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One comes to regard. ühe machlne as

havlng a personallty - I had almost sald. a femlnlne

personallty - requlrlng humorlng, coaxlng, calollng -
even threatenlngl But flnally one reallzes that the

personallty ls that of an alert aqd. sklltrfu1 pJ-ayer

1n an lntrlcate but fasclnatlng gane - who w111 take

lmmed.late advantage of, the nlstakes of, hls opponent,

who 'rsp¡14gsr' the most d.lsconcerüJ,ng surprlses, who

never leaves any result to chanoe - but who never-

theless plays fatr - ln strlct accordance wlth the

rules of the gane, These r,ules he knows and. makes no

allowance lf you do not, tlhen ¿gg learn them and.

play acoqrd.lnglÍ, the gane progresses as lt should.¿

- Albert Abrahan Mlchelson (L?LL)

(vl11)



Frontlsplege

Manltoba I t964
( at McMaster Unlverslty (Barber g! a1, 1964 ) )

2O2Hu35s1 TOOH|3?cr

( L/vt+, goo )

Manl-toba II (- ltBetsy") L9??

2o2v,e35c:t, 200nu35. 
t37 ct tg9^p? ça,

(t/ 5L,6OO )

(rx )

(t/6o,1oo )



CHAPfEB 1

INTROÐUCTION

1-1. TEE CONqEP! OF MASS

The word. "mass" is d.erlved. from the Latln
word. "massa " whlch orlglnally meanü a lunp of dough

or paste (Jarnrner, L96L). 'l'he mod.ern meanlng of ',mass"

ln physlcs is much,hard.er to d.eflne, ln part because lt
ls of a fund-amental - almost axlomatlc - nature and. 1n

part because lt performs several seemlngly dlfferent
functlons.

Orlglnally mass rÍas regarded. as an lnherent

property of an obJect whlch somehow descrlbed. the quantlty

of matter contained. ln 1t and. which was conserved when

matter changed. lts fqm. The role of lnertla:L mass ln
mechanlcs d.eveloped fron ralas'concelved. by Johanvres Kepler

and brought to thef.r succlnt expressl.on by Isaac Newton

1nh1sseeoird.1àwofmot1onF=:n'a.Inad'd.1b1on,Newton

showed. that gravltatlonal mass could be expressed. ln terms

of the attr:actfon experienced. as a result of the presence

of another obJect accord.lng to the unlverisal law of
gravltatíon. Ernst Mach later d-lsputed. Newtonrs notlon 

:

:of absolute motlon (ln partlcular with regard.s to absolute :

rotatlonal notlon) and. advanced. the ld.ea (Iater terned. Mach,s

Prlnclple by Elnsteln) that lnert1a1 mass, rather than belng
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an lnherent property, depends upon some lnteractlon
wlth the renalnlng nass ln the unlverse (Clotfelter,
1970).

Albert Elnstelnts attempts to generallze the

laws of physlcs wlth respect to any reference frane

(nfs speclal and. general theorles of relatlvlty) revealeri.

unsuspected propertles of nass. The speclal theory

showed. flrst, that lnertlal mass varles wlth veloclty
accord.lng to

n=Bo/(1-v2/c2¡å (1-1)

and- seeonrL¡ that nass and energy are equlvalent and. are

related by

E=mcZ (L-2)

Thls equlvalence has been verlfled- to wlthln 64 ppn

(lrlapstra, L96?). The conservatlon of mass and. energy

can be shown to result from the laek of a preferred_

or1g1n for tlne ln the laws of physlcs (Messlah, L958).

Thls 1s also d-escrtbed. by the terns "t1ne lndependenee "

or rrtlne honogeneltg t',



The general theory of relatlvlty was a

d.lrect attempt to lncorporate Machrs prlnc1ple

lnto the laws of physlcs. In the prlnc1ple of

equlvalence, Elnsteln polnted. out the lnposslblllty

of d.1stlngu1sh1ng between an acceleratlon anð. a

unlforn gravltatlonal fleld.. Thls resolved. the

prevlously colncld-enta1 equaLlty between lnertlal

and- gravltatlonal nass whlch has been conflrned. to

r,clthln 1 part 1n 1011 (notr g! aI , Lg64). Brans

and, Dlcke (t96L) have developed an alternatlve

relatlvlstlc theory whlch allows for the varlatlon

of the unlversal constant of gravltatlon G ln t1me.

At present all experlnents conflrn the general

relatlvlst1e theorles but are not sufflclently preclse

to d.1stlngu1sh betrseen then. In partlcular Machrs

prlnclple has nelther been proveri" nor d-lsproved".

In the course of such lnvestlgatlons lt has been found

that G 1s constant ln tlme to wlthln 1 part 1n 1011

per year (Reasonberg and- Shaplro ' L976 ) ana that any

anlsotropy, ln lnertlal mass ls Ìess than I part 1n

Lo23 (Drever , Lg6I).
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L-2. ST,A.I\TDARDS OF MASS A¡ID ETSERGY

Inasnuch as the concept of mass spans the whole

r.ang,e of physlcal experlence, several mass stand-ards

and- scales have been found. to be convenlent. 0n the

astronomlc leveI, for exanple, the solar mass

( Mo = L.gBg ! z * t030 rg, Mohler (L966)),although

clearly changlng wlth t1ne, ls often the unlt used- 1n

conparlsons. 0n the scale of everyday experlence, and-

on the atomlc scale, nore preclse stand-ard-s have been

ad.opted,.

In the everyd-ay world the nass stand'ard- 1s the

kllogran (kg ) whlch was orlg1na1i-y def lned- as the mass

of a cublc d.eclmeter of water und.er certaln condltlons.

The present standard- kllogran was construoted, 1n 1889

from a platlnum lr1d1um aI1oy (TO/LO) and- ls ln the

form of a solld cyllnd"er wlth helght equal to lts d-laneter.

The prlnary stand-arrl kllogran 1s kept at the Bureau

Internatlonal iles Pofu]-s et Mesures at Sèvres, France.

Second-ary stand-ard. coples may be compared- to the or1g1na1

to a conslstency of wlthln 2 parts 1n 108. Thls nass

stand-ard. although of a convenlent slze for conmerclal

and. everyday purposes has d-rawbacks for sclentlflc

purposes 1n that 1t ls an arbltTàTy and. unlque stand-ard-

whlch 1s not easlly accesslble, not lnd.estructlble and.

not anenable to preclse ôupllcatlon.



Prlor to 1960 two stand-ard-s of atomlc mass were

ln comnon use. Chemlsts ut1llzeô. a scale ln whlch

the gran atomlc welght of oxygen (of natural lsotoplc

conposltton) was d.eflned- to be equal to L6 grams whlle

physlclsts chose to use a scale ln whlcll^ a slngle atom

of 160 rr"¿ a nass of preclsely L6 arnu (atonlc nass unlts ).

In L960 a slngle new stand-ard- was chosen so that one

lso:Lated. atom of L2" at rest and- 1n lts nucLear anrl-

atomlc ground. state has a mass of exactly LZ u (mass unlts )

(Wlchers , Lg62). Atonlc nasses of other nucl1d-es may be
12

eonpared. to 'oc wlth preclslons occaslonally as hlgh
o

as 1 part ln LO' (Snttfr and- l^lapstna, Lg?l+). The

connectlon between mass unlts and. the kllogram mass scale

1s estabtlshed. by Avogad-rots number NO (see Table 1-1)

tu = ( 1 )tS
NA

(r-l)

The electron volt (eV) (and. multlples thereof ) 
..,,.,,

:

ls also used" as a unlt of mass and- energy ln the atomlcr ,,, ,,,,,,,

:. ::l ::'
nuclear and, elementary partlcle d.omalns. thls unlt ls

d-eflned- as the klnetlc energy galned- when an eleetron

passes through a potentlal dlfference of 1 volt. The 
: :

relatlonshlp between mass unlts and- electron volts l,;,,..,,.

i: ..1 .i,r;,ì i,
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(the nass to energy converslon faetor) ls obtatned_

f ron the fund-amental constant" N,A, , e and- c. Thus

1u (.2 )ev
NA"

(r-þ)

the nunerlcal relatlonshlps between kllograms,

nass unlts and- electron volts as well as the values

of the pertlnent fund.amental constants are summarlzed_

ln Table 1-1.

L-3. TIIE IMPoRTANCE 0F ATOMIC MASS DETERMINATIONS

On the LZC 
^to^lc nass scale all naturally occurrlng

atoms have masses whose values Ile wlthln .1 u from

a whole number. Thls remarkable fact, together wlth

the d"lscovery of the neutron and- of lsotopes, provld-es

lrrefutable evldence that the nucleus 1s a composlte

structure. Thus all of the varlous types of atoms

can be consld-ered. as d"lfferent numbers and" conflguratlons

of neutrons, probons and eLectrons. The snall d,lff-
erences from the whole number rule have proverl- to be

msst lnterestlng and. useful 1n e1ucld.atlng the structure

of the nucleus.



Preclse atonlc mass d.etermlnatlons showed. that
each type of atom has a unlque mass whlch provld-es a

means of ldentlflcatlon a¡¡d. lsolatlon. In ad-d.ltlon lt
lras found þ]:.at the mass of an aton ls Ìess than the sum

of the masses of lts lnd,lvful-ual constltuents by arr

amount equal to the total blnd.lng energy of the atom.

The total atomlc blnd.lng energy lnclud,es both the blnd.lng

energy of the nuclear partlcles and. of the orbltal atonlc

electrons. However, because the :relatlve slzes of the

nuelear and. electronlc blnd-lng energles iltffer so greatly,
the total blnd,lng enerEy of the atom alnost entlrely
reflects the blnd-lng energy assoclated- wlth the nuelear

200partlcles. Thus for Hg , for example, the total blnd.lng

energy anounts to L58L.2 MeV (ïfapstra and- Gove, L97L)

of whlch the total electronlc blnd.lng energy contrlbutlon

ls only .534 YIeV (IÏuang g! al, Lg76). the üotal blnd.tng

energy ls largely a result of the strong attractlve force

between nucleons and. glves a measure of the stablllty of

the nucleus wlth respect to the varlous mod"es of d-ecay.

Systenatlc varlatlons of the total blnd.lng energy

as a functlon of N and- Z reveal the general nature of the
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nuclear force. Increased- preclslon ln the mass

d.eternlnatlons shows flner varlatlons attrlbuted- to

collectlve nucleon behavlor and- nuclear shell structure.
Wl1llams ancl Duckworth (tgZZ) have noted. that ln the past

each naJor lncrease ln the preclslon of nass d-eternlnatlons

has elucld-ated stablllty effects prevlously obscured by

the errors 1n measurement.

At present the accuracy of theoretlcal pred-letlons

of atonlc nass generally lags behlnd. that achleved, ln the

experlmental d"etermlnatlons. Experlnentallsts however

stlll have much work to d.o. In partlcular the atonlc

masses of unstable specles are not well known ln comparlson

wlth the naturally oecurrlng nuclld-es. Moreover the atonlc

masses of heavler atoms are generally less well knovnr than

those closer to the prlmary stand-ard of LZC.

Flnally, the öeternlnatlon of atomlc mass d.lfferences

glves an unequlvocal neasure of the avallable energy

between the ground states of two d-lf ferent nuclld.es.

Accord-lnglÍ, such measurements provld-e lnportant lnfornatlon
complementary to that obtalned. from the stud.les of nuclear

reactlons as d.escrlbed. ln the followlng sectlon.



1-þ. METEODS OF ATOMTC MASS DETEHMTNATTON

A. ALPHA DECAY:

The alpha d.ecay of a nucleus ( Þ, X ) may be

represented- by:

*x*I-*Y+o¿+Q $-5)Z ¿t- ¿-

where Q accounts for all of the energy released. Thus

the mass d,lff erence between parent and. daughter nucleus 
"';:'

nay be d.eternlned. by measurlng the klnetlc energy of the

alpha partlcle and. accountLng for the reco1l energy of

the d.aughter nucleus. Thls technlque has provld,ed. most

of the mass lnfornatlon for nuclel heavler than 81 slnce

these are all unstable to some extent wlth respect to alpha 
I

enlsslon. usually measurements of the hlghest preclslon are l

l

performed. uslng a nagnetlc analyser whlch nust flrst be i

callbrated. by an alpha of known energy. Alpha energy 
.,:::,

stand-ard.s have been d.eternlned. wlth stand.ard- errors as low i::::.::':'::

)': 

,', ,t, , 
ras .0J keV (Rytz g.! â1, L97Z) although nost alpha energy ,,',',

measurements have uncertalntles of the ord.er of 20 keV.

For atomlc nass d.lfferences these measurements (and ln
prlnclple any reactlon or d.ecay measurenent ln whlch 

,,.,,,-,,;

Z dnanges ) nust be comected. for the total b1nd.1ng energles

of the atomlc electrons.
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B.

The

d-escrlbed-

BETA DECAY¡

beta d.ecay of
by:

A
a nucleus ( zx ) nay be

v
A -.2xz\

A
Y*e-+

Z+L

A
Y + e+ +V

z-t
AA

X*e- Y+V+z z-L

+Q-

+ Q+ ( Q+> 2moc2)

Q+ (electron capture

(1-6)

Because the avallable energy ls shared. between the beta

partlcles and. the neutrlno, beta partlcles are enltted

wlth a contlnuum of energles up to a maxlnun or end.

polnt value whlch alone d.eternlnes the mass dlfference.
fn the case of posltron enlsslon the Q value (expressed

ln terms of the d.lfference 1n atomlc rlasses between

parent and" d.aughter nuelldes ) must exceed- Zmoc? slnce the

total number of electrons ln the flnal conflguratlon ls
d-lf f erent from that prlor to the d.ecay. For e* values

ln the range O to ZmocZ only electron capture w1Il occur.

Erectron capture generally d.oes not provld-e useful mass

d.lfferences lnasmuch as the neutrlno energy cannot be

measured. dlrectly.
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Beta d-ecay energles are usually measured_ ln a

magnetlc analyser such as the large lron-free two

d-lmens1onal foouslng f lP spectrometer at Chalk

Rlver. Although end- polnt energles have been neasured-

to better than .1 keV ln speclflc lnstances (Bergkvlst,

L972), typlcal uncertalntles are on the oriler of 10 keV.

C. NUCLEAR BEACTTONS:

fnd.uced. nuclear reactlons may be expressed. by:

a*X+Y+b+Q (t-z )

where X and. Y are the lnltlaI and- f1nal nuclel and- a and

b are the lnconlng and. outgolng partlcles respectlvely.
The partlcles a and. b nay be charged, partlcles such as

pr d, t, 3H", o.

Charged. partlcle reactlons, 1n partlcular the

(¿,p) reactlon, have provld.ed- many nass 1lnks. Desplte

the need. to d-eternlne the energles of two partlsles the

typlcal preclslon ls about 10 keV. The d.evelopment of

heavy lon accelerators, notably the heavy lon cyclotron,
should- provld-e nany new llnks lnvolvlng larger nass

d-lfferences ancl connectlons to exotlc nuclel far off
the 1lne of stablllty.

L2 L6, C , O , etc. o? neutrons or photons.
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The ( n, v ) reactlon 1nltlated. by thermal neutrons

from a reactor ls of partlcular lnportance for atonlc

nass d-eternlnatlons because lt provld-es many preclse mass

d-lfferences between even -A and- odd. -A lsotopes. Ganma

Tay energles below lMeV nay be d.etermlned. wlth a curved

crystal spectroneter whll-e at hlgher energlei Ce ( Ll )

d-etectors are used,. Preclslons of .J keV or better are

not unconnon.

D. MASS SPECTROSCOPÏi

Mass spectroscoplc atomlc nass d_etermlnatlons

lnvolve the d.lrect comparlson of charge to mass ratlos
for posltlve lons und.ergolng d-eflectlon and. spatlal
separatlon 1n conblnatlons of electrlc and- magnetlc fleld.s.
Absolute atomlc urasses may be d.etermlned, 1n prlnclple for
any atom by uslng the d-oubret technlque. rn thls nethod

the nass separatlon between an unknown peak and. a well knorm

second.ary stand.ard-,'.such as a hyd.rocarbon peak of nonlnally
the sane nass, 1s neasured-. rn ad.d1tlon one may d-eternlne

d,lrect nass dlfferences by uslng molecules such as chlorldes

whlch yleld- narrow and. chenlcally ld.ent1cal d-oublets 1nvo1vlng

t¡ço mass unlt d.lfferences for nost of the elements. These

d-lfferenees are complemented. by ( nr, ) neasurements slnce,
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wlth some exceptlons (Barnard g! àI, L97?), 1t ls sone-

what d.lfflcult to forn sultable chenlcalJ-y ld.entlcal

d.oublets for one nass unlt cllf f erences. the preclslon

of mass spectroscoplc d-eternlnatlons can be as hlgh as

1 part ln 108 of the atomlc mass M for absolute nasses and.

2 parts 1n 109 of M for nass d.lfferences. Thls translates
lnto an uncertalnty of about .J kev, a value whlch conpetes

qulte favorably wlth those assoclated. wlth nuclear reactlons
and- d.ecays.

Although nost mass speetroscoplc deternlnatlons have

been nad.e by neans of nagnetlc d.eflectlon lnstruments the

nost preelse tneasurements to d.ate were obtalned. by the late
L.G. Snlth uslng the rf mass spectroneter at prlnceton.

these measurenents have uncertalntles as l-ow as 5 ev and are

of great lmportance lnasnuch as they d.eternlne almost

lnd-epend.ently all of the lmportant second-ary atonlc mass

stand.ard.s at low masses (snlth L?ZL, snlth and. lrtapstra Lg?U).

The seeond-ary atomlc nass stand.ard.s and mass dlfferences
used. ln thls thesls are Ilsted. ln Table !-2.

Becently, nass spectroscopy has been applled. to the

d-1rect nass d.eternlnatlon of unstable nuclldes (Thlbault

* a]-, t976; Wo1lnlk et g!, L9?6) ar¡a consld.erable work to
thls end" ls ln progress ln several laboratorles.
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L-5. TABLES 0F AToMIC MASSES

Mass spectroscoplc atomlc nass d.eternlnatlons are

generally conplementary to the nuclear reactlon and. d-ecay

d.ata ln that the former has lnvolved. the naturall-y occurrlng

nuclld-es. By conblnlng both groups of data atomlc nasses nay

be establlshed- for all the known nuclld.es. Slnce nany of the

mãsses and, nass d.lfferences are 1n thls case overdeternlned

the I'best I' values can be d"eternlned- by performlng a least

squares ad.Justment of all the experlmental d-ata. Moreover

erroneous and- lnconslstent d,ata nay be d.etected. and removed-

1n the a<lJustnent proced-ure. Several such conpllatlons of

atonlc masses have been mad.e startlng wlth Iviattauch and.

coworkers 1n L960 anÖ contlnulng to the present day

(lviattauch et al (t965) , wapstra et a1 (L96? ) , trIapstra and-

Gove (t97t), hlapstra and, Bos (ryZA ) )wlth each new least

squares adJustnent prod-ue1ng more rellable values than the

last.

i,,;,',, ;,¡,.,,.r¡..j;
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TABLE 1 - 1

Mass Converslon Factors anô Related F\rndanental Constants

Fund-anental Constant Value Ref.

Speed- of l1ght c = 299 ?gz 458 1 L.2 m/sec a

charge of the electron e = ,L.6oz LBg 2 ! U6 * ro-19c b
ì:

Avogad.rots nunber NA = 6.022 og? 61 54 x rc26 (ks nol)-l c ,'t"

à cohen (L976)

b cohen and. Taylor (tgZl)

c Deslattes (t976)

Mass Converslon Factors

1+-27
1 u = ( NA ) ts = L.660 55r o : t5 x !o'' kg

1 u = ( # ) ev = g3L.ug3 5 ! za * fi6 ev
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Some Second.ary

TABLE 1 - 2

Standards of Atonlc Mass and. Inportant Mass

Atomlc IIass

n
1tt

y3c

160

35ct

3? ct

35ct

37 ct

Value (u )

1.oo8 665 oz 1

L.Oo? 825 Ozg 1

L3.oo3 354 83L I
-l-

t5.gg4 gL|.4 6L6 i
-j-

34.968 852 76 i
L

36.965 902 6t :

2.g?9 023 ?g 1

I

L.gg? 049 85 :

L.9g? o5o 11 1

L.gg? o4g z4 J

L.gg? o4g 802 !

Ref.

a

b

b

b

a

a

a

a

c

d.

welghted" mean

smlrh (L97t)

,ro,

35ct

4

5

10

22

7

t2

LL

L3

30

10

?6

à

b

c

d.

liapstra and. Gove (t9?t), lncIud.lng

Snlth an¿ tr'tapstra (L974)

Katakuse and. Ogata (L972)

Barber g! "1 ß9?6)
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CHAPTER 2

POSITIVE TON OPÎTCS AND MASS SPECTROSCOPIC ATOMTC MASS

DETEH'{INATTONS -, .

2-L. HISÎORICAL DEVELOPMENT

The dlscovery of posltlve lons 1n gas d-lscharge tubes

by Gold.steln !-n 1886 lnltlated- a new fleld. of study and. the

development of new lnstrunents. the flrst such lnstrument r¡¡as

a posltlve ray parabola apparatus constructed- by J. J. Thomson

ln L9L3 uslng crosserl electrlc and magnetlc fleld-s (Thomson,

L90?). I¡Ilth thls he was able to separate lons for whlch

^M/yr 
- L/Lo.

Subsequently F. ÍI. Aston ln L9L9 reported- the flrst
lnstrument constructed- at the Cavend-lsh Laboratory whlch became

knor^¡n as a nass spectrograph (Aston, L9L9). Thls ttrore closely

resenbled. nod-ern lnstruments ln that electrlc and. magnetlc

d,eflectlons of the lons were nad,e to occur separateJ-y. A

resolvlng power of 110 was achleved. and. veloclty focuslng was

used- for the flrst t1me. Slnultaneously A. J. Dempster at the

Unlverslty of Chlcago bulIt an lnstrunent uslng a 180" unlforn
nagnetlc fleld-, thereby exploltlng the ad.vantages of d-1rect1on

focuslng (Denpster, 1918).

Herzog 1n L934 d.erlved- the general flrst ord-er focuslng

equatlons for electrlc and magnetlc fleld.s 1n a form analogous

to geometrlcal optlcs (Herzog , Lg34). Thls und.erstand-lng

enabled. the d-eslgn of d-ouble focuslng lnstruraent geometrles.
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Double focuslng nass spectrographs of superlor resolvlng
power were bullt by Denpster at Chlcago (Denpster, L938),

BalnbrldEe anct Jord-an at Harvard. (BalnUrld.ge and. Jord-an, L936)

and. Mattauch and Herzog at Vlenna (Mattauch, L936). Some of

these lnstruments were 1n fact d"eslgned. prlor to Herzogrs theory

but requlred- only nlnor mod.lf lcatlons to achleve a d-ouble foeus.

In the L950 fs a number of very large lnstruments were

constructed. notably by Duckworth at McMaster Unlverslty
(Duckworth et aI, Lgs?) and. by Ogata 1n Japan (Ogata and.

Matsud.a, L957 ) and. resolvlng polrers ln excess of 100,000 were

achleved". Concurrently, lnstruments ¡sh1ch attaln at least
partlal second ord.er d,ouble focuslng were constructed. by

Hlntenberger and- Mattauch at Nla7nz (Everllng et aI, L957),

Nler at Mlnnesota (N1er et a1, L957), Balnbrld-ge at Harvard.

(Co1l1ns and. Balnbrldge, Lg5?) and. by Stevens at Argonne

Stevens et al, L96Ol.

Hlntenberger and. KänlS ln t957 extend-ed Herzogts

flrst ord.er analysls to lnclud"e second orrLer lnage aberratlons
(Hlnten¡erger and- Kön1S, Lgs? ) and. ln Lgsg proposed a nunber

of lnstrument deslgns whlch correct for some or all of these

(Htntenberger and. Könlg, L959). Instruments achlevlng

complete second- orcl.er double focuslng have slnce been bullt
notably by MatsurLa at Osaka (Matsuda et al, t966) and. by

Barber and Ðuckworth at Manltoba (Barber et al, L96?).



t9

The Manltoba lnstrument (ref erred, to as t'Manltoba II t') 1s

the lnstrunent used- for all the new nass d.eternlnatlons reported

1n thls thesls. A conprehenslve hlstory of rnass spectroscopy

and- atomlc mass determlnatlons and. conparlsons of the varlous 
:

lnstruments rlLay be found. 1n Duckworth (L958 ) and. hrllIlams

and- Duckworth (t9?Z).

rmprovements 1n preclslon over the years were attalned 
:1,

largely through hlgher resolutlon assoclated wlth lncreased :

slze and better lnstrunent deslgn. fn ad.d.1tlon, ad-vances were ,,.

also nad.e by the lntrod-uctlon of electrlcal d-etectlon, superlor

electrlcal and. mechanlcal stabll1ty, efflclent 1on source 
,

d-eslgn and the use of peak natchlng, s1gna1 averaglng and-

conputerlzed. d.ata analysls. The lnprovements ln preclslon have

progressed- at a rate of approxlmately one ord.er of nagnltud.e

per decad-e (Wttttans and Duckworth, Lg?Z).

2-2. POSITIVE TON 0PTICS (Ftrst Order îheory )

'':

The traJeetory of a partlcle of nass n charge q '"

and- veloclty f, novlng under the lnfluence of electronagnetlc ',

-f -+fleld.s E and- B, nay be calculated. from the Lorentz force

equatlon.

(2-L)
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A. Unlforn Masnetlc Fleld

For the speclal case of an lon traverslng at rlght

angles a magnetlc f leld. d of constant magnltud-e and-

d-lrectlon, the force constralns the 1on to a clrcular
path of rad-lus âm where

a^ = ( nv ) / euq
(z-z )

Thus a unlforn nagnetlc fleld- acts llke a prlsn ln that lt
rl"lsperses lons accord-lng to thelr momentun to charge ratlo.
Slmultaneously, such a magnetlc fleld. acts as a converglng

lens, focustng lons whlch ln1tlally d-lverge from a polnt

source. The flrst general d.escrlptlon of the focuslng

propertles of unlform sector nagnetlc fleld.s was glven by

HerzoE Q934) tn tfre forn outllned. below.

ïn Flg 2-L, let us consld-er a group of lons of mass

to, velocltl vo and. half angular spread oc ( oc (( 1 )

whlch d"lverge fron an obJect polnt 0 located. a d-lstance
I1, from the entrance bound-ary of the magnetlc f1e1d.. The

lons fo1low1ng the optlc axls or central path cross the fleld-
bound-ary at rlght angles, proceed- along a clrcular path of

rail1us a, th:rough an angle Õ, and- emerge nornal to the exlt
bound-ary. The lon beam then converges to the lmage polnt I
located a d.lstance 1j fron tfre exlt bound.ary such that the



2L

Ftc..2-L

Unlfom Sector Magnetlc Fleld

Ftc.2 -2

Bad.lal Electrlc Fleld

,

:

l
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lrrage polnt I, the centre of curvature C and- the obJeet

polnt 0 l1e on the same stralght L1ne. Dlrectlon focuslng

occurs physlcally because the lons above the optlc axls spend

a longer tlme ln the magnetlc fle1d-, anð. thus recelve an

ad-d-ltlonal d-ef lectlon back toward,s the optlc axls.
slnllarly the lons below the axls return to the centrar path

because they spend. less tlme ln the fleld. and- are d.eflected.

less.

Herzog calculated- the lon traJectorles for thls
arrangenent, lnclud.lng only f lrst ord.er terms ln a , and.

showed- that the focal length ls glven by

fr="r/slntfo
Also the obJect anrL lnage

(z-l)

(2-4)

(z-s)

to the prlnclpal

rl-lstances are related by

gr)=fmz

cosQ,

fron the fleld. bound.ary

For lons

o = oo (r +ß) (t

d.lsplaced. from t
ll

b =a_ (0+t)mm

havlng a mass m = no(1 +'y)

,B<<1 ), the traJectory at the

he axls by an anount

ft+ rm l-o'- rn
I r I u _r
L In-snj I,-I,

and. veloclty
lmage 1s

(2-6)

where

8^=f,
1s the d.lstance

focus.
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$ihere b _ 1s the d-lsplacenent fron the axls at the obJect
m

posltlon. Thus a veloclty spread.,¿lv =Évo , results ln a flrst
ord-er lmage aberratlon whlch ls proportlonal to the rad.lus of
curvature ân 1n the nagnetlc fleld.. Further, lf we consld_er

lons for whtch ? = B = 0' we see that the magnlflcatlon 1s

b"r/btm =1^/ (rtr-gm) (z-?)

For the speclal câse of an obJect sIlt of wld.th
I

So = 2b 
^ 

wlth a nonoenergetlc lon beam (t+ 29= 0 to flrst
order) and- synnetrlcal obJect and. lmage d-lstances (1t = lt' !n*m'
nagnlflcatlon 1s unlty ) tfre nass resolutlon ls glven by

AM, / vl =7= So / ^^
(2-8 )

lrtrhen eleetrloal d"etectlon ls used- an lmage s1lt of wld.th 51

ls placed- at polnt ï and" the resolutlon ls d.egrad.ed_ to

23

4M /u =r= (So * Sl) /a^

B. Rad-lal Eleetrlc Fleld

(2-9 )

The rad-lal electrlc fleld. 1s the electrlc analogue

of the unlform magnetlc fleld ln the sense that lt causes

charged- partlcles to traver ln nearly clrcular oþblts. Thls

fleld. may be establlshed. by applylng a potentlal d.lfference,

V, between a palr of concentrlc cyllndrlcal electrod-es of

rad-lÍ- a -kand.a_ +kas lnd.lcated-lnFlg2 -Z ( tfreee
separatlon between the plates ls 28.). tJhen V ls applled.

'':
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synmetrlcally ( 1.e. V (r) = Q for r = àe )

at any polnt between the plates ls d.escrlbed-

v(r)=vrn (r/a")/tn (# )

Thls prod-uces an electrlc fleld- of magnltud-e

E (r) = v / r ln , # ) - v "" / z ru

fe = ^"/tþ, 
srn 1þ o"

ss = fe "o",ü*"
Bs ) ( le Bs ) =rz

(p+ bJ re
4-se'

( for t (( ae ) ana d-lrected- towards the oenter of curvature.

For lons travelllng along bhe optlc axls (r = a" ) we then

have

2

âer (to" /zq,)+t/v ' (z'Lz)

fhus a rad.la1 electrlc fleld acts as a klnetle energy

analyser, d"lsperslng lons accordlng to thelr energy to charge

rat1o.

The flrst ord-er d-lrectlon focuslng equatlons

slnllar to the nagnetlc case !

the potentlal

by

(2-Lo )

(z-tt)

(z-t3¡

(2-L4)

(z-t5¡

(2-L6)

(1"
ll

be=âe



25

For a monoenergetlc 1on bean ( ß +V ¡2 = O to flrst
ord-er) lons of any mâss are focused. to the sane polnt.

C. Double Focuslng

Dlrectlon focuslng nay be preserved ln a consecutlve

comblnatlon of electrlc and. nagnetlc fleld,s by uslng the

lnage obtalned- fron a rad-la1 electrlc fleLd. as the obJect

for a unlform magnetlc fleld-. Conblnlng equatlons 2-6 anð.

2-L6 we see that ln thls case the flna1 lmage d.lsplaeenent

b# ls relaterl to the lnltlaI obJect d.lsplacenent b¿ by

bil="' (te+\) lt*fn l, L ïil -'J
{ 

'-^ 
{ . r -ì ì

rn {"" U9+t/z l[trr" I bJr" le-rrl4-s,( L 'F%l '="1
Veloclty focuslng nay be achleved. by naklng the coefflclent l

of ß vanlsh ln equatlon 2-L?. Thls occurs when

*f{ Br*tl =""[,*r" 
-.¡ 

e-LB) :'i:::

L'' J L +rej l

Physlcally thls neans selectlng electrlc and magnetlc elenents

whlch have equal but opposlte veloclty d.lsperslons. The 
: : :.:

colncld.ence of a d.lrectlon focus and. a veloclty focus , ,1,,,:,

constltutes a d.ouble focus. In thls case the resol-utlon for
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symnetrlcal arrangements ( 1¿ - 1å ; 1å - l;i ) wlth

electrlcal d-etectlon can be shown to be

At'l/tvt=(So+51 )/a. (2-L9 )

A comprehenslve treatment of flrst order posltlve 1on optlcs

may be found. 1n Duckworth (L958, Lg63) and- Kerwln (L963).

D. Second- Ord.er Focuslng and- Image Aberratlons:

The traJectory of an lon at the flnal lnage of a d.ouble 
,

focuslng conblnatlon may be d-escrlbed- to second. order 1n

ô¿ and- ß bV

o2
yB = am ( Br* + B2Ê + 81 !4' + BLzo<ß + BzzË ) Q-20)

where Yg represents the dlstance fron the optlc axls. the

5 coefflrclents B1 and- 81¡ may be expressed. ln terns of I 
:

geonetr1ca11nstrumentparameters:Ö',g;,e;,1ãÕ",

âç / am, 1¿ / am, 
^ 

/ ar and- t[ / a^ (A1s the d.lstapce between

the electrlc and. nagnetlc f leId.s ¡,rhlle €j and € j represent the 
,

angles of lncl1natlon of the entratTce and exlt bound.arles of t'

the magnetlc fleld. wlth respect to a d-lrectlon perpendlcular :

to the optlc axls). Hlntenberger and. Könlg (L959) selected.

values for 3 of the parameters and obtalned. unlque solutlons

for the renalnlng 5 bV solvlng the 5 slnultaneous equatlons :

81 =Bz =811 =BL}=P,22 =Q (2-2L )



whlch together characterlze the cond,ltlon of a complete

second. ord.er d-ouble focus. In thls manner they obtalned_

sets of parameters from whlch second- ord-er d_ouble focuslng

lnstruments could- be constructed-. r:j, j

Ad-dltlonal lmage aberratlons can result fron the

effects of frlnglng f leld.s. For the rad.la1 electrlc f le1d.

ef fectlve bound.arles may be establlshed- by the use of ground.ed- ,,'.,

rl.1aphragmspos1t1oned.accord1ngtothetheoryofHerzog(rg35).
,.

the effects of the nagnetlc frlnge f le1d on the lon beam are ¡ ':.

(t ) vertlcal focuslng (ff ) lateral d.lsplacement of the lnage

posltlon and- (f f f ) lnag;e broad.enlng (Kerwln, L963). Magnetlc

frlnglng fleld.s necessltate the use of effectlve rather than

physlcal bounctarles ln d-es1gn calculatlons.

2-3 ytASS SPECTRoSCOPIC AToMIC MASS DETERM]NATIoNS
i

Two peaks formlng a narrow mass spectroscoplc d-oublet

w111 be fully resolved- when thelr centres àr.e separateri by an ¡,',..,.,:,,
:::.i -.:-

anount equal to the wld-th at the base of one of the peaks. ,',',',,
. ' . 

",',.,Thus the wld.th of a peak at mass M for an lnstrument wlth :

resolutlon R ls RM. If the posltlon of a peak can be located-

to sone fractlon f of lts wld.th the resultlng uncertalnty 1n

Its mass,5M,w111 be i'r.'.':

2?

ótrl = fBM Q-zz)
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rj .li ¡ 1 r; jrr: ::.rf.Ìl

Thls eorrespond.s to a preclslon 1n mass d-etermlnatlon

of

4=rn
M

(2-23)

whlle the preclslon attalnable ln determlnlng the nass

d.lfference of a doublet of wld.th AM 1s then

ôM=fRM Q-24)
AI'I AYi

Thls represents the theoretlcal preclslon posslble for a

partlcular lnstrunent when we assume that the maJo:: part of

the error results from the uncertalnty ln peak 1ocat1on.

For mass spectrographs, 1ñ whlch photographlc d.etectlon

1s used-, f ls I1n1ted- to about L/50 of a llne wld.th, wh11e the

resolutlon ls llnlted by the graln slze of the photographlc

plate. In add.ltlon the d-lsperslon of the apparatus must be

known accurately 1n the nass reglon of the d-oublet. For nass

spectrometers, trr whlch electrlcal d"etectlon 1s used, the

lntrod-uctlon of an lnage deflnlng sllt d.egrades the resolutlon

by a factor of - 2 when the sllt wld.th equals the wld.th of the

lnage. ïn thls case the resolutlon 1s frequently Ilmlted. by

sIlt quallty at narrow wld.ths. The factor f , however, nay be

reiluced" to f/L000 or less when peak natchlng ls used, so that

a slgnlflcant overall lmprovement ln preclslon 1s achleved,.
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For mass spectrometers, the mass d-lfference between

an Itunknownrt peak anô, a trstand.ard,tr ls usually d-eternlned' by

a procedure called. I'peak natchlngt' whlch ls basefl- on an

lnportant theorem glven by Swann (L93L) and later by Bleakney

(L%6 ) tn the form d,escrlbed- below.

A. BleakneYrs Theoren:

Bleakneylstheorenlsastatementofthecond.ltlons

und.er whlch lons of dlfferent mass nay be nad-e to follow

l¿entlcal paths ln electronagnetlc f leld.s. the electromagnetlc

force equatlon (2-L) nay be rewrltten ln the forn

-+-+-,4¿
Ftvodv=q (U+vxB) (2-25)

d-s

where s ls the path length neasured. along the traJectory.

thls equatlon, pLus two 1n1t1a] cond.ltlons (e.g. s = o and-

? = o at tlne t = o ), conpletely d.eternlnes the traJectory

lf the Ë ana Ë ft"ld" *"" known at every polnt traversed.
+ --, __,

If d, B, v and- M are norq nu1t1plleô by the scalar

constants d r 0:, f and. ô respectlvely whlle the charge q renalns

unchanged., equatlon (Z-25) becones

¿Ízu?.a? = q ( "Ë +óp'; * E') (2-26)
d"

Thls w111 red,uce to (Z-25),ensurlng ld.entlcal traJectorles,

provld.ed. that

;:::.ì l
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ô ó2 = oc= ó[3 (2-2? )

If ad.d"ltlonally the nagnetlc fleld"s are kept constant

(or vary ln an 1d"entlcal manner ln both cases ) , then B = 1.

The relatlonshlp between E ana I becones, trr thls case 
'

ôl:= t (2-28)

For Mr = 6 u and Tt = üT, ¡oe have the result

Mlvl = Mv (z-zg)

In prlnclple thls relatlon must also hold- for the lnlt1al

velocltles. Thls w111 always be true ln the speclal case

when the lons are ln1tla1ly at rest. Small d.epartures fron

thls conilltlon should prod-uce only second. ord.er d.lsplacenents

of the traJeetory 1n lnstruments whlch are d.ouble focuslng.

the relatlonshlp between 6 and. x ls slmllarly glven by

5*= I (2-30)

whlch, for electrlc fleld.s d.erlved- from voltages applled. to

electrod.es such that Vr =o(V, becones

Mrvr = ivlV (2-3L)

For M = Mt +AM and. Vt = V +AV thls relatlonshlp may be

expressed. alternatlvely as

AI = An (z-32)
Mr v
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C. Peak Matchlng:

A nass spectral peak nay be generateô by sweeplng the

1on beam perlodlca1ly across the lmage s1lt wlth an auxllLary

sawtooth electrlc or nagnetlc fleld.. the detected lon current

ls then d.lsplayed- as a functlon of tlne on an oscll-loscope

whlch ls synchronlzeô. wlth the modulatlng fleld-. Tf the

voltage across the electrostatlc analyser plates ls changed' by

an amount AV tfre spectrun vlewed- on the oscllloscope w111 be

¿lsplaceð. laterally by a proportlonate anount. If AV ls applled'

on alternate sweeps both the orlglnal and. the d'lsplaeed- spectra 
,

may be observed. slnultaneously. Peak natchlng lnvolves the 
l

ad'JustnentofAVunt11onememberofad-oub1etonthed.1sp1aced-

spectrum colncld-es wlth the other nember on the or1g1na1 spectrum.

blhen colncldence ls achleved.AV ls neasured- and'AM nay be

calculated. from equatlon (2-32). 
l

The technlque of peak matchlng orlglnated. wlth Snlth t,

(Snftn anð Dann, L953, L956) and. was flrst applled. to d.eflectlon

lnstrunents by Nlerrs group at Mlnnesota (clese and- Co1l1ns ' 
i

Lg54;Qulsenberrye!-al,Lg56).Thefollowlngadvantagesare

obtalned wlth the peak natchlng nethod'¡

(1 ) Peak matchlng lnvolves a slngle dlrect

d.eternlnatlon of the d-oublet separatlon rather

than two separate d.etermlnatlons of peak locatlons.
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(2) The ¡nass dlfference ls calculated. 1n terms

oî a voltage whlch may be neasured. very preclsely

(accurate knowled-ge of M and. V 1s not requlred

because they are ln general much larger than

AM and. AV ) .

ß) Infornatlon concernlng the Inass d,lsperslon of the

lnstrument ls not requlred. slnce both lon groups

traverse the sane path.

(4 ) A "Ilve't d.lsplay of the 1on bean arrlvlng at the

collector 1s avallable. Thls enables one to test
that the lon beans satlsfy Bleakneyrs theorem

(see sectlon 3-7 ) and facllltates 1n the

focuslng of the lnstrument.

C. The Proportlonal Error and. Problems Re1ated. to

Peak Matchlne

Two lon beams of nass d.lfferenceAM w111 be ln perfect

colncld.ence along thelr entlre traJectorles only lf all

voltages are swltcherL accord-lng to equatlon (2-32). If a

snall unswltched. voltage g1ves, rlse to an electrlc f1eld.

transverse to the d.lrectlon of the lon beam lt w111 d-lsplace

the traJectorles of M and. M I by amounts whlch d.lffer ln
proportlon toAM. Colncldence at the lmage sl1t w111 then



be observed. only lf the swltched- voltageAV ts altered- from

the tttruerr value by an amount proportlonal to AM. Thls results

ln a calculated- AM whlch ls ln error by an amount proportlonal

to the d.oublet wld-th. i ,,

In practlcç an appreclable systenatlc error of thls type

has been observed- (typlcally 100 ppn for Manltoba II ).
Southon (t973, L977 ) has lnvestlgated. the nature of thls error I .,
ln d.etalI for Manltoba ff and. lsolated. the electrostatlc analyser ":'t

as the reglon where the prlme contrlbutlon arlses. He d.etecterl 
:',,,:,,

currents arrlvlng at the analyser plates whlch are belleved- to

result from second-ary electrons and. lons produced, 1n charge

exchange and d-lssoclatlve colllslons between the prlmary 1on

bean and- resldual gas molecules. Petlt-Clerc and- Carette

(1968, L970 ) have d,enonstrated- that surface potentlals rl,evelop l

on rel-atlve1y clean netal surfaces under electron or 1on I

l

bonbard.ment and- may perslst for hours. They conclud-e that I

charges become trapped. 1n polymer f1lms formed_ by organlc

contamlnants. 
;.:,..,.,,,

A sufflclently preclse value of the proportlonal error ,,,'',
:. 

". 
:.:.

may be ascertalned- by the d.etermlnatlon of the separatton of a

wld.e callbratlon d-oublet of well known w1d.th. A correctlon 1s

then applled to the d.eternlned. separatlon of the narrow d-oublet 
,.r.::.

of lnterest. The nagnltud.e of thls correctlon renalns falrly 'i', :'

constant over a perlod- of a few hours although lt nay vary

33
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substantlally fron d.ay to day (Stevens and- Moreland- , L967 ).

A proportlonal error 11111 also result 1f the measured.

value of the voltage V used. to calculate AU 1n equatlon

(Z-32) ts d.lfferent from that experlenced- by the 1on bean.
'.:.'::

The proportlonal correctlon w111 also account for thls type of -::'":"'

error, provld.ed that the value of V renalns constant between

the tlne of callbratlon and. the tlne that the narrow d.oublet

d.etermlnatlons are made. ' 1, ,,.

systenatlc errors nay also occur 1f the two 1on groups 
:';: : ';

't , t, 
,

d-o not start thelr traJectorles under 1d-ent1cal lnlt1al ,:":;'.'"i"

cond-1tlons. Chemlcally d-1ss1nllar lons may be forned. at

sllghtly dlfferent locatlons ln the lon source and- thus acqulre

d.lfferent d-1strlbutlons 1n energy and. d.lrectlon. Ad.d.1tlonally :

.

these effects nay d-epend- strongly on the partlcular source

conrLltlons. In practloe the separatlons d.etermlned. for

chenlcally d"lsslnllar d.oublets exhlblt larEer fluctuatlons 
j

than d-o those for chenlcally ld-entlcal d-oublets. Denpster and. i

shaw (L950 ) have denonstrated_ that posltlve lons nay suffer 
j,,:.,,,,,,,,

slgnlflcant energy loss ln colllslons wlth resld.ual gas :::::::r:'''.:

,..tt, ,. ,t, ,:

molecules wlthout an appreclable change 1n d.1rect1on. The r;,:',ì,,.,:

extent of thls energy retard.atlon depend.s on the type of lon

and- thus the separatlon d-eternlned. for a chenlcally d-1sslnllar

d-oublet nay d-epend. on resld.ual gas pressure (Isenor g! g!' L956). 
ii,:,.,-...,
l: -...r',; .
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D. The Status of Atomlc Masses:

The uncertalnty ln the atomlc nass (tn iru) for the

nost accurately known nucllde at a glven mass nunber A from

A = 40 to A = 2L0 ls lllustrated. 1n F1g. 2-3. These

uncertalntles represent the output errors ln the t97L Atonlc

Mass Evaluatlon (t'rapstra and Gove, L97L). It 1s seen that the

nagnltud.e of the uncertalnty 1s substantlally larger for the

heavler nuclld.es and- ls a naxlmum for L931, 
^na 

L94pt.

Generally, the mass d.lfferences between nelghbourlng

nuclld.es whlch d.lffer ln A by one or two unlts are known more

accurately than the nasses thenselves. The atomlc masses have

relatlvely larger uncertalntles for the followlng reasons.

(1) In recent years the maJorlty of mass spectroscoplc

d-etermlnatlons 1n the mass reglon shown have been

d.eternlnatlons of nass d"1ff erences, slnce the nost

lnterestlng nuclear propertles are reflected. 1n

such d,lfferences (tlltllams and. Ðuckworth, L9?Z).

In nost cases these d.eternlnatlons lnvolve doublets

1n whlch the nenbers are ehenlcally ld.entlca1 or

sln1lar. Such d"oublets àTe partlcularly amenable

to stud-y, lnasnuch as the nembers acqulre the same

d-1strlbut1ons 1n o( anô,ß and. the cond.ltlons requlred.

by Bleakneyrs Theoren may be satlsfled. preclsely.
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Moreover, the accuracy of these mass d.lfferences

1s enhanced by the 1nc1uslon of preclse nuclear

reactlon and. d.ecay ô.ata ln the least squares

ad-Justnents ( see sectlon t-5) .

,,..

(2) In contrast, absolute atomlc nasses may be d-eternlned

at present uslng only mass spectroscoplc technlques.

rn the past there has not always been good agreenent 
,,,

between the determlnatlons mad.e ln separate laboratorles :'

(trfapstra, L967). chemlcally dlsslmllar d.oublets must :

always be used for absolute mass d.eternlnatlons. Such

d-oublet deternlnatlons usually have larger statlstlcal 
:

errors and 1n ad"d-ltlon are more susceptlble to
systenatlc errors (see sectlon 2-3C).

3) Further, the d-oublets used. for absolute nass d.eternlnatton
generally lnvolve nuch wld.er nass separatlons (fn

conparlson wlth the chlorld_e d-oublets for exanple ). '

For wld-e d.oublets the proportlonal correctlon (see sectlon 
',

2-3C ) contrlbutes a slgnlflcant change ln the AM value. , ,

'.,:.

The stralght Ilne at the bottom of Flg. 2-3 lndlcates
a preclslon of 1 part ln 108 of M, a value whlch prevlous

experlence ln thls research group suggests should- be attalnable.
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to control the range of lon energles transmltted. and

also a1d.s ln the focuslng and. operatlon of the

lnstrument (see sec. 3-l).
l(2.) The d.eslgn ls compacü wlth ion d.eflectlon ln the 
i

same sense 1n both the electrlc and. nagnetlc fi.elds ì

and wlth relatlvely short lengths for l'", ,"", 
it lr - r,I _ and. 1 m. Thls mlnimlzes problems assoclated. ::

m IIl 5----

wlth mechanlcal .vlbratlçns and stray nagnetlc ,'

f leld.s.

(3. ) The ratlo of the total lon path (4,59 n) to the mean

radlus of êurvature ln the electrostatlc al:alyser 
i,

(ae = 1 n) ls relatLvely sna1l for thls geometry.

Thls both lmproves the transmlsslon and. reduces the

vacuum requirenents.

3B

CHAPTEB 3

THE M4NITOBA Ir MASS SPECTROMETER

2-!. INSTRUMENT GEOMETRY

' ã]tilo.Tr""" spectrometer was construcred.l

accord.lng to one of the complete second. ord.er d.ouble focuslng
lnstrument d.eslgns proposed. by Hlntenberger and. Könlg (Lg59).

;: *he partlcular geometry selected(deplcted. ln FlS 3-1) has the
followlng praêËioal advantagesr

:

' (1.) An lntetmed.late dlrec'clon focus ls obtalned. between

the electrostatlc and. magnetlc analysers. Shls

penolts the use of an energy iLef lnlng sllt (Sg )
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(4. ) The overall nagnlflcatlon of the lnstrunent ls .50

and places less strlngent requlrements on the obJect

sl1t quallty. The s1lt (So ) experlences more

lntense 1on bonbard-ment than the lnage sl1t (S" )

and. consequently d.eterlorates nore rapld-ly.

(5.) The nagnetlc fleld bound.arles a;re stralght and. thus

aîe easlly constructed. and- allgned..

the overall slze of the lnstrument was d-eternlned- by seleetlng

the nean rad.lus of curvature of the electrostatlc analyser

^e to be equal to 1 n. The mass d,lsperslon of the lnstrument

ls 5.3 mm for a tfl mass d.lfference. For a resolvlng power of
2001000 the calculated sIlt wld_ths are So = 2.7p,anð, S" -- t.8p.
Two vlews of the complete lnstrument are presented. ln Flg l-2
anð' )-J. Detalled d-escrlptlons of the mass spectrometer have

been prevlousÌy publlshed- (Barber et al. L967, t97L).

3:2. TON SOT'BCE REGTON

The lon source ls a mod.lfled. verslon of the Flnkel-
steln lon source (as d.escrlbed. by von Ard.enrle, L96z ) and. ls
shown ln Flg 3-4. rons are prod.uced- by electron bonbardnent

1n the vlclnlty oî a snalI hole 1n the stalnless steel oven con-

talnlng the sanple vapour. Thé'1on acceleratlon potentlal
V" (about + 20kV) ls applled. d-lrectly to the oven and- thus

d,eflnes the energy of the lons prod.uced.. The rhenlun fllanent
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ls held about 100 V negatlve wlth respect to the oven. The

source case ls held approxlmately 300 V negatlve wlth respect

to the oven and. thus acts as both an electron repeller and- a

posltlve lon extractor. The copper coll generates an ax1al

magnetlc fleld. of about 1 kG across the pole gap ln whlch the

oven 1s located. lhus the enltted electrons osclllate back

and forth along the source axls ln tlght he11cal traJeotorles
and. create a pl,asma of posltlve lons and. electrons wlthln the

oven. Posltlve lon currents of the ord.er of 10 ¡¿A wlth an

energy spread of about 1:t€V are extracted fron the front hole

of the ovêrl. The sanple ls contalned. ln a copper tube located.

outslde the lon source body and. nay be heated by a current

passlng through a nlchrome rlbbon wrapped. around. the tube.

the sanple vapour ente:rs the oven through a narroyü gas lnlet
tube whlch 1s lnsulated electrlcally fron the source bod.y.

The lon acceleratlng potentlal V" ls provlded. by a comm-

erclal power supply (Unlversal Voltronlcs Corp. , I{od.el BRE

30-2, 30kV, zr.A) whlch has a short term stablllty of about

.5V. The source voltage, Va, may be swltched. accord.lng to

equatlon (Z-32) by ad.d.lng to lt a voltage AV" d.erlved. from a

separate porrer supply.

The lon beam energlng from the source ls flrst steered

by a palr of vertleal and. horlzontal d.eflectlon plates and.

then focused. on the prlnêf,pa1 or obJect sllt b¡¡ an electrostatf.c

quaû:ru$bIe lens palr. For wld.e d.oublets the voltages supplylng
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these electrod-es are also swltched, accord.lng to equatlon
(2-32), The steerlng anri- focuslng systen 1s d.escrlbed. 1n

detall by Southon (t9?3).

The pr1nclpal sl1t ls varlable 1n wld.th and. 1n

orlentatlon about the optlc ax1s. The obJect helght 1s

lln1ted to Zrlm. The posltlon of the obJect sl1t and the angre

of entry of the 1on beam may be ad.Justed. reratlve to the
electrostatlc analyser by means of lathe slldes 1ocated. ¿lrectly
beneath the prlnclpal sl1t.

rn the hope that the proportlonal correctlon nlght be

nlnlnlzed-, nodlflcatlons ïrere nad.e to the vacuum systen to
red-uce the anount of o11 vapour present ln the lnstrument
(see sectlon 2-3C). The Mlnnesota group found_ that thelr
proportlonal error red.uced. slowry to zero after an o1l free
vacuuur punplng systen was lnstalled. (Johnson , Lg?3). Accord.lngly
one of the o11 d-lffuslon pumps 1n the source reglon was replace¿
by a 2a \/s lon punp. rt was found- necessary to retaln one

rLlffuslon pump because the 1on pump requlred. long start up tlmes
and because the tltanlun lon punp elements had. a relatlvely
short llfetlme when subJected- to the heavy gas loa¿s encountered.

ln the souree reglon. A cryogenlc vacuum adsorptlon pump rùas

also lnsta1led. to evacuate the source reglon fron atmospherlc
pressure to a few mlllltorr ln an o11 free nanner. The renalnder
of the lnstrunent nay also be rough pumped_ 1n the same fashlon.
Desplte these mod-1f1catlons a slgnlflcant proportlonal correctlon
has perslsted..
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3-3. ELECTBoSTATIC ANALYSER REGIoN

The angular wld.th of the 1on beam (Z*) accepted. by the

electrostatlc analyser ls Ilmlted- to o(-t 2 x LO-3 rad.lans by

the varlable sl1t so. located- at the analyser entrance. The

energy range transmltted- by the electrostatlc analyser 1s

controlled. by the varlable sllü Sp located. at the lntermed-Late

rå.lrectlon focus. lhls sllt 1lnlts the vel-oclty d_lsperslon to
É-tB x 10-4. Lathe slld-es located- ri.lrectly beneath the

lnterned-late d-lrectlon foeus allow the posltlon of the electro-
statlc analyser to be aclJusted- relatlve to the magnetlc analyser.
In ad.d-ltlon the electrostatlc analyser and- the lon source arm

nay be rotated- as a unlt about the lnterned-late d.lrectlon focus.
The electrostatlc analyser has a nean rad.lus of curvature

a" of 1.n and. a sector angle Oe of 94.65". fhe cyIlnd"rlcal
plates are mad-e of go1d" pLated- Armco lron and. are separated by

a gap of 2 om whlch ls unlform to wlthln Ljp. fhe electrlc fleld.
ls ternlnated- at the physlcal bound-arles of the plates by

ground-ed. blocks posltloned- accord-lng to the theory of Herzog

(t935).

A block d.lagram of the clrcultry pertalnlng to the

electrostatlc analyser 1s presented- ln F1g. 3-5. the potentlal
dlfference v across the plates ls about |?Bv and- ls d.erlved_ from

elght g?.2v batterles. Each of these batterles conslsts of
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twelve 8.1V nercury batterles (Mallory TB-L36R) connected. ln
serles. the stablllty of V was lnproved. by spot weld-lng metal

strlps d.lrectly between the ternlnals of consecutlve mercury

batterles ln ord-er to nlnlnlze contact reslstances. Two poÌüer

supplles are ava"Il-able to supply the swltched_ voltage[V, one

of whlch ls used- for wld-e callbratlon d.oublets anrL the other

for narrow d.oublets. Both Av supplles are d.escrlbed- ln d,etall
by Southon (t973). The preclslon potentlometer was consüructed-

by Blshop (gtstrop, L969¡ Blshop and, Barber, tg?o) and. ls used_ to
measure separately both V and. AV. The ratlo tV /V (used. to
oalculate AM ln equatlon (Z-32) can be d.eternlned_ to a preclslon
of .l+ /N¡ ppn wlth thls potentlometer (gtsrrop and. i3arber, Lg?O).

3-I+. MÀGNETIC ANALYSEB REGTON

The varlable sllt S¡ located_ at the entrance to the

nagnetlc analyser may be used- to d.eflne the vertlcaL posltlon
of the lon beam relatrve to the med-lan plane. Thls sllt llmlts
the vertlcal extent of the lon bean to about 2 mm.

The magnetlc analyser has a sector angle, @r, of gO"

wlth the optlc axts descrlblng a clrcle of rad.lus âm = 62.2h cm.

The magnetlc fleld ls unlforn to one part ln 5000 over a reglon
extend.lng to wlthln one gap wldth of the fteld. bound.ary for values

of the magnetlc fleld. fron 3 to B kc. The nagnetlc fleld. ls
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generated by slx colls arranged, ln palrs on three rtCtr shaped.

yokes. The colls are connected- ln paralÌel electrlcally and.

are water eooled. for tenperature stablllty.
The coollng system was nod.lfied_ after the copper

tublng lnsld.e one of the col1s d-eveloped- a leak whlch serlously
lnpalred- the stablllty of the nagnetlc flel-rL. The l-eak appeared-

to be caused. by snal1 cracks 1n the ,copper tublng resultlng from

eorroslve r'Iear and. was cured- by flushlng the coollng systen wlth
a rad.Lator repalr fLuld.. rn ord.er to prevent future reaks à
closed- loop coollng sysüem was lnstalled- ln whlch a mechanleal

punp clrculates water oontalnlng the repalr fruld. through the
magnet col1s to a heat exehanger submerged- ln a reservolr of
flowlng tap water.

The power supply for the magnet provld-es up to 6,0¿, at
40v and. has a stablllty of about 1 ppn over a perlod_ of a few

mlnutes. A clrcult d-lagran of thls supply ls glven by southon
(L973). The short tern stablllty of the magnetlc fle1il has been

lnproved- by the ad-d.ltlon of an auxllllary regul_at1ng clrcult.
Thls clrcult d.etects fluctuatlon ln the nagnetlc fleld. by means

of two senslng colls, eaoh conslstlng of 26 Èurns of flne wlre
wrapped. around. the pole pleces lmned,late1y above and. below the

8ap. The d.etected. slgnaì. ls lntegrated- and- anpllfled. and. applled
to a correctlon coll conslstlng of a slngle turn of wlre wrapped.

around- the upper pole plece. Detalls concernlng thls clrcult
w111 be glven by Sharna (t9?A).
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3-5.

The coll_ector or lnage sllt S" ls varlable ln wld-th

and. ln orlentatlon about the optlc axls. Ihe posltlon of

the collector sllt ln a plane perpend.lcular to the j-on beam

can be ad,Justed- by screvr d.rlves. The helght of the d.etected" lon

beam ls 1lm1ted- by a flxed. aperture located ln front of the

collector sllt Jaws. Increased- lntenslty r'Ias obüalned- wlthout

loss of resolutlon by extend-lng the helght llnlts to take

ad.vantage of the net vertlcal f,ocuslng effect of the nagnetlc

analyser frlnge f1e1d..

The posltlve lons passlng through the eollector sllt àTe

d-etected. by a hlgh galn low nolse channel electron multlpller

whlch replaced- the nagnetlc strlp nu1t1plLer used- prevlously.

The nolse level of the new d-eteetor correspond-s to a spurlous

count rate of 1.0 counts / sec wlth the lon pump at the collector

operatlng and ls red-uced- to .043 counts / sec wlth thls punp

turned" of f . A new d-etector housf-ng was fabrlcated- to mount

the d,etecbor as close as posslble behlnd- the collector sl1t t ,

The d-etected- slgnal ls anpl!-f 1ed- and- itlsplayed. on an oscllloscope.

The lon bean ls swept across the collector s1lt by a

sawtooth magnetlc fleld- generated by a palr of Helnhol-tz col1s

located- between the slIt and- the exlt bound-ary of the nagnetlc

analyser. At tlnes a systematlc blas (see sectlon 4-g ) was



5t

observed. between the AM ileternlnatlons obtalned- wlth the lon

beam belng swept 1n the ilforwardt' d.lrectlon (see sectlon ll-z )

and- those obtalned wlth the sÍûeep d-lrectlon reversed.. The power

I supply for the sÌüeep col1s was mod.lfled. wlth the aln of nlnlnlzl'ng 
:

thls eff ect. A constant blas voltage was ad.d-ed- to the sawtooth

waveform fron the osclLloscope to glve a llnear ramp voltage

'"1gna1pass1ngsynmetr1ca11ythroughground.potent1a1.Ab1po1ar, speratlonal power supply (Kepco mod.el BOP36-5(M)) ls then used-

i to d.rlve a current through the sweep col1s whleh follows thls
lnput slgnal" Thls prod.uces a llnear nagnetlc sweep fleld- whlch

has zeto value at the center of the sweep. Thls clrcult provld-es

the followlng ad-vantages !

(1 ) If the peak observed- on the oscllloscope ls
posltloned- at the center of the sweep lts posltlon

w111 be lnd-epend-ent of the sweep amplltud.e.

(2) If the connectlons to the co1ls are reversed. to

sïreep the bea¡a ln the opposlte dlrectlon the

observeri- peak w111 appear to be refleoted. about

the center of the sweep. thus the nagnetlc fleld.
of the magnetlc analyser need. not be altered. to

brlng the peak back to the center of the oscllloscope

screen when the sweep d.lrectlon ls reversed..

fn the prevlous arrangement such a change was

requlred..



52

A d-etalled- clrcult d,lagran for thls potrer supply w111

be glven by Sharma (L978) 
"

3-6. MECHANTCAL suppoRT AÀ¡D vAcuuM sysrEM

The entlre nass spectrometer rests on a 1 lnch thlck
steel table L2 leet long and- 5 leet wld-e. The table ls
supported by I pneumatlc nounts whlch lsolate the lnstrunent

from bulld-lng vlbratlons. The maln vacuum chamber ls mad-e of

J04 stalnless steel and. may be lsolated- from the source reglon

by a gate valve located- at the entrance to the electrostatlc
analyser. Alunlnun or copper gaskets are used throughout the

naln chanber except for the electrostatlc analyser houslng

whlch ls sealed. by a gold- wlre. Vacuum pumplng ls provld-ed. by

a L40 \/s lon punp on the electrostatlc analyser houslng and. a

50 l/s lon punp located. near the collector st1t. The maln
-8chamber malntalns a pressure ln the 10 torr range und.er

operatlng cond,ltlons although the pressure may be two to three

ord-ers of nagnltud.e hlgher on the source sld-e of the obJect s1lt.

3-?. FOCUSTNG

The focuslng of the nass spectrometer usually beglns by

plvotlng the electrostatlc analyser about the lntermed-late

d.lrectlon focus untll the peaks observed. on the oscllloscope nove

to a posltlon where the lntenslty and. resolutlon are naxlmlzeù.
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Thls usually occurs near the 'rturn around-tr posltlon at which

sna1l anguilar d.lsplacenents ln elther d-lrectlon eause the

observed- peak to rnove ln the sanne d.lrectlon'

The veloclty focus ls then checked- by swltchlng the lon

acceleratlng potentlal V" by about 10V on alternate sïIeeps of

the oscllÌoscope. Lack of a veloclty focus ls eharacterlzed-

by a peak belng d-lsp]aced" wlth respect to ltself on alternate

traces. A s¡nal1 lateral ad-Justnent of the collector s1lt posltlon

ls usually sufflolent to achleve a veloclty focus.

fhe d.lreotlon focus ls then noved- to thls posltlon by

ad.Justlne 1å wh1le varylng the angle o( of the 1on beam wlth the

horl zonta! d-ef.lectlon pl-ates. The posltlon of d-lrectlon focus

1s c:naracþerlzed. by lnproved- resolutlon anrl lack of peak

movement wlth snall changes 1n o' o

trlhen a flrst ord,er d-ouble foeus ls achleved- a second'

orri.er focus wlll al-so be obtalned. as the second- ord'er coefflclents

(see sectlon 2-2D) Bff and. F,22 are relatlvely lnsensltlve to

small changes ln the lnstrunent geometry. trrlhen the d-lrectlon

foeus and- the veloclty focus colncld-e BtZ ls also zero '

In the peak natchlng proced.ure (see sect19n Z-iB) tfre

traJectorles of the d-oublet nenbers àTe nad.e to colncld-e at the

collector sl1t. One nay also test for colncld-ent traJectorles

at the lnterned-late d.lrectlon focus by varylng the acceleratlng

voltage untll the 1on beams are out off by one Jaw of the energy



d_eflnf-ng sl1t SÆ. Blealnreyrs Theorem w111 be ad.hered- to lf the

correspond-lng peaks observed- on the oscllloscope d.ecrease together.

Such a test 1s partlcularly lmportant for chenlcally d-lsslmllar

d-oublets slnce ln thls case the two lon groups nay be forned-

wlth sllghtly d.lfferent d-lstrlbutlons ln oc and.Æ as dlscussed-

ln sectlon 2-3C.

3-8. PEAK MATCIÍING CONTROL CIRCUITBY

A block d.lagram of the control clrcultry used, ln vlsual
peak matchlng ls presented. ln Flg. 3-6. A naster trlgger ls
d-erlved. from a mechanlcal- chopper whlch also controls the

swltchlng of the vol-tage AV appl1ed. to the electrostatlc

analyser. The trlgger slgnal starts the sweep of both the dlsplay

oscllloscope anrL the slgnal average slnultaneously. Slnce the

Helnholtz co1ls are d-rlven by a slgnal d.erlved" from the sawtooth

of the oscllloscope the lon beam 1s swept ln a synchronous nanner

wlth the oscllloscope and- the averager. After the sweep 1s

completed. the fì-yback of the sawtooth trlggers the fIlp f1op.

Thls actlvates relays whlch (f ) route the slgnal from the d.etector

through galn A or B (ff ) vertlcally dlsplace alternate traces

of the d.lsplay oscllloscope (fff ) turn the neon on or off anil

thereby control the swltchlng of the vol-tage AV" ad.d.ed. to the

lon acceleratlng voltage and- (fv) swltch the vol-tages applled.

to the steerlng and, quad-rupole l-ens systen (for wld-e ri-oublets).
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Detalleô d-escrlptlons of thls control systen nay be found ln

Mered_lth OgZt) and- Southon (L9?3) inelud-lng the modlflcatlons

necessary for computer - asslsted peak natchlng"

3-g. pATA COLLECTION SYSTEM

Although the d-ata are collected. ln the same basle nanner

as d-escrlbed. by Mered-lth (t9?L) and" Southon (L973) extenslve

harilware mod.lflcatlons have been mad.e to lmprove the d"ata

hanctllng capablllty of Manltob-a II. The followlng changes lrlere

mad-e:

(1) A new preampÌlf ler was constructeri- whlch prod.uees

a fast voltage pulse for each pulse arrlvlng from

the electron nu1t1p11er. Thls permlts the slgna1

averager to be used- ln a pulse countlng mod.e and-

results ln lnproved. sensltlvlty for weak peaks

(Sharna et al , L977a).

Q) The slgnal averager has been replaced. by a more

ad-vanced. unlt (Nlco1et Mod.el NIC-1074) havlng

4096 nemory channels anð, a d.well tlme whlch 1s

ad"Justable to as short as 10 ¡¿ sec per polnt.

3) A new magnetlc tape d.rlve (Kenned.y Mod.el 9700)

and- lnterface (Ntcolet Mod-el NIC-2834 ) has been

lnstalled. and, 1s used- to read. and. record- d.ata fron
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theslgnalaveragermemoryontomagnetletape

ortowrlteô.atafromtapelntothemenory.

(4)¡newmastertrlggerunlthasbeenconstrueted.

and- w111 be d.escrlbed- 1n d-etall by Sharma (L978) '

the new ð,ata collectlon systen together wlth most of the controls

necessary for a nass d-eternlnatlon 1s shown ln Flg 3'? "


