THE DESIGN AND COXSIRUCTICH

CF A MASS SPECTROMETIER

By
TRUMAN L. ”FRANKLIN
Bachelor of Seience
Oklahoma Agrleultural and Fechaniecal College

Stillwater, Oklahoma

1947

Submittedﬁio the Department of Physics
Clklahoma Agricultural and Mechanieal Cellege
in Partial Fulfilluent of the Requirements
for the Begree of
a"AEﬂ‘ER OF SCGIEHCE

- 1953



@mU A
z,smﬂwﬁ,mu & ECHARIENL Banimae

LL,;PARY

',UL 5 )
THE DESIGH 2D CONSTRUGTION vl 6 1953

Ol

=

A LCTROMETER

ot
[ #2]
[#5]

Thesis dpproved:

Thesis Adéaser

i Taga

Dean of the Graduate School

1 304133



PAEFACE

This report describes the design and con-
struction of a wsss spectrometer built for the

Phygsics Laborstory at Cklahoms Agriculturael and

By w e G

MHechanicol Gollege, Stillwater, Oklahowma. The

< LR

prineipal festures of its design are pabtterned

]

foey a design prosented by Dr. O. A, Hier of

g

£

the University of Winnesoba, in a paper pube-
iished by "Review of Secientific Instruments"

Mg

Yol. II, p. 212 (1940).

| il
[N
[N



ERLmITI A
LEIRVEA,

VACUU SYSTER « o o
IO’ S@Iﬁ;km. w e e .
CULLECLING CHAIZER.

AS ADUITTAICE VALVE

AUVZILIARY EGUIPEY

THBLE O

Voltage Source for lon Gun.

Current Source for Hagnebt dnalyzere « ¢ « « o o

Gurrvent legsurement Device for (ollector. « « »

Gas Hondling Equipment. . »

Preassure Gag

IESIRABIE

DRAVIIGS
B0e L o o o
00 2 « o o
G0 3 o o o »
i’ic.. 4- . v e
How 56 ¢ o o

s
oy
o
.
()N
[ ]

*

»

L]

E’IZ:LIG&TLK )}T‘f ¢ » &

FODIFICAT I0H

L « L 2

ag ]

i e s e e s

iv

Asgerbly

Ion Chamber
Collecting Chamber
Purmp Connectlons
lieedle Valve
Hagnet

Pole Faces

Page

3]

20



GLUERAL ARBANGEIZLL

The general arrangement of the magnetic and elec”#ic field is
shown in l"ig. 1.

Fig. 1

The positive ions arve emitted from the ion source and accelerated to
the first plate (a) by a small potential. After passing through the
slit (a) the ions are accelersted by e wuch larger potential to slit
(b) where they enter s field free gpace. After traversing this space
they encounter the magnetic field which causes the ions to curve and
travel toward the slits (¢) and (d) where, after leaving through slit
(d), the ions are captured in the Faraday cup (e). The ion current
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then is messurcd by the current measuring device (4).

5

The ion path is directed along = 3/4 inch brass tube which is
bent in a horigontal plane arownd a radius of 12.5 cm to its center,
Cne end of this tube is nounted in the ionigzation chamber which con-
vains the ion souree and accelerating slits, while the other end is
mounted in the collecting chamber vhich contains the Faraday cup.

These two chambers are supporéed by 1-1/2 inch brass tubes which ave

serewed through flanges to a table.

The spectrometer is evacuated through the tube supporting the
collecting chamber and this tube is connected to the vacuum pups

and traps located benesbh the table,

For purposes of gdjustment, the magnet is supported on top of

the table on wooden tracks.

Details of all components of the instrument are presented in the

drawvings and descriptions accompanying this report.

Congider an ion with mass m, & charge e and having a velocity v
directed élong line 4&E. A4s it enters normal to the boundary of the
magnetic field its center of curvature in the magnetic field must be
along line ED. If it is regquired that the particle pass through the
peint B it then must also leave the magnetic field normal to its

boundary and its cenbter of curvature must be located at point D,



Fir. 2

In Fig. 2, AD= IB, L'Q = LO and LAED = LDFB ='90°

The magnebic f£ield exerts on the ion a centripetzl force which
P

can be represented by Eg. 1.

where

3
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o
2

If the ion obtains

Hev _ my? |
¢ - R (1)

negnetic field intensity in gauss
ionic charge in ESU

velocity in cm/sec

radius of curvature in com

3 x 100 en/sec

its wveloelty by falling through a pobential



difference ¥V, then its kinelic energy can be represented by Eq. 2.

vhere V ig

Eliminating

<3

It *He
(1.622 x 10

then

or

where

el
o

2

in wvolts.

v between

o 53

)

unit of ma

hem) an

v

)

T 300 exgs

Egs. 1 and 2 leads to Eg. 3.

o1

EN]

Hi}?ﬁ 300
2¢°
g is btaken as that of the hydrogen agtom

d the unit of charge is 4.80 x 10710 gy

1]

L]

L

H2R2 300 4.80 3 1010
2e?

)
1,662 ¢ 0=

4482 x 1075 H‘?;f?“

number of mass wnits

number of charge units

magnetic field intensity in gauss
rading of curvahbure in cm

accelerating potential in volis

To show the direction feecusing effect of this arrangement,

assume an ion directed along & path

that of the previously considered ion.

of this ion

is the szme as that of

AB' at a small angle [\ @ to

£

the first, it will follow a

path vhose curvature is the same as the first and its center of

(3)

{4)

Congidering that the speed
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curvabure will be along o line perpendicular to-ite path at the point
vhere it enters the field or along the line E'D', If the ion is to
pass through the point B its center of curvature must be at D'. Then,
if the length of the line E'D' can be shown to be equal to the radius
of curvagture ED caused by the magnetiec field, the conditions for
direction focusing are fulfilled.s

El
A0

180-0

©-A0

Fige 3

Triangle E'D!'D' has been re~drawn in Fig. 3 showing its angles

ag determined by the geometry of the {igure.

E'D = ED-EE!

but

TR = AE tan/\&
and

fE - ED

tan €

therefore

1D = 1p - ED tan/\g

tan ©

or

D :Jl - "(‘,3.,21[_\;?—;% (5)
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LB -ﬁ:ﬁ | )
sin (8 &Z_AQ}‘ sin {180 - 8) '
Sobsbitubing Bqe 5 into Bge & and solving for BfD' leads

ain tlsu -3} gl
E1D¥ = 0 -
Tatn (160 - &9)

The eoeffictont of the 5D torn of Zage 7 is egual to unity

provided JAN-R Tt encugh that

tan Ag = A@ |
YAV TIANS

and
cog AG =1
This mesne that if the angle of diverpence is beld %o 2 anglld
sngle, the wlsci%y of the two ionp 1z constant end sebtisfy Bag. 4,

their peths will intersect ab point B of Mp. 2.

S Fa Barbort has pregsanted o rore genersl tmatmﬂﬁ of the

fosuging properbies of this design,.

. T Boroer, Lobe on tho Shape of an Blectron an Berd In a
Hagnetic Fiald, Procesdinmo of the leeds Fhilosonide ,"_" r{mm. sy
?ﬁ}lc Ij.., Phra :‘-’,r:‘: (33 -
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The dimensions of the magnebic circuit are substantially the
sare as those presented in the Hier? report. The pols faces differ

in decign and size in order that unusuable flux may be partially

climingted, thereby increasing the flux density for a given magneto-

&}

mobive force. The basis for this change in pole face size is o brief

fu )

- 'y

indicgtion of the fringing effects encountered by Wier with his
magnet. He stabes in his report that the flux can be consldered
uniform across the pole face and for a distance ecgual to the air gap
from the pole boundary. At thabt point the flux is cub off sharply.
The pole face was designed so that if this condition holds true the
desired path of the ions will be at the pole face. The area of the
pole face is aboubt 10,85 square inches as cormpared to 17,75 square

inches used by Hier., A comparison of the two pole faces is presented

in Drawing 7.

The core of the magnet and the pole pieées were cast as a unit
of commercial grade S.A4.L. 1020 steel by the Cklahoma Steel Cacsting
Corpany, Inc., at Tulsg, Oklshoms. The yoke was cut from a piece of
serap plate obtained from the saue company and was accepted as the
same material. HMagnebic properties for the design of the magnet were
taken from the International Critical Tables for a similar material,
Ho magnetic tests were conducted to confirm these values for the

material used.

~ 0. A, Nier, "A Mass Spectrometer for Routine Isotopa Abundance
Heasurenents," Review of Scientific Ingtrumsnts, Vol. II, pp. 212
(1940) .



The design was based uwpon a maxiuwum flux density in the irom of
15,000 gausgs, and a permeability of 3,000, The reluctance of the
complete mggnetie circult was calewlated to be about 0.0154 {GS units

of wvhich 0.0150 wnits was due to the air gap. The total flux allowed

©

by the mawimum fluw density of 15,000 gause in fh@ iron is 1.16 x 106
maxwells and to obtain this flux requires 1/,100 ampere turns. With
ne allowasnce made for fringing effects, this gives a flux density
betueen the pole faces of 8,450 gauss., Roughly accounting for fringing
effects by increasing the area by the gap width results in a flux

densiby of 5,500 gauss.

The ceoils were wound with Ho. 14 Formax covered anncaled copper
wire, Paper 021" thick was placed between lfyers. The spocls were
made by soldering flanges 1/8" thick and 6-1/2" outside diameter onto
e 065" brass bubing 8-1/4" long. As a result of a variation in

winding technique, one coil containg 1,862 turns and the other con-

taing 1,881 turns. To obtain the design magretomotive force then re—

quires 3.6 amperes

TiE VACUUL SYSTEIH

The entire vacuum sysbem was constructed of brasg tubing and plate
and the details of construction can be obitagined fro T the accompanying
dravings. All permanent joints were nade with "Easy flow 45”3 s &8

cormercial silver solder containing 45% silver and having a melbing

point of 785°C, Joints that could not be made with silver solder and

3 "Bagy flow 45" can be obtained from The leltal Good Corporation,
Horth Boston, Tulsa, Cklahoma



Jjoints to be disconnected were made vwith common soft solder.

Flanged joints provided complete accessibility to the elec-
trodes and slits in Doth the ionization chamber and the eollecting
charber, These jointe were sealed with lead gzaskets and held by
eight 8-32 round head brass pachine serevs. 4 die and punch for

cubting these lead gaskets has been provided.

Electrieal connections to both the ionization chambsr and col-
lecting chanmber were made throvgh Kovar-Glass Seals obtained from
Stupakoff Ceramic Company.4 Soft solder was used to make all connec—
tions to these Kovar-Glass Seals because the risk of cracking the

glass becomes much greater at the temperatures required for silver

soldering.

The o0il diffusion puwp used in the system is a ViF-1l0 produced
by Distillation Products Gompany.5 It has a capacity of 10 liters
per second at 107 demy of mercury pressure and a guaranteed ultimate
pressure of 10-6mm of hg. The punp requires 150 cc of "Octoil" pro-
ﬁided by the same company.6 A 1/4* copper tube has been provided

for filling the pump with oil.

A water Jacket was placed around the horizontal section of the

piping o condense eny of the oil vapor thal might eseape from the

Stupakoff Cevonic & Manufacburing Company, Latrobe, Pa.

2 Distillation Products Inc., Iuewtﬂ Eguipment Division, 755
ad Wegt, I y

Te J. Morgan, "Use of il“ i
Review of Scientific Instruments, v

=y



-diffusion pump. Care must be taken to direct the flow of water
through the water jacket in the proper direction, One tube extends

to the top of the water jacket and is to be used as the water outlet,

Provisions were made to absorb the water vapor present by placing
a phosporous pentoxide trap at the bottom of the tube comnecting to
the collecting chamber., The phosphorous pentoxide is contained in a
heavy lipped flask and held by a brass yoke to the flanged end of the

tube., The seal is made by a rubber gasket.

Swedged joints connected with soft solder provided a means of
removing the diffusion pump from the gystem and another joint of the
same type was provided immediately below the table in the tubing sup-
porting the collecting chamber,

A brass "stop and waste" valve was placed between the diffusion
pump and the fore-pump comnection., This valve is a standard water
valve with the threads bored out for soldered joints and the plug
lapped in with fine emery. Valves of this type have been successfully
used by Saxon and Richards.’

If it becomes necessary to install a valve betuaen't.he diffuzjdon
pump and the colleecting chamber, space has been provided at the end
of the horizontal section of the piping through the water jacket.

The plug that contains a pressure connection and seals this horizontal
tube is fastened in place with soft solder for easy removal, No

7 Do Saxon and J. Richards, "A Vacuum Lock for Continuously
w," Review of Scientific Instruments, Vol. XX, pp. 745
October 1949). ‘



design for this valve will be presented in this report.

AON SOURGE

The ion source for gases differs in prineiple from that used by
Hiers in that the magnetic field across the ion chamber is reduced to
zero. Electron collision was the process used for ionizing the gases
but the orientation of the electron beam was altered from the Nier

dﬂﬂign.

A very detailed analysis of the Nier design has been made by
Jordan and Coggeshall? showing the effects of the magnetic and elec-
tric field on the paths of the electrons and positive ions. The con-
ditions for minimum mass selectivity are presented both for an ion
source completely submerged in the magnetic field and one such as
described by Nier where the field is only a stray field from the ana-
lyzer magnet. The conditions imposed on the Nier type are such that
the measurements made at differing magnetic field intensities can not
be relied upon to better than about 5%, and that measurements made with
varying electric fields can not be relied upon to better than gbout
1% due to space charge effects.

The electron beam is orientated so that the electrons are direct-
ed across the collimating slit as shown in Fig. 4. The electrons are
accelerated from the filament across the slot of the ionization cup

8 a. 0. Nier, Op. Cit., p. 212.

? £, B, Jorden and D. D. Coggeshall, "Megsurement of Relative
," Journal of Applied Physics,

Vol., XIII, pp. 539 (1942).
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and are collected by the Faraday cup. An adjustable slit is used to
collimate the electron beam as the electrons enter into the ioniza-
tion cup. Ions formed in the ionization cup are accelerated by a
amall potentiagl between the ionization cup and the first accelerating
plate and are further accelerated to the second accelerating plate by

a nmuch higher potential,

~-—Farapay Cup
______ _I__ ! 1 _EiectrRon DPath
|
/ e lonizaTion  Cup
/
f = FirsT Accererating Puate

/ = Seconp AcceLerATING PLate

Fig- 4

The electrostatic field of the ionization' cup was mapped by the elec-
trolytic tank method and the potential lines are shown in Fig. 5.

It can be noted that a very definite focusing effect exists and that
this effect is such as to produce a larger ion current and possibly

produce some selective effects to ions of different mass charge ratic .

Ions formed by the electron beam will fall through about 94% of

the potential between the ionization cup and the first accelerating
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plate regardless of the position at which the ion is formed along the
electron path. The width of the slit in the first accelerating plate
will determine the uwpper limit %o this voltage. The spread of the
potential through which the ions will fall will range from 94% of the
potential to an wpper limit determined by the slit width,

94V

ng 5

In order to minimize the energy spread it is necessary to use
amall potentials between the ionization cup and the first accelerat-
ing plate. Utilizing small potentials allows the space charge effects

in the ionization cup to decrease the energy spread still further.lo

With the design employing these principles, a few difficulties
arise which leave ~ doubt as to the advisability of the design.
First, the focusing of the electron beam must be accomplished by elec-

10 c. F. Bﬂb’-nm’ s _- AT = 1
Properties of a 180° Mass Sgeotmmter,“ Rev:lew of Bod.entific Inatru—
mntﬂ, Vol. n PP« 745-
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trostatic fields and second, the inecrease of ion current expected by
the configuration will be decreased due to space charge effects.
Further, there is some doubt that this method does actually provide
less mass diserimination than one employing a magnetic field. A com-
plete analytic study of the mass discrimination problem haa been stated
to be impogsible by Jordan and Goggeshalln, but no experimental data

are available to confirm this point.

The mechanical design of the ion source sllows adjustment of the
glit widths and orientation of the slits relative to each other, Com-
plete access to all electrodes is had through the end plates of the
chamber. All electrical connections were made through Kovar-Glass Seals
soft soldered to the end plates of the chamber. The electrodes were

made from nickel sheets.

IHE COLLECTING CHAMBER

The collecting chamber is identical with the ion chamber in exter-
nal appearance., The nickel collecting slit is adjustable in width and
ions entering through the slit are collected in a nickel Faraday cup
after passing through a grid which is held positive with respect to the
Faraday cup. This grid is to eliminate any secondary emission caused
by ions bombarding the Faraday cup.

The grid and cup were mounted on the cover plate of the chamber
through Kovar-Glass Seals as shown in Drawing 3.

11 Jordan and Goggeshall, Ope Cit., pe 545.
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TP GAS ALMITTANCE YVALVE

Details of the gas adumittance valve are given in Drawing 5. The
valve operates on the principle of the differential screw. A4 serew of
27 threads per ineh operates in = thresded piston. A standard 4/0
steel taper pin is pressed into the threadsd piston and fits into g
brass seat. Ope turn of the differentisl screw moves the piston 0013
inches and changes the cross sectional area of the opening about .0WZ

sguare inches.

A mebtallic bellows 1s used to eliminate all packing. A coarse
adjusting screw with a lock is provided which moves the steel Vaper pin

037 inches per turn.

It should be noted that this type valve or any other type which
uses a gas flow and throttling process produces some selectivity by
allowing lighter gas molecules to diffuse more easily than the heavier

molecules.
AUXILIARY EQUIPMENT

The following auxiliary equipment will be required for the success—
ful operation of thisg instrument:

1, ?oltage‘source for ion gun

2. Current source for magnetic analyzer

3. Current weasurement device for ccllector

4+ Gas handling equipment

5, Pregsure gauges

Hone ¢f this eguipment was constructed, but sowe consideration was
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£

given Lo the desim of these emmwonsnts, 4 list of reforences te pree

vicus ﬁésigas of &

Yoltgen Spupee fov fon Gp

The a&ee‘leratiﬂg volbage suab be stable $o owve part in ceveral
thousandal” & batbery eould be used for this purpose or = elege

tronie deviece gueh as daserzwu by Nier 13 san be en oloyed.

The surrent source for bthe megnat rugst bo gb Issst buo tLives

the ageelersbiag woltage since the magmmelblie field

&
;2
2
il
o]
b
W
a¥
.

)
£
a

o
L

strength sonears a8 a sguored terk In Dge. 4« & shorage babtbery can
supnly this current or it con be regulsted by an eleetronie device.
The mamet wog deaigned to be onerated ab relabtlvely high curreuts
w‘iﬁiﬁz weuld be difficult bo econtrol with ordinary wvacpus tubeg.
flerté hag vresented o design fer a ourvent rezulstor for 110 mg
maXey bub this dosign could not be uped for this sarbicular ragmet
without redification. An earlisr paver by ept? nregpnts a degim
for a currend regidator which wso budld for a mgnet of sinilar de-
sizn. This deviee adjugts the soeelerating volhagze to compensate

for magmetie field fluctuasbions.

12 -
Hipple, Grove, Hichkam, "Llecbronie Preblems I ~"le€& in the FYrace
PDlLy ¥ ¥ Adh eds X
tienl Ammliention of Lhe Ziagn mscgmw.etm, oviey of Selentific Inabro-

";ents, vtﬁlo d&::{’ paril @3 (‘A‘Dril }rfi-;'ﬁ)u

13 ¢, !i,

Selentific In

‘ier, flasg Snectreretors for Isotope Analys ﬁﬂ % Teview of
2GSy Vole .X,V'{&,,, e ‘3“@.

b Inid, Tol. BVIE, p. 392.

15 6. 4, Sdor, feview of Seleptific Instrmrent, Vol. Vi, pp. 264(35).
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: for Gollechor

A major congiderabicn for the c¢urrent measuring device other
o et et A e £ 1a=15 -16
than being seunsivive to current of the order of 10 to 10 anp .

is its tine of response. To make relsbive sbundance measurements it

is important vo have the yvesponse time sulficiently short to assure

Very extensive literature exists on the design of simple elec-

trometer circults employing the FP=54 electrometer tube.16 - 17

Other less expensive tubes can be employed in a variety of cireuits

3 . cosa O
but with less sensitivity.™

Recording mechanisms of various designs can be employed to

simplify the measurements but the requirements for such a device

demand very careful design. Tweo sueh designs, one by I‘-ié"ierl9 and

&

i - 00 A R 3
another by Hipple, eb 21" have proven satisfactory. Companies who

produce mass gpectrometers commercially have developed wory sabis—

. 1l-22
factory devicos.

16 D, B. Penick, Eevie;\of Scientific

Y10, 4. pubridge, "The frplifi
Physical Review, Vol. XXKVIT vDe 3

fin

Vol. VI, pp. 115,

et Currentg,"

v
18 Y. J. Caldecourt, "4u Hlectrometer Amplifier,” Review of Scien-
tifie Instruments, Vol. %X, pp. 748 (Cctober 1949).
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o2,

It should be pointed oub that the vesponse time of the record-

fete

ing device can become of minor importance provided soms type of
antomatic ion current regulator can be devised. Such devices have
been employed by Winn and Kier.*” fwo different principles are
employed; one controlling the filement current, the other controlling

space charge.

Gag Handling Eguipment

The requirement thot the ges sample be introduced ilanto the
icnization chamber at a pressure of the order of 1074 mm of Hg. with
minimum separation of particles of different masc is the only im-

portant consideration, The nature of the gas and its source will

contrel to a great extent the partiecular eguipment employed.

Pressure Gaouges

Standard pressure gauges can be iustalled ab two points pro-
vided., One gauge outlet is located at the ionization chamber,

Another gauge outlet is located in the pumping manifeld.

DESIRABLE HODIFICATIONS

It would he very desirable to completely redésigﬁ the ion source
te eliminate many of the undesirable features. The filaﬁent mounting
is very poor and should be correacted to provide tension and to allow
expangion of the filam f when heabed, & better focusing wethod should

be provided for the electron heam,

A ]

2
- B, Winn and G. 4, Nier, "Simplified Emission Regulator for

Eal
L9 o
pectrometer,” Review of Scientifie Instrurents, Vol. XX, pp. 773.

91z
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wacuun systen ghould include s
ment is Lo be

ean be inasball

The eapceity of the va
when the ingbrument iz used for pga
can supply diffusion pumms

mnﬂférmeef

20 liters/sec

2t 1074 ma, of Hg, in

liters/sec

also includesg the ’@>SD and the

uum punps mey be

g analysis.

weber=-cooled mcdels.

ViF-260 which ape

214 aly trap 1L the instrioe
s of isotupe abundance, This

phosphorous peatoxide trap.

cuestionable, egpecially

ghillation products

with a capacity up to

in air-cooled zodels and up to 100

The VHF series

ot

three stage water—

cooled pwmps with 80 and 240 liters/sec at 3 x 1@-5 wn,. of Hg., respec—
tively. One of ithese purps may have to be used to obtain a suitable
pressure when gas is being admitted te the lonizstion chamber,

The lapped surfaces of brass stop and waste valve between the
diffusion purym and fove pump were nol as smooti as wag vhoughh necesse
ary. If leaks occur in the valve it can probably be remedied by further

lapping with & finer emery and rouge,
operate gsabtlsfactorily or if the

finish it mey be possible to eliminate the
brass plug by &
this type are not
oval,

systen with soft solder for eagy rem

hardened and ground steel plug,

If the valve still does not

surfaces can not be brought to a fine

trouble by replacing the

2ince melal valves of

sbandard technigue, the valve was soldered into the
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