'
taneous breath analysis in medicine and criminoldgy and 1

analysis of atmospheric gases for pollution_controls,

1 -



-.This thesié is concerned Qith the possibility of
apﬁlying the capakilities of the mass spectrometer to work
carried on in the Solid State Engineering Laboratory at The
University of Arizona. To begin with, Chapter 2 serves to
reviéw briefly the theory of the mass spectrometer and mass
Spectfa,-particularly as applied to the monopole mass
spectrbmetér° This is followed in Chapter 3 by a review of
’vaéuum_system theory, a knowledge of which becomes-important
because the efficiency of the mass spectrometer is totally
depehdent on the ébility to achieve a proper level of vacuum.
Chépter 4 serves to explain the specific equipment and |
materials utilized for this project. In Chapter 5, the
acﬁuél results obtained with the monopole mass spectrometer
and its supporting vacuum system are presehted and compared,
as ‘far as possible, with results obtained by others in this
field.,  Chapter 6 is devoted to conclusions and recommenda-
tions; while thé appendices contain explicit instructions for
the'proper operation of both the monopole mass Speétrometer
and the vacuum system, and exampleé of recorded mass spectra.
| - The ultimate goal of this thesis is the characteﬁ—
ization of the General Electric Monopole 300 Mass Spectro—
meter. This is required if any éuccessful ﬁtilization of the
‘mass spectrometer in future work at the Solid State |

Enginéering Laboratory is to be achieved.

Yr .



CHAPTER 2
MASS SPECTROMETRY THEORY

The mass spectrometer is normally composed of three
basic components (Fig. 2.1). The first, referred to as the
ion source, samples a random amount of gas and converts it
to a stream of charged ions. This stream of ions is then
directed into the second component, the mass analyzer. The
mass analyzer is capable of separating the various ions
supplied by.their relative atomic mass to charge ratioc. The
third component, the ion detector, then produces an indication
of the relative abundance of each mass. Generally, the
resulting data are in the familiar form of a mass spectra
(Fig; 2;2); There are humeroﬁs types of ion sources, mass
analyzers, and ion_detedtors-that have evolvea through the
years. Since this projéét is concefned with the General
Electric Monopole Mass Spéctrometer,'only components similar.
to' those which are>found in this particular instrument will
be discussed. Many éf the.references (Kiser, 1965: Roboz,
1968) do a more than adequaté_job iﬁ déscribing other types

of components and instruments.

Ion Source

The monopole mass spectrometer uses a Nier—type, hot
filament, electron-bombardment ion source. This type of ion

'3?
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source was developed by A, O. Nier in 1945 (Barnafd, 1953),
, :
and remains as the standard of the'industryor Various small
improvements have been made, but thé basic design is stil;—
the same. 1In a typical electron bombardment ion source
(Fig. 2.3), electrons are emitted frem a heated filament and
pass through two appropriately spaced eiectrodés into an -
ionization chamber. Slits with a diameter of about 1 mm
collimate the stream of electrons, while a potential
difference or ionization voltage (typically 70 volts)

between E, and the filament serves as an accelerating force.

2

An emission current is read between the filament and El°‘ A

weak external magnetic field of from 100 to 1000 Gauss
assists in collimatihg the path of the electrons and forces
them to follow a simple helical path aéréss the chamber.,
This increases the probability of a collision with the
sample gas moiecules in the chamber. The‘magnetic field:is
too weak to have any appreciable effect on fhe much,heaviér'
charged ions produced by the collisions. The‘stream of
electrons passes through a slit in electrode E3 andriss
collected on an anode or trap which ié kept at a pdtential

- higher than E, to prevent secondary emission of electrons

3

into the chamber. Positive ions are forced out of the
ionization chamber by the combined effects of a repeller

voltage and accelerating voltage. A slight potential

4 .

difference between the repellér plate and electrode E
directs the ions into an acceleratihg field caused by a
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é
potential difference of several thousand volts between_E4 and
E,. Wnile in this field, thé ions usually pass through a
fbcusing electrode E.. |
The monopole ion .source (Fig. 204) is quite similar
to the typical ion source previously aiscussed, Electrons
are emitted from a thoria-coated iridium filament. Two
filaments are provided. A switch on the rear of the monopole
control panel allows selection of either filament. Metallic
thorium has a high electron emissivity and is used as a
coating for many types of filaments (Dushman and Lafferty,
1962). A meter on the front of the monpole control panel.
(Fig 4.3) measures both the emission current (between the
filament and El) and ionization voltage (between the filament

and E,). An intentional 5-minute slow warm up is built into

2
"the circuitry which supplies the emission currént to provide
a longer lifetime to the filaments. In the monopole ion
source, emission current may be varied from 063‘to.5,0 ma at
a constant ionization voltage of 90 V, while the iohization
voltage may be Varied from 25 to 150 v, ét a constant |
.émission current of 1 ma.

 Juét’as in the typical sdurce the electrons pass
through the ionization chambef (a wire mesh cage), wheré
they may collidé with molecules of.the sample gas. If tﬁe
energy of the cqllision is sufficient, at least oné electron
will belremoved from  the original molecule,.producing a

charged ion. Positively charged ions are attracted towards*r
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, io
the drawout electrode. Its voltage may be varied from 0 to
300 volts negative with reSpéct to ground., This drawout.

- potential replaces both the repeller and acceleration
'-voltages found in the typical ion sourcé'discussed earlier,
Dué to fhe relatively small acceleration Volﬁage, there is no
magnetic field utilized in the monopole ion soui’ce° The ion
in a typicalvsource'receives such a huge acceleration that a
weak magnetic field has little effect on its motion. In the
mohopole,'é small magnetic field would disrupt the ion path
and is not used (von Zahn, 1963). As the drawout potential
is made more negative, the ions obtain a higher velocity |
until they finally reach the detector. This has the overall
effect of increésing the éensitivity of the monopole. After.
being accelerated through the slit in the drawout electrode,
the ions pass through the focus electrode. The voltage of
fhis electrode can be varied from -lOQito +100 volts with
respect to ground. This electrode causes the ions to form a
narrow beam before passing into the mass analyzer tube. The
ion energy adjustment on the monopole control panel (Fig. 4;3)
controlé the voltage of the wire cage that serves as an
ionization chambér° It méy be varied froﬁ‘O to” 50 volts
pbsitive with respect t'o’ground° Since the‘entrance slit to
‘the mass analyzer tube is at‘ground potential, the energy of
the ions'entering the analyzer is determined by the value of
thé positive potential of the cage in .which the ions are

" formed. A higher ion energy setting results in an increased‘



11
number of ions reaching the detector but poorerxr mass
resolution. For convenience, Téble 2.1 lists the possible .
settings for the monopole ion sourcé°~ A more detailed dis;
cussion of ion sources and ion optics may be found in the

references (Barnard, 1953).

Table 2.1. Possible Settings for Monopole Ion Source

Parameter ,\ Read Between Range -
Emission Current ‘Filament > El 0.3 to 5.0 ma
Ioniéation Voltage | Fiiameht‘% E2 25 to 150 v
Drawout ' xr Grbuhd > Drawoﬁt 0 to -300 v
Fogus = N ' Ground > Focus - =100 to 100 v
Ion Enefgy _ : Ground > Cage \O to 50 v

Theory of Ton Formation and Mass Spectra

‘As has been mentioned, the energy of the collisions
;n the ionization chamber is great enough.so that'é molecule
of the sample gas will lose at least one electron and become
a charged ion. This is only ohe of the mahy possible reac-
tions liable to occur. Some of the types of ions that may be

formed will be briefly discussed in this section. For -

further detail, see McLafferty (1963).
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The various péaks that appear in the typical maés
spectra (Fig 2.2) correspond to the relative abundance of
particular jons with a specific atomic mass weighf to chargé
ratio, As'the applied ionization voltage increases, more
velocity orvkiﬁetic energy is given the stream of electrons
emitted from the filament. At a certain point, referred to
as'the iénizationvpotential,'the emitted electrons will have
just enough énergy to remove an electron from a molecule |
with which it collides. Such a reaction is: |
M+ e — M 4+ 2e”
This is a.simple fépresentation ofbthe reaction which
ignores many aspects of both the physical and chemical
proéesses that may.occuro However, it 1s adequate to> |
describe the observed_reac‘tion° For all cases encountered
in this research, the iohization potential is in the range
of 10 to 20 volfs, and could not be duplicated in the
monopole ion'séurce. ‘
As the ionization voltage is increased, the
ionization process becomes more efficient until it reaches
a maximum, and then gradually drops off. A plot of this
process -is called an ionization efficiency curvé. At the
same time, as the voltage increases and the collisions in
the ionization‘chambér become more.energetic, the sample
. gas moleculerisrlikely té absorb more energy and split into

various typés of fragments.' These fragments may be posiﬁive,
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" negative, or neutral in charge. The monopole ion souréé
Qill draw out only the‘positively charged ions;thus only
these will be detected. Others may become involﬁed in
other collisions or‘be diSposed of in other ways by-ther
vacuum systemn As the ionization voltage is increased, héw
ffagments or peaks will tﬁen appear in the mass spectra.
The particular voltage required to cause the appearance of
each new peak 1s cailed the appearance potential of the
particular ion fragment. Since the most elementary frag-
ment is an ion with only one electron removed from the
original molecule, in most cases the ionization pdtential
and appearance potential of this "parent peak'" are
identical. |

The general theory of mass spectra and of ion-
molecule reactions 1s based on the Franck—Condon.Principle,"
Simply stated, the Franck-Condon Principle requires that the
nuclear configuration and momentﬁm-of a molecule do not
change during the transition of an electron from oné
energy level to anotﬁer° The process of electron-impact
ionization seems to meetvthese conditions. An eléctron‘
accelerated by a potential of only 10 V will reach a
'vélocity of approximately 2 x 106 m/sec. If we assume a -

10 ' '

molecular diameter of 1 x 10~ m, the accelerated electron

will pass through the molecule in 2 x 10—16.secondsu Since
the frequencies of vibrations of bonds are about 1 x lO~l4f;

seconds the electron will pass in a fraction of the
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‘Vibrationéi period of the molecule. A transition from ohe” 
energy state to another that follows this rule is depicted
as a "vertical" transition in a potential energy éiagram,"
ﬁsuallyvah ionization voltage of 70 V is used in mass
spectrométry, as at this particular value the fragmentation
process seems to level out. Under the same specified
conditioﬁé, the same ionization voltage will produce the
same fragmeﬁtation pattern in a particular molecule, thus
~giving a particular "fingerprint" or '"cracking pattern":that
serves to identify the gas molecule.

As ‘previously mentioned, one reaction that can occur
is:

M+ e — Mt 4+ 2e”

This type-Of ion is referred to as the molecular orrparent
peak in a mass spectra. The reaction produces an ion quite
similar to the original molecule except that the absence of
one electron gives it a positive cﬁarge, Such ions may be
ﬁtilized to give an accurate estimation of fhe atomic
weight of the molecule. Normally, thevparent peak is the
largest in the mass spectra. Several other types of ions
may also be found. Fragment ions ﬁay be caused by the
rupture of a particuiar bond in a molecule. Multiply- -
Chérged ions appéar at relative pointé in the mass Spectrao‘
For example, doubly—chargedvions appear at the 1/2 masé

point, and are dué to the removal of two electrons from a
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molecule in a reaction such as
Mo+ e =My 3e”

Isotope ions occur in mass spectra and are simply'én
indication of the&abundance of the naturally occurring
isotopes of the sample gas. Rearrangement ioné may be
formed in various ways. Possibly a fragment ion and an
isotope ion may combiné to form a new molecule. Metéstable
- ions are formed by decomposing while in transit to the ion
detector. Such ions are‘normally small in number, may
appear at‘nonmintegral masses, and have a broad peak shape.
A general idea of what each type of ion looks like éan be
seen in the theoretical mass spectra of Fig. ZOSQ

A quasi-eqﬁilibrium theory of méss spectra hés been
developed to explain.the mechahisﬁ'of’iQnAformation. h;t is
based on several assumﬁtiqns (Robo z, 1968) and the ré%ults
obtained are in semi-quantitative agreement with eXpe?i—
ments. To begin with, the basic step in all ion formationé
is the formation of the parent or molecular ion. The
exchange of energy betwéen_an electfon accelerated_by 70
volts and amolecule is such that the molecular ion prodﬁced
is in an excited state. The éxcess energy is distributed
throughout the molecular ion as vibrational energy. |
Further fragmentation occuré when excess energy concentrates

in a particular bond. This buildup of energy occurs within

10—5 seconds, the exact -time depending on the particular
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molecular ion and bond. This serves as an explanation of
the phenomenon of no two molecules having exactly the same
mass spectra. Rate constants can then be calculated forrthe
.formation of fragment ions utilizing quantum mechanicél
méthods, In addition, if a fragménﬁ ion is formed with an
exceés of vibrational energy, it also may fragment into
'other ions in the same manner as the parent ion. Due to the
high vacuum conditibns, each reaction ﬁay be considered as
‘independent. The rate constants are calculated from the
activation energies df the various deéomposition processes
while the activation énergies may be determined from the
-The

appearance and ionization potential measurements.

procedure is not as simple as it seems. to

examine diborane one would have to determine rate constants

For example,

for each of the following possible reactions (Long, 1970):

2 B2H6

BH, + B,H

a—
—~

3 379 Ny
BHy + ByH, == ByHy =B,H, +'VHZ
2 B3H'9 —> 3 BzHé | ' '
BH, + ByH, =B H
B,H, + BoH, —~ BH, + ByH , =BH , +H,
ByHy + BoH, —> BoH + 'B4Hlo ' '
2 ByH, ~> B H_ + B, Hg
B,Hy + B H , —> B, H, +7B5Hl'l‘ + H,
Bl3H7 + By H, > 3-2}16 + BgH),
H, + B,Hg —> B H g ' '
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BH, + B,Hg =B.H |

B3H9 + B4H8 —> B2H6 + BSI-ll.1

While diborane has not been investigated to date by
use of the QUési—equilibriﬁm theory, it was. found that the
calculation of one rate constant for 2,3-dithiabutane
requirés about two hours with a desk calculator, For the
entire molecule, a few hundred hours would be 1vr1ec:essa:cy.°
However, when programmed and Calcuiatgd on an IBM 1410-1401

computer, it took 15 minutes. (Kiser, 1965).

Monopole Mass Analyzer Theory

Prior to 1953; most maés spectrometers made use of
powerful magnetic fields to form a predictable path for
‘charged ions (Fig. 2.6). As they left the ion source,
positive ions were accelerated and passed through a
magnetic field. The.strength of'the fiéld was determined
precisely. Thus, the path of an-ion could be varied byv
changihg the accelerating voltage; The principle of
_Qperation was éimple; A given iqn with a specific mass to
“éhafge ratio woﬁld be displaced a conétant distance if a

. ' (
certain accelerating voltage was used to hurl it through a
known magnetic field. Many variations were used with greét
success. Ho%ever; the huge magnets requiréd made such
'insfruments excessively lérgeo‘-The qﬁadru?ole mass

-spectrometer developed by W. Paul in 1953 was capable of

- providing mass separation without>a,magnetic fiéld,"
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The quadrupole uses an RF electric field for mass
analysis. It consists of fdﬁr pérallel rods which may have
either a hyperbolic or cylindrical cross section. An end
view is shown in Fig. 2.7. To produce the necessary
“electric field, both a DC voltage U andrén RE voltage V
cos Wt are applied to the rods. The rods on the YZ piane
become negative electrodes with an applied voltage of
—(U-+Vb cos wt) while the rods on the XZ plane‘are‘positivé_
“electrodes with an applied voltagé of +(U + V_ cos wt). A
field along the axis of this éysﬁem is produced which may

be denoted as:
W= (U + vacos wt )
o

Tons are accelerated out of an ion source and enter the‘
quadrupole field along the Z axis. ' The equations of motion

for‘an ion in this field are:

m{d2x> . 2e(U + vV cos ‘wt) X

I
(@]

dt2

I
o

,'and

3
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These equations can be transposed into Mathieu Equations by

introducing the following change of variables:
et 2 2
@ = > a = 8ed/mrow

2 2
= 4
q LeVO/erw

which leads to the Mathieu Equations of motion:

i
o)

924 (a + 2q cos 2¢) X = 0
dg :

2 .

Q_% - {a + 2q cos 2¢g) Y

The solutions to these equations are considered to be quite

complex (Kiser, 1965),>and’are thoroughly discussed else-
where (Dawson and Whetten, 1969). Fortunately the practical
theory of operation can be discussed without a lengthy
mathematical analysis. The ions enter the quadrupole fieid
élong the Z axis with the axial motion governed by the

equation

Since integrating this equation leads to

Q

Z

T = cbnstant

a3

Q

the velocity of the, ions in the Z direction is a constant. -

The ion motion in the X and Y directions are governed by the
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appropriate‘Mathieu equations. This motion is oscillatory
in nature with an amplitude of oscillation determined byh
the stable solutions of the Mathieu equations for certain
values of a and g. The stéble solutions of thése equations .
are usually plotted on a quadrupoleAstability diagram
(Fig; 2,8). It can be seen that as the values of a and-q
increase beyond Certain‘poiﬂts, the oscillations of an iQn
in either the X or ¥ airection will approach infinity, or
strike the rods near its path on the Z axis. There are,i
however, certain values of a and g for which the ion path
is considered stable. For these values the ion oscillations
are such that it will pass through the length of the
quadrupole field and reach a detector. This region of
‘stable oscillations is represenfed on the stability diagram
as the region under the intersection of the Y stability |
. boundary ‘and the X stability boundary. For an operating
"line one‘selects a constant a/q ratio. For optimum -
conditioné,»é = O°237'and q = 0,706, Substitution of these

values leads to:

| ’ 2 2
VO = 7.219 (m/e)f r

U = 1.212(m/e)£> rg

or'U/VO = 0.1678 so that the operating line passes through
the intersection of the two stability boundaries. This

vgives an infinite resolution. The quadrupole circuitry
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busually provides for values of U and VO fhét éaﬁ Qary the
U/VO ratio from 0 to O.Z, allowing the mass resolution to
vary so that at near the optimum values maés separatiéh is
nearly perfect. As the U/VO ratio decreases, a laréer'massr
range can pass through‘the quadrupole field. For bést
results, the U/VO ratio is kept as close to 0.16 as possible. -
If this ratio remains cdnstént, the vaiue'of the mass that
may pass through the field can be determined by varying U
and Vo.or by varying w., There is one oﬁher important point;
In order for fhe quadrupole field to achieve mass separatioﬁ,
the ion must remain in the field long enough so that thé
unstable ions are removed. This isrthe principél reason fér_
“the lack of a large acceleration voltage in the ioﬁ sourcé'
'éf‘an RF mass spectrometero' Thé upper.limit'ofAthe |

acceleration voltade is then required to be:

\Y% = 4.2 x lOszszM/e.
~acc :

where L is the ienéth of the analyzer and AM/e'the
separable mass difference (Roboz, 1968).

In 1963 Ulf von Zahn described the monopblé'massL  
spectrometer (von Zahn, 1963). The’principles.gdvetning
its operation are derived direéﬁiy frqm the Quadrupolé“
concept. As was préviously discuésed; the equation of:thé;f
electric field in the.qﬁadrupole ahalyzer.is:"r | |

W= (U + V_-cos wt) 3(—?5.3{2

r
o}




vThe field.is zero when both X and Y-are zero or when X = Y,
,Thus;-élong a path of two planes intersecting at the Z axis
and at-459'to XZ and YZ planes there exists a region of no
eléctric'field in ‘the qﬁadrupole analyzer, In the monopole
analyzer, von Zahn substituted a single right angled
eléctrode'in place of three of the rods used in the quadru-
vvipole analyZér, This electroae was maintained at ground .

V potenfial while a voltage of -(U + V) cos wt) was applied
to the single remaining electrode (Fig. 2.9). Although the
same Mathieu equations govern the motion of an ion through
both‘the guadrupole and monopole field, thg behavior of an
ion is found to be considerably different in the'monopolé
field. While the geometry of the monopole is Simplified,v
the mathematical theory behind it is just as compléx (von
Zahn, 1963). The motion of the ion in the Y direction |
,représénts aAbeat,'and the high frequency oscillations
witﬁin the beat are not osciliations about the Z axis,
although they are about the Z axié in the X direction. The
actual path of an ion in the-monopole field (Fig. 2.10) has
been calculated (Lever, 1966). There are several conditians
necessary to enable an ion to pass through the monopole
rfiela, As can be seen in the monopole stébility diagrém

(Fig° 2.11) only ions with a and g values placing them in a
:narfow band to the right of the Ylstability boundary will
passtthrough; Additionaliy,.for stéble passaée ofran ionL

Y must be laréer than IX |, and the field length mﬁst bev:
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less than one half the length of the total beat, -Roughly |
half the injected ions will strike the right angle electrgde
during passage and become captured. - On the other-hénd, the
narrow stability zone allows the U/Vo ratio to vary oﬁer a
greater range without loss of good mass resolution. In the>
monopole, mass separation is accomplished by varying the
DC voltaée, U, and RF voltage, Vo’ while keeping thei: ratio
c&nstant at a constant frequency. -Although this method
requires more complibated circuitry than if only the RF
frequency were varied, voltage sweeping allows a faster
sweep capability over a wider mass range (Hudson and Watters,
1966). As a result, the General Electric Monopole Mass
Spectrometer incorporates a mass scan of from 1 to 300
amu which may be Scahned in its entirety withAscah timeé

and 0.2 seconds, or 4 seconds per amu. An

of 5, 1,
interesting study on the design considerations of the
General Electric Monopole Mass Spectrometer has been

published (Hudson and Watters, 1966).

Ton Detector

As has been previqusly‘discusséd, positively-chargéd 
ions are'dfawn out of the iéh sourceAand accelerated through
the monopole mass analeero It then becomes a prdblem of o
detecting the ions that éurvive this proceSs° Sévefél
methods have been utilized in the past; Photographic

,plates, pico-ammeters, and vibrating reed electrometers have .
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-been utilized in various ways. In the General Electricf
Monopole Mass Spectrometer, an electron multiplier is used
as the ion detector. The principle of operation'is based on
the secondary emission of electrons. After passing through
tne mass analyzer, the charged ion impinges on a high
voltage cathode in the electron multiplier (Fig. 2.12).
The eneréy of the collision is such that several electrons
may. be dislodged from the cathode with sufficient'energy s0
that they collide with the.succeeding dynode invthe electfon
'multiplier. Eachtelectron“in turn thenvdislcdges several _;
additional electrons so that the single\ion is amplified by
a factor of up to 106'by the time the final anoée is reached.
The.ultimete amplification is dependent.upon the‘initial .
voltage of thevcathode, In the General Electfic Monopole
Mass Spectrometer, a l0-stage electron multiplier‘is
utilized. The voltage applied to‘the cathode can be
determined by a switch at the rear -of the moncpole control:‘
panel, The amplification of the ion current increases,as-
the toltage of the cethode is in‘creased° This, in turn;
increases the sensitivity of the monopole. Tne-voitages
available to the monopoie ere:listed.in Table 2.2.

The.Voltage to each succeeding dfnode becomes'

'progressively smaliei since it muSt_pass through a 1.0
'megehﬁvresistor between the cathode, each dynode,'end the:_e
final_anode, Thevamplification'cepability of the electron'u}

multipliertvaries from 105'to 106, depending on the initial .-
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voltage selected for the cathode. The exact amplification

of the electron multiplier‘éan be measured if it is

desired (General Electric Company, 1968).

Table 2.2 Available Electron Multiplier Voltages

Switch Position

Approximate Volts DC

1740
2090-
2590
>3080
3690
4290

5070




CHAPTER 3
VACUUM SYSTEM THEORY

‘The General Electric Monopole Mass Specfrometerrwill
operate at pressures up to 10> TORR. To an eXpertrin
vacuum techniques, this i1s an understandable requirément°
To someone about to use a mass spectrometer for the first
time this may not be the case. A brief review . of vacuum
technology with regard to how it is applied to the. specific
system used with the mbnppole mass spectrometer ié the
objective of this chapter.

.To begin with, étmOSpheric pressure has been
established as the upper limit of a vacuﬁm,iand it is
expressed in millimeters of mercury. Atmospheric pressure
is considered to be about 760 mm Hg, ' As vaéuum technology
became more sophisticated, a new measure!gf vacuum level was
introduced? The TORR was defined as 1/760 of a standard
atmosphere, There‘is a Slight discrepancy of 1 part in “
7 million betWeen‘mm Hg and the TORR due to the fact that
760 mm Hg is not precisely a standérd.atmOSphere,fbut the
_termé TORR and mm Hg are used to mean the same thing.

Another. term'often ehcountered is the micron. One TORR is

the equivalent of 103 microns. In addition, there are

34



certain accepted levels of vacuuma Thesé are. listed in

Table 3.1.

Table 3.1. Accepted Degrees of Vacuum

35

Terminology ; K Pressure
Low Vacuum 760 TORR to 25 TORR
Medium Vacuum - - | 25 TORR to 10™° TORR
High Vacuum | 1073 TORR to 107° TORR
Very High Vacuum | | o 107°% TORR to 1072 TORR
Ultra High Vacuum 1079 TORR to ?

There are several excellent books on Vacﬁum tech-
nology (Dushman and Lafferty, 1562; Pirani and Yarwood,
1961), and the field is growing rapidly. -The concepts and
techniques, of-éOurse, change just as rapidly. However,

- there ére two basic concepts that must be understood in
connection with the use of a maésrspecfrometer. The first
ris the concept of mean free path, and fhe,seéond is the
concept of a.pértial preséuré,_ | |

At staﬁdard atmospheric pressure»énd temperatufe]
there are épproximately 2,5 x 1019 molecﬁles/cmB, Each
molecule haé a mean free path! %, of:6,6 X'ZLIO—6 ém before
it'collides with another héighboring moleculéo As the
pressure decreases, the number of molecules in a given

~volunme decreases, and the mean free path of the molecule



36
.increases. )The relationship between pressure. and density.is

'given by

n = 9.656 x 10°8p /T

while the relationship between pressure and the mean free
. , : A

path is given by

2

5 = 2.331 x 107207 /pD

where P is the pressure in TORR, T is the absolute.

and D is the molecular diameter in cm.

7

temperature in °x
Table 3.2 gives an indication of the importance of pressure

-on the density and mean free path of air at 25° c.

Table 3.2. Effect of Pressure on Density and Mean Free Path

of Air. - :
Pressure - Density Mean Free Path
(TORR) (Molecule/cm™) (cm)
760 | 2.46 x 10%° | 6.69 x 107°
T 3.24 x 10%° | 5.09° x 1072
107 3.24 x 1000 5.09 x 10°
107° 3.24 x 100  5.09 x 10°
1070 5.24 x 107 5,09 x 10°
10712 3.24 x 104 | 5.09 x 10°
~15 o 1 12

10 _3,24 x 10 5.09 x 10
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When the pressﬁre drops to that of high vacuum the
meaﬁ free path of a moleculé‘is such that collisions occur
most frequently between the molecule and the walls of the
confining chamber. Gas flow in such cqnditions 1s no
longer dependent on momentum transfer between molecules,
but rather; only depends on the statistical motion of the
indépendently moving molecules. This is what is referred
to as molecular flow of a gas, as opposed to the normal
viscous flow at'highei pressures. As previously discussed,
charged ions in the monopole mass analyzer are separated
according to mass to chérge ratio. Tons with the proper
mass are allowed to pass through the field'while»éthefs:are
’captured by the electrodes. If this process was performea
at atmospheric preSéﬁré,Athe carefully calculated ion paths
would be contiﬁuously disrupted by molecular collisidnsg
Mass separation'could not be'accomplished at all, or, at
best, a large percentage of ions with the wrong mass would,-
as a result of collisions, end up at the collector thus
causing erroneous readings to be made. At a vacuum of about
lO—'5 TORR, the mean free path of an average molecule is
about 5 X'lO2 cm;ror long enough to traverse the length'of‘
the anélyzer field without a moiecular coliision° This
explains why a vacuum is necéssary°

The concept of a‘parfial.pressure gives an under-.

standing of how much of a wvacuun is desired. The monopole

mass spectrometer is advertised as having a dynamic range
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of detectable’partial pressures of 106, This is;equivaient'
to detecting as little as one part per million of the
‘composition of a sample gas. This detectlon capablllty is .

- the most 1mportant aspect of the mass Spectrometer and must
be thoroughly understood. Dalton's Law oprartial Pressures
stetes that if several gases are present at the seme time,:
.Athe totai pressure of the mixture is the sum of the pressures'
that would be exerted by each gas if they were present
separately .in the same volume. This law isrvalid in e
chemically active system when equilibrium is,established.

The pressure of each gas is called a partial pressure, Thus,
the total pressure of a system is the sum of the partial
pressures of the gases present. To obtain an analysisrof a
particular'ges, the pressure in the aualyzerAtUbe Vecuum .
system is dropped.as iow as possible, for example, to lO_ll
TORR, At this pressure,‘a “background” reading isrtakenAp
z.with the mass spectrometerol There‘is by necessityrrehough“
gas remalnlng in the vacuum chamber to exert a total pressure
| of 10~ -11 TQRR. Normally this background reading will be ‘ |
.composed of many different gases. In this'case; the
background'is composed of gas A, B, and C (Fig; 3;1); oTheL:p~p
pressure and current readlngs are dlrectly equlvalent -
1Peaks on.the graph correSpond to current readlngs of |

3 x 10712 Amp,, 6 %10 12 anp. and 1 x 1022 Amp., or a .

‘total of 10711 Amp..(Flg,'3,l).. Under ideal conditions,

-

‘this will be all the . gas in the chamber. In this example;p:;glftr}
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we will suppbse that the three gases are of a type that
produce only; a pareﬁﬁ peak in a mass spectra and that each
peak is composed pnly of the identified gas. Furthermore
it will be assumed that the mass spectrometer is équally
‘sensitive to each of the gases with regaxrd to detection
capability. At this peint, our unknown sample of gas is
allowed to enter the system and we allow the preésure to go
up to 10™° TORR. The current output of the mass spectro-
meter will now be 10-5 Amp,, and the mass spectra will have
the appearance of Fig. 3.2. Our background has been
"swamped. " Assuming our sample is subject to the same gas )
properties as gas A; gas B, and gas C, we should not see
any representation éf our backgrouna until the ammeter is
adjusted to read currents of 10“12 Amp, If this adjustment
is madé, we may then obtain mass spectré such és_Fig° 3.35
Notice that gas A and gas B have mainﬁained the sqme,peak
height. The sample gas, of course, will cause an off-scale

reading, as the meter attempts to read 10—53Amba while in

“the lO”lz_range° However, gas C now has a peak height of

2 x 10712

12

Amp. In our background, it héd’a péak of
1x 107 Amp; _S;nce it would be imposéibleAfdrAit to have
come from anywhere else, this then indicatés that the
sample had an iﬁpﬁfity of one part per million of gas C.
Over a dynamic partial-pressure range of_iO6, a change of

one part in 106 of the composition of the total pressure of

the gas_cén be detected. This is what the General Electric
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Monopole Mass Spectrometer is supposed to do. . However, a

11

vacuum of 10~ TORR has to be producéd‘in the operating‘

system., The compohents and theory of operation of this

vacuum system will now be discussed.

Monopole Vacuum System

To produce the needed vacuum for pro?er operation of
the monopole masé spectrometer,va three stage vacuﬁm system
(Fig. 3.4) has been assémbled° The syétem;COnsists of three
pumping stages, monitored by'apprOpriately mounted gaﬁges;
The’firét pumping stage is a mechanical pump. »The.next
stage consists of a sorption pump which lowers the pressure
to the point where a getter—ion pump. can be utilizéd, This
final stage of pumping can theoretically produce a vacuum

9

of lO~b TORR,. Each stage of the pumping process will now be

discussed.,

Rbugh Pumping

"Rough pumping" refers to the initial pumping doné_
dn the system resulting in a‘low vacuum. - In the SSEL
monopole system,‘a mechanical rotary pﬁmp is utilized.to
provide this first stage in the pumping process._ The pump
evécuates the vacuum system from atmqspheric pressure to
about 400 TORR. The theocry of the mechanical vacuum pump
“has little to do with the results,obtainéd with the mass
spectrometer and is well covered inAany referencéAon vacuum

 techniques (Dushman and Lafferty, 1962). There are two
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things, however, that should be underétood about rough
_“pumjgiving° First, it is important that the mechanical pump

isbutilized any time the vacuum system is allowed to,be>
exposed to the atmoéphere° The reason for thié isrthat
the'pump is completely'impartial with regard to different
types of gases. It reduces the sjstem pressufe by a factor
of one hélf, thus removing one half the partial préssures

of any of the noble gases that are present in the chamber.
The next twovstéges|of pumping are selective by nature in
their pumping speeds of various gases. Without this
impartial foughipumping, the insignificant amount of neon
and helium found in air can become a huge,problém at lower
pfessures° It is worthwhile to remove half £he problem with
the mechanical puinp.° There is, however, a secénd aspect_ofA
mechanical pﬁmping that has to be chtrolléd carefully. The
pump may contaminate the eﬁtire system. . As the mechanical
pump heats up from operating friction, a gas composed of the
0il used to lubricate the pump is given off. This gas will
_enter the vacuum system and leave a backgroﬁnd trace that is
difficult to remové; - This problem is aileviated“in‘the SSEL
monopqle sjstem by the utilizétion‘of a graphite lubriéated
pump. However,yconfamination by meqhaniéal pumps is a

problem to be careful about in vacuum system operation. -
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Sorptioh Pumping

The sorption pump is-uﬁilized>te lower the vacuum
chamber pressure to about 10 microns or lsz TORR.'.The
principle of operaﬁion is relatively siﬁple and there is no
hazard of oil contamination. The pumping'is accomplished
by the sorption of gas molecules by molecular sieve
matefial.which is chilled to liquid nitrogen temperature.
Prior to use, the sorption pump is closed off from the
vacuum chamber and the heating element is turned on for
about 12 hours. This heats the molecular sieve to about
250°C and discharges an& previously sorbed gases into'the
atmosphere. The pump'is then clesed off”and ligquid nitrogen
is added to the dewar. About 15 liters is required for the
average_pumpdown,'the ekcess»beingrlost to the atmosphere f 
-dﬁe to evaporation. After ailowing abou£ 1/2 hour for the
molecular sieve te chill, the.pump is ready'feriusen"The
sieve material cohsists of lZOO.grams of'Zeolite 5A pellets.
After rough pumping the system, the mechanical punmp is
valved off from the eyetem, and the sorption pump ie Valved,
onto the vacﬁuﬁ systemn., Due fo the lower temperature of the
molecuiar sieve, gases are drawn froﬁ the vacuum chamber
into the sorption pump. Gases with a freezing point above
that of liquid nitrogen are solidified and sorbed by the
Zeolite pellets. Gases with a freezing point below‘that of
;iquid nitrogen are. reduced in‘Volume (partial pressure) but

‘may not be sorbed (Fig. 3.5)..
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Neon and helium are two examples of gases which are
'sorbed to a lesser degree than,nitrogen or other atmospheric

',ga-ses° In the atmosphere, the partial pressures of
2

7

3

nitrogen, neon, and helium are 593, 1.4 x 107°, and 4 x 10~

TORR, respectively (Santeler et al, 1966). The sorption

2 TORR, Thus ,

'pump reduces the system pressure to about 10~
if there is no rough pumping, and:we assume that neon is not
‘sorbed, the system pressure can be lowered to only

2 TORR, at which point the composition of the gas

1.4 x 107
remaining in the chamber will be to a large extent neon and
a large pércentagé of helium. The getter-ion pump would
then be forced tb pump out a great deal of noble gases, a
~task at which it is least efficient. .If rough.pumping Wéré
able to lower the system pressure to a level of .76 TORR,
the conceﬁtratiqn of the rare gases would already be
reduced by a factor onlO—3,-

This is not the caée in the SSEL Monopole Systém,
but pumpdown to about 400 TORR does help. Other -
atmos?heric gases, such as oxygen, argon, and carbon- -
Adioxide are easily. sorbed, When the system pressure
reaches about lO‘microns, as indicated on the thermocouple
vacuum gauge, the-getter—ion pump ié turneé on and the

sorption pump valved off.
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‘Getter-Ton Pumping -

The getter-ion pump'is capable of iowering the
vacuum systém pressure to below ZLO'"-9 TORR. It makes use of
the principles of ionization and gettering to reﬁd?e gases
from the system. A schematic drawing of one of the ion
pumps used in the SSEL Monopole Vacuum System is shown in
Fig, 3.6. An ion pump power unit supplies 5000 volts to an
anode. 4Electrons are emitted betweeﬁ the anode andrthe wall
.of the vacuum chamber( which servés as a cathode at ground
potential. For suitable emission, the pfessure in. the
chamber must be at 10 microns or less. For optimum results,
a.pressure below 10_5 TORR is required. The permanent
mégnets force the emitted electrons to travel in a helical
'patﬁ; thusly increésing the efficiency of the ion. pump. Any
neutral molecule of gas in the path ofAthe electrons will
collide and be transformed into charged ions. Thg positive
ions will then be driven into the wall of the chamber which
serves aS“a.cathodé orbcqllector; At the same time,:q
titanium filamen£ is evaporated)into the system, This
results in a constant supply of chemically active titanium
in the chamber. >The titanium reacts with active gases in
the chamber and coats thé walls. This proéess is said to
"bury" active gaées.within the titanium éoating and performs
a'pﬁmping action, .Eventually, the chamber walls, especially
that region acting‘as a pump cathodé, become saturated, and

begin to emit as much gas as they absorb. This pressure is



50

VACUUM
CHAMBER
WALL

MAGNET

CATHODE

(collector)

ANODE

TITANIUM
FILAMENTS

TO +5000 V

*—~ ANODE
(side view)

Fig. 3.6 Getter-Ion Pump



51
the ultimate vacuum level. Getter-ion pumps exhibit
preferential pumping to a large extént, as 1is shown in

Table 3.3 (Roberts and Vanderslice, 1963).

Table 3.3 Getter-Ion Pumping Speeds

Gas v ~ Speed (liter/sec)
Hydrogen v 3300
Nitrogen = L | 2000

- Oxygen - i ' - | c - : .. 71000
Carbon Monoxide o _:  1000 -
Air | o | 370 -
Methane - ‘  ‘ _  20
Argén o ‘ : 5

There are two other-major problems encdﬁntered with
getter~ién type pumps. “Argoh instability" occurs when
‘previously buried amounts of argon are released froﬁ the
| walls. Also, the "memory effect" of such pumps is shown
when other types of previously buiied gases are released.

Both effects can give misleading results in gas analysis.



CHAPTER 4
EQUIPMENT AND MATERIALS USED

The principal piece of equipment utilized in this
project was the General Electric Monopole Mass Spectrometer.
It was mounted on an Ultek Vacuum System capable of

° TORR. Various ancillary-pieces

'attaining a vacuum of 10~
of equipment were mounfed‘in an adjoining cabinet to provide
more fiexibility in recording data and overall convenience.
Gas samﬁles were leaked into the vacuum system after

passing through a diffusion furnace in the Solid State

Engineering Laboratory. The entire system is pictured in

Fig. 4.1.

Monopole Mass Spectrometer

'The General Electric Monopole 300 Mass  Spectrometer
consists of two major components, the analyzer tube, (Fig,
4.2) and the electrohic control (Fig., 4.3). The analyzer _
tube is mounted vertically‘direbtly onto a specially
fabricated'stéinless stee'llp'late° - The use of the steel
plate as é cover to the vacuum~éhaﬁber roughly'halved the -
gas Vélume to be pumpedvand-elimiﬁated the permeation of
atmoséheric helium into the system, a hazard inherent in
the use of the normal bell-jar glassvéover, The'theory of

operation of the analyzer tube has been thoroughly discussed
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Figu.

4.2

Monopole Analyzer Tube
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Fig. 4.3 Monopole Electronic Control
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in Chapter 2. The ion source énd of the tube extends igto
" the Ultek Vacuum Chamber. The pressure in the analyzer tube
is then maintained af the same pressure as the vaéuum
system. The analyzer tube is'connected to the electronic
control by several cables. The electronic control (Fig;
4,3) pfovides the necessary power, metering;rand oﬁtputs
for the ?ropef operation of the analyzer tube. The upper
chassis contains the ion source power supply and mass scan
generator,‘ The ion sourte controls and types of mass scans
have been previously discussed. The mass meterron the right
side of the front panel gives a direét mass reading on a
scale from zero to 300, The lower chassis contains the RF
and DC powef supplieéo. |

The monopole mass spectrometer specifications are:
(1) a sensitivity of 50 Amp./TORR for nitrogenx(Nz), (2)
a dynamic range of detectable partial pressures'of
approximately 106, and (3) unit resolution throughout its
mass range of 1 to 300 amu.

Ultek Vacuum System and Anc1lla:y
Vacuum Eguipment

The Ultek vacuum System is-compésed of:a stainless
éteel'vacuum chamber with two interﬂally mounted'high
“vacuum ion pumps and an ion pump combination:power unitﬂ
The ancillary'equipmehf consists of a roughing pump,
sorption pump, vacuum gauge, heating tapes, leak valve, and

- gas sampling system.
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Power to the rough vacuum pump is controlled by a
ciiéuit breaker mounted on the rear of the monopole systemn
cabinet. This pump provides a rough vacuum to thé vacuum
- system. | |

A General Electric Sorptioﬁ:Pump Model 22HP11l is
cbnnecﬁed to the vacuum chamber throﬁgh a side pdrt. It is
Ca?able 5f reducing thé chéﬁber préssure from about 400 TORR
to 10 microns.

A Hastings Vacuum Gauge Model VC-3C is used to
,monitof the vacuum systém pressufe during pumpdown using ‘a
DV-3M vacuum gauge tube mounted between the sorption pump
-and the vaﬁuum chambef° A meter mounted on the front of the
monopole System equipment cabinet gives a direct reading of
pressure from atmosphere to 1 micron.

The Ultek Vacuum System is capable of attaining a
vacuum pressure of 1077 TORR., It utilizes the getter-ion ]
:pumping principle., - A meter on the ion pump power unit gi&es
a direct reading of~iqnization voltage and current at the |
ion pumps. A chart is provided to convert metef current
readings directly intb the equivalent pressure in the vacuum
system. For convenience,'a log-préssure scale i1s provided
on the meter for direct pressure,readings° if may be
accurately calibrated for readings of u? to one decade to
~either side of the calibration pressure. Recorder output.
,Eerminals are~provided for continuous monitoring of the

- log-pressure meter. The combination power unit provides
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power to both the ion pumps and titanium filaments. Up to
50 Amp. is provided to the titanium filaments located in the
center of the vacuum chamber. There is a switch-allowing
the selection'of any one of four available filaments, A
timer switch allows for 0 to 100% filament operation durihg
a two-minute cycle. Overall, the system pumping speed 1is
rated at‘SOO liters/second if a power setting of 36 to 38
Amp; is utilized under the conditions Specified in Table
4.,1. A minimum setting of 15% is required fbr effective
sublimation of titanium because of the time required for
heating the filament., Experimentation in specific
appiications is recommended to determine ihtefvalS-at which
the ﬁitanium should be sublimated at pfessurés,below '

A5 X 10‘9 TORR,

Table 4.1 . Ultex Timer Settings

Pressure Range Timer Setting (% on)
1 x 107° TORR and above ' 100
5 x 1077 TORR to 1 x 10”° TorrR o 80
C1lx 10‘7 TORR to 5 x 10~/ TORR 50
5 x 10" TORR to 1 x 10”7 TORR , R » 25-30
. o

5 x 10”2 TORR and below 15
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Two Variac potentiometers provide a variable voltage
source for three heating tapes.  The heating'tepes are”A
‘utilized to "bake out" the mass spectrometer anaiyzer'tube
and the vacuum chamber, |
A micrometer-~type leak valve was‘utiliZed to control
the admission of gas samples into the vacuum chamber. It y
is mounted on the vacuumrchember and connected to the
exhaust port of a diffusion_furnaee in the Solid State
Ehgineering Laboratory (Fig,.4.4); | |
| The internal"gas supply eystem,of the Solid State
Engineering Laboratory was utilized to supply ges sampies
to the vacuum system. The exact mixture of a particular
gas sample could easily be determined and contrelled by
meéns ef-Brooks Sho-Rate Rotameters (Fig. 4.5). The entire
monopole system wae desigﬁed to be completely portable ‘and
can be moved to sanple the'eXheust of any fﬁrnace»inAthe |
{

laboratory, allowing any gas available in the laboratory

to be sampled.

Anicillary Readout Egquipment -

The monopole mass spectrometer is capable of reading
.pressure of 1 x 10“;3 TORR or lower. The limit'is difeetly
.depehdent on the readout equipment utilized. The equipment
'utiliéed in this project preVided‘complete flexibiiity and

eompatibility within the range of the mass. spectrometer.
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For direct readout, a Hewlett-Packard Model 130-C
oécilloécope was utilized. This was particularly usefui for
L
observing the vacuum system reaction when back-filling with
sampie‘gasesg Photographs could be taken of the changing
mass spectra of the samplé as it filled the vacuum chamber.
A scan speed of 5 seconds was found to be most compatible
witﬁ thé response of the equipment.
- For more precisé data, a Hewlett-Packard Model jOOOA
XY récorder was utilized° The horizontal output of ﬁhe |
mass_spectrometer was directly compatible with the recorder
input. Vertical readings were amplified by means of a
Keithley Model 410C micré—microammeter° This provided the
capability of reading'a current of lQ—lB.Amp, The output
ofrthe ammeter was directly compatible~with the recorder.
AAKeithley Model 610B multi~range electrometer was used as
a backup to the rack-mounted micro-microammeter. An
’isolétidn'transformer was used to provide a stabilized
o?eréting voltage to the ammeter in uée, For additional
flexibility, a log voltmeter-converter Model HLVC;lSO; 
manufactured by The Houston Omnigraphic Corporation, was
available. This inétrument'made it possible to study the

base of parent peaks without driving'the recorder béyond

its_limit on the Y axis,



CHAPTER 5
EXPERIMENTATION AND RESULTS

This chapter-presents a Summafy of the results
obﬁained utilizing the monopole mass spectrometero. As‘time
progressed, it became apparent that the capabilities of the
.;monopole wefe directly related to the ability totpro&ide
suitable wvacuum conditiéns for opératibn, This led  to the
inclusion.pf sections’in this chapter dealing with the
probleﬁs encountered with the Ultek getter-ion vacuum
system utilized for thié project. The monopole mass - spectro-
meter is diécussed with respect to its ﬁse in analyzing
the gases, argon, nitrogen( aﬁd diborane. In eaéh casé thé
results obtained{with the monopole mass spectrometer are

compared to results obtained on other typés of mass

spectrometers.

Ultimate Vacuum and Background Noise "

It has been pointed out that for optimum results, a

11

vacuum of 107°" TORR should be obtained. The Ultek getter- .

ion vacuum system is specified as being capable of reaching

9 TORR or better. In fact, during the six

a vacuum of 10
months of use in this project the best vacuum it achieved-

7

was 3 x 107’ TORR. . This may seem to be a poor result, but

63
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actually is ébout the best that can be éxpected frém the
equipment as it was utilized.

There are three major obsfacles to obtaining a lower
ultimate vacuum with the system. The firs£ is the lack of a
suitable capability for>baking out the Qacuum chamber. rTo

achieve vacuum lower than 10_7

TORR, baking at 300 to 450°¢C
is practically mandatory (Roboz, 1968). Theoretically, a
twofold reduction in the absolute temperature will reduce
the system pressure by seven orders of magnitude (Santeler

et al 1966). For example, if a system were heated to

600°K while the pressure was pumped to 107/ TORR, as the

° ¥

system is allowed to cool to 300°K the pressure will drop to

14 TORR. On the other hand, if the syStem was

7

about 10~

TORR at room temperature (300°K) and then .
14

pumped to 10~
cooled to 150°K the pressuié should drop to about 107 fTQRR;
It is important that thé entire system be subjected to the
process. I1f, for instanéé, only 99% is actually subjected

to bakeout; the 1% that is not oufgassed causes a phenoﬁenal
drop ‘in the efficiency of the bak'eout° Inétead of a;drop'of
seven orders of magnitude, the result is>about two orders of
magnitude. DUrihg this pfojeét, it was éttempﬁed to bake
out the vacuum chamber by meéns of three héating tapes. One
was wrapped around the analyzer tube while two were placed
‘around the vacuum chamber (Fig.f4°15° Obviously, more than

one per cent of the system was not subjected to a pronounéed

rise in temperature. Additionally, the heating tapes were
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unable té raise the temperaturevby any appreciable amdunt;
The only épparent advantage to using the tapes at all was to
prevent water vapof from-cohdensing on the interior wallé'of
the analyzer tube and vacuum chamber when they were exposed
.tp the atmosphere.

The»second majortobstacle is thé rubber gasket used
between the vacuum chamber and plate used to hold the
analyzer tube (Fig. 4.2). One of the most important
improvements that can be simply accomplished in a‘vacuumm
system is the feplacement of all organic seals with ﬁetal,
seals; Generally this will result in an imprdvement of an -
order of-magnitﬁde in lowering the system pressure (Santeler
et al., 1966). The rubber gaskgt is a source of contdmiha—
tion to the vacuum chamber and prevents bakeou£ at hidh
‘“temperatures. |

The final obstacle is the multitude of high vacuum
Avalves that open directly into the vacuunm chambero' The
presence of such valves, composed éf cast sQrfaces,'multiple
O—rings,Aand lubricatéd Valvé’parts, preéents a gas load
greater than tﬁat of the vacuum chamber. Theservalves
(Fig. 4.4) may result in an increase of an order of magnitude
in system pressure; -

One additional aspect beéomes increaéingly importahfl
As vacuum conditions become less than ideal), the backgrquhd
noiserof the syétém becomes a limiﬁing féctor.in detection,

~ When lower ranges are used on-a pico-ammeter, the instrument
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becomes more sensitive to background noises. In the
monopole. mass spectrometer, this background noise is

proportional to the pressure in. the system'dbwn to about
10~ TORR. At about this level, the system would have to
be cryogenically cooled to eliminate the inherent thermal

noise, At a pressure of 5 x 10—7 TORR the background noise

10 > TORR the. .

background noise reading may be as high as 0.2 x 10_8 Amp, ,

although it.generaliy is approximately 0.1 x 10~8 Amp.

reading is 2 x 10~ Amp. At a preSsure of 10~

Figure 5.1 attempts to graphically portray this problema 

Assuming a ‘background noise of 0.1 x 10-8 Amp. or an absolute~

noise detection limit of 1077 >

at a pressure of 10 TORR,.

the detection'capability of the monopole mass spectrometef-:
is effectively limited to a dynamic range of lO4>or one pa££
in 10,000. Thus it bécomes apparent that thé vacﬁum system
plaYs an extremely important role in the ﬁerformance of the-

monopole mass spectrometer,

Standard Analytical Procedures
To insure as great a degree of consistency and
reliability as possible,va standard method of ana1YSis had;f 
- to be_utilizeda >Therefore, the_following settings are-
utilized as far as poSsible to dbtain data withrthe

monopole mass spectrometer (Table 5.1):
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Table 5.1 Monopole Operational Settings

Control ’ ' .Setting

Ultek Filament Power - Off 5 :
Ultek Pressure Reading 6.0 ma (10~ TORR)
Monopole Emission Current ' 3 ma

Monopole TIonization Voltage 70 volts (or as noted)
Monopole Multiplier Voltage ' : -
‘ (Mult HV) : _ : 4 T

Ton Energy o ) : Max Peak Output

Drawout - Max Peak Output
- Focus g : - ‘ : Max Peak Output
Temperature Ambient Lab Temperature

In the following sections results are compared as far
as possibie with the mass spectral data compiled in ”Catalog'
of Selected Mass Spectral Data" (1970) (Project 44). This is
ca continoing effort supported bf the petfoieum ihdustry'toev
assemble in one volume all the information evailable with
regard to typical mass spectrometer cracking'patterns° Even o
these results, used as a-standard for the industry, differ;'
- from one contributing laboratofy to another;v For'example;
there are three distinct craekihg patterns giVen fot argon.
They wefe submitted by three difterent laboratories,
although the same model mass speotfometerrwas ﬁtilized in -
each case. This came about because differing standard
conditions were employed and beoaﬁse results may well differ

from instrument to instrument.
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Analysis of Argon

Argon is frequently used as a calibrating gas with.a
mass spectrometer., For this analysis, a sample cracking
péttern and an ionization efficiency curve have been
compiled. Standard conditions have been observed as per
Table 5.1. To compile the cracking pattern, data were taken
on two separaté days at least one month apart,‘ Five runs
were made at five different current ranges on the electrom-
eter.and the Egggg_ﬁost consistent values éveraged to obtain
the information in Table 5.2. Appendix D presents a full

descripticn of the methods used to compile these data.

Table 5.2 Monopole Cracking Pattern-—Argon

n/e . Data 1 Data 2 Average
20 4.95 | 4,72 4.84
36 .28 o s2 .30
38 | .06 o .06 .06
40 100 100 . 100

When the above data are compared to that of Project
44 in Table 5.3, the results seem to be consistent with the
exception of the doubly charged ion at m/e 20. Cracking

patterns availlable from the Prdject 44 data are filed in
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Table 5.3 Comparison of Argon Cracking Patterns

m/e  Serial.1581  Serial 1586  Serial 1594  Monopole
20 13.0 12,9 15,75 4.84
36 .32 32 .3s .30
38 .06 .05 .11 ' .06
40 100 100 100 100

order by serial ﬁumbero For coﬁvenience the pafticular,
seﬁial number is used for idéntification° 

Data for the ionizatioﬁ efficiéncy curve were taken
at the same timef The précedure was the same except that
the ionization voltage was varied from 25 to 115 volté ih
10 volt incfements to obtain the results in Fig. 5.2. Since
the data were available, ionization efficiency curves of the
detectable ions of argon are also presented in Figs. 5.3 to
5.5. While more than simple ionization is involved in the
case of such ions as the doubiy chargéd one at m/e 20,

common usage in the field of mass spectrometry has led to.

4

- the term "ionization efficiency curve" being accepted for

‘all such curves

i

rather than some Such term as appearance
potential efficiency curve, which would bé a more accurate
terminology - (Kiser, 1965). Sepérate §1ots were madelfor
each ion to avoid crowding any one gfaph} As can be seen in
Fig,‘5,2,_thé most efficient voitage.fof the ionization of |

~argon is 43 volts. The appearance potential of the dbubly
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icharged ion at m/e 20 is approximafely 28 volté (Fig. 5.5). )
Bdth these figures agree with previously published data
obtained on other types of mass spéc£rometers (Robo z, 1968}
ﬁarnard, 1953). In all cases, the vertical‘scale.represents,
 actua1‘current output of the monOpoie electron multiplier;

"while the horizontal scalile represents the ilonization voltage.

Analeis of Nitrogen

Nitrogen.is another gas often uéed for Calibration
purposeéo The data for nitrogen were taken in the same
‘manner as that for argon. The cracking pattern obtained is
presented'in Table,5°4°- Unfortunatély there is énly one
cracking pattern of hitrogenvavailable in the .Project 44
data. ‘Again, as with argon, the cémparison is consistent
1with.the exéeption_of the doubly chargéd ionrat,m/e 147

(Table 5.5).

Table 5.4 Monopole Cracking Pattern--Nitrogen

m/e Data 1 Data 2 , Average
14 ' 3.57 3,60 | 3.58
28 00 100 | 100

29 . .19 .80 . . .80
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Table 5.5 Comparison'of Nitrogen Cracking Patterns

m/e : Serial 1595 Monopole

14 : 5.18 ' - - 3.58
28 | 100 100

29 | 73 o .80

The ionization efficiéncy curves for nitrogen andi
its appropriate ions are presented in Figso'5;6 to 5.8, The
most efficient voltage for ionization of nitrogen is 51 |
volts while the doubly charged ion at m/e 14 has an
appearance potential of apprOXimately 30 volts., Both values
are in agreement With preViously published £igures (Kiser,

1965);

Sensitivity

The sensitivity of the mass spectrometer is defined

as follows (Roboz, 1968):

Peak Height (divisions) of Base Peak
Sample Pressure in Chamber

Sensitivity =

The sensitivity should not cnange'as long as experimental
.conditions remain the aame. A calibration~run should be
made periodically with either argon or nitrogen to insure
the proper senSitiV1ty is being utilized To determine the
sensitivity, the system is pumped to as low a preésure asr

possible and the calibrant gas is admitted until the chamber
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'pressure stabilizes at 1O;SITORRO The méss Spectra.obtéined'
undér these conditions should be that of the typical crack-
ing pattern of the gas. vThé.iirst_time argon wao calibrated
under sfandard conditions (Table 5.1), the sensifiﬁity was
7.4 Amp., per TORR., After the system was exposed to the
atmosphere, a second calibréting run yvielded a sensitivity,o
of 1.6 Amp. per TORR. This reduction in sensitivity is
attributed to contamination of the ion‘source filaments and
electron multiplier'dynodes by atmospheric gases. General
Electric recommends a bakeoui of the-complete analyzer tube
when it is exposed to the atmosphere. It is fortunate that
changes in sensitivity are acceptable conditions because
such changes are proportiohél with respect to all gases in '
the same manner., If the felative sensiﬁivity>to all gases
can be obtainediat one time under similar experimental
conditions, the relative values will romain the same., Thus;,
a quick calibration run with nitrogen can then confirm what
Yalues should be used for any gas. With the technique dis—.

cussed in the next section, the relative sensitivities of -

argon and nitrogen as defined by SR = SGas/SN were found to

: 2
be N, = 1.0, and Ap = .72. -After the relative sensitivities

of each specific gas have been determined by individual

R.

calibrating runs, -trace analysis can be accomplished on any

- mixture of gases using the following formulas (Roboz, 1968):

Peak Height
Sensitivity .

Partial Pressure =
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Partial Pressure of Component
Total Pressure

Mole % of Component = x 100

This procedure assumes ideal conditions as discussed in

Chapters 2 and 3.

Preferential Pumping and Memory Effect

The two greétest problems encountered during thié
project were attributed to pfeferential pumping and the
MmEeEmory effect of the getter-ion vacuum pumps. The problem
is not clearly understood but was - very apparent in resulfs
obtained using the monopole mass-spectrometera- As was‘
previouély diécussed, any active gas entering the vacuum
chamber reacts with titanium and is "gettered." Unfor-
tunately, noble gases such as argon do not react with-thé
titanium. They are ionized by the ion pumps and forced
against the wall éf the vacuum chamber which is held at
ground éotentiai° As sublimated titanium is deposited
throughoﬁt thé‘chamber, these ionizedjgases are buried undei
a layer of fitanium° This ionization process ﬁakes_place a£
a much slower rate than the more prevalent gettering reac-i;
'tion, Thus, noble gases are pumped at é slower rate. If .
the vacuum chamber‘is relétively inactive for a period of
“time, afgon leeéuleé may be atﬁracfed to' the chamber wali$7
'and held there by weak Van der Waals forces,“Any sudden
surge of activity in the chamber, such.as the rigé in
pressure as a sample gas is admittéd, may then caﬁse the

argon molecules to be dislodged in the chamber creating a
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rmemofy’effectg Even reactive gaseé may be dislodged by a
more active sample gas.tha£ has.a:greater affinity for
ﬁitanium° This situation:makes it nearly impossible to
obtain éccurate results in gas trace'analysis; Even
calibration funs'pose a problém, The mass spectra in

'Figso 5,9 through 5.13 serve to demonstrate typiéai results.
Figure 5.9 1s a background ?eading taken for a,célibration
run with only the major partial preséures shown. The sYstéml
preséure was 107° TORR. Nitrogen was admitted to the vacuum
chamber through the leak valve and the system pressure was
allowed to increase to 10—5 TORR. Figure 5.10 shows the
resﬁlting'mass spectra taken at that time. .Thé peaks at.

n/e 2, 14, 15

?

16, 28, and 40 have gone off scale. Since.
only nitrogen was admitted, the peéks at 28 and 14 should
have been the oniy'ones to change. The memo ry éffect
ihherent in a getter-ion type of vacuum system is réspon—
sibie for the additional peaks. The hydrogen at peak 2 is
an example of how even the most reactive gases can be dis-
lodged., A trace of helium a£ peak 4 is an exampié of .
atmoépheric gas that has not been completely bﬁriedo At
peaks 15 and 16 traces of methane, formed from. carbon |
impurities from .the pumb walls and ionized hydrogen are
prominent. The production of methané, ethane,-and varioué:.
otherhigherhydrocarbons'is just one more small difficulty-
enqountered witﬁ the getter;idn type pump (Santélér et als,'_

196_6)° The peaks at 40 and 20 represent argon.
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The magnitude of the argon contribution is more

réadily apparent in Fig. 5.11. -The argon has a peak of

6

6.3 x 107~ Amp. while nitrogen, which should be at least an

order of magnitude greater than argon, has a peak height of
5.6 x 107 Amp. With a sensitivity for nitrogen of 1.4 Amp.

per TORR, we find that

~—6
5.6 x 10 Amp. 4A—6 :
T Anp JTORR- = 3-3 X 1077 TORR

i

Partial Pressure NZ
and
0~ ° Anp.
) Amp./TORR

Partial Pressure AR = (‘

6.3 x 10"~ TORR .-

I

Thus there is more argon appaféntly_in the vacuum éhamber
than there is nitrogen; This problem has been reportedvby
others (Bunyard, 1970). The key ﬁé recognizing the problem
is the lack of the proper indication.of the aoﬁbly'chargedn
- ion of argon at mass 20, 'As.can be seen in Fig. 5.11, the’
relative proportions of nitrogén are correct at péak 28.and
14. However{‘it is more difficult to dislodge a doubly
chargedvion° Thus there is no response at m/e 20 in Fig.
5.11. The system .gradually correcté itself. After 10
minutes, nitrogen becomesithe‘prominent peék (Fig. 5.12) and
in 24 hours the ar@bn peak decreases to less than one per

cent of the height of the nitrogen peak. At this point
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-~ calibration of ﬂitrogen may be performed and is seen to be
1.4 Anp. pef TORR (Fig, 5.13).’

The problem of the memory effect is equaled in
magnitude only by the problem of preferential pumping. This
phenomenon is demonstratéd at this point by simply adjusting .
the rotameters (Fig, 4.5) to allow equal amounts of hitrogen
and argon to‘entér the vacuum chamber. One would expect the
nitrdgen peak to decrease slowly and gradually bécome only
slightly. larger £han the argon peak due to the differences
in,éensitivitye This is not the case as is éhown irrlrFig°
5.14. Within 10 minutes the argon concentration has risen
from about 10”7 (backgrouﬁd trace) to a peak of 1.4 x 107>
Amp. If then gradually drbps to a final height of 1.0 x .

10"5 Amp. In the meantime the nitrogen peak has become

-

 nearly two orders of magnitude smaller ahd stabilizes at
about 10*7 Amp. after several hours.. Thus the,preferentialA
pumping of the getter-ion pump may create an incorrect
éssumption with regard té the cqmpositioh of a sample Qas,‘,"
Another problem cah be detected.in Fig. 5.14. The phenom-
enon of interference consists of a change in the'cracking
. pattern and/or;sénsitiVity of a gas-in the presence ofl
another Qas'(Roboz, 1968). The argon peakAreaches a maximum
of 1.4 x 10—5 Amp. which Would givg it a sensifivity equal
to thaﬁrof nitrogen. It takes about_BO minutes for it to

drop to about 1 x 10_5 Amp. and stabilize, Appendix C
. } .

- ~presents actual recordings obtained during this project
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which demonstrate the memory effect and preferential

pumping.

Analysis of Diborane

The anelyeis of diborane with a mass spectrometer
has been undertaken.by several individuals (Margrave, 1957:
Shapiro et al., 1961). At least one ahalysis was>completed'
as far back as 1949 (Project 44).  The diborane available>
fbrranalysis in the Soiid State Lab is a mixtute Qf,1035vppm
diborane iﬁ argon, or roughly 1 part per thousand of argon.
Initially, the monopole system could not detect diborane.
At first this was difficult to understand, since there was
‘no problem deteqting the isotopic peak,of argon at m/e 381e_
It was certain that peak 38 was .06% of argon or six parts
per ten thousand of peak 40. However, diborane is‘probably
at least as reactive'ae nitrogen.  Therefore, when admitted
into the vacuum chamber, it wiil be bumped so as to appear
‘about two orders of magnitude less than argon, if it is
admitted in equal amounts. In this.ease, it was alreadf 1
part per 103. When this,concentration'is reduced by two
more orders of magnitude, it becomes'an apparent 1 part in.
105° - There is one additional problem. As shown in Table
5.6 the cracking-pattern of diborane:is quite complex asr
compered to nitrogen or argon. |

The base peak is at m/e 26_altheugh diborene’e

atomic mass is 28. ' There are at least three prominent
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Table 5.6 -Project 44 Cracking Pattern--Diborane

m/e ' ' Peak Intensity
10 ; ‘ . 6.31

11 - ' , ‘ 28.4

11.5 ' o : .46

12 . . | " - 18.1

13 o ' _ o 24,4

14 : , - .72

15 - o , .10

20 o .16

21 : , ' - 1.94 -
21.2 - o ' : .06
22 - : : 11,2
22,2 i N : : .15

23 - - 45,7

24 . 89.6

25 - 56.7

26 ’ : . 100

27 : o R - 97.4

28 . : ' ' .25

peaks (24, 26(.27)'andlseveral other fairly larje ones.
Sincé.thg peaks are, so to speak, spread out, the relative:
sensitivity is likely to be nearly an order of magnitudev
lower than ﬁhat of a more simple, single—peaked type of-gas°
To.attempt to iﬁcrease the sénsitivity of the monopole mass-
Spectrbmeter, a change was made in thé gas samplihg systemovJ
As seen in Fig. 5.15, a stainless steel tube was inserted to
'direC£"the sample gas directly into the ion source 5f'thez
.monopole analyzer. - This éerved td inbrease the sénsitivity
of the monopole by a factor of 4, As a result, it could be
IShown that diboréne was present in‘the Chambef, but a

satisfactory cracking pattern or ionization efficiency curve



ANA-

LYZER
TUBE
i_
X ION
SOURCE
LEAK
VALVE
J
- T
// VACUUM
STAINLESS CHAMBER
STEEL TUBE
TO SSEL
DIFFUSION
FURNACE

Fig. 5.15 Gas Sampling System



| h94
could not be obtainedl Due to background contamination.andj
background:noise only three peaks could be examined that |
would be expected to exhibit the eharacteristics ef diborane.
The peaks at m/e 11, 23, and 24 were free from beckgreund'
contamination. Stendard conditions were ufiliZed as per
Table 5.1 except that an ionization voltage of 50 volts was
used. Tﬂe picoammeter was used in the_10—9 range with the

system pfessure held slightly lower than 10"5 TORR, The

noise level was abodt 5 x lO_lo Amp. After allowing
diborane to leak into the vacuum chamber for'24 hoﬁrs the
readings in Fig. 5.16 were_takeﬁ° The diborane was £hen
turned eff and purerefgon was allowed te leak into the
ehambero Figure 5.17 ehows the change in the mass Spectra.:
Background-noise is not shown and the vertical scales Changea.,
to more graphically'portreyvthe results., Peak-ll decreased - -
by 2 units, peak 23 decreased by 4 units, and peak.24 |
decreased byr7 units. This is- exactly what should happen,'
The intensities of the peaks decreased in the propef pro-

- portion as compared'fo the Projeet 44 data. Limitations of
the Vacuum.system prevent any more'detailed analysis. Othef
studies of diborane have been normally done on pre-
cencentrated samples. For example, Margrave in his work
gused'pure diborane;{admitting ehough argen so that the argent
peak and the particular diborane peak he was concerned wifh',
_were the same height. The argon was then used as a known 1 :

reference to determine appearance potentials of the various .
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diborane ions. This is not possible with‘the present gas

sampling system.

Al



CHAPTER 6
CONCLUSIONS  AND RECOMMENDATIONS

The primary purpose of this thesis was .to éharac—
terizé £he operation of £he monopole mass spectroméfer'
utilizing sample~gases.évailabie in the Solid State
Engineering Léboratqry at.The University of Arizona;_ Thisf 7-
has—been accoﬁplishedo

Chapters 2 and 3 proviée a sufficient'intféductiop
td the theoryAnecessary for proper-utilization of tHe
mbnopole mass spectrometer and itshanciliary vacuum syétem; r
Chapter 5 canrbe used as a reférence for expected re#ults
during calibration runé, and sample'ionization efficiency
curves., | | |

It is apparent that additional calibration runs
would be neceésary if gases other than argon and nitfogen
are to be examined. Previoﬁsly publishedrmass spectral data
can be used as a guide to expected results with the excep-
'tioﬁ of any doubly'charged ions. The results obtéined withv
the instrument are not in agreement with other types of mass:
spectrometers for this one type of ion. The inability'td
properly analyze diborané is apparently completely a fault

of the vacuum system,

98
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There are two or three approaches that could bsl
taken to improve the system. The first, and probably thé
besﬁ,-would bé to use the monopole in a-Specially.con;
structed vacuum chamber with a mercury diffusion-type}vacuum‘
pump. This woﬁld eliminate, to a great extent, the problems
of the memory effect and preferential pumping. Getter-ion
pumps.ars notirecommended for residUal gas analysis (Roﬁoz,
11968).

| _ 'The second bossibility is to improve the present
system by the addition of a bakeout capability. This would
also include using a copper O-ring to replace the presently
utilized rubber gasket° The bakeout capability should be
aaded,in any case.

o There is a possible third way to be considered. A
diffusion pump could be connected‘to the present vacuum>
chamber through one.of'the side ports, after a thoroughs
cleaning and bakeout. This would then allow use of the
Ultek ion pump as a vacuum gauge in the system. The
titanium filaménts would not be gtilized at all, thsféby
elimihating both the memory efféct‘and preferential pum?ii_lg°
This method might prove to be practical, and coﬁld be easily
accomplished.

A mercury diffusioﬁ pump Wsuld be preferable ih this
systém S0 as to»eliminate? to a large extent, hydrocarbqnl
confamination at the lower mass points. Since the propsr‘

analysis of diborane is desired, every effort should be made
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to avoid contamination between péaks at m/e 10 to m/e 30.

*)

°

Meréury‘begins to appear on a mass spectra at m/e 99.‘(Hg+
vapreferential pumping is eliminated, the isotopes
of argon at m/e 36 and m/e 38 can possiblyrbe used‘for
Calibraﬁion purposes with diboraﬁe° Both ions should be
present in relatively the same amdunts.as the dibofane, If
Ca method could be found for obtéining ionization volféges
between 10 énd 20 volts with the_monopole, the ionization
potentials of every'ion‘of diborane might bossibly‘be

determined by cdmparison with that of the isotopes of .argon. '



APPENDIX A

4

VACUUM SYSTEM OPERATION

‘The following steps should be taken to obtain the

best performance from the vacuum system utilized with the

monopole mass gspectrometer:

.]_0

Ingure all valves are closedroff,, Check up to-air>
valve, rough vacuum pump valve, sorptioh.pump valvé,
and leak valve in turn. |

Turn on rough vacuum pump.

Open rough vacuum valve,

Allow about 30 minutes then close off rough vacuum

~valve, CAUTION: be sure to close off the rough

vacuum valve before stopping the pump.
Turn off rough vacuum pump. B
Fill sorption pump dewar with liquid nitrogen.

Allow 30 minutes to chill. Insure stopper is firmly

placed in sidearm prior to use.

Open sorption pump valve. Observe decrease in

pressure on vacuum gauge., Pressure should drop to -
about 30 midrons within five minutes. If this does -
not happen, close off sorption pump valve and check

for leaks.
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8, When pressure drops to about 20 microns, turn on
getter-ion pump main power switch, Insure controls

are first set as follows:

Table A.1 Initial Vacuum System Settings

Control S _ Setting
Punp : o : | OFF
Meter Select | S 5KV
Filament Power : : ‘ o OFF
Timer | . . | ' , oFF
Power Set : | - | 0
Filament Selectdr A - -  " ' o 1

9. If new filaments havé been installed, they must be.
outgassed in the foliowing manner, Turnbfilament
power switch on. Slowly turn the power set control
up, in increments of 10 Amp., until a reading 6f
"30 Amp. is obtained on the filament current meter, ’
After one minﬁte, reduce power set control to zeré,
and proceed in the same manner to the other three.
filaments. Aliow the sorption ﬁump to reduce the
system pressuré to at least 20 microns prior to

beginning each filament. After completion of last
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11.

12,

13.

14,

15,

le6.

17.

18,
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filament, return filament selector to 1, filament

power to off, and power set to zero, as in Table A,1l. .

Allqw system preésure to drop to ap?roximateiy 15
microns.

Turn on filament power switch,

Slole turn power set control, in increments of 10
Amp,, until a reading of 35 Aﬁpn becomes stabilized
on the filament current meter. | |

Turn the puﬁp switch to start. A voltage of about

‘350V should be immediately indicated on the 5KV

scale. As‘the voltage increases, valve off the
sorption pump; When indicated voltage is 3000 volts
or more,vturn pump switch to run.

Tufn ﬁeter select switch to TORR;

Turn timef per cent on to 70. When pressure
inaicated on TORR scalelis below 10~5, turn timer
éwitch.to on., - , o : _ : .
When’pressure:drops below 10_6 TORR, adjust timer

per cent onnéontrol as necessary. | |
When it is apparent>the getter-ion pumpé will
maintéin the indicated vacﬁum, turn on the sorptioh
pump bake. After the liquid nitrogen has boiled fo(
remove Stopper and bake for 12 hb_urs°

After 12 hours, turn off sorption pump bake and

replace stopper.



APPENDIX B« o :
MONOPOLE MASS SPECTROMETER OPERATION

The monopole mass s%ectrometer is-set up té operate 
with an ammeter and X-Y recorder, Generéily, it may be |
bpérated bY'merely-turning 6n the four pdwer switches in
'£he following order:

1. Turn on main power switch;

2. Wait one minute,

3. Tﬁrn on RF power switch,

4, Turn on power ion source switch. -

5. Turn on power electron multiplier switch.
- After allowing at least five minutes foF'the ion source
filament to warm up, the instrument is ready for operation.
vafor‘some reason it is necessary to-festart the monopole
after a long period of.inactivity, it is best to follow the
following initial start-up procedufe:

1. The initial vacuum must be 10"5

TORR but preferablyv
6 S

about 10~° TORR,

2. Set all controls and switches as follows:
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Table B,1 Monopole Mass Spectrometer Pre-Settings

105

Switch or Control : B Setting
Scan Sélector - " 1 Manual
Fast Scan Amplitude _ 0
Manual Scan . : _ 0
Scan Switch . Off

Multiplier High Voltage -
(Mult HV, on rear of cha551s) 4

Filament Switch

(Fil 1 or 2 on rear of chassis) 1 or 2 (either)
Emission Curfent o _ Fully bountercloékwise'
ITonization Voltagev v Fully clockwise
Ioﬁ‘Energy ' o ' 4
Drawout S | 8
Focus  | | . '1 - T

3. Turn on main power switch. After one minute turn

on RF power switch, power ion source switch, and

power electron multiplier switch.

4, At this point the ammeter and X-Y recorder may be

turned on., -

5. After at least five minutes, the RF tank circuit is

" tuned. Rotate the manual scan control until the

plate current meter indicates a maximum value

(approx1mately 1/2 scale). Adjust the tune control
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with a éérewdriver until.é minimum-plgté curreﬁt
reading is obtained. Continue this procedure until
a nminimum reading is obtained~fof the fully rotated
manual scan control, The iﬁstructioné regarding
this step in the General Electric manual are in--

correct and the above steps should be substituted.

- Turn the emission current control until a current of

3MA is indicated on the. ion source meter, Depress
the press for voltage button and turn the ionizatioﬁv
voltage control until 70 vblté is indicéted on the
ion source meter.

Push the scan switch up to activate the motor drive,
Set the ammetér to the 107/ Amp. scale, and press

the pen-down button on the X-Y recorder. A mass

fspectrumrshould»be recorded by the recorder.

Pick out an identifiable peak (usually nitrogen at .

amu 28 or argon at'ému.40)a Adjust the drawout,

 focus, and ion energy controls to obtain a maximum

reading. The fast scan amplitude control may be
used to "fine tune" on the particular peak. Insure
the scan switch is on off when making this adjust-

ment.

‘Other adjustments may be made as necessary. or .

desired.



APPENDIX C

SAMPLE MASS SPECTRA

N

This‘appendix contains 5 actuél mass spectra
. obtained wiﬁh the equipment utilized in this'projecto: They
wére obtained using'standard conditions as specified in
Table 5.1. The sequence is the same as that described in
Chapfer 5 to obtain the ‘sensitivity of nitrogén'and argon.
These mass 5pec£ra, however, were run after the insertion of
the stainless steel tube discussed under the analysis of
diborane. |

The first mass spectra, Fig. C.1, is a background
reéding, taken at 10_6 TORR., - The results of éuddenly rais-
inglthe préssure in the vacuum chamber are seen in Fig. C.2.
,Figﬁré C.3 presénts a less cluttered ‘look at the probiem

created by argon. Figures C.4 and C.5 are typical examples

of mass spectfa utilized for calibration of sensitivity.

1
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APPENDIX D' -
COMPILATION OF ARGON CRACKING PATTERN

Due to the relativebinstability of the vacuum.
system, no singlé run could be feliedbupon for an accurate
depiction,of data. As préviously stated, data were taken on
two days approximately one ménth apart;Awith the most con-
sistént values averaged for a final determination. The data
on the first day were as shown in Table D,1 with readingé

given in output Amp. from the electron multiplier anode:

Table D,1 Argon Cracking Pattern Data 1 Preliminary

Readings
m/e - 20 ' 36 38 ' 40
Run 1 3.9 x 10°° 1.8 x 1077 . 4.0 x 10°® 5.2 x 10~
Run 2 4.2 x 107° 2.3 x 107 5.5 x 107° 7.9 x 1077
Run 3 3.7 x 107°° 2.1 x'1077 . 4.6 x 107% 7.4 x 1075
Ran 4 3.6 x 10°° 2.0 x 10”7 4.3 x10°% . 7.5 x 107°
Run 5 3.7 x 10°° 2.0 x 1077 4.3 x 1078, 7.3 x 1073

The data from the»three most cOnsistent runs (3, 4,
and 5) were then used to compile the cracking pattern used
for Data 1 in Téble 5,2, The value at m/e 40 is taken as
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. . . C A

the base peak and the other peaks are normalized with
"respect to it. Simple division leads to the results in

Table D.2.,. The average readings given in Table D.2 were

rounded off to give the values used for Data 1 in Table 5.2.

Table D.2 Argon Cracking Pattern Data 1

‘m/e 20 36 38 40
Run 3 5.00 .284 .0622 100
Run 4 4,80 . 267 | .0574 100
Run 5 - - . © 5.06 274 | .0590 100
Average ' 4.95 - .275 .0595 100

The readingé.for Data 2 were obtained nearly one
month later, after the system had been exposed to the
atﬁOSphere to change titanium filaments in the vacuum
Chamber. The sensitivity of the instrument had decreased
markedly due to atmoSpheric'contamination but the relative
results with respect to the cracking pattern were remarkably
congsistent. The readings are shown in Tabie D. 3. Again
’

taking runs 3, 4, and 5 and normalizing we obtain Table D.4.

The average values were then used in Table 5.2 for Data 2.



115

~Table D.3 Argon Cracking Pattern Data 2 Preliminary

. Readings :
!
n/e 20 - 36 38 40
 Run 1 8.2 x1077 4.5 x10% 8.8 x 108 1.5x% 1075
Run 2 8.0 x 10"7 4.8 x 1078 8.1 x 1072 1.6 x 107°
bRun 3 7.5 x 107 4.8 x 1078 10 x 1077 1.5 x 107>
Run 4 7.6 x 1077 5.1 x107% 10 x107° 1.7 x 1070
‘Run 5 7.5 x 1077 5.3 x107° 9.8 x107° 1.6 x 107°

o ' . :
Table D.4 Argon Cracking Pattern Data 2 -

m/e . 20 36 38 40
Run 3 . 5.00 . .320 . .0667 100
) ) . . .

Run 4 4.47 .300 .0590 100

Run 5 . 4.69 .332 .0613 100

Average . 4.72 317 0623 100
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