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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)
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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?).
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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
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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.



É
f{

hø
]-) [fl
Éd*{ã
dtr c)
[-r *{oÉoo
ÉÐÞ<

,f,

I
I

r"

r5

ro

80 r00 t20
Mass Number

Fls 2-)

Status of Atomlc

A 
-----Þ

r40

Masses for 40 <A S2L0

t60

\,-{

rBo 200



l)': :ì::::jl:::.: :,', j i:i.

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
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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..
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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'? "
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ffi

Fle )-l Ðata Colleetlon SYstem
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cnaPrrn 4

FROCEDURES USED TN PEAK MATCHING

4-1 " VTSUAL NULL PEIIK MATCHTNG

Twol.onpeaksofd.l-fferentmasswl]-lappeartocol-ne1-d"e

onalternatetracesoftheoscl.ll.oscopewhenallthevoltages
à¡?:eswltched-accord-lngtoBleakneytstheoremasdlscussed-ln

chapter 2. The ,,vlsual nullr' technlque ls a si-npl-e and" sensl-tl-ve

method- for deternlnlng the condltlon of best colneld-ence ' Thls

technlque was fl-rst lntrod-uced- by Benson l-n Lg65 (Benson, L965;

Benson and Johnson , L966) anrl was qu1ckly adoptetl by others

(Macrlouga1l et al-u Lg66; Stevens and- Ivloreland. ' L967 r Barber

gt a1 , L967).

For v1sual nu1l peak natchingo the slgnal correspond-l-ng

to one member of a doublet ls ad-d-ed to the contents of the

slgnalaveragermemoryoneveryseconrl-sweep.0nalternate

S.hieepstheslgnalcorrespond-lngtotheothermemberofthe
d-oublet ls subtracted- from the menory. The two sl-gnal-s nay be

natched- i-n ampll-tud-e by routl-ng thern through separate ad-Justabl-e

galn controls (galn A and- B 5-n Flg 3-6). The eurrent eontents

oftheslgnal-averagernenory'representlngtheaceumulaterj.
d-l.fferencesf.gnal-ul.scontlnuouslyd-lsplayerl-onanoscll]-oScope.
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rf the tr¡ro lon peaks do not eolncl-de 1-n posltlon an

asymmetrl-ca1 rrstr shaped- error slgnal wll1 grow r¡ilth ttme oui
of the ranrLom nol-se as lllustrated- ln Flg )+-L. The pos1tlon

of the swl-tched- peak 1-s then ad-justed_ by changi_ng the swl_tched.

voltageu AVo appl-f-er1 to the electrostatle analyser untl_l the
error sl-gnal d1-sappears leavi-ng only the rand.om noLse,

Vlsual peak natchlng l-s perforned wLth the d,ata colleetlón
system operat1ng in the slgnal a.veraglng nod_e" The analog
voltage slgnal enterlng the slgnal àveràger l-s partitloned- lnto
2048 short time intervals for each shreep. Tn each tl-me lnterval
the lnput s1-gnar ls i.ntegrated- and converted_ to a proportlonal
rligltal value whl-ch ls then added to or subtracted. from the
prevlous v'al-ue stored" ln the correspond-i.ng memory channel. The
prl-mary ad"vantage of si.gnal averaglng ls that the slgnaì- _to_

nolse ratlo lmproves asS- where N l_s the nunber of slreeps
aceumulated-' Thls pernf-ts weak peaks to be matehed provld-ed_ the
overall stablllty ls sufflclent for a large number of sweeps to
be recorrlerl" " rf however the l-nput Ïtrave form contaLns a spurlous
s3.gnal conponent (such as A.C. rlpple whLch nodulates the peak

lntenslty ) tts effects w111 also be accumulated and. may mask

or alter the shape of the error slgnal for weak peaks.

vlsual peak matchlng is performed- rron-line", and_ thus the
calculated Alt d-eterml-natl-ons nay be obtal-ned. wl-th a nlnlmum of
d-elay. The operator observes the entr_re error slgna1 rlevelop
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Flg 4-l- Error Si.gnal for Vlsual Match1ng

Ql AVf = AV

82 AVZ = +áV

a3 Áv3=o

A4 Av4 = -[v

Quadrant Systen

(normal 
u

for Conputer Matchlng

add-u forward. )

FLe 4-2



wlth tlne and- nay detect problens such as peak movenent.

Ilowever, the prlnary d-rawback of vtsual matchlng ls tlnat nost

of the collected- lnformatlon ls d-lscard.ed. as the memory ls

erased- each tlne AV ls adjusted.. Also no pernanent record. of

the data, other than the value of AV, 1s kept for future

reference.

4-2. @

When peak colncld-ence ls achleved. AV ls neasured- by the

potentloneter. If V and- M are known' AM may then be calculated

fron equatlon (2-32). When AV is AÈded to the electrostatlc

analyser voltage V the peak correspond.lng to the llghter member

of the rLoubletrMlrwlll be swltched- ln posltlon to llne up wlth

the heavler menber, Mh, on the unswltched- or reference spectrun.

In thls case AM 1s calculated. from

A M = MIAVa (4-1)

V

If AV ls subtracted- from V, the heavler member of the d.oublet

ls swltched- and. ÀM 1s ealculated. from

A M = M¡[V- (4-2)

V

6z
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L+-3. COMPUTER ASSTSTED PEAK MATcHING

Conputer natchlng was flrst applled. to Manltoba fI by

MereiLlth (Mered-lth, t97L, Mered.lth g! gJ, L972). In computer

asslsted. peak matchlng the menory of the s1gna1 averager ls
d.lvld-ed. lnto ll quad.rants of t024 channe:Ls each, wlth one sweep

of the lon bean correspond"lng to each quad"rant. The ref erence

peak ls stored- ln quad-rant 3 ( aV, = Q ). A sna1l voltage 5 V
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ls ad-d-ed- or subtracted. ln quaclrants 2 and.4 to dlsplace the

reference peak by a snall amount to elther sld.e of lts posltlon

ln quar!-rant 3 (AV, = + 6V; AV4 = - 6V ). The swltched. peak

\ ppears ln quad.rant 1 ( AVI =^V ) and- AV ls ad.Justed. untll 
1,,,.

1ts posltlon colncld.es approxlnately wlth the reference peak

In quad-rant 3. The spectra are accumulated- over many complete

, cycles wlth no attenuatlon of the larger menber of the d.oub1et. 
,,..

the relatlve posltlons of the 4 peaks collected. may be observed- ','

on an osclÌloscope whlch d.lsp1ays the 4 quailrants one above the '.,

other as lllustrated" ln flgure 4-2. After a sufflclent number

of sweeps have been accunulated-, the d"ata are stored. on nagnetlc

tape for later analysls and- the swltched. voì-tages are neasured 
i

for each quad.rant.

: As ln vlsual natchlng, elther the heavler or llghter

nember of the d-oublet nay be used- as the reference peak
'

(comespond-lng to [Vçand AV- ) and. lnd.epend-ently, the 1on bean 
,

can be swept ln elther the forward. or reverse d.lrectlons. In

' àddltlon the voltages áV nay be applled- to quad.rants 2, 3, ancl 4 ,] ,

. 1n a d-ecreaslng stalrcase (ttnornalrt) or a;rt lncreaslng stalrcase ,',
' .:..

( ttbackward-r') . A complete set of all elght posslble comblnatlons

constltutes one run. The voltages are usually ailJusted- only

at the start of each run.
i.

I Untll recently, computer asslsted. natchlng was perforned- r'"''

wlth the d-ata collectlon systen operatlng 1n the 'rslgnal averaglngtt

mod.e. fn thls conflguratlon (whlch ls stlll used. for vlsual



natchlng ) low frequency vatl-atlons can occur ln the basellne

whlch may nod-ulate the posltlon of weak peaks. Ïn ad.d-ltlon

nolse 1s tntentlonally ad-iled- 1n the d.1g1tlze:. of the averager"

These effects have been ellmlnated. by uslng the slgna1 averager

ln a pulse countlng mod-e. In thls mod,e the slgnal âverager

counts d-1rect1y the number of 1on pulses arrlvlng ln a short tlne

lnterval and. ad-d"s thls value to the prevlous contents of the

approprlate menory channel. The sensltlvlty for weak peaks has

been greatly lnproved- (Sharma et al , L977a, see also flgure 5-L).

Each of the elght natches ln a computer run has an

asslgned" statlstlcal error whlch reflects prlmarlly the number

of lons collected.. A welghted- average nay then be caleulated.

for a rurÌ accord-lng to:
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Two d.lfferent errors may be calculated-

Lg32). The lnternal error, (flnt, glves

1n the nean d-ue to the nagnltud.e of the

errors !

(4-¿l )

for the mean (Blrge,

the estlnated- error

1nd-lvlrluaI as s 1 gned-

N

D
1=1
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ü trrt = (4-s)

the slze of the

the mean:

(4-6)

varlablllty expected"

d-ef 1ned. as:

(4-7 )

/m(T
\ 1=1

u"r'z 
)

The external error, text,
scatter of the lnd.lvld-ual

üext =

reflects prlnarlly
neasurenents about

t-

_orl, 
)"(Ë+ ro*'

| ..'

L/v 
r.z

(N - r) È
1=1

If the scatter ln the data agrees wlth the

fron the asslgned. errors, the Blrge ratlo,

R =Úext /V:¡t

w111 have a value close to unlty. Ïn practlce the Blrge

ratlo for a slngle computer run ls usually greater tll.an 2

(Mered.lth 9! a]-, t97Z).

. In the llght of the large Blrge ratlo ' the value for one

run ls taken to be the unwelghted average of the AM values fo:i

the 8 conf lguratlons, wlth the stand"ard. d.evlatlon of the mean as

the quoted. error. The flna1 AM value for the d.oublet ls taken

to be the welghted average of about 6 conputer runs and, has

an asslgned- error whlch ls the larger of Ü tnt and- Üext for

thls set.

i:.:.".
i-.;::;;, t
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Large vaLues of the Blrge ratlo appear to reflect 'che

systematlc dlscrepaney, whleh 1s often present, between the

AM values obtalneô for the forward anfl reverse matchlng

conflguratlons. Thls I'forward - reverse b1as" 1S lllustrated.

in Table 4-t. ßacln of the values glven represent the averages

of' 26 computer deternlnatlons for elther forward- or reverse sweep

d-irectlons. The more recent d.eternlnatlons were performeri. after

the mod-lficatlons to the magnetlc sÌ{eep clrcult tLlseussed 1n

sectlon )-J anö. lnd"lcate that the blas is st1ll present although

of red-uced- magnltud-e and- reversed. 1n s1gn. Thls blas d"oes d-Is-

appear on occaslon, resultlng 1n a red.uctlon ln the stand.ard

flevlatlon of the mean foy a stngle run by at least a factoy of

tüIo.

T+-4, THE ADVANIAGES AND OTJE9TIVES OF COMPUTER MATCHING

The use of off-Ilne computer asslsted peak natchlng has

provlrLed lmproved. preclslon in a glven operatlng t5.me over l,)hat

attalned- wlth vlsual matchlng (Mered"lth g! 4' 19?2). Thls ls

partly the result of the renoval of human Jud-gnent 1n deternlnlng

the natehed- cond.ltlon, but 1s pr1marl1y the result of more

efflclent use of the collected. d-ata. As d.escrlbed- earller' 1n

vlsuaI matchlng the naJorlty of the collected. d"ata 1s d.lscard.ed-

ln arrlvlng at the ¡natched- cond.ltlon and d-oes not lnfluence

d.lrectly the f inal Jud-gment of best colncåd.ence. For conputer

matchlng the peaks are accumulated- separately fot a perlod. of



DATE

June 1976

Feb. L977

TABLE 4-1

rHE FORIdARD - REVEBSE B1ASA

Ârvt value (¡u)

FORi'lARÐ

a for d.oublet

5 2?4.08 ! z.,og

5 ?6).99 ! o.5?

L ln fable 5-t

REVERsE '3Ëiåå3-

5 z6z,z9 ! 1.08

5 268.21t ! o,?3

tr,?g ! 2.35

-4.25 ! o.g3 Cl\
co
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several hundred- sr^reeps. Vlrtua11y all of th.e ô'ata collected- are

used subsequently to d-etermlne the natched. cond-ltlon. Efflclent

use of the d.ata 1s l-mportant, slnce the theoretical- linlt to

the preclslon of' a natch ls d.etermlned- by the total number of

ions detected (Caropbell and" Hall1d-a.y t965, Kayser et al , t972,

Meredlth et al, L9?2)" Aôd-ltionally, lri computer matchlng a

pernanent recorð of the ô,ata ls kept for future conparlson.

The tno members of the d.oublet (quad-rants L anð- 3 ln

FIe 4-2) colncl.d-e only approxlnately 1n posltlon ln computer

matchlng. Thus any nethorl- of computer analysls ¡nust d-eternlne

the relatlve separation between the two members of the d.oublet

and. then ¿erlve the correct voltage AV that would- have resulterl-

ln perf ect coincld.ence. The mass d.lf f erence AIvl may then be

calculated. from equatlon (Z-32) as ln vlsual matching.

The peaks collected- ln quad-rants 2, 3 and' 4 tn FLe 4-2

provlrl-e three rLlff erent, but nearly - natched. cond.ltlons ' whlch

bracket the matched" oonflguratlon when thelr posltlons are

compared. to the swltched. peak ln quad"rant 1. Three separatlons

này thus be obtained at known swltched. voltages neasured- relatlve

to quac!.rant 3 ( AVz = * 5V, AV3 = O, AV4 = - 5v for the I'normal,

add-, forward.t' conflguratlon). Over thls range the change in

posltlon has been shown to be linearly d.ependent on the swltched.

voltase applled- (Mered.lth, Lg?L; Mere¿lth et al, Lg?2). Thus
'.. n':

:. . .i.,
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the three palrs of separatlons relatlve to quad-rant 1 and

swltched. voltages relatlve to quadrant 3 for quarlrants 2, 3 and'

4 may be fltted- to a stralght 1lne. The lntercept of thls I1ne

(1.e" the voltage requlred- to prod.uce zero separatton) then glves

the correctlon to be applled to the swltched- voltage in quad.rant

1 to d.erlve the rleslred AV" All conputer natching technlques

rely on a llnear callbration proced-ure slmllar to the above

nethod and. d"lffer only ln the d.etalls of hov¡ relatlve peak

separatlons are d-etermlned-.

4-5. yIETHODS OF DETERMTNTNG THE SEPABATION BETÍIEEN T1,'¡O PEAKS

The varlous technlques used. to d-etermlne peak separatlons

nay be grouped- lnto two broad- categorles:

(1) Peak Locatlon Method.s ¡

These methocls requlre sone absolute neasure of the posltlon

of the center of a peak such as lts centrold- (Stevens and- Moreland.,

Lg6?; Mered-lth g! al , L9?2). The two peak posltlons a;re calculated.

separately and. thelr dlfference Is used" as the separatlon.

Varlous d-eflnltlons.of peak posltlon nay be used. (Katakuse and-

Ogata, Lg?z) all of whlch are strlctly appllcable only to ful1y

resol-ved- peaks.
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(2) ttError Slqnal t' Î{ethod.s :

For these nethod.s one peak 1s scalerL in helght and-

shlfted. 1n posltion untll lt colncld-es polnt by polnt wlth the

other peak as ln v1sua1 natchlng. The dlsplacement requlred.

to mlnlni-ze tlne d-egree of nlsmatch glves a d.lrect neasure of

the'separatlon. Two numerlcal crlteria have been used- to determlne

the natched- condltlon. lhese correspond to ad-Justlng the helght

and- rllsplacement of one peak untll elther:

(1) the magnltud.e of the sum of

the two peaks 1s a rclnlnum

tg6?; Southon, tg?3). îh1s

nunerlcal eg.ulvalent of the

the d.lfferences between

(stevens and- Moreland-,

nethod, ls almost a

vlsual null method-.

(ii) the sun of the squares of the d.lfferences ls a

nlnlmun (i(ayser, L975; Kayser et g], L972, L975,

L9?6; Katakuse and. Ogata, t972).

These crlterla nay be statlst1cally urelghted. to allow for expected.

rand.on d,ifferences and- can be generaÌlzed for use wlth partla1ly

resolved- peaks (Kayser L9?5; Kayser et L1, t972, L976).

The renalnd.er of thls chapter largely conslsts of a d"etallerl

comparlson of two numerlcal methods of d-eternlnlng peak separatlons

whlch are belleved. to be representatlve of the tuio categories

outllned- above. Tt nust be emphasized. tlnat for the separatlon

:.i:a

:i;n:;
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between two peaks to be of general slgnlflcance the two peaks

nust be of the same shape (apart from rand-om nolse). Otherwise

the separatlon obtalned. w111 d"epend. on the partlcular deflnltlon

usetl .

4-6. THE CENTRO]D METHOD

the centrold- nethod of d-eternlnlng peak separatlon was

d-eveloped- for i{anltoba II by Meredlth (Mereri-lth, L97L; Mered.lth

g! rl , t972 ) and. has been successfully applled- for several years.

The naln feature of thls peak locatlon nethod. ls 1ts conceptual

and" conputatlonal slmpllcltY.

Each peak stored- ln the menory of the s1gna1 averager càn

be lnterpreted- as a d.lserete dlstrlbutlon of values xl (channel

nunber ) occurrlng wlth frequency fl (nunber of counts ) for

t = Lr 2r... ¡ N. The centrold or mean of such a d.lstr1butlon is

ri.ef 1ned. by:

N
xc = Ðt, *1

1=l-
(4-B )

NI',
1=1
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N

The fraction fr /Dt, glves the probablllty of occurrence
¡.-L 1=I

of the valu" X1. The uncertalnty 1n the centrold 1s taken

the stand,ard- d.evlatlon of the nean:

:.:::t:': j.a:.:,.:1':':.: :

gc=
2

-xc )

.1_

É

NN

Irr,D,-1)
1=1 1=1

N

Itt ( xr
1=1

The separatlon

"2L

between two peaks 1s then given by

= xc2 - xcl

(t+-ç )

(4-10 )

with uncertalnty
r z 2 r å

rr, = Lo", 
* o", j (4-11)

Prlor to the centrolcL calculatlon a constant basellne

1s d.eternlned. by averaglng the counts obtalned. in channels

far renoved- fron the center of the peak. The basellne 1s then

subtracted. from the peak. In practlce the nagnltude of thls

basellne represents only a sma1l fraction of the total peak

helght and-, for resolved- peaks, ls caused. by scattered lons and,

by notse generated ln the d.etector. For partlally resolved.

peaks the use of a constant basellne ls not Justlfted..
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The centroid- 1s calculated- over a range of channels

between peak llmlts deflned ln terns of a fractlon of the peak

helght. In prevlous work peak llnlts have been chosen at Lsft

of the peak maxlmum ln ord-er to n1n1m1ze contrlbutlons to the

centrolri. fron the overlapplng talls of partlally resolvefl- peaks.

l{ered_lth (Lg?L ) has shown tinaþ for partlally resolved- d-oublets '

the d_etermined- separatlon ls reduced when lower llmits are set.

uncertalnty ln the correct locatlon of the peak llnlts caused

by randon statlstical nolse can introd-uce a vatiatlon 1n the

calculated- eentrold-. Thls varlatlon ls aggt'avated- by the

uncertalnty ln the true peak helght arlslng fron the large

statistlcal fluctuatlons whlch occur at the peak naxlnun' Ïn

practlse the peak helght ls obtainerl by fltting a smooth parabo1.a

to the top of the peak" Moreover the problen of d,eflnlng eorrectly

the peak l1mlts occurs independently for each nember of the

d,oublet and. t,hus the varlatlon 1n the value derlved' for the

separatlon reflects thls effect for both peaks. Evld-ence wl11

be presented- ln sectton 4-9e whlch suggests that, for resolved

peaks, the varlatlon 1n the calcutrated separatlon ls substantlally

re¿uced. when peak llmits correspond.lng to less than L5/" of the

peak helght are used.

THE LEAST SQUARES METHOÐ

A least squares nethod- of d.eternlnlng the separatlon

between two peaks has been d.eveloped recently for Manitoba ÏI
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and. r,r111 be d,escrlbed ln d.etall. I'hls tterror slgnalt' method,

nlnlnlzes the sum of the squares of the d.lfferences between

two peaks and- follows ln some respects the peak unfold-lng

technlque lntroduced- by Kayser at Mlnnesota (Kayser, Lg?si ,.,,::::::-:

Kayser et al, Lg?z, lg?5, t9?6).

The nass spectrun f(r f )for a d,oubl-et can be consld.ererå-

as a 'Buperposltion of two dlfferent peaks A(x 1 ) and n(x f ), 
ir.,,,,,l

both of whlch are assuned. to be representatlons of the same ,'

ldeallzed- peak shape functlon f ( x ). Thus , apart fron ranôom , ,,

nolse, the spectrum for a d-oublet can be descrlbed by

¡(xr ) =A(xt ) +B(xr ) =f(xr) +rf(xr-S) (r=r,2,1..,N) (4-L2)

where r ls the lntenslty ratlo of the two peaks, s ls thelr
separatlon and. * 1 denotes the posltlon co"respond.lng to channel 1.

fn practlse the peaks are approxlmately trlangular 1n shape

althouEh the preclse shape ls arbltrary and. d_epend_s on such

factors as sllt quallty and. allgnment, lmage aberratlons and

smal1 angle scatterlng.

Two nathematlcal operatlons whlch preserve the ratlo and

separatlon nay be perforned_ on the spectrum:

(1) the spectrum nay be nult1pl1erL by a constant rr
r'F(*,)=r'f (rf )+r'rf (*,-s) (4-g¡
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(2) the spectruo may be dlsplace,l by an amount s I

F(xf *sr)=f (rr+st)+rf (r, s*s') (4-14)

subtractlon of (4-t4) from (4-t3) tiren glves 
::

r,F(x1) F(x1+s') = rrrf (xl-s) f (xr+s') .{"'¡kr) -rf (xr-s+s')} 
:i;

(4-t5¡

The term ln brackets ln (4-t5 ) glves the error signal E k f ) at 
,.,i

the polnt x ,: 
: :

E (rr) = rr A (rr) B (x1+s') = rrf (xr)- rr (*, -s*s') w-L6) ,,
.-: ¡,

A nul1 s1gna1 ( E (xf ) = O for alIx, ) w111 be obtalned- r^¡hen

rr = r and st = s. The achlevement of a nuIl error slgnal

correspond.s to the flttlng of one peak to match the helght and-

posltlon of the other. For a fully resolved- d.oublet the error

slgnal can be evaluated- over â. Tange of channel nunbers x 1 r for

which the flrst two terms on the rlght hanr1 sld.e of equatlon

(4-t5) nake no contrlbutlon.

The rrgoodness of f lttr may be deternlned- by evaluatlng the

welghted sun of the squares of the reslduals of the error slgnal ."

deflned by ,':',

(4-L7 )

Thecond.it1onofbestmatchw111bed.eterm1ned-1na1eastSquareS
2

sense when x- ls nlnlmlzed_ wlth respect to the fltterj parameters
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r and s. It should be noted that the welghts t/ 612 also

depend on the values of tlne paraneters fltted.. lJhen Folsson

statlstical welghts are used-, the expected varlance of the error

slgnal ls glven by

nr' = ,2 A. (x1) + B (xr+s) (4-1_8 )

The sum 1n equatlon (¿l-17 ) ls carrled. out from channels 
:

n1 t,o n2 whlch act as peak llmlts for the f lxed peak A (x ).

These11n1tsd.ef1nea''match1ngw1nd-ow'twh1chmoveSacroSspeak

B (x) as s ls varled. 0n1y one set of peak Iimlts 1s requlred.

Slnce x2 ,lepend.s nonllnearly on the parameters r and- s

there ls no guarantee that a unlque nlninum w111 be found-. In

practlse, a nlnlmum Xo2 ( so, ro ) does exlst about whlcltX2

maybeexpand-ed'1naTay1orser1eswh1ch1s11near1ntheparameter
:

lncrements Es = s-so and õr = r - ro,

xz = x 2 + òxZ õs + òx3 8r + hlgher ord-er terms (4-t9)

ò s òr

the cond-1tlons for a nlnlmum ln X2 are obtalned- by settlng

the partlal derlvatlves of X2 wLt;n respect to s and r equal

to zero. Thls may be expressed. as a natrlx equatlon of the

forn

(4-20)
¡l.+.4 +
Ax=b
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ò" xo' ò' xo'
where

H
¡=å

-,2
OS

" xo'

òr

Xoz

òs

2
ò

(2) The 1n1tlal values ârê:, used

and the partlal d.erlvatlves
++ -.+
A and. b.

([-zt )

to evaluate f,12

necessary to d.eternlne

òr òs òr 2

'=H ,X",
òs

lxu'
òr

The solutlon of equatlon (4-20 )1s equlvalent to approxlnating

üteX2 hypersurface by a parabolold, ln the reglon of the

mlnlnum (Bevlngton, 7969). The factor of È ls 1nc1ud-erL 1n
{'rl-t{r*
A and b so that the symnetrlc matrix A may be lnterpreted, as

representlng the curvature of the X2 fryp"rsurface.

The values of the parameters so and- ro at the mlnlmum
-.2Xo are obtalned uslng an iteratlve algorlthm as follows.

(1) fnlttal guesses sl an<l 11 are obtalned from

the d.lfference 1n centrold.s and ratio of areas

for the two peaks.
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ß)

(4)

The matrlx equatlon (4-f4) f s solveri. to

d.etermlne the paraneter lncrements 6s and- 6r.

paraneter lncrenents are used. to upd.ate

values of s1 and ri.

(5) The proceri-ure from step 2 ls repeated- unt1l

sl, 11, ana X12 converge to so, ro and- XoZ.

estlmates for the flnal values of the paraneters so

are obtalned- fron the lnverse natrlx of î (Bevlngton,

The

the

Error

and- ro

L969).

(4-zz)

Since r ls à contlnuous varlable, the partlal rLerlvatlves

of XZ wlth respect to r can be calculated analyt1cally foy a
glven s value and- then summed. fron n1 to n2. The r depend.ence

of the welghts ls lgnored. ln thls calculatlon to s1mp11fy the

conputatlons. The welghts are however uprlated. wlth the current

value for r atter each lteratlon. The quantlty /2 ana 1ts

d-erlvatlves wlth respect to s can be evaluated. only at d-lscrete

lnteger values of s correspond-1ng to lncrenents of one channel.

ïnterpolatlon between channels ls achleved- by flttlng a

parabola to the values of X2 obtalned- at values of s whlch

bracket the true nlnlmum. The welghts are allowed. to change

wlth s ln thls calculatlon. For the flrst few lteratlons a

coarse grld- ls used-, wlth I values of s each separated. by



80

4 channels. The flnal value for so is obtalned. by flttlng

a parabola to tt polnts (w1th lncrenents of 1 channel for s )

whlch symmetrlcally bracket the r¡lnlullür. fn practlse, the

value obtalned- for so ls lnd.ependent to wlthln about .001

channels of the value of ro at tlne two dlmenslonal mlnlmum

Xoz ( so, ro ).

For a two parameter flt, the number of degrees of

freedom 1s glven by

v

The rrred-ucerl X2" ,

=frz -nl 1

Xl , ls then d-ef lned- as

x? =X2/'

(4-zl)

(4-24)

T1 the two peaks dlffer ln shape as a result of the rand-orn

statlstical nolse only the value of XrZ should- be close to

unity. Thus the nagnltude of Xî glves a neasure of the

"good.ness of flt". Values of Xî systematlcally greater than

one lnri"l cale tlnat the d.lf'f erences between the two peaks are

on the average greater than that antlclpated. by the asslgned

varlance' or2 (see equatlons (t+-tZ) and. (4-18)).

A fundamental obJeetion to'the least squares method- has

been ralserl (Davlson, t9?7 ) regardlng the use of a least squares

f 1ttlng procerLure lor data whlch are rand.only d-lstr1buted.

accord.lng to countlng statlstlss. Least squares technlques are

rlgorously valld- only for d-ata whlch have a normal or Gausslan

probablllty 1Llstrlbution. The o'oserved- counts however are
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d.istrlbuted accorcllng to a Polsson probablllty d.lstrlbutlon
functlon given by

m-À
P (n;À) =Àe / nl (t+-25)

where À ls the expected number of counts and m 1s the nunber

actually observed-. The correct flttlng proced-ure 1n thls case

lnvolves the use of maxlmun 11kel1hood technlques. In the

present clrcunstances the appllcatlon of thls method. appears

to be lnpraetlcal, ln tlnat,the probablllty dlstrlbutlon functlon
for the d-lfference of two Polsson rano.oro varlables d-oes not
yLeld- a slmple nathenatical form analogous to equatlon (4-zS).

The d.lstrlbut1on functlon for the error slgna1

P(rnl - n2; rÀ1 - )\Z = o ) has been lnvestlgated. empl-rlcally
uslng a Polsson ranrl-on number generatlng routlne. For equal

expeeted values ( Àf = ÀZi r = 1 ) thls dlstrlbutlon 1s synmetrlc

about zero and narrower tlnan a Gausslan at low values orX.
!{hen \1+ \2 tfre d.1strlbut1on ls sllghtly asymmetrlc at low

values or \ wlth a mean of zero. At larger values or \ trre

distrlbutlon beeomes a Gausslan synnetrlc about zero and ln
all cases the stand-ard. d.evlatlon of' the nean agrees r,slth

equatlon (þ-rB ). rt appears that the probablllty d.1strlbutlon
for the d.lfference of two Polsson randon varlables ls a better
approxlnatlon to a Gausslan d_lstrlbut1on than 1s (4-25) for all
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values of \ and. thus the need to use naxlmum llkellhood-

nethod-s 1s reduceô. Further evld-ence w111 be presented' 1n

sectton 4-94 whlch suggests that no blas 1s lntrod-uced ln the

Al¡l aeternlnatlon d.ue to the use of a least squares flttlng

proced.ure.

I¡lhen the peaks are asynmetrlc a small systematlc blas 1n

the calculated. separatlon may occur lf the peak llmlts are set

at too hlgh a Ievel. In thls .^""X2 (whlch is evaluated-

between the f lxed. peak llnnlts ) i^r111 change by d'lfferent amounts

d.epend.lng on whether the moveable peak ls shlfted' to the rlght

or to the lef t of the nlnlnum. fn ord-er to d-etermlne the

nagnltud-e of thls effect, tests were performed- on 96 record-ed'

peaks (frorn <Loublets K anrl- M 1n Table 5-L) wlth peak llnlts

set at L/", Jft anð, t5% o1 the peak helght. Each peak was matched

to ltself by dlsolaclng the peak wlth respect to ltself and-

evaluatlng*Z (wlth r=1 ) ai 10 posltlons about s=ot The value

S=o where perfect colncld-ence occurs lrÍas eXclud-ed' A parabola

r{as fltted. to the 10 polnts and. both the locatlon of the

mlnlmum an¿ the correspond,lng value otX-z were d-etermlned'. If

a blas d-ue to asymmetry l{ere present lt would change 1ts slgn

when the slrleep ri-lrectlon ls reverserL (tf¡ts ls not to be confused'

wlth the forward - reverse blas dlscussed- j'n sectlon 4-3 )'

The averages for forward anó reverse for each of the three

Ievels à:.e presented 1n Table 4-2. At the t5ft ¡eve1- a small



PEAK LIMTTSI

FOBWARD (channels)

REVERSE (channels)

xu2

rasl,E 4-2

ASYMMETRT BrAS FOB LEAST-SQUARE9 MATCHTNGa

a for doublets

-.010

-,OO?

2,45

Lft

J

1

+

K and M ln Table 5-L

.006

.oo7

.02

+.004

-.0L4

2,06

5%

J

J

t

.006

.006

,Oz

il
ì.1

lllt:
t.,

+,Q37

-.023
2.07

1_

1

1

+

5%

.008

. 011

.02

æ
u)
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blas d-oes occur and. at lower levels 1ts nagnltud-e ls
d.1m1n1shed-. Although the slze of thls blas ls too snall to be

of any slgnlflcance 1n the AM d.eternlnatlons, lt. d.oes lnd-lcate

that lower peak l1mlt leve1s should. be used- 1n the least squares

nethod..

The nost curlous feature of Table l+-Z ls the lact that
at2Äy has an average value'of 2.0. Slnce each peak ls belng

artlflclally matched to ltself there ls no d.lfference ln peak

shape. It would" appear then that the nolse ln the d-ata ts

larger than the fi nolse assumed- from Polsson countlng

statlstlcs.

4-8. COUNTTNG LOSs cOBBEcTIoNS

At hlgh count rates some of the lons arrlvl-ng at the 
i

d.etector nay not be reglstered. as correspond"lng counts ln the

nemory of the slgnal averager as a result of the flnlte resolvlng 
'

tlne of the iletector and. 1ts assoclated electronlcg. lrllth the i,,

:

present d.etectlon apparatus for Manltoba II these countlng i

losses appear to occur prlnarlly ln the preanpllfler. The

preampllfler ls ln effect tr d.ead- rr for a small flxed- tlne ¡
followlng the arrlval of a pulse. If No counts are observed. 

¡ln tlne t the total d-ead- tlne ls No¡ and- the llve tlne ls then I

( t - wop ). The fractlon of the true number of events Nc

whlch are observed. ls the same as the ratlo of the llve tlne
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to the total observatlon tlme.

No / ñc = (t - Non ) / t

Thus the true number of events 1s glven by

(4-26)

(4-28 )

Nc = No / ( r Noc / t ) (4-27 )

The varlance of the true number of events can be shown

to be

2
S*" =Nc(1*Ncp/t )

for long observatlon tlnes (o((t) (Campbell, L956).

In the present case, the total observatlon tlme per :

i

channel ls glven by the prod-uct of the number of sweeps

recorrl.ed-and-thed.we11t1neperpo1ntofthes1gna1averager

The resolvlng tlme p of the preampllfler has been d.eternlned"

wlth a pulse generator to be 2oo t 10 x Lo-g sec (sharma, 
,

Lg?B). Thus the peaks record-ed, can be corrected. polnt by

polnt accord-lng to equatlon (4-27) to glve a better representatlon 
:

of the true peak shape. However thls correctlon must be vlewed- 
:

as an approxlmatlon slnce the peak may move sllght1y causlng

the count rate 1n a glv_en channel to change durlng the d.ata

collectlon pertod. The count rate w111 also fluctuate as a 
i

result of changlng cond-ltlons ln the lon source. Tn practlce .,

the correctlon applled- at the peak maxlmun amounts to about
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5ft and. eorrespond-s to a count rate of 250 kHz.

Countlng losses produce a d-lfferentlal peak shape

d,lstortlon lnasnuch as the nore lntense menber of a d.oublet

w111 appear to be flatter t:leaT the maxlmum as compared. to the

weak peak. If the peaks are symnetrle thls should. not alter

the d-etermlned. separatlon. For asymmetrlc peaksrhowever, the

countlng losses w111 lntrod-uce a snall systematlc blas whlch

d.epend.s on the partlcular doublet sturå"led.. The peaks record-ed-

on Manltoba II are frequently sllghtly skewed. to the llghter

mass slde of the peak. In thls case the d-eternlned separatlon

w111 be too smalI when the heavier menber of the doublet 1s the

more lntense peak and- too large when the llghter nenber 1s

nore lntense.

A comparlson of the AM d-eternlnatlons obtalnerl. uslng

the centrol<l- nethod wlth and. wlthout countlng loss correctlons

1s presented- ln Table 4-3 (these values d.lffer s11ght1y fron

those reported- later slnce program nod.lflcatlons were subsequently

made. ) Doublet N ls the only one for whlch the llghter member

ls more lntense. In every case the d.lf ference ln the [M values

ls wlthln the asslgned- error although for d-oublets N and. 0 the

change 1s slgnlflcant at the current level of preclslon.

4-9. A COMPARISON OF THE CENTBOTD METHOD ATTD THE LEAST

SQUARES METHOD

A. SlnulaterL Peaks:

Synthetlc peaks ï¡ere constructed. to test the two
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nethods of analysls for lnherent systenatlc blases, apàTt

from lnstrunental consld.eratlons, and, to Jud.ge thelr
relatlve nerlts. Four ld-ent1ca1 peaks, whose separatlons

are known exactly, were constructed- to represent the d-ata

collected- fot a glven matchlng "orrftgu"atlon. In ord-er to

approxlnate typlcal real peaks, eaon peak was chosen to be

an lsosceles trlangle wlth a helght of 400 counts and. a

wld-th at the base of 200 channels. A Polsson rand-om number

generatlng routlne was then used. to ad-d- statlstlcal nolse

to eaeh of the peaks and. to superlmpose a basellne nolse

correspond.lng to an expected" value of one count. Thls

process r{as repeateil 96 tlnes to generate the equlvalent

of tZ complete runs. The p6 record-s thus d.lf f er sllghtly
but only ln a rand-om manner as a result of the statlstlcal
nolse applled..

It should. be noted. that although the ad-d-ltlon of

rand.om nolse alters only the number of counts ln each

channel, thls can cause an apparent shlft ln the peak

posltlon from 1ts ld.eallzed. va1ue. Consequently a large

number of synthetlc peaks must be generated. to d,1stlngulsh

systenatlc effeets fron the random varlatlons lntrod.uced.

by the nolse.

The least squares and. the centrold- nethod.s were nerged.

lnto a conposlte conputer program to lnsure that the basellne

subtracted. and" the peak llmlts selected are ld.entlcal for both
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nethod-s of analysls. For the least squares method any negatlve

value obtalned. after the subtractlon of the basellne 1s

truncated to zero to avold. the erroneous scallng of lt by the

lntenslty ratlo r. Thls proced.ure 1s questlonable ln that lt ,, i

halves the nolse 1evel on the tal1s of the peaks, although these

reglons are not used. ln the separatlon d_etermlnatlon (except

perhaps at the lowest peak lln1t levels). The statlstlcal ,'
welghts used- ln the least squares nethorL are obtalned- from the ": :

number of counts ln each channeL prlor to the subtractlon of :

the basellne. A nlnlmum value of one count 1n each channel 1s

assumed- ln the calculatlon of the welghts.

Both the least squares nethod and. the centrold. nethod 
,

were tested wlth the slnulated. data uslng peak 11m1ts set at

t%, 5q, !Oú/n, L5%, 20/a and.ZJft of t]ne peak help:ht. The d.evlatlon

of the average AM from the I'truett value and- the stand-ard d.evlatlon

from the mean are tabulated- for both nethorls at each of the
l

6 cut off levels ln Table 4-4 along wlth the average value of

Xî for the least squares methorl-. The results are also ',,1,,

I

presented" 1n Fle +-¡. The theoretlcal preelslon ls also lnd-lcateri. ',,,,'

1n the d.lagran and- ls obtalned- from the total number of counts

N and the peak wld.th at the base of the trlangle, W, uslng
(Mered lth e! eJ, L9?2)

ot,- = w / {24 ttt (V-zs )
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Flfty percent confld.ence 11mlts on the values lnd.lcated- for
the stand.ard" d-ev1atlon of the mean are also shown (Sneitecor and
cochran, (t96?)).

The fol1ow1ng observatlons may be mad_e concernlng these

results ¡

(1) Both nethod-s yle1d. average [M values whlch generally
agree wlth the expected- value and. wlth each other
to wlthln thelr asslgned. errors at all values of
the peak 11n1ts.

(2') The d.evlatlons fron the expected_ value and the

standard d.evlatlons of the nean are substantlarly
red-uced. for both method-s when lower peak llnits are

used..

ß) The least squares method. has a sllghtIy smaller 
,l

stand.ard d-ev1atlon of the mean than the centrold
method- ln all cases. Moreover preclslon deterlorates 

i

less rapld-ly for the least squares method as hlEher 'r,'1,
'' :

cut off levels are usetL. Thls 11kely refrects the :,'

fact that the least squares nethod requlres only
one set of peak llnlts.

(¿+ ) The average X3 1s 1.0 f or the least squares nethod

at all peak l1mlt levelsras expected..
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Slrnllar tests of the two methods, although not as

extenslr¡e r have been perforned. on slmulated- peaks uslns

(1 ) a peak helght of 100 counts (11 ) varlous basellne nolse

levels (fff) varlous lntenslty ratlos d-lfferent from unlty'

and (fv) Gausslan rath.er than trlangular peak shapes. The

results obtalnerL are slnllar ln all cases.

Separate tests 1nvolv1ng only the centrold. nethod. lntLlcate

that the nagnltude of the varlatlons lntrod.uced. by the need. to

d.eflne peak llm1ts d-epend.s on the preclse lnanner 1n whlch they

aTe d"eternlned for a glven percentage leveI. At present the

peak llnlts are deflned" as follows:

(1) The entlre peak 1s flrst "snoothed-rr uslng a

p polnt parabollc smoothlng routlne (ttre smoothed-

values are used. only for d-ef lnlng peak lln1ts ).

Q) A parabola ls fltted to 7 polnts sunoundlng the

naxlnum value and- ls used, to rl.etermlne the peak

helght.

ß) Startlns at the talls, polnts are searched. for

whose values exceed- the d-eslred. fractlon of the

peak helght.

(4) tr'lhen 8 consecutlve polnts are found 1n thls manner'

the flrst of these 1s taken as the locatlon of the

peak llm1t correspond.lng to the percentage of the

peak heleht used.
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The magnltud,e of the varlatlon lntrod_uced_ by the

d"efln1t1on of peak 11mlts ls sonewhat surprlslng when one

conslders t'h,at very llttle of the lnformatlon contalned. 1n the
peak 1s exelud"ed- at the cut off levels consld_eredl.

B. Real Mass SPectral Pea.ks:

A sfunllar test of the two nethods was performed ,,;,,
.'' .:.:, 

.

uslng real ùata obtalned at hlgh resolutlon wlth the Manltoba 
, , ,:..,,

II mass spectrometer (d.oublets J to P 1n Table 5-t). For "'i

these data a countlng loss correctlon was app11erl as d-lscussed.

1n sectlon l+-8. The aveTà}e[M values obtalned for each

nethod. at peak l1nlt l-evels of 5%, LOft, L5ft and' 2O% of the

peak helght àTe presented- In Table 4-5. The errors tabulateri-

represent the larger of olrrt or qext as dlscussed 1n sectlon 
I

4-3. The 6.oublets are 11sted- ln order of lncreaslng "d-1ff lcultyt'
l

as deternlned- by the lntenslty tatlo and- the wldth of the I

d-oub]et. The experlnentally d-etermlned" lntenslty ratlos
:. :-' .1,

(taken fron the centrold nethod at Sfi peak l1nlts; see below ) "t':";::'1).
: t,.;;.., 

.,,'

ane tabulated- along wlth the fatlo expected- fron the known 
".i.,1,';,,';,

natural abund-ances (Hold"en and. Walker, t972), whlch are shown

enclosed. ln brackets. Doublets 0 and- P are actually nass

trlplets ln whlch the separatlon between the outslde members 
, ..., ,;
. i'' '.'' ':

was deternlned-. For these doublets the expected. lntenslty

ratlo for the nld,d"le peak wlth respect to the weakest peak
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belng measured ls also shown. Doublet N 1s the only one for

whlch the llghter mass member ls the more lntense peak. The

results are also shown ln Flgs. 4-4a and- 4b.

The followlng observatlons may be mad'e:

(1) The AM values for the least squares method are ln

general sl1ghtly hlgher than the centrold- values;
.-: . : ..:.

the Only exceptlon ls rLoublet N. Thls behavlor 1s ,;,,,:,,',,,1

slmllar to that d-lscussed" ln connectlon wlth the . ,1 ,,
-: .:....l

count1ng1ósses(sect1on4-8)anr].nay1nrd'1catethe

presence of small systenatlc d-lfferences ln peak

shaPe

i

(ù The AM values for both nethod.s show greater vatLatlons i

at the hlgher levels for the peak llnlts. The errors

forthecentro1d.nethod.tenôto1ncreaseregu1ar1y'
whlle the errors for the least squares nethod- renaln 

l

relatlvely constant at the varlous cut off levels. l

Thls behavlor 1s ln agreement wlth that obtalned' i "',.
'

for the artlf lc1aÌ d.ata. ' ,,i ,'.'

(3) For the last three d.oublets (P, O and J) theÂM

value for the centrold nethod. lncreases as hlgher

peak llmlt levels are used.. (The 20% l.evel- for

doublet 0 1s an exceptlon and. may refleot the

greater varlablIlty at the hlgher cut off levels ).
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(4) The value of 1-2 tor tne least squares methoÖ ls,
ln every case, greater than 2.0 and generâlly

lncreases wlth the trdlff1culty" of the doublet

whlle d"ecreaslng s1lghtly at the hlgher peak llnlt
1evels. Thls suggests systematlc dlfferences 1n

the peak shape for the two doublet nenbers. Such

d-lfferences could- arlse fron elther (1 ) overlapplng

peak tal1s or (ff ) àn lnsufflclent countlng loss

correctlon at the larger lntensl-ty ratlos.

The lntenslty ratlos obtalned. by the two nethod.s are

presented- ln Table 4-6 and" are eonpared- wlth the ratlos d.erlved

fron the relatlve natural abund.ances of the Hg and cl lsotopes.

For the centrold. nethod" the ratlo ls calculated. fron the peak

areas between the peak l1mlts anrl- above the basellne, whl1e

for the least squares nethod. the ratlo ls obtalned- as one of
the fltted. parameters.

The followlng observatlons may be mad.e:

(1) For both nethorl-s the ratlos agree wlth the expected-

values at smaller ratlos and- d.lsagree systematlcally

at hlgher values. The fact that the ratlos obtalned.

ln thls work are lnvarlably snaller than the expected

values und-oubted.ly reflects an lnsufflclent countlng

loss correctlon.
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(2') The ratlos obtalned- wlth the least squares method

generally agree wlth the centrold values. The

least squares values tend- to d-ecrease sllghtly

wlth lncreaslng peak llnlt levels, whereas the

centrold. values show a s1lght lncrease.

Sone of the d-oublets llsted- ln Table 4-5 lorm "cLosed

loopsrt whlch provld.e an add.lt1onal test of the two nethod.s

of analys1s. For examPle' the value determlneri- for d-oublet

!i plus the value for d.oublet K should- eq.ual the value deternlned

for d"oublet O to vslthln the comblned- errors (see Table 5-L).

Doublets N, M and P form a slnllar closed. loop.

The d.egree to whlch these loops close for both methods,

wlth the A M values obtalned- wlth L5ft peak 1lm1ts, ls shown 1n

Table 4-?. It ls seen tnat both loops close for the centrold

method., whereas only one loop closes for the least squares

method.. Moreover, the closed- loop for the least squares

nethod- appears to r.esult fron a value for doublet 0 whlch 1s

abnormally hlgh (see Table 4-5 and. Flg 4-+b). trlhen the values

obtalned wlth llnlts at 2O/" of the peak height are used-, nelther

nethod. yleld-s closed. l-oops. Thls 11ke1y ref lects the larger

varlatlons lntroduced- qt the hlgher cut off le-¡els. The loops

also falI to close at the lorcer peak llnlt levels, however thls
apÞears to be the result of overLapplne ta11s for d-oublets 0 and

D
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TABLE 4-7

COMPARTSON OF CLOSED LOOPS

AM VALUES at L5ft (¡u )

DOUBLET CENTRoID METHoD _ _I,EAST SAUABES_I''IEIEAD

M 5 266.49 ! o.5t+

K 4 So9.zo ! 0.63

g 7?5.69 ! 0.83

o -g ??4.8? t L.o6

o.g2 ! L.35

N 5 8OO. 94 ! 0.58

M 5 266.49 ! 0.54

5 z6?.38 I o.4r

4: 5ag.()6 ! o.5t

g ??? .04 t 0.65

-g ???.05 ! 0.56

-.ol I 0.86

5 800 .53 ! 0.41

5 26?.jB t 0.41

tl 06?.Ð ! o.?g 11 o6?.91 I o.58

P -11 066.85 t 0.55 -11 066.85 ! 0.41

0.58 1 o.96 t.06 ! o.?L

: r -'j..rr

i:.. : .:::-

i.,... r.,1
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The fact that the loops generally fall to close for the
j.

least squares method. appears to lnd-lcate a sna1l systematlc

blas for thls nethod- of analysls. Thls blas nust result from

the lnherent nature of the real mass spectral d-ata slnce no

dlscrepancy 1s observed. wlth the slnulated. peaks. The dlscrepancy

between the tuo method.s llkely reflects snall systenatlc
d-lfferences ln the shape of the peaks for the, two d-oublet

menbers. The least squares nethod. may be more sensltlve to
d.lfferences ln peak shape, sLnce for thls method., a. polnt by

polnt eonparlson ls mad-e between the tw'o peaks. For thls reason

the centrofuL method-, a,lthough sllghtly less preclse, ls
recommend.ed. for general use at present and. ls ad-opted- fo:r the

experlmental results reported. 1n Chapter 5.

4-ro. st MM.qRY

The followlng concluslons nay be d.rawn fron thls
lnvestlgatlon of computer peak natchlng technlques:

(1) The d,ef lnltlon of peak llnlts lntrod-uces varlatlons
ln the AM value and" reduces the preclslon of the

ÀM iletermlnatlon. These effects are mln1mlzed-

when the peak llnlts a¿re set at sft (or less ) of

the peak helght.

e) The real mass spectral- d.ata have a nolse level
whlch 1s greater than antlclpateÖ fron Polsson

countlng statlstlcs.
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(3) The countlng losses are lnportant at the current

level of preclslon and. appear to be lnsufflclently
accounted" for at present.

(4 ) The least squares technlque promlses lnproved-

preclslon whlch results pr1marl1y fron the need- to

deflne only one set of peak llmlts. At present,

a sna1I systematlc blas prevents the general use

of thls nethod- for real peaks.

(5) The centrolrl nethod , although less preclse, appears

to be unblased_. However precautlons must be taken

ln the case of overlapplng peak talls "

Fron these consld"eratlons the eentrolri. values for the

d-oublets llsted. ln Table 4-J have been ad.opted. for use ln Chapter

5. For doublets L, M, N and K the centrold. values at 5l( have

been selected- 1n ord,er to n1nlnlze the varlatlons lntrorl,uced-

by the peak 11nlts. For d-oublets O and, P, whlch show a 
,

i,_,':-::.:

mod-erate lnfluence of the peak ta11s, the values at t5ft lave . '
, ,,.,:,

been selected-. For the most d-lfflcult d-oublet, J, the value at , ,

20ft was chosen slnce the centrold. AM value ls st1II lncreaslng
at thls peak lln1t Ievel.
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CHAPTEB q

NEW ATOMIC MÀSS DETEBM]NAITONS

q-l. NEIJ MÀSS SPECTROSCOPIC DOUBLEf SEPARAÎIONS
,t:: 

:: 
,

A total of 16 new d"oublet separatlons have been deternlned.

wlth the Manltoba Iï nass spectrometer. The d-oublets stud.led.

and- the ÀM values obtalned. are presented- 1n Table 5-L. :,,,-,.,,,

ïn the flrst p d-oublets (A"-f ), one member of the doublet "'-
.:..--:.

ls conposed entlrely of carbon and. chlorlne atons. Such d-oublet i:':.1::ì,

nembers act as second-ary stand-arcts of atomlc nass, slnce the

atomlc nasses of L3c, 35ct 
^na 

37l¿ are accurately known relatlve

to LZC (see Sable L-2)., and the nolecular blnd,ing energy of such 
I

afragment1sneg11gtb1econpared-totheerrorassoc1ated.w1th

the iloublet d-eternl-natlon. The absolute atomlc nass of the

other member of the doublet nay then be calculated. from the

d.oublet separatlonAIvI. In thls manner, d-1rect absolute atonlc

nasses are d-etermlned- fro¡n the flrst p doublets for some of the l

i",..:. rì

naturally occurrlng lsotopes of T1r lrl and- H* . ì,,,,;:.,",

;t. -.::,.

The last 7 d.oublets are nercury chlorld-e d.oublets of ,,.,,,',
'_ '.: - :

the form

o*'*u ttrt, - o"u 35q 37ct

o*u"u ttrr, - o"u t'rr,or

(5-1 )

(5-2)
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TABLE 5-i

NE!,í DOUBLET DETERI'IINATIONS ¡

A

B

c

D

E

F

G

H

I

J

K

L

M

N

0

P

DOUBLET

tzc35ct, - 47rr.35r.-

13 c35 c:-" _ 48*r,35 

",r83 t6 2 12__-l{*_o _ r"co35rr,

LB6'L6 o - tl cizclS:nr3Z q
L99H8 _ t2cr35"r,

200¡¡s .= t3cl2c35cL5

2o1sg - tzcr35rrb37ct

2o21s - t3cLze35nU37r,

2o4gs _ t3rtzç35ar3? ca"

L7 08 5, 9L+

24 26t,73

1oo 856.60

LOu 5gt,4L

Lzt+ 023.43

L20 707.97

t28 995,43

725 976.0L

r3L 776,05

3 885,9L

4 508.80

4 922.65

5 266,76

5 800.67

g 774,87

LL 066,85

: o.8z
j o,?5
J-:2,9t+
! 6,65

! 0,53

t L,zz
t 0.61

! t.jz
: t,25
t t,66
J o,4B

: o.i?
t o.h7

! 0.53

t !,06
¿.: 0.55

t29¡¡s35 q,
zoon*35saa

zot u35"r,
z02au3 5cr',
zot+au3lç-r,

zoZau)5sa,

zohnu3Srr,

t96au35çt37 ct
198*{5ct37 ct

; L99we35ct37 ct
zoon*35ct37 ct
2oZs*35ç;^37 et
t98n*37 ça2
20onu37 

"r,
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Flve of these d-oublets (.f-n) are of the type (5-L). For

these, the d-oublet separatlons, â!1, when conblned. wlth the

accurately known chlorlne mass d-lfference 37Cl - 35q, y1e1d-

two mass unlt d.lfferences between all the naturally occurrlng

lsotopes of Hg. The last two doublets ( O and. P ) are of the

type (5-2), lnvolvlng four mass unlt d,lfferences between the

Hg lsotopes and- can be used. to check the lnternal conslstency

of ttreÀM values for d.oublets K to N.

5-2. EXPERIMENTAL RESULTS

A. l1tan1un Absolute Atonlc Mass Deternlnatlons

Thet1tan1umd.oub1ets(eand.B1nTab1e5-L)d-etern1ned.

1n thls work lnvo1ved. the d-ouble chlorld.e fraEnent forned by

the d.lssoclatlon of tltanlum tetrachlorld.e ( tf C14 ). The

11quld. Tl C14 sample was contãlned, ln a separate fl-ask whlch 
:

r'ras connected. to the lon source by a long plastlc tube. The

leak rate of the sample vapour was controlled- by a needle valve. 
,,t,.1.

Inltlally the C Clf reference peaks were obtalned. as '.

.,..:_
fragnents from a hexachloroethane (CZ CJ 6) sanple. Thls ",',

substance 1s a crystalllne solld- wlth a relatlvely hlgh vapour

pressure ( f torr at 32.?oC ). Hexachloroethane provld.es

convenlent reference peaks over a wld-e mass ran8e whlch nay be 
,,.,

easlIy ld.entlfle¿ by the 35Ct to 37Ct ana LZC to L3C relatlve 
':

abund.ances. About half the runs for each d-oublet rrere obtalned.

uslng the hexachtoroethane sanple. The ld.entlca1

referenee peaks for the renalnlng runs were obtalned- 
ii,i,,
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as fragments of carbon tetrachlorld.e ( C C14 ). The leak rate

for thls sanple was controlled- by a second need-le valve whlch

facllltated. the matchlng of the lntenslty ratlos for the two

peaks of lnterest.
It should. be noted- that wlth the C2 C]-5 reference sanple

sone d.oubly charged 1on peaks were observed. 1n the spectrum.

For the d-oublet und.er stud.y there would. then be one conponent 
,:

of the reference peaks whlch was C C1f and. a second- one whlch 
''

r¡ras C2 Cl,fi+. The latter would- not necessarlly be forned- at the

same locatlon ln the lon source as the former and. accord.lngly

the cond.ltlons requlred. by Blealn'reyrs Theorem nlght not be

fulf1l1ed-. Thls problen ls eIlnlnated. by the use of C C14 as

the source naterlal. 
.

The AI{ values for d-oublets A and- B represent the stralght

averages obtalned. fron 2L anð, 25 (pred.omlnantly computer ) runs

respectlvely, taken over a perlod- of a few months. Stralght

(unwelghted. ) averages have been ad"opted. for the absolute atomlc l

nass d.etêrmlnatlons slnce, for these chemlcally dlsslnlIar ,,.,:j,

d.oublets, relatlvely large fluctuatlons are observed- ln the , ,,,,

AM values obtalned- for d-lfferent runs. The elght AM d.etermlnatlons .''"""'

w1th1n a run however, vary by smaller anounts lnasmuch as the

source cond.ltlons and. the focuslng ad-Justnents are not usually

altered- d-urlng the course oî a run. In thls case, the stand-ard- ,t .,,
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d.evlatlon of the mean lor a s1ng1e run d-oes not accurately

represent the uncertalnty 1n the d-etermlneA ÁU vaIue.

Consequently, the use of a welghted. aveTage of all the runs ls

lnapproprlate.

hthen the AM values a;re conblned wlth atonlc masses for
L3c, 35ct ana 3?q fron Table L-2, the fo1lowlng values a¡re

obtalned. for the atomlc masses of 4?Y 
"rr¿ 

48rt

4?rr = 46.g5L ?66 Bz ! Bz u

48rr = 4?.94? g45 86 ! ?5 u

These atomlc mass values are thus based- only on the

d-oublets reported. ln Table 5-L and- d-o not take lnto account

other preclse mass spectroscoplc ô,ata fron thls laboratory

(Barnard- et gJ, L9??). A illscusslon of thls polnt 1s d-eferred-

to sectlon 5-3A.

B. Tunesten Absolute Atonlc lvlass Determlnatlons:

For d-oublets C and- D 1n Table 5-L the I'10 peaks were

obtalned- from a hl C15 sample whlch was allowed- to oxld-lze to

an oxychlorld-e ln a1r. The CZCi.| ref erence peaks 'üIere obtalned

as fragments from a C2CI5 sanple. Nlne vlsual runs were used-

to d-etermlne the AM value for each d.oublet. l,,lhen conblned" wlth

the atonlc nasses for L3C, t6O, 35Ct 
^na 

37Ct from Table L-2,

!:,ìl: I ì' :._
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the fo1low1ng values are obtalned, for the atonlc nasses of
183w ,rra 186ï¡

tg3w = L}2.gso zo5 ?B ! 2 96 u

186!ù = 185 .gsu 3u5 zB ! a 66 u

As ln the case of T1, a d.lscusslon of the effects of

other preclse mass spectroscoplc ð,ata fron thls laboratory on

these values 1s d.eferred to sectlon 5-38.

C. Mercury Absolute Atomlc Mass Determlnatlons:

the nass separatlons for d-oublets E to I 1n Table

J-L enable the d"lrect d.eternlnatlon of absolute atonlc masses

for L99ue, 
'oo^u, 'ot"u , 

Zozfuo unô''o4r*. fhese d.oublets har¡e

t*q/M values ln the ranse L/L548 < AM/M < L/L656 anil are the

wlrlest d,oublets deternlned. to d.ate wlth the Manltoba Iï mass

spectrometer.

the reference peaks for these d-oublets are the same as

those used- for the tungsten d.oublets and-, were agaln obtalned

fron a hexachloroethane sanple. Thls sanple was contalned ln
a glass v1al whlch was connected" to the source by a plastlc

tube. The tube was clamped- to control the leak rate of the

sanple vapour. The nereury sanple was contalned. 1n a separate

copper tube and. was heate<l- to equallze the lntensltles of the

Hg+ and. czci-; peaks

'.i+'
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The even-A absolute mass doublets were d,etermlned"

f lrst and- proved" to be the nost d.1ff 1cult to stud.y. Slnce

the reference peaks for the even-A d.oublets lnvolve the

relatlvely rare L3C lsotope ( L.LL% natura1 abund.ance ) . 
.

hlgher pressures were requlred- 1n the source reglon (approxlnately i

1 x LO-) torr). Moreover large total 1on currents were present

slnce the reference peaks wlth LZC 
^t one mass number removed-

are about 50 tlmes more lntense. Consequently the proportlonal l 
'

.: j-l

correctlon (see sectlon 2-3C) applled. to the [M value for each 
.:]::.:

run had- an àver¿¿ge value of n5 t 4 ppm ' The ['M values for "".'"

these iloublets were d.eternlned- by the vlsual nul1 method,

pred-omlnantly, wlth the runs spread- over a perlod- of about one

nonthand.w1theachofthethreed.oub1etsbe1ngmeasured-eVery
.

other d.ay. Bel-atlrrely large fluctuatlons were observed- ln the

AI{ values for d.1ff erent runs. The f 1na1 AIvI values quoted for

cloublets F, H and- I represent the stralght averages of 3?,68

and. 35 runs respeetlvely. I¡Jhen these valuesr are comblned. wlth

the atomlc nasses for L3C, 35Ct ana 37q fron Table L-2 t;ne
i ::r' .j

fol1ow1ng atomlc masses àTe obtalned. i':i :

zoous = Lgg.g68 326 6o J L 2? u

202Hs = 2o!.g?o 644 t+9 ! L 35 u

aoull = ?03.9?3 4g4 3a t L 29 u
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In contrast, the od.d--A rLoublets E and- G proved. to be

less troublesone. For these d.oublets the nore lntense reference

peaks wlth LZC ,"r. used- enabllng the operatlon of the lnstrument

wlth the CZCI6 sanple alnost entlrely closed- off. The pressure

ln the source reglon was red-uced. to approxlnately 2 x LO-6 torr

and- the àveTa"ge proportlonal correctlon was also red.uced- to

?O ! 4 ppm. The fluctuatlons 1n the AM values for d-lfferent

runs were red-uced- substantlally anð, a hlgher preclslon was

achleverl- lrlth fewer runs. The d.oublet separatlons E and- G

ln Table J-l represent the stralght averages of J0 vlsual runs

each a¡ö-, when comblned wlth the atonlc masses for 35ct ana

37ct, yleld. the followlng atomlc masses for L99Hg tro' 201ttg

L99ss = tg1.g61 zB? n ! 6E u

zol:r,s = Zoa.g?o 3og 08 I 6a tt

The preclslon achleved for the od.d--A absolute atonlc mass

iletermlnatlons 1s about ).4 patts ln 109 of the atonlc mass.

D. Mercurv lvlass Dlf f erenee .DeüermtnaËlons ¿

The mercury chlorld-e d.oublets J to N ln Table 5-t enable

the d.etermlnatlon of two nass unlt d.lfferences between all the

naturally occurrlng lsotopes of Hg. The sanple used. was ln the
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forn of Hg c12 and. all d-eternlnatlons were performed- wlth the

parent 1on peaks. Thls enabled" the d.etermlnatlon of d-oublets

O and- P lnvolvlng four mass unlt d.lfferences and- also provld-ed

more favorable lntenslty ratlos than would. be obtalned wlth the

fragment lons Hg C1+. For example d.oublet J, whlch lnvolves the

TaTe t96n| lsotope (.L5% natural abund-ance ) , could- also have

been measured- uslng the correspond-lng Hg Cl d-oublet. In thls

case the lntenslty ratlo of the two d.oublet menbers ls ZLO to

1. By uslng the Hg C12 floublet thls ratlo ls halved- to 1.0J to

1 slnce there are two ways of selectlng the 35ç¿ ana 37Ct atons

for tg6\g 35c;- 3?q whereas there ls only one way ln whlch to

forn f98gg 35CIZ. Thls d.oublet, whlch has not been prevlously

d.etermlned-, 1s lllustrated. ln F1g 5-1 and. d.emonstrates the

sensltlvlty of the mass spectrometer 1n the pulse countlng nod-e.

The small peak typlcally contalned about 3000 lons and- coruesponds

-1 
f)

to a d.etected. 1on current of approxlnately 5.3 x 10 amperes.

The resolutlon obtalned. for the mercury chlorld-e doublets

ls the hlghest attalned- to d-ate wlth the Manltoba fI nass

spectroneter. For a slngIe record. a resolutlon of 1 part 1n

564,000 (measured- at 15% of the peak helght) was obtalned.

(for floublet 0 ) wh1le a resolutlon of well over 1 part ln

1100,000 was obtalned- for a complete run. The overall average

resolutlon for these d.oublets would, be ln the range of I part

7n 250 300,000. Thls hlgh resolutlon 1s lllustrated- 1n F1g 5-z

whlch shows spectra for d-oublets L and P. The frontlsplece provldes
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r9a's35c1z L96*s35cr37cr

(L/68,9oo )

FtE 5-t The Mass Spectrum for Doublet J
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20Lnr35rr"

(t/ 54,5oo )

L99r{5¿r3Zcr Doublet L

Zo4noi5c.*z zozon35rt3? ct zoouu37 rt, Doublet P

(L/Lt?,200 ) (L/ 52, ooo )

Flg 5-Z Hleh Resolutlon
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a conparlson of the trlplet 202H8 35crz -2oous 35ça37ça -L98H83?c:-.2

obtalned" wlth Manltoba II wlth the sllght1y wld.er doublet

ZOZH, 35ç¡ 20OHg 37ç¡ obtalne¿ ln Lg6t+ 2t, Mcgaster Unlverslty

(Barber et g-1 , Lg64) uslng the 9 ft. radlus mass spectrometer now

known as Manltoba ï.

fhe AM values for d-oublets J, K, L, M, N, O and. P represent

the welghted- averages of 10, 6,8, 6,4, I anrl- 10 conputer runs 
. .,

respectlvely wlth the quoted. error belng the larger of the "'.

lnternal or external errors as d-lscussed. ln sect lon 4-3. These '..'.,';

d.oublet separatlons are conpared d.lrect1y wlth the correspond-lng

McMaster values (Mcf,atchle g.t a-L, tg64) d-eternlned- wlth slngle

chlorld-e d-oublets ln Table 5-2. The McMaster values are seen

to be systematlcally hlgher than the new d-eternlnatlons wlth

d.evlatlons whlch exceed- the conblned. errors. Moreover the

present values are nore preclse by a factor of 4, whlch appears

to correspond- to the increase in resolutlon
ïlhen comblned. wlth the accurately known chlorlne nass

d-lfference from Table t.'2 ( 3?q 35c.:r = L.gg? 049 8oz ! Z6u) 'i,l

the d.oublets I to P yleld- the fo1Iow1ng mass d.lfferences between ,t, .

'l,"'
the HE lsotopes.

t'98Hs t96ne = 2.OOO g35 ?L t L 66 u

zoons r98us = ?.oor 558 60 ! 49 u
li-.

i-.:.

20LHs L99Hg = Z.OZZ ozz 45 t 38 u

zozvs - ?ools = z.ooz 3L6 56 t 44 u



MASS DIFFERENCE

2OOH835IL _ tg8il83? cL

aOLH|1'CL _ L99H837 
C\

TABLE 5-2

COMPARISON IJIlH_MgltlASTER DOUBLET ÊEEABATIONS (r¿u)'t-

"0"**35rt "oorr*3? ",

2O4H835 cL - 'Ur**3? "'

MCI{ASTERA THTS }JORK IVICI4ASTER - THIS I,JORK

4525!2 45oB.Boto.4B !6.ztz.!

.L "ttvggt!z 49?2,65!0.3? g,h!z,o

a Mcl',atchle et al (ryet+)

5 2?L I 3

5aoz!z

j z66r?6 I 0.43

i 800.6? ! o.si

,1

i,

t,
,i

.I4,?:3.0

6,j ! z.L

F
P\)
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20t+H8 - z02ne = 2.002 B5o t+? t 54 u

zoz1s - rg8He = t+.oo) Bzb b7 t L ol u

zoulÃ - too"u = 4.005 L66 +5 t 5? u

5- 3. LEAST SSUABES AÐJUSI\tENT OF ATOMIC MASSES

A. Tltanlun

Absolute atomlc masses for all the naturally occurrlng

lsotopes of T1 may be establlshed. by eonblnlng the present

d-eternlnatlons tor 4?tt 
"rra 

48rt wlth mass d.lfferences for
T1 prevlously d"etermlned- wlth the Manltoba r and- Manltoba rr
mass spectrometers. The ad.d.1tlonal doublet separatlons requlred
have been report,ed elsewhere (Barnard. gþ ù, Lg?? ) and. are

tabulated" 1n Table 5-3.

A self conslstent set of atonlc masses and mass d.lfferences

1s obtalned from a least squares adJustment of the ð,ata shown

schematlcally ln F1g 5-s. Tnasnuch as the 50rr - 49tI nass

d-lfference 1s not overd-eternlned-, the ad.Justnent lnvolves the

solutlon of 6 llnear equatlons ln 4 unknowns (the atomlc masses

or 46tr,47*r, 4BT1 and. 49Tt). The least squares ad-Justnent

follows the proced-ure applled- to thls problem orlglna1ly by

Mattauch and. hls coworkers (Mattauch, t960) and more recently
on a smaller scale by Meredlth and Barber (t9?z) and. by sharma

et a1 (L977b').
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TABLE 5-3

ADDIÎIONAL DOUBLETS USED FOR T1 AD.]USTMENT

DOUBLET

\6 rrt} rLz, 
un 

^t 

t rt - 4? rrt', .r,3 5 r,55
48rl. t3 ctz cul s - 49trc 

,n ,
4911L3cLzcUH53? r, 5orr Lzc 

rnr3T ct
46,1737 ça35c;I 48rr35ctz
47,tf 5 ctiT q _ 49,7y35çy,

a Barnard. et 4 , t977

AIi (uu)

4 zL8,e3

3 432,6t+

6 440.4?

t 730.29

944.46

!: 0,94

t o.Bo
I: 0.88

! o,B?
f: o,i5

Flg 5-s

AToMIC MASSES AND EASS DIFFERENCES FOB T1

LEAST SQUARES AÐJUSTMENT

50

49

48 tç

47*

46

Ti

l+ d.enotes an absolute mass deternlnatlon
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A comparlson of the lnput and- output values for the

ad-Justment 1s presented. 1n Table 5-4. The resld.uals

("f = output value lnput value) and. the ratlo 11 /lt
(resld-uaI / tnput error) are also tabulated.. The X2 for the

)
ad.Justnent ls obtalned. by sumnlng the values of (r1/C1)".

i-
the quantttylXz/t (r ls the number of d.egrees of freed.om;

ln thls case f = 2) 1s also calculated. and. compared. wlth the

expected- value of t I V t{îi (Mered.lth and Barber , t9?2).

It ls seen that the value ú{PÃ ls somewhat larger
than antlclpated-, wlth the greatest contrlbutlon toXZ arlslng

from the two absolute nass d.etermlnatlons and- the 49tt - 48r,

nass d-lfference. fhls lnd.lcates elther t}:.at the asslgned- erro?s

for these d-etermlnatlons nay be overly optlmlstlc or tl:,at a snal-l

systematlc error nay be present. Thls apparent d-lscrepancy

between the absolute mass d-etermlnatlons and- the mass dlfferences

w111 be d"lscussed later 1n connectlon wlth a s1mlIar problen

wlth the Hg absolute nasses.

The least squares adJusted, atonlc masses for the T1 lsotopes

are presented- ln Table J-J anð. conpared- wlth other values. The

atomlc nasses obtãlned. 1n the present work are seen to be 1n

excellent agreement wlth the L975 Mld.strean Atomlc Ivlass Evaluatlon

values (tr'iapstra and. Bos , L976) wlth the posslble exceptlon of
þ6T1. The agreement 1s only sllght1y poorer when the present

are compared- wlth the L97L Atomlc Mass Evaluatlon valuesvalues



Atomlc Mass or
Mass Dlfferenee

47*,

48rr

b7*,

Ugrr_

TABI,E 5-4

. r,qAsr sQuenns ¡nrusttipur r,on rr
(atomlc masses and mass d.lfferences ln u¡ errors ln¡ru)

- 46rt

48rr-46rr

49rr-4?tt

5orr-49rr

48rr

t+6,95t ?66

1u7,94? 945

.ggg L36

,999 922

L.ggs )tg
1,996 ras

,996 9tt+

Input Value

.¡-82:
86t
Bot
L9:
5Lt
3I+ !
36!

0. 82

0.7 5

o, gl+

0. B0

o t87

o.36

o. 88

t-
tlx¿=tîxz - g,o4

46.95t

42.947

,999

.ggg

L.gg5

L.996

Outpuü Val-ue Resldual rt

765 lo
947 L)

L3? 28

923 29

3L9 10

t05 12

J
+

I
t
1

+

o.64

o.62

o.72

o. 60

o.70

o.J4

2.L3

-L.52
,Lr?7

.49

1, 10

.l+t

." .22

expected. value .5KfF t.50

i
I

i

I

I

l:

l:

l1

ii
:.

I

ì

t.

i
i,

':,

l':

':

t1

i:r

-L,85

t.69

,5L

L.38

,6t

F
t\)
ts



Nucllde

46r,.

t+7rL

þ8m

'+9
T1

5orr

45,gjz6zeq!.84

46,95L?65W!.6t+

4?.g4? 94? D! .62

48,glr? azo Uz ! .6g

49.gq,t+ ?84 B "!t.t'

Thls lt

TJ|BTE 5-5

COMP/IRISON OF ATOMIC MASSES FOR T1

Mass (u) (errors tn¡u)

S t Ma SS

45.952 6z9 6 t 1.Bo

$t t2 q,

46,95r?62 o! !.?o.

?65 !2 A'

4?.g4? 9t+9 f ! t.sn
s4? 1L !,

48,94? 8?z r I L,So

B?L !2 o,

49,944?843!2,?o
?85 !3 b

à.
b.

d..
êe

TAþ:LE

L97L mass table (lJapstra and. Gove, L9?t)
L975 mld.stream atomlc mass evaruaüron (lr{apstra and. Bos, Lg?6)
Glese and. Benson, L958
Colllns 9! a1, L95Z
Denlrkhanov et al, L97Z

a ue Mlnnesota Velues

4j,9,z63ztzc
ns ! +ot'

46,g5t?5g!jc,
?33 I go¿

L+?.gtt?9AZ!Lc

8L? I eo{

t+8.9t+?866!2,
gú ! sol

49.944?89!zc
?Bt I 3od.

slan Valuese

t+5.952 6oz J A

Lt6,g5L 6gt t e

t+z , 94? 9oo j e

t+8,g4? aO+ 1 A

49,944 ?87 ! g

P
¡ù
lo
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(!'lapstra and- Gove , Lg?L) and v¡lth the nore recent Mlnnesota

values (Glese and. Benson, Lg58). The falrly recent Busslan

values (Denlrkhanov gt al, t9?2) are seen to be erratlc.
Slngle and. two neutron separatlon energles nay be

calculated. from the atomlc masses accord.lng to the d.eflnltlons

sn(z,N) = 11 - (5-3)

szrr( z,N) = zn - [ *tr,*l - M(z,N-z)]

Ir,rrz,ml 
- Yt(z,N-l)]

ß-4)

These neutron separatlon energles are d.erlved_ fron the reast
squares ad.Justed. T1 atonlc mass d-lfferences uslng, the mass of
the neutron ( n = 1.008 665 OZ t ¿l u from Tab1e !-2 ), an¿ the
mass to enerEy converslon factor ( t u = 9jL.l+gj| ! 28 MeV fron
lable 1-1 ) and- are presented- ln Table 5-6 a]-.ong wlth comparlson

values. The quoted errors for the present work 1nc1ud.e the
covarlances obtalned, fron the lnverse matrlx of the least squares

ad-Justnent. In all cases the values obtalned. fron the present

work agree elther wlth the t9?L or L9?S Mass Table values.
The t975 Mass Tabre values for s' and. sr' are calculated-

from the nass excesses pubrtshed- by wapstra and. Bos (ryze) whlch

are taburated- onry to the nearest kev. rt ls not posslble bo

carculate the errors ln the s' and. sr' varues thus d.erlved_ slnce
thls requlres knowledge of the covarlance matrlx. These emors
however should. be generarly l-ess than r or equar to , the output
errors obtalned. 1n the tgZL Mass Evaluatlon.



Isotope

47r,
Thls ltork

48rr

B?s,oi ! o,6?

TABrE 5-6

S¡ And. SZ' Values I'or T1

49rr

Sn (aev¡

11 6zï.ot ! 0,56

Comoarlson Values

8 8?5,t ! L,sa

8878 b

8 8?g,o ! L.?c

8884 J ?d

tt 6?8,t 1 l.oa

LL 62? b

11 62?.6 ! t,jd
B LLå.U t o.B"

8L42 b

B Lt+j.o t L,?c

8 t42,3 ! 1. od

10 948.0 ! z.o^5orr

L4z,B6 ! o.56

à.
b.

d..

10

197
Derlved- from L975
(drp) .loHvette et
(n'Ú I rnput varuã

g45,66 ! o.82

ss

Thls Llonk

e Ou.tpu

S2r, (kev)

Mld.strean Atomlc Mass Evaluatlon (l^lapstra and Bos , Lg?6)

zo 5oi.o5 ! 0.65

4, ( L97 5)
to L97L Mass Table €. (n,f¡ Trlpathl et al, (L969)

L0 9t+5

10g49 !z
a

Comnarlson Values

t¡

tg ??o,8? ! 0.32

p

20 503,2 t !,3a

20 506 b

Lg 088,53 t L. 18

L9

L9

??L,5 t L. oa

??o b

F
t\)
<-

Lg ogL, Lt+ ! z,5a

19 088 b
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B. Tunqsten and. Rhenlum:

A s1n1lar least squares ad-Justnent has been performer!.

for I¡J and. Re (Sharna g! a1 , L9??a) where the two absolute

nass d-eternlnatlons for 183w 
"rra 

1B6w 
""" comblned- wlth

prevlously d.eter¡nlned. mass cllfferences llnklng all the naturally
occurrlng lsotopes of I¡I and Re. In thls manner new atomlc mass

val-ues are obtalned. for all of these nuclld.es
' . ::1,The ad.d_ltlonaI d.oublets required. are glven ln Table 5-Z ,::

and- the least squares ari.justnent ls shown schenatlcally f-n Flg s-Ll. ,i,.

Inaspuêh as the tg3w -l8ow d-tff"""rr"" ls not overd.etermlned- the

least squares ad.Justnent lnvolves the solutlon of 10 lf_near

equatlons ln 6 unknowns (trre atomic masses for L82w, t83w,

184!ü, 186r, 185R" and- 187n" ).
the input and output values for thls ad.Justnent are

presented- ln Table 5-8. The values shown here d.lffer somewhat

from those used- ln Sharna et aL (L977a) in tfrat stralght averages 
I

have been used- for the absolute mass d"etermlnatlons (see section

5-zA). Ad.d.1tiona11y, the atonlc masses for L3c and- 160 hr-r" been , ,

obtalned. from snlth and. lfapstra (t924) " These mod_lf lcatlons ,,,,.

alter the values and- preclslon of the ad.Justed- atonlc masses to 
': :ì

sone extent! however

largely unaffected-.

the d.erlved quantltles (S' and- SZrr) are
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TABLE 5-?

AÐDÏTÏONAL DOUBLETS USED FOR lII AND RE ADJUSTMEM A

DOUBLET

tl3wt6oz 180ï¡35c1

t86w35c1 r84y137 ç1
184w35c1 L82w37cr

t8t+wl6o 
237 

q t83w3 5crz
t83wL6 o 237 

q - .L82w3 
5 ctz

L86wt6o2 L83\J35cr2

t8?n"35ct L85ae37 ct
t8?^"0, 184"35ç1

185n"35cr t83w37ct

a Sharna et 31, t977a

AII (¡¡u)

24 509

6 382.0
5 676.3

18 734.7

20 045.6

25 L22

744.2

797.4

678.7

5

25

5

+

t
t
1
+

+

I
1

t

6

t.6
2.2
3.0
1.8

5

t.2

3.5

1.0

Flg 5-4
ATOIYITC MASSES AND MASS DIFFERENCES FOR

W ANd. BE LEAST SQUABES ADJUSTMENT

IB7

186 n

IB5

IB4

lB3 )t

tB2

tBt

rBo

W

absolute+T d.enotes an

Re

nass d.eternlnatlon



Atonlc Mass or
Mass Dlfference

,63w

t86
Id

ta3w_ L82|d

184!t_183h¡

184w_ L82w

186!ü_ 184!ü

186t,l- ta3i,J

185ne-183w

1873e- 184!r

187n"- t85Re

183b¡- 180!r

t82.g5o 205 ?8 ! 2.96

Input Value

LBs.g54

t.oo2

1.000

?,002

2.0O3

3,001t'

2,0O2

3.004

2,O02

3,003

TABrE 5-8

345 za

0t9 59

708 69

726 10

tÐt 81

Lt+5 7g

728 54

82L 18

793 95

532 97

+

+

+

+

+

+

+

+

1

+

6.66

1.80

L.68

2.t9
L.63

5.AO

1.00

).52
L. t5

5,83

Lïz.gso 205 ?g ! 2,?3

Output Value

L85.954

t,002

1,000

2,002

2.003

3,004

2.0O2

3.004

2.002

345 25

019 40

706 98

726 38

432 48

D9 Lþ6

728 93

816 4t

794 t+6

,:i
:til
rlì.1

* = Lr.ij

+

+

t
+

1

+

+

I
+

Resld.ual r

3.22

L,55

L.68

L,7t

L.5)

2,to

o.g7

L,99

1. 11

.01

-. 03

_. tg

't.7L
.. .28

,67

-6,33

.39

-t+.ZZ

.5L

'- ,:

:ì..'

{F = 1,0¿l

.00

.00

-.11

-, 57

,T3

.4L

-L,27

,39

-L,36

,l+l+

expected. value ,65<ß < L,35

P
to\)

l,
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In Tabl-e 5-8 lt ls seen i-lnat the absolute atomlc nass

d-etermlnatlons for 1B3w and 186l.I remaln essentlally unchanged.

by the ad,justment, although the d-eternlnatlon of the d-lfference

The NZ tor thls ad-justment186t,f - 183ht changes by 6.i3 tru.

agrees wlth the expected. value.

The least squares ad-Justerì- atomlc lnasses obtalned_ for
t'l and. Be are presented- ln Table 5-9 and- are compared wlth other

values. ft ls evld-ent that the new atomlc mass values d-1f fer
systenatlcally by -60 ¡¿u from the Lg?L Mass Table values anð.

by-35¡ru fron the L975 M1d-stream Atomlc Mass Evaluatlon.

ïnasmuch as the prevlous absolute tnass d.eter¡rlnatlons for these

nuclld-es are relatlvely lnpreclse (colunns ) and.4 tn Table

5-9), thls d.lscrepancy 1lke1y reflects an aceumulatlon of sna1l

systematlc errors In a chaln of mass d-lfferences llnking trf and- Re

to other nuelid"es whose atonlc nasses are nore accurately lanol'nn.

Recent absolute mass d-etermlnatlons for Er, Hf and- Os

performeil at Mlnnesota (Halverson, L9?? ) fn¿icate slmllar d.evlations

of 4l+, ?8 anö, 50 y u respectlvely fron the t9?L nass table values

and- d-evlatlons of 24, L) and. L8¡.tu respectlvely from the Lg?5

mass evaluatlon. One of these absolute nass d-etermlnations,
f8gOs = 188.958 Dú ! 52 u (Ha1verson, Lg??), may be conparerì-

wlth the nass of t87Re from Table 5-9 bV means of the McMaster

chlor'd.e iloublet 1890s 35ç¡ r8?ne 3?q = 53UL ! 3 pu (Mcl,archle

g9 "f , 
L97O). ïlhen the calculatlon ls perforned- thls loop fal1s



180!ù

t82w

183- l¡l

184lü

L?9.g466?28!6.4

rABrE 5-9

COMPARISON OF ATOMIC MASSES FOR }I .ê,ND BE

Mass (u) (errors in¡u)

181.948 t86 t+ ! j.L

t82,g5o2o5g!2.?

t83.g5o 9LZ I t 3.1

L85,g54 3L+5 j! j.z

L}[.gSzg34?!2.9

L86.g55?z9z!).t

s I¡lor

186¡¡

tB5Re

1B7Re

L?g,946 7oo

724

181.948 Tt+B

223

I82,g50 266

2t+L

LB3.g5O 975

950

L85,954 4O2

)72

L84.953 OO?

952 973

t86.955 ?gt

759

ble Values

ão

b,
C.
d.

J

t
+

+

+

+

I
+

+

t
I
t
+

1

L97L Mass Table (ldapstra and. Gove , L?ZL)
t975 Mldstrean Atonlc Mass Evaluatlon (tlapstra and_ Bos, L9?6)
Bhanot e'Þ al, t96O
Denlrkhanov gE al, I96L

: ... : 
.

..:.'I

,::,t :i'1, , :;11 l:, 1;: ::i; ': :- : ':'
ii;l ,:ì, ., ' ,,,.,.,:' i," . t 

¡"',1,

2toa

L2b

t3a

11b

L3a

gb

L3a-

gb

tua

gb

L4a

gb

rua

gb

sota V

181.9¿18 t52

c

L82.g5o 108 1

-Àj4o

L?g.946 450 J r3o

ß

L81. 9¿18 385

L85.954 2gg !ßo

40

d

L82.g5o 248

L}[,gjz 6W J ao

L83,g5o ?35 t roo

250

L85,g5t+ 6ry ! Zo

70

P
t\)\o

L84,g53 262 1

L86.955 gO? !

9o

30
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to close by 18 t 7 fu; however thls d-lscrepancy ls about one

half of that between the L9?5 mass evaluatlon values and- those

obtalnecl 1n the present work.

The S' and. Sr' values calculated. from the least squares

ad-Justed. atonlc masses for trrl and- Re are presented ln Tables

J-10 an¿ s-Lr. The s' values for t35w, 186.tr'¡ 
"rrd 

t67w 
were

d-erlved. by conblnlng the mass spectroscoplc differences wlth

A^ values for 185w 
"rra 

187w 
"" 1nd1cated.. In contrast wlth the-lt

absolute masses, the S' and. Sr' values are seen to be 1n good

agreenent wlth the mass table values and, wlth other recent

measurements.

C . Merql¡r[:

The lnput ð.ata for the least squares ad-Justnent for

mercury are lllustrated- schenatlcally ln Flg 5-s. Inltla11y

only the mass spectroscoplc ð.ata shown rÍere ad-Justed'. In thls

case the ad-Justnent ls ri-ivld.ed- lnto two separate least squares

ad_Justnents, lnasmuch as no d-1rect mass d.lfference d,etermlnatlon

between the even -A and. odd. -A lsotopes was nad-e 1n the present

work. For the even -A ad.Justnent the f98ne t96ne mass

dlfference 1s not overd.etermlned, so that the ard"Justnent lnvolves

the solutlon of I llnear equatlons ln 4 unknowns (vlz the atonlc

masses of f98He , ?OOHL, 20?Hg trr,i- 204Hg). The od-d- -A ad'Justment

lnvolves the solutlon of 3 equatlons 1n 2 unknowns (ttre atomlc

masses for 199tig 
"rra 'Ot**). lhe results of these ad-Justments

are presented- 1n îab1e 5-L?. The absolute mass deternlnatlons

are seen to be ln excellent agreement with the mass spectroscople

mass dlfference deter¡nlnat1ons.



Nuclld.e

182I'¡

1841ù

îhls llork

186!ù

lBZse

+
L4 732,9 - 5,6

+t3 603.2 - L,6

szn

TABLE 5-LO

Fon H AND Re (rev)

à.
b.

d..

L97L Mass îable Output Values (tlapstra and. Gove, L97L)
Derlved from t975 Mld.strean Atonlc Mass Evaluatlon (t'iapstra and. Bos, L9?6)
Casten e_t a_l , (L976)
oothoudt and Elntz (L973)

LZ 9I+5,5 ! L.4

Mass Tables

L3 539.8 I 1.0

Lt+

L4

L3

L3

L2

L2

L3

L3

?oo ! zoo

747

692,5 ! L.g

6oj

g5L.8 ! 3,t+

e55

550,4 ! ).4
5t+8

0ther

a

b

a

b

L4 755

L4 74)

L3 609

L3 606

L2 956

Il7c
tro. ¿

t7c
..Lj'5d
J-¿ 5da

b

a

b

P
ts)
F



1g3hJ

184!ü

,g5w

tB6
}J

,gZw

6tgo.4 I !,4

TABLE 5-Lt
S' FOB ld (keV)

?4L2.9 ! L.6

5755,u ! z.o

6tgt.4
6tgt

6L9t. o

Z4LL. L

7I+TL

74L3.0

57t+9.7

57 53

7202.0

720L

5466, t
5466

5465

ào

b.
Cr
d..
ê.
f.
$.

?Lgo.L ! z,)

L97t Mass Table ouüput vaÌues (lrrapstra and. Gove , Lg?L)Derlved from L975 Mld.strean Atonló Mass Evaluation- (w"pstra an¿ Bos, Lg?6)Nuclear Data Tab1es (Groshev gþ aI, L969)
Casten gt al, (L/ZZ)

-t: L.4

54?0,3 ! 3.0 s

Greenwood. and. Relch (t924)
8år'Bsïåf8$ #r'f* &Ê 

= 
l1?;r*r,

-:..i.... :' :. .
.4till,:t. . .. ;. .:

+

t
2.5

t.4

a

b

1

f

6zot

6zo4

3.5

3,L

tL5 d
+ 10d

a

b

: j.B

J-: L,l+

-Lj 4.0

?t+Lt.L j o.6e

?4t2! I d

a

b

a

b

a

b

5? 58 ! r.o

?Lg? I Lo

St+65 ! 10

1,0 keV
keV for

,rur,llrorÍ í,;);:r""

P
\^)
lo

( ht1llet and.
( t¡tapstra and

SpeJewskl, L96?)
Gove, L}ZL)
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ATO}ÎIC MASSES
FOR Hg LEAST

t33

5-5

AI\TD MASS DTFFEBENCES
SQUARES AÐJUSTMENT

204 )ç

2¿03

2O2 )+

20t )É

200 x.

r99 *

r98

r97

r96

Hg

d.enotes an absolute mass d.eternlnatlon

d.enotes (n,ü ) reactlon values

It



Atonlc Mass or
Mass Dlfference
,oo**

202__if8
,o4ru

'oo"u- 
r98Re

202Hg_2OOHg;

TILBLE 5-.tz

LEAST öQUARES AùIUSTMENT FoR He(atomlc masses and. mass d.lfferences ln u; errors ln¡u)

204H8-202H8;

tgg,968 )26

ãOt.97O 6t+4

203,973 49tþ

2.00t 558

2.002 3L6

2.002 85O

t+, oo3 B7t+

t+,005 L66

2.000 935

20zHs_ 198Hs

zoune-zoo**

r98ns_ tg6ne

Input Value

6oj
4g!

.L38:
60J

56!
4z!
4?!
45!

I7t :

t.27

t.35

t.29

o.4g

0,4+

0.54

L,07

o, 57

L,66

E= o.5B

;;;;;

20r*ng
2oLne-L99ne;

L99,968 3zZ

20t.970 641

203,973 494

2.QOL 558

z.ooz jt6
2.O02 850

4,ooj B?4

t+.oo j t66

x2 = !.34

Output Value

Lg8.g68 287 23

2OO.g?O 309 08

2.002 022 Lts

xz = 0,36

+z!
8l+ ¿

tl!
50:
ID:
28:
s3 I
7L:

0.78

0.?8

0.79

0.45

o,)6

o.4z

o.53

0,42

Resldual r

: 0,64

3 0.68
+- 0.38

Ez = .60lT-

.82

-.65

-.25

-. 10

-. t3

-, L9

.I+6

,?6

LgB.g6B 286 gg

2OO.97O 3Og 35

z.ooz ozz 36

expected. vatue .5:.É.1ff = L, j5

,65

-.48

-. t9

-.20

-,3O

-.35
.43

.46

I
+

J

o,49

0.50

0.35

valueexpected

-,24
.27

-.09
,ro=rp.

-,38
. t+o

- .24

3 t.?L

P
\¡)
{-
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The results of thls ad.Justment may be d-1rect1y compared.

wlth two preclse S' values obtalned- fron (n,Ú) reaetlon

measurements:

(1) sn ( 200Hg ) = I oz}.e t o.J kev (scrrult et 2-1,

t96?; Bartholonew g.t a1 , t967).

(z) sn ( ?o?Iae ) = ? ?54.L ! 0.1 kev (Bre1t1e e! a!,

L975); a correctlon of .2 keV has been applled" to

the grounil state transltlon t ray energy reported.,

ln ord-er to ascount for ^the recolL energy of the

atom ).

fhe corresponrllng S' values calcul-ated- fron the ad-Justed-

atonlc masses of îab1e 5-tZ are 8033.? t .p keV anð' ??59.8 t .9 kev.

The d.lfferences between the nass spectroscoplc values and. the

(n,t ) reactlon values are then 4.g ! 1.0 kev and- 5.? ! 0.9 kev

respectlvely. Slnce the (nrl) values appear to be rellable, thls

d.lscrepancy uniloubted-1y reflects a systematlc blas of about

J.) }.e\,Ï (5.7 y.u) between the even -A and. od.d- -A absolute atomlc

mass itetermlnatlons. A dlscusslon of thls systenatlc <l-lscrepancy

1s ileferred to sectlon 5-4.

In vlew of the cllscrepahcl, the (n,ü ) reactlon values were

lnclud.ed- In a second- ad.Justnent of the mercury ð'ata ln ord.er

to lnsure that the mass <llfferences between the even -A and.

od"d- -A lsotopes d-o not lnclude a systenatle error. A conslstency
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factor (i^Iapstra and- Gove, t97t) of 2.59 rsas determlned for the

absolute nass rl-eter¡nlnatlons fron the average value of 11 /gt

for thls group of ð"ata. A f1naI ad-Justnent of the d.ata was

then perforned. wlth the lnput errors for the absolute mass

rLetermlnatlons enlarged by the conslstency factor. Thls procer!-ure

lnsures tk,at the absolute mass d.etermlnatlons d"o not substantlally

i lnfluence the mass d.lfferences, yet st1ll enables the establlshment

6f atomlc masses for the Hg lsotopes. However, lt nust be

i enphaslzeð, tlnat the atomlc masses so obtalned- w111 llkeIy contaln

a systenatlc blas of 2.8¡u, lnasmuch as the àveràge mass obtalned-

fron the absolute mass d"eternlnatlons ls unaltered- by the

ad"Justment. Thls proced,ure has been followed- slnce, at present,

there 1s no flrm evld.ence to support the selectlve reJectlon of

elther the even -A or od-d- -A absolute nass rl-eternlnatlons

The results of thls ad-Justnent are presenterL ln Table

5-L3. It 1s seen that the absolute mass d-eternlnatlons are

altered- substantlally 1n order to acconnod-ate the (n,Ú ) reactlon 
:

values. The even -A values lncrease whlle the od-d- -A values ,,

d-ecrease by arnounts whleh are related- to thelr asslgned. eruors. .

.:.

In contrast, the mass spectroseoplc mass dlfferences and_ the

(n,ð) values are nod.1f1ed- only sl-1ghtly.

The least squares ad.Justed. atomlc masses a,re conpared 
,::wlth other values ln Table 5-14. The values fron the present .

work are seen to be, on the average, 10¡ru hlgher than the L97L



TABtrE 5-13

(atonlc r""" rors ln ¡u)

RestAual rl ft,/st
Mass Dlfference
L99ns LgB.g6B zB? n ! L,66* L¡B.96B zB5 u? t !.04
200Hs tg9,g6} :iz6 6o ! 3,29o 199.968 llt St ! L,oZ
201Hs zoo.g?o 309 0g I !.?6* zoo.g?o 30? 6? ! 1.0r+
zozne zor.9?o 6Lt4 ug ! 3.50x zot.g?o 6ug 10 I L,o6
204_-- Hg ?o1 .g?3 t+94 jB ! 3.1,L+* zo3.g?) UgB n ! 1.10

'oo"u-198ns z.ooL 558 60 ! o.bg z.oo! 5sB t+B ! o.b5
Zolne-L99ne z.ooz ozz u5 j o.3g z.ooz ozz zL ! o.i3
?ozls-?ïovs z.ooz 3t6 j6 1 0.44 ?..ooz 3L6 59 ! o.3j
zoLns-zoz*u z.ooz B5o u? ! o, ju z,ooz B5o L3 ! o.uz

'o'*u-t98ns h,oo3 g?u t+? ! t.o? rþ.ooj gzs o? ! o.sz
2Oþns-eoo*u u.oos L66 t+s ! 0.5? u.oos t66 ?z ! o.4j

'oo*u-L99ne l.ooo ot+s ?t+ ! 0.54 1.ooo o46 oS I o.4o

'o'**-'o'ru 1.000 3t+o 65 ! e.jz 1.000 3uo V !. o.zg
19BHs-r96He z,ooo 93s ?L ! L.66

*!=8.56 
€= 

L.LL

t+ lnclud.lng conslstency factor of 2.59
::i., 'r..ì,t: '; : . :.:.-,

'.''':'|,.,.,,' ..li:,', ., : l.:

-t,76
4,9L

-L.41

3,6L

3,85

- .t?
Ê.24

,03

- .31*

.60

.27

.3L

.22

-t,06
L,l+g

.90

L,03

L. L5

,21+

,63

,07

.6j

.56

.47

.57

,69

erpe oted value .n 3\F * L,2?

P
\¡)\)
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t96ne

rgBHe

Lg5.g65 837

t99ne

2ooRs

20L__
Hg

202__
Hg

204-,fig

Thls

Lg7.966 77)

TABLE 5-tq
COMPARISON oF AT0MIC MASSES FOR He

Mass (u) (errors 1n¡u)

Work

Lg3.968 285

: 2.O

tgg,968 33L

J !,2

Mass Taþle Values lvllnnesota Valuesc

Lgs,965 822

823

L97,966 ?I+B

759

LgB.968 275

269

tgg,968 32L

315

2OO,97O )04

293

20t.9?O 641

Øz
20).973 498

481

2OO.97O 3O7

I 1.0

aOL.g7O 648

¿ 1.1

t L3e

!nb
J5a
+rbo

J5a
J6b,
*"' 

6a
+.b

o

l5a
16b.
+rA

o

t6l,
J6a
tBb

àc

b.

d..

20).973 498

J

t97L Mass Table Output Values (tlapstra
L975 Mldstrean Atonlc Mass Evaluatlon
Benson e! al, (t959¡
Denlrkhaîol-ánd oóíórrrov (t969)

Lg5. 965 Ð6

Lg7.966 756

I

: 1.1

tg

Lg8,g68 234

Busslan Valuesd

L9g.g68 34t !

zOO,g?O 3OZ !

L0

20L.9?O 6Ze

and. Gove, t97L)
(blapstra and. Bos , Lg?6)

2o).g?3 +ze !

zOL.g7O 6tZ

zOL,g70 678

P
u)
æ

t+o
t6o
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Mass Table values and- L6p.u hlgher than the t9?5 Mfui_strean

Atomlc Mass Evaluatlon values. As d-lscussed. ln sectron J-JB
above, s1m1lar d.lscrepancles have been found. by thls group for
trl and. Re and- by Halverson (Lg?Z) for tsr, Hf and_ Os. These

r!.lscrepancles refle'ct the scarelty of preclse absolute mass

d-eternlnatlons for the heavler nuclld_es.

The S¡ and 52¡ values d.erlved. fron the least squares

ad-justed values are presented- ln Table 5-L5. Tire sn values

are seen to be ln excellent agreement wlth the t9T5 Mld.strean

Atonl.c Mass Evaluatlon valueso although for 200Hg rnd. 'o"ru
thls reflects pr1mar1ly the lncluslon of the (n, ú ) values ln the
present least squares ad Justment . The d-er1ved. s2r, values r whleh

reflect prinarliy the mass spectroscoplc mass d.lfference

d.eternlnatlons, are also seen to be ln excellent agreement wlth
the L975 Mld-stream Atomlc Mass Evaluatlon values.

5-4. pISCUSSTON 0F iHE IìESULTS

A. Absolute :

The absolute atomle nasses d.eternlned- for T1 ln the

present work are 1n excellent agreement wlth the values obtalned

fron the L975 Mldstrean Atomlc Mass Evaluatlon. Tn contrast,

the absolute nass rLetermlnatlons for 1¡l and- Hg lnd,lcate that the

L975 values for these heavler nuclld-es are 1n error by anounts

whlch exceed- the alread.y large output errors. Thls reflects the
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TABLE 5-.Is

NEUTRON SEPARATION ENERGIES FOR He

sr, (kev )

THÏS ïIORK COMPARTSON VATTTES

100-z/Hg

2ooHs

20L-_
Hg

202__lig

.L

662.59 :

.L

028.5L l
l-

230.63 :

-l-

7 54.30 :

6 648.8 t
6 664

l-8 028.? I
8 028

.L6 225.1t :
6 229

I

? ?55.6 :
7 755

o .59

o.37

0.36

0.27

2.8

0.5

2.3

t.4

a
b

a
b

a
b

a
b

a (kev )"2tl
NUCLïpE THIS, riORK G,qMP"ARISON V+LUES

r98Hs

200__
Hg

20L_tig

, zozng

204HE

L5 2?L.2 t L.5

L4 6gL.Lo 1 o.4z

L4 25g.L4 ! a.3L

L3 g84.g3 1 o.3L

L3 48? .g4 ! 0,39

t52Br ttz à
L5 271 b

t4 6??.6 1 2.8 à
L4 693 b

t4 zS|.t ! 2.3 a
L4 258 b

L3 980.9 1 2.5 a
L3 985 b

L3 t+Ð.5 ! ?.6 a
L3 489 b

à

b

t97t Atonlc

Derlved. from
(Wapstra and"

Mass Evaluatlon output

L975 Mld.strean Atonlc
Bos, t976)

values (Wapstra anri.
Gove, L97L)

Mass Evaluatlon
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lmpreclse nature of prevlous absolute mass d.etermlnatlons 1n

thls mass reglonr âs llIustrated. by the uncertalntles shown 1n

Fte 2-3. The values obtalned- ln the present work' whlch are

,: currently the nost preclse absolute mass d.eternlnatlons above
'-' :

A = þ0, w111 lmprove thls sltuatlon slgnlflcantly. Tn partlcular,

the rLetermlnatlons for 1,rl and- Hg strateglcally bracket the reglon

,, of hlghest uncertalnty ( I = t93 L9l+ )' 
:.

. 4^ã/ nrri-!-^^- 
^!,, The present work lnd-leates that the t975 Mld.stream Atomlc r:::

,,, Evaluatlon values for tl are too hlgh whereas the values for Hg 
,,,.1

2;re too 1ow. Thus the d.lscrepancy ls enlarged- when one conpares'

for examÞIe, the mass d-lfference betwe"r, 2OOHg 
"nd. 

184W 
"" shown

below

zooHg - 184w = !6.0L? t+L9 t 3 u (trrts work )

L6.OL? 365 ! n u (ïlapstra anrl- Bos, tg?6)

-r54 : LL ¡tu

Thls d.lfference could be conflrned by future doublet

d.eter¡ninatlons of nlxed- doublets such as 184!ü160 200Hg or

184ï¡16035C1 2Q0go35g1. Such rloublets would- test the re1labl11ty

of the absolute mass rl-eternlnatlons reported 1n thls work and 1n

add_ltlon would. establlsh a connectlon between mass reglons whlch

at present are not flrnly llnked. by preclse mass spectroscoplc

d-eternlnat lons .
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The hlgh preelslon of the absolute nass determlnations

reported 1n thls work has enabled. the detectlon of a sna1l

systematlc blas between the even -A and- od-ri- -A d.eternlnatlons

for Hg. A s1m1lar, but less slgn1f1cant, d-lscrepaney may also

be present 1n the f1 absolute mass d-eternlnatlons slnce these

values change sonewhat ln the least squares ad.Justnent of the

T1 6,ata. In the case of 1¡1, the errors on both the absolute

nass d.eternlnatlons and" the nass d-lfference d-etermlnatlons àTe

too large to detect such a d.lscrepancy.

Thls d-lscrepàncy llkeLy reflects the faet that the

even -A absolute mass deternlnatlons were obtalned- wlth reference
peaks whlch lnvolve the rare L3c lsotope. rn thls case hlgher
pressures 1n the souree reglon are requlred whlch nay lead" to
a d-lfferentlal retard-at1on of chenlcally d.1sslm11ar lons as

rd"lscussed. ln sectton 2-)c. chemlcally d-lsslnllar lons may thus

appear to lle on separate mass scales whlch are d-lsplaced by an

amount proportlonal to the res1d,ua1 gas pressure. Thls effeet
could" be lnvestlgeted. by red"eternlnlng one of the even -À absolute

masses for Hg uslng a reference sanple whlch ls enrlcherj. 1n I3C.

S2r, Values for Hg:

The s2r, values d.erlved- from the even -A Hs mass d.lfferences

from the present work are plotterl 1n Flg J-6 arong wlth the szn

B;

values for other even -N even -Z nuclldes for 106<N<126.
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The s2tr values d-erlved- from the L9Z5 Mld.strean Atonlc Mass

Evaluatlon mass excesses have been userl- to supplenent the values
obtalned" ln the present work, ln l1ght of the excellent agreement

shown for Hg. The errors for the supplementary values have

been taken as the smaller of the errors calculated from the Lg?s

mass excesses or the Lg?t Mass Evaluatlon output errors (see sectlon
5-3A). The lower nass reglon contalnlng the Sr' curve for ld has

been d.lscussed. recentÌy 1n Sharma g! gl í9??a).
ïn the reglon above the Hg curve, 1t 1s seen t]nat the curve

for Pb shows a pronounced- d-o¡rnward break characterlstlc of the
well known closed- neutron sheIl at N' = Lz6. on the Iow mass

sld-e, the curve for Pt ls remarkably free of such d-1scontlnu1t1es
(A conparlson wlth prevlous representatlons (Duckworth g! gf, L969;
Bhanotetù,L960)showsthatgrad-ua11ythecurveforPthas
been stralghtened out ). The curve for Hg ls lnterned.late between i

these two extremes anrl- shows sone lnterestlng features. 
,Ïn recent years a great d.eal of theoretlcal and experlmental

lnterest has been focused. on the Hg lsotopes, followlng the 
,pred.lctlon that the low-lylng exclted_ states, perhaps even the

ground states, of 184ttg 
"na 

200Hg r"y be "bubble nuclel ',

(le. nuctrel wlth a red.uoed. central core d-enslty) (l,ione, t9?2,
L973). Slng1e partlcle she1l mod-el calculatlons show that the

, trnaglc numbersrt are altered. ln the bubble conflguratlon, such that :
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the neutrons form closed- shells at N = 104 and. Lzo. whlle the
proton shell 1s closed. at z = 80. Thls results 1n d_oubly naglc

conflguratlons for 184¡1* rrr¿ 200Hq. In the case of 184Hg, the

large varues observed. for the nuclear rad.lus 1n thls reglon
(eonn gþ 4, tg?Z) have been explalned- alternatlvely 1n terns of
a change ln the d.lstortlon of the nucleus (wrtsson gþ gJ, Lg?3).
For 200Hg a sma1l oblate d.efornatlon of the nucleus has been

lnd.lcated. for the ground. state, although the bubble conflguratlon
has not yet been ruled- out for one of the 1ow ly1ng exclted. states
(Ko1b and- Wong, L9?5; Breltlg et a1, tg?4). The mass reglon
surround-lng 200"g appears to be of a transltlonal character
(eneftlg et a1, Lg?l+, L9?5) tn tfrat lt l1es between the oblate
r99tr (Nakal, Lg?r) and. the spherleal 2o8pb nuc1e1ô

The subtletles observed 1n the S2r, curve for Hg appear to
be explalned. 1n terms of the usual slng1e partlcle level schemes.

Thus the d-ownward. break at 2o4%g (tt = tz4.), polnted- out prevlously
1n Mcl,atchle et aI (L964 ), reflects the f111ing of the p¿ state
for thls nucleus. A s1m1lar effect ls observed, for pb at l{ = LZ[.
Slmllarly the smaller d.ownward- break at 200He (N = LZO) ls
lnterpreted- to reflect the fll11ng of the p3/z level whlch 1les :

abovg !hç ,S/_, Ievel. The n3/, unu t r/, states, whlch 1le close
together tr. 20Bp¡ , are separated by a slgnlflcant amount even for
a spherlcal 200Hg nucleus (Ko1b and. ttrong , L9?5).
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Introduction
For several years we have been undertaking a

systematic program of atomic mass determina-
tions by means of high resolution mass spec-
trometry in order to investigate precisely the
variation of nucleon binding energies for nat-
urally occurring isotopes in the region between
82 and 126 neutron shells. Initially the 2.7 m
radius mass spectrometer, then located at
McMaster University, Hamilton, Ont., and now
at the University of Manitoba ('Manitoba I'),
was used to investigate the nature of the mass
effect associated with the onset of nuclear

rWork supported by the National Research Council of
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lNow with the Canadian Grain Commission, Win-
nipeg, Man., Canada.
. 3Now with the Dividion of Medical Physics, Prince of
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Nucleon separation and pairing energies, decay energies,
and atomic masses for 68 < Z =72r

K. S. SHnnuA, J. O. MeneDrru,2R. C. Bnnsnn, K. S. Kozrnn, S. S. Heeue.,
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A set of 24 precise determinations of mass spectroscopic doublet spacings, including a new
determination of the t76Hf3scl - r74HF7Cl mass difference, has been combined with nuclear
reaction and decay Q values in a least squares adjustment of the atomic mass differences in the
region 68 < Z < 72. The following quantities have been calculated for each nuclide: separation
energies for the last neutron and last pair of neutrons (S", ,S2n), the neutron pairing eneigy (Pn),
separation energies for the last proton and last pair ofprotons (,So, Szo), the proton pairing energy
(Pr), Q values for a and p- decays, and the mass defect. The systematic variations of these
quantities with N and Z are discussed.

Une série de 24 déterminations précises des écarts de masse de doublets, incluant une nouvelle
mesure de la différence de masse l76HFsCl - t74}JP7Cl, a été combinée avec des valeurs p de
réactions nucléaires et de désintégration dans.un ajustement par moindres carrés des différences
de masse atomique dans la région 68 <.2 < 72. Les quantités suivantes ont été calculées pour
chaque noyau: énergies de séparation pour le dernier neutron et la dernière paire de neutrons (Sn,
.SrJ, l'énergie de paire des neutrons (P,), les énergies de séparation pour le dernier proton et la
dernière paire de protons (So, Sro), l'énergie de paire des protons (Po), les valeurs de p pour les
désintégrations cretB-,etledéfautdemasse.Lesvariationssystématiquesdecesquantitésavec
N et Z sont discutées.

Experimental Adopted

37cl _ 3scl

ln

lw"
ån

1.997 049 85+ 13 u"
05011+30ub
04974+lOu"

I .007 825 05 + I u'
07+ 3ub

4.00260294+27 t'
1.00866502+ 4u'

1.997 049802+76u

1.007825052+l1u

4.00260294 +27 t
I.00866502 + 4u

Mass to energy conversion 0.931 493 4+ 28keY l¡tud

,s" (?H)
,s" (?H)

2224.64+0.04keY"
6257 .51t0.12keV"

o1971 Mass Evaluation with Smith (Wapstra and Gove (1971), p. 168).
ùKatakuse and Oeatù (1972),

"Southon et al. (1977).
de from Cohen and Taylor (1973). NÂ from Deslattes (1976). c from Cohen (1976).

ITraduit par le journal]

deformation in the region ¡/ - 90 (Barber et al.
1964a; Barber et al. 1964b). Subsequently a
general survey \ryas made of the more abundant
even-¡y', even-Z nuclides throughout the region
(Duckworth et al. 1969; Macdougall et al. 1970;
Mclatchie et al.I97O; \Vhineray et al.1970).

More recently, a 1.0 m radius, second order
double focusing mass spectrometer ('Manitoba
II', Barber et al. (1968); Barber et al. (1971))has
been used to extend this study by the deter-
mination of many additional mass differences
and by the redetermination-with improved pre-
cision of some of the doublets studied previously.
These data, combined with the,McMaster data,
then provide mass spectroscopically derived links
amongst all of the naturally ocçurring nuclides
in the region 59 < Z < 69 (Pr to Tm) (Barber
et al. 1972). In order to obtain 'best' values for
the mass differences amongst all nuclides in the
region, these mass spectroscopic values were
then combined with all existing nuclear reaction
and decay Q values in a least squares evaluation

of the atomic mass differences for the region
59 < Z < 69 (Meredith and Barber 1972).

We have extended this investigation to the
adjoining region and have presented (Barber et
al. 1974) a series of 17 new determinations of
mass doublets in the region 68 < Z < 72 (Er to
Hf). In addition we have redetermined, and
report in this work, the value for one doublet
studied .previously by us (Barber et al. 1973)
involving the 1'76Hf - rt+¡1¡ mass difference
which was in disagreement with some other
work. All of the doublets studied are of the types

tll A+2Ir3sCl - 1Y37Cl: Ar

I2l A+aX3sCl2 - AYt'Clr: ¡,
where X and Y may or may not be the same
element. The measufed values are combined
with the known 37Cl - 3sCl mass difference
(Table L) to derive mass differences between
pairs of nuclides for which ,4 is either even or
odd. These data thus provide mass links between
the naturally occurring isotopes throughout this
region and relate it to the one previously studied.
, The precision associated with the doublet

values is in the rangÞ of 0.70 to 3.0 ¡ru (0.65 to
2.8 keV) except for two doublets which involve
the relatively rare isotope 168Yb 10.14/") and
which carry lower precision (-3 keV). As will
be apparent, the precision of these determina-
tions compares favourably with that of the
determinations of nuclear reaction or decay Q
values.

Following the same general procedure used in
our earlier work (Meredith and Barber 1972) we

have combined the new mass spectroscopic
determinations for 68 < Z < 72 with the nu-
clear reaction and decay Q values in a least
squares evaluation of the atomic mass differences
and here report the 'best'values so obtained for
the nucleon separation and pairing energies, the
decay energies, and the atomic masses in the
region.

General Description of the Least
Squares Evaluation

The experimental data under consideration,
whether derived from mass spectrometry or
from nuclear reaction or decay Q-value deter-
minations, may be expressed as mass differences
between pairs of nuclides. Thus each measured
value is a linear combination of n atomic masses,
and the whole set of iy' observations may be
written in the following way:6

t3l Ar¡M¡: .lz¡ t sr

where 1 : I,2,..., -ly' and j : I,2,...,n, the
coefficients A¡¡ are, in general, either 0 or 1 and
each ,yr is the standard deviation associated with
the measured value of yt.

This corresponds to the general linear model
of the form

l4l v:xqt+t
where y is an N vector of observed results, Xis
a full rank N x n matrix of coefficients, p is an

6lower case subscripts run from I to n; upper case
subscripts run from I to N.

ntj= r
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Code Nuclide Reference ,Sz" (keV) Input (keV) Output (keV) n (keV) (r,ls,)'nvectoÍ of unknown parameters, i'e''the atomic

;;;;;;; and e is an ¡r vector of unknown

residuals.-'lhlt 
iot* is well known, and specific varia-

tionï^ãiit have been investigated 
-by-Ellenberg

iis?åi ""¿ 
uv Hartlev and Javatillake (1973)'

ä"-í* ãr íhe method of least squares for

"-rtLuiønt 
of the parameter of [a] is well

áäåiÃ.nt.¿. Subject to the assumption that the

i*iáu¡t are normally distributed with a mean

zero and a standard deviation, o, í'e'

1362

tel

tl 1l M* : lxrxl-1'xt(^s'y)

lt2l e¡j

where X: (S)'/4 un¿ 5 : (1/s¡)'

ihe matriì (xr x¡- 1is known as the variance-

.ou"äáo"" *àtti*, îith .l.-tnts o;r' The stan-

ááilã."i"tion aséociated with a párticular-ad-

;rrt.¿ "l"rt 
¡¿, * is e, x : tF, ¡¡, a¡rdihe standard

ä;i"ti"; urrotiut.d with a färticular mass dif-

ference (Mr* - M¡*) it' +6
+5

a
b

a
b

b
c

x'
Pr

w'
Pz

Pg

U'
P+

T'
Ps

P6

s
P7

P6

a
Pe

C
D¡ 10

P
Prt

N
Prz

M
Pt.

L64Er

I 66Er

1678Í

r 68Er

t ?oEr

1ó8Yb

l7oYb

17IYb

L72Yb

173Yb

174Yb

176Yb

176Hf

L77Hf

178Hf

l7eHf

18oHf

t4 909
14 912

14206.6+
14205 +

13 258.3+
13267 +

16129 +

t5 34s.7 +
15343 +

15 081 +

14 63s.4+
14643 +

t4 386.9+
14395 +

t3 832.7 +
13 841 +

12 690.6+
12698 +

1.4 872.6+
14879 +

14533 +

14 010.4+
1401,3 +

t5 748.7 + 1.2
15744 +10

15 126.9+ 1.2
15123 + 5

1,5 748.6+ 1.2

1,5 126 .7 + 1 .2

14910.8+3.8

14206.5+1.3

73 259.1+2.5

16 129 +7 .O

t5 344 .l + 4.6

15 081 + 5.0

14 636.4+ L8

14387.6+2.2

13 883.0+1.6

12 691 .l+3.3

14872.6+1.0

14533 +5

14010.5+1.0

13 726.5+O.7

13 489 .9+0.7

15 748.6+ 1 .2

1.5 1.26 .2+ 1 .l

14912.0+1.3

14207.1x0.7

13260.7+1.3

16 125 .0+ 6.7

15 337.6+3.0

15 084.8+3.1

t4 634.8+0.8

14387.1+0.6

13 833.4+1.1

t2690.4+L2

14872.4+LO

14547.9+1.5

14009.7+0.9

13 726.6+0.6

13489.1+0.6

0.0 0.000

-0.5 0.174

1 .2 0. 100

0.6 0.213

l. 6 0.410

- 4.0 0.327

-6.s 2.000

3.8 0.578

-1.6 0.790

-0.5 0.012

0 .4 0.063

-0 .7 0.045

-0.2 0.040

14 .s 8 .4I0

.0.8 0.640

0.0 0.000

- 1.0 2.041

tsl e : N(0, o2)

the standard results are:

t6l ltx : (XrX) 'x'Y
t7l t* : ./ - Xlt*

where Xr is the transPose of X'"-fft"ãtt"*ption of [5] is a special case' In a
rno.. g.n"ruf 

"ur. "ontidered 
by Hartley and

iå""iiri"t. f i 97 3), the N vector e has independent

;lä;i; ,,', 
"u"1,' 

of which has a,mean of zero

;d itt owi unknown variance or2'* 
I" tàtt" cases' as in the present study'-there are

independent experimental estimates ot' the ot'

Ctìü-;;; mayiotue the svstem.[3] of.N linear

"quuiiont 
in n unknown experimental values'

läti"g use of the experimental estimates' 's¡' for

*"iärt'ittt g irr" e qu atiå n s iro l 9111n ql9, M.111auch

iióãôïi rfr"ostra and Gove (197i); Meredith and

i¡urúi Ogiz))' Each observational equatton ts

multiplied bY a weight

tSl (ùt : llst2

and the solution M* is that which minimizes the

ru* åittt. weighted squares of the residuals' i'e'

The distribution of the square of the ¡or-
*¿ir.¿ residuals should be compared to 1'-for
ln"-7 : @ - n) degrees of freedoni to help

ä"i.í*in"'*hethér alfinput values and assigned

errors are consistent with the assumption of [5]'
Á; ;; the case in our previous evaluation

?rur.t.áitn and Barber Ig72), the quagg
fffi..no"ld be unitv \ilith the limits t Jtl2f'
Iliitlí quuntity is significantly greater than 1'0'

ih" ioput datä are-examined and grossly in-

"å"tití.tt 
data may be identified and dealt with

before the final calôuhtion is performed'

New Determination of Mass Difference

a
b

a
b

b

a
b

b

1.3
6

1.6
5

7

7.1
6

5

t.9
5

1.5
5

1.0
5

1.3
5

0.8
5

As described in our recent work (Barber et al'

L9i4;Barbq et al. 1976; Sharma et al' 1977) we

ñave'improved the procedure for accumulating

lfr" -ust^ rp"ctra in ihe signal averager' Previous

iã-tnuti"g tftis change, wi studied and reported

isarUet ei at. 1973) nãluet for two such doublets

ìr*i"td itte t"íatiu"ly rare isotopes 180w

ß.1.3Y^\ãnd 17oHf (0.t1%). However, a recent

ìe¿etãimination of the tungsten doublet (Sharma

et al. 1977), made with the modified apparatus'

traS resutte¿ in a significantly different and

substantially more precise value.

Accordingly we have made a new determina-

tion of the hafniu- doublet, using the apparatus

unJ 
"*p.ti*ental 

procedures described in detail

bt sh;;-" et at.itotl¡ and have obtained the

value

t13l rzol¡¡asg1 - ''a*f3'Cl
: 4314.21t 0'86 Pu

as compared to the earlier value (Barbet .et 
al'

îgii¡ oì qrc6 + 16 pu. we also note that, in the

tgnt'of the large change in- the value' Y."-huul
nieasured this difference at three widely diffe-rent

*utt ttn*t"rs by using the fragments HfCl,'
HfCl3, and HfCla, and have obtained consistent

results.

a
b

a
b

a
b

a
b

a
b

bPr¿

L
Prs

5

1.0
5

N

orI
I=7

NII=I
(Ð{rz (r,ls)'

a
b

a
b

a
b

A
Prø

J
Prz

13726.4+ 0.7
13731 + 5

13 489.8+ 0.7
13493 t 5is a minimum'^ 

óft"t the assumption is made that the nor-

mJir.d residuals (ir/sr) of each equation low
.äîiri"lsl but this'ii'nãt strictlv necessary' The

r..ãiär'"åli¿ity of weighting least squares eval-

iations by using the variances ol-the experl-

;;i;i observatiãns has been discussed recently

üV^ïãVf"t "t 
at. (1970), Eisenhart (1971)' and

Cohen (1971).- 
itt" tèt of áquations [3] can now be written as:

NorEs: a, Mass spectroscopic measurements (Barber €t al. 1974), b, Oothoudt and Hintz (1973). c, Debenham el al. (1974).

tl0l (to1A¡¡)M¡: ory¡

This doublet, as originally measured as the
fragment HfCl, is badly mismatched (96: 1) and
also relatively narrow ( MlM þ Il50 000). At
the time of the earlier determination we were
unaware of the presence of low level modulation
of the baseline of the signal which quite sabotaged
the result and which has since been corrected.
Moreover, the new determination benefited from

an itnproved signal-to-noise ratio and from
higher intensity and instrumental resolution.

This value may be combined with the values
given in Table 1 to derive the double neutron
separation energy (.Sr,) of t76Hf. As is shown in
Table 2, the new value is in satisfactory agree-
ment with the reaction Q value of Oothoudt and
Hintz (1973).

and the standard solution [6] becomes
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InPut Data

As indicated in the tables' we have trans-

f";.Jìh; ¿xperimental data so that they are.all

"ïot.*.¿ 
in î<eV as mass excesses' energy dif-

i.í.t..t, "t 
puìti"t" separation energies (Sn' Stn'

;:.;;;:i.-iñe values ior the various constants

íJ.¿ in *uting the transformation are grven ln

Table 1.^îãss 
differences derived from mass-spectro-

rtåTä"¿ãtulet values reported by this group

ìi"li"r"iiä.itl+¡ u'" given in rables 2 and 3

ì;ï.ät"""f 
'ttte 

"eutroã 
rest mass' n' and a

;"ä;i;t .nãrgv i" keV' The values .which
;ipä''Ë;.-; iúe 

"xp"'i 
*"'.tat 

11ti'-'^ I:i t'
Table 1 of Barber et àl' (Ig74) and are not the

#;tffi;ãã¡"tt.¿ uuìutt íhown in.Table 6

;i th;i paper, b""uut" the present ''rljustment
;;di;;t'lñ;ã'tv indtptndent data for input'

Also shown for each dàtum in Table 2 and3 are

ittã-*ii"tponding output values for the sep-

ïtãri""^"",õi!i.t íuittt ihe associated error' the

iåit¿rär f,r.i-ihe diflerence between input and

"ïiotf "àr.és 
rr), and -the square of the nor-

-uiit.¿ residuali (, rl t )''
ï;-i;bl.t 4,5,6,'uidl u'" compiled the mass

diff;;;;-d"ía'which derive from nuclear re-

ã"-t-i"" "tA 
decay Qvalues' Wh91e several deter-

*inátiottt of thi ìame muss difference exist' a

weighted mean was calculated and used as the
;i;;ii;"lt. shown in the table' At this stage'

,åit" ¿is"repant data may--be.identified and

i-nv"ligat"¿. Generally an offending dullf 
"uo-uã 

r"¡.ît"a on ,"u,o"áble grounds' e'g' where it

ñhiï;-"""cluded tha{ a transition- to the

Ëi,í"i¿-i"t" had not been observed' Such in-

consistent data have been deleted' and a new

;.ktt.e mean and standard deviation calcu-

i;;ä. 
"At 

i"-raules 2 and 3 the output values'

i.rià,rutr, and squares of normalized residuals

;;-t;;;"-i"; eäch input quan-!r! involved in

äã ã"ìt¿"t"rmined set 
^of 

mâss differences in the

adiustment'--'fn" ^"t"fides 
and the connections between

them. invotved in the present adjustment' are

'l;;;äËì;.ì,-un¿ 
i¿Ëntified bv the code,used

in ttt. tuUt.t. fhe mass spectroscopic connectlons

äi" in¿i"ated by upper case letters' reactlons

iii¿ï"t s" uulu., 
^ by t, and (p't) reactions

ii.t¿ine Sr, tV p' After the eliminatton ol D32'

ilff" t'.Ën itåtn Fig' 1 that 87 
-of 

the total of

iol remaining mass differences form an oler-

d;í;ì;;;ei of differences involving 43 of the

äi'lïã*t-t""rides in the region' (W^e note that

;h"';;ir"; io. itt" relative Q values.of Burke and

Balogh (1975) are not shown in ttus hgure'J

SHARMA ET AL.

Tasr,e 4. Neutron separation energies

6594 +15
6595.0+ 2.5
6552.9+ 7.0*
6593.9+ 1.5

9055 +12
6861 +12
6859 + 4
6867.2+ 0.5

8469 +12

l?sLU - 173Yb
171Yb - 

16eTm

rosl¡¡ - 167Er
167Er - 16sHO
1?3Yb - l6eTm
l?rYb - 167Er
r6eTm - l6sHo
18oHf - 176Hf
1?6Yb - 1?2Yb
172Yb - 168Er
168Yb - 168Er
1?4Hf - 170Yb4

2n - 13 760.9+1.3
2n - 14 l75.8tl .6
2n - 14 128.0+1.0
2n - t4 532.0+ I 'l
4n-28561.6+I'1
4n-28301.2+1.6
4n - 28 66t -7 !1 '0
4n-27501.9+3.0
4n - 26 521 .2+2.2
4n-28553.9+l'6

t414.9+8.7
4n-27301+30

13759.3+1.1
t4175.4!0.7t
t4127 .6!0.7
14533.3+0.8
28 562.5+0.8
28 303.0+0.8
28 660.9+0.8
27 499.7+1.0
26 523.8!l .4
28 552.2+ 0 .9
I 420.2!3 .l

27 366.9+2.4

1365

-1.2 0.852
0.8 0.004

0.2 0.030
L4 0.013

cAN. J. PHYS' VoL' 5s, 1917

Tesrp 3. Other mass spectroscopic differences and a decay

Nuclides Input (keV) Output (keV) r¡ (keV) (rrls)"
:::.

',ã; . Nuclide Reaction Reference ,S" Input Adjusted value ,R(¡) (r¡lsr)2

; 166Ho d,p a 6250 + 7¡r n,Y b 6243 + 3

n,T c 6243 '0+ l '0
n,T d 6248 +5

6243.4+ O.9 6243.4+ 0.9 0.0 0.000
162Ê1 rl.f e 9215 + l0 9215 + l0tz 
'u'fii ã:; e 6904 +10 6904 +10 6900.8+ 7'1 -3'2 0'102

:i 'aol¡1, d;; e 8851 + 10 8851 + 10 8847 .8+ 7 .t -3.2 0' 102

;, l6sEr d,p e 6657 + 10

n,Y f 6650.1t0'7
6650.11 0.7 66s0.3+ 0.7 0.2 0.056

166FjÍ d,t e 8473 + 10¡Þ dJ e 8476 + lo
8474 + 7 8476.01 1.3 2.0 0.094

r- 1676r d,p g 6434 + l0
d,P e 6439 +10
d,P h 6434 +10
n,Y i 6436'2+ O'5
i,T i 6436 + 3'0

6436.2+ 0.5 6436.1+ 0.s -0.1 0.001

fe 168Er d,p k 7763 I 3- d,t g 7778 +10
d,t e 7781 t10
n,^t I 7766 +4
tr,7 c 7712.0! l*
n,T m 7771 .2+ 0.5

7771.0+ 0.7 7771.1+ 0.6 0.1 0'029

fe 16eEr d,P h 5988 +12
d,t g 6001 +10
d,t e 6oo6 +lo
û,T n 6003.1t 0.3
f,,T f 6002.7+ 0.8

6003.01 0.3 6003.1+ 0.3 0.1 0.028

rro 17oEr d,t g 7265 + 10- d,t € 7268 + 10

d,t n 7207 +30
7263 + g 7257.6+ 1.3 -5.4 0.360

rrr l7tF;r d,Þ g 5678 +10
d,P e 5683 +10
d,P h 5674 +10
n,T o 5681 '5+ 0.5

5681.5+ 0.5 5681.6+ 0'5 0.2 0.160

ttz 16eTm T,n P 8000 +50
y,n P 8110 +50
d't q 8034 +15 

8036 +t4 8033.4+ t'z -2'6 0'035

Code

B
E
G'
I
D
F
H'
K
o
R

C'

-1.6
-0.4
-0.4

1.3
0.9
1.8

- 0.8
-3.2

2.6
-1.7

5.3
6s.9

I .515
0.074
0.128
1.304
0.703
1.275
0.648
|.142
1.413
1.092
0.36'l
4.822

IM""F"rl"t" and Kohman (1961)'

Results and Discussion

The squares of the normalized residual'(r¡ls¡)z

--;t;t,'i"r the above 109 input value^s are

stto*'"'ul a frequency histogram in Fig' 2 
,and

äü ru**utized, according io type of input' in

î*i" ï.îrt" sum of the 
'quãttt 

olthe normalized

,"riáuuft, which corresponds to the.12 for this

"ãilrJ*..t 
is 73.47- Inasmuch as there, arc 44

ããär""r ãr freedom in this adþstment'-tn"Æ-.;
sistencv factor, or generalized nirge ralio'Jy¿ lf '
Ëiäiñ;tú"Ëlitv of equalling or exceedìng

iLir ualu. i{ <s7. This might be interpreteo.as

ienectine a general underestimation ol tne-slze

;i rh";;ilr:f"t àtt or tn" input values' in which

fr¡ tToTm

168Yb
l6eYb

17oYb

d,p
û,7
n,y
n,Y

d,t
d,P
n,T
ir"{

d,r

r
r
c
s

t
t
u

t

fr+
rrs

6594.2+ 1.3 6593.0+ 1.0
9055 +12 9055.8+ 9.2

6867 .l+ l.l 6867.3+ 1.1
8469 +12 8470.4+ 3.1
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T¡srl 4 (Continued)

Code Nuclide Reaction Reference S" Input Adjusted value l?(Ð (rrlsr),

în 171Yb 6617 +12
6614 +12
6616 + 3

6614.7+ 0.8

8030 +12
8022 xtz
8023 + 3

8020.1+ 0.5

6372 +12
6370 xlz
6365 + 3

6367.3+ 0.5

7476 +12
7463 !12
7465 + 3

5820 +t2
5822 + 5
5819 + 2.0
5822.6+ 0.5

6879 !12
5565 +16
s562 !12
5566.8+ 1.2

7770 +50
7658 + 10

6282 tls
629s t 8

6295 +15
6293.2+ 1.2
6292.5+ 4

7072.7+ 2.0
7073 t 5
6890.3+ 2.0*
7072.5+ LO
7072.4+ 0.6

6708.8+ 0.5
8183 + 8

6374 + 7
6400 +30
6384 +I1

7623 t 3

7619 + 5
7621 ! 9
7625.5+ 1.0
7621 + I0

fr a 17 2Yb

SHARMA ET AL.

Tesrp 4 (Concluded)

1367

Code Nuclide Reaction Reference ^S" Input Adjusted value ,R(/) (rrlsr)'

fgr l7eHf d'P aa
n,y am
n,1 ap
n,T ab

6098.5+ 1.0 6100.7+ 0.6 4.840
18oHf

7387.4+ 0.6 7388.2+ 0.5 t.778
181Hf d,P

D'T
d,p
n,Y

5694.2+ 1.3

d,t
d,Þ
irT
n,y

d,t
d,p
ir"l
D'Y

d,t
d,p
n,ï
D'T

173Yb

t74yt'

l7sYb

176Yb
r77Yb

17slu

116Lu

L77Lu

175Hf
176Hf
177Hf

Hf

n,"l am
d,t ak
n,'l aq
d,p az

as
am
ak
ap

72

ï'
Zto

69

68

67

t
t
w
at

t
t

ba

t
t
v
o

t
t

t
v
w
z

t
aa
t

ab

ae
ad

ae
af
ag
ah
au

ae
ai
ai
av
ax

o
bb
ak
al
az

6614.8+ 0.8 6614.s+ 0.7 -0.3 0.141

8020.2+ 0.5 8020.3+ 0.4 -0.1 0.045

6367.2+ 0.5 6366.8+ 0.5

6102 +14
6098 t 3

6098.0+ 1.5
6099.5+ 1.5

7383 t 3

7381 + 6
7387.5+ 0.5
7392 ! 7

5665 +25
5693 + 3

5700 + 10
5694.5+ 1.5

d,t
d,p
îrT

-0.4

1.0

0.729

0.128

0.163
0. 871

d,p
îr"{
n,"l
ir"f

îrf
d,Þ
irT
n,y
tr'ï

7465.5+ 2.8 7466.7+ 1.1

5822.4+ 0.5 5822.6+ 0.5
6879 +12 6868.0+ 1.3

0.2
-11 .2lzz

fzs

fz+

lzs

d,t
d,p
d,p
îrT

Y,N
d,t

d,t
d,p
d,P
n,y
n,^l

n,y
d,t
d,p
ï,n
d,t

îrT
Dr"{

d,r
n,l
d,p

fzt
fze
lzg

5566.7 + 7.2

7662 +22

5566.7+ L2

7665 + 1.5

0.0 0.000

6.6 0.090

0.0 0.000
0.I 0.040

-19.5 5.941

6293.1+ 7.7 6293.2+ l.O -0.6 0.298

7072.4+ 0.5 7072.4+ 0.5
6708.8+ 0.5 6708.9+ 0.5
8183 t8 8163.5+1.1

am
an
ak
ao
ai

6378 + 6 6385.1+ 1.1 5.9 0.967

7625.0+ O.9 7625.6+ 0.6 0.8 o.790

949392 |29998979695 t00 tot to2 to3 ro4 ro5 to6 ro7 to8

N_*
ro9 ilo

Fro. 1. Schematic diagram of the input data. Naturally occurring nuclides are indicated by solid
squares with the mass number. The mass difference connections are identified by the code.
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SHARMA ET AL.

T¿srp 5 (Concluded)

1369

Code Decay Reference Q values Input Adjusted value 'R(/) (r,ls')'

1368

Tnsle 5' Beta decaY Q values in keV

Code DecaY Reference Q values Input Adjusted value

3?8.8 + I .5

r8s4.2t 1.2

7.8 I .690
178Lu(p-)178Hf

l7eLu(p-)17eHf
18oLu(0-)180Hf

2250+ 50*
2050+ 50 20501 50
1350+ 40 1350+ 40
3060+ 100
3300 + 100
3100+ 100
3200+ 100

3165+ 50

br
bz

a
b
c

d
e

re s¡r1s.e.)16sHo
zøe1¡61p-)166Er

rorlr¡1p+)t61Er
r oz.¡.rn1p +)16 2Er

roalr¡1p+)163Er

rø+1rn1g+)16aEr
16sTm(e,c.)165Er
re o1r¡19+)166Er

resB¡1p-)16eTm
rzrg¡1p-)t71Tm
rzzB¡19-)172Tm
173Er(0-)173Tm
rosy6lp+)t6sTm

rooy61s.ç.)166Tm
16?Yb(g+)167Tm

1?oTm(p-)17oYb

1?rTm(p-)171Yb
rzzl¡n1p-)1?2Yb
173Tm(ß-)173Yb
174Tm(ß-)174Yb
1?5Tm(g-)17sYb
176Tm(p-)1?6Yb

roz¡rr1p+)t67Yb
røe¡¡1p+)ró8Yb
rosa.rlp+)t6eYb

rt o¡u1p+)17oYb

1?3Lu(e.c.)173Yb
174Lu(ß+)174Yb
17sYb(g-)17sLu
17?Yb(p-)177Lu
16eHf(F+)16eLu
rrsg¡ (s.ç.)17 sLu

176lu(g-)176Hf

37lX
1847 +
1857 +

371X 6

1854+ 4
3520+ 100

4250+ 50

6
5

J 0.2 0.003

bss

bsø

bt,

as
ax
as
at

au
au

20
20
30

aw
f
c

h
i
j
k

bg
b¿

bs

bo
bz
bs

I
m
n
o
p
q

r
s

t
u

btn
brs

3520+ 100
4890+ 100
4700+ 100
4705+ 70
22701 30*
2417+ 20

3962+ 20
1565+ 30
2980+ 50
3035X 12

344+ 4
1490+ 2.0
891+ 10

2800+ 300
n52x 20*
2922+ lo

260! 20

1960t 20
2015+ 70
1955+ 20

2417 +
3962+
15651

*Excluded f¡om calculation on the assumption that the gro,und state transition was not observed.
N;;;i;;61 fli 0r 

' 
otzyot. b,'5¡ õ; ót.-;;-6-6 bä o+. à', 6+ au 03.-e,-olã-u-o?, 7t D-¿_s7 rî, cromov e/ at. (1e63). F, 67 G^n 01.. h, 67 vr 04'

i. åiïiö). j,ï¡õiot.'^, øt iíöíiøi'ci'it.'ri-s{Ëiö,?'s_þ'ìõi. i",'oïÃi tr'', q_l_c_ 
" o_¡. o,.68 lh 01. p, 67 Pa 04. q, 70 Ar 16.6e Ar 23,

ïs"í¡e'oó.ri'ø2.!ae6,1tDe??:t::i¡i9rJüÏt'+-.iii:.""ij'r,;rä"1," :f.fiÊ,,{:"::'A i',iT'.i 8,'Í##i'r'åJ?rÎ';Í:f3 9å 3Ä:h Ì¿ãiöi;jtiiíé d,';ib""'fzl"",'a:+"Å,ö:ij¿i"È":oï",i,fséi ií'.i,'sînà z;í ,1:,' õ2 ùir?. 
",'s7-sü 

1t.1, øa ua-ri.eo-Je^os. z. 63 or 0r'
63 Ku 22. aa, 67 Gu t2,64 Ka t6. ab,66 wi 04. ac, Takahashi 

"i"ã.iígiøií. 
ãã', aì cí"ti. 

^i,'9,iÃe 
03, oj õr 20. af, io ch 28- aE:7o-\a 09.

äi.'èôfi1âl!i,'tt sdõ'e. å¡l 6s-Hu 30. ak, se Bi 1!,! 4o ro. ai,?a ií óì1' lnl, o2n1_lz,5ø_ç9 i3.a;, 64_Io,03_._aô, 65 Fu t l. ap, 68 Ja 1l '
äq',tiÉõló,-¡ig F, t1.'âi,-ô2Ètoz.ã', oî'ri,lo, 6i raog' at,7Í sw 0l' au,7i Gu 02' av,74De47. ax,75 Ka 15'

3032+ t3
344+ 4

1490+ 2.O
891 + 10

2800+ 300

2922! lo
260!. 20

1960+ 14

1591.61 2.3

3046 + 11

353.5 + 0'8
1492.4t L1

26.6

13.1
9.5
2.4

0.786

I .111
5.641
t.440

TesL¡ 6. Mass differences via (d,t) reactions*

Nuclides Input (keV) Output (keV) r (keV) (r,ls,)'bs
bto
brr
bp
bt"

970+
968 +

)
0.7

292.O+t20

1959 + 9

967 .9+ 0.6
97 .2+ 0.9

32.4

-1.1

- 0.3
0.2

2.624

0.006

0.184
0.040

164Er _ l6sTm - 168Ef + 16eTm
166Er - 167Tm - r68Er + r6eTm
7618r _ r68Tm - l6eEr + 16eTm
rToEr - 171Tm - 168Er + l6eTm
16eÏ'm _ 168Er
17oyb _ 171Lu _ 174yb + 17sl-u

1?lYb - 112Lu - 174Yb + 17slu
L12Yb - r73lu - 174Yb + 17slu
1?3Yb - LTaLv - r74Yb + 17slu
176Yb - 177Lu - 174Yb + 17slu
r75LU _ 1?4Yb

-1298.0+ 2.0
-666.5+ 1.0

-262.3+ 1..0
817.9+ 1.0

n - 6332.8+15
-1156.2+ 2.0
-791.9t 2.0
-595.6+ 1.0

-202.1+ 1.0
674.1+ 1,.0

n - 6274.8+15

-1297 .9+2.0
-666.5+1.0
-262.3+ 1.0

818.310.9
6356.6+0.8

- 1756.2+2.0
-791 .9+2.O
-595.6+1.0
-202.1+1.0

674.5 + 0.9
6292.8+1.3

0.1
0.0
0.0
0.4

23.8
0.0
0.0
0.0
0.0
0.4

18.0

0.003
0.000
0.000
0.168
2. 508
0.000
0.000
0.001
0.002
0.158
1 .434bru

bt,
bta
brg
bzo
brt
b,,

x

z
aa
ab
ac
ad

ae
ar
a8
ah

bzt
b"o
bzs

ai
aJ

ak
al
am
an
q,

ao
ap
aq
aq

ar

97x 1

1869+ 9
1320+ 30
3060+ 40
2400t 50
4200+ 100
4140+ 70

3o7ot 70
4360! 80
2293X 70
2270! 30

3465+ 20
3440! 20

690t 30
1372+ ll
467! 2

1400+ 20
3365 + 200
590+ 30
607+ 8

11951 I
1193+ 5

497! I

968.2+
97+

1869 +
1320!
3060+
2400+

4160+
3070+
4360+

0.7
1

9
30
40
50

60
70
80

*Burke and Balogh (1975).

TesrB 7. Summary of adjustment of input data

Table Nature of input
Number
of data Average r¡

Contribution
to x"

2274+ 28

3453t 13

6901 30

ß72X ll
467l- 2

1400+ 20
3365 t 200

2
3

4
5

6

Szo (Mass spec. and (P,t))
Mass spec. diff.
d decay
s"
B decay Q values
Mass dif. from (d,t) Q values

Total

0.37 + 1.06
0.35 + 0.71

65.88

-0.82 + 0.83
4.46 + 3.08
3.80 + 2.57

17
1l
I

31

16
11

87

15.843
9.661
4.822

18.687
20.184
4.274

73.471

bza

b,.,
bze
brn
bso
bst
bg2

bga

669.7t l-7 -20'3-
137s.8+ 2.4 1I
4'10.2+ 1.3 r'2,

1400.6+ 2.7 0'6

0.458
0.119
2.s60
0.001

606+ 8*

,rrro;1ï 4.2 'ßlii i å

case self consistency may be achieved by in-
creasing all of the errors by 29%. It is more
likely that it arises from some systematic biases,

either in certain groups of data or in a few
particular items. However, the size of this

adjustment is sufficiently small that it is difficult
to identify the source of such inconsistency.

The results of the calculation are presented in
Tables 8 and 9 in terms of the particle separation
and pairing energies, the alpha and beta decay-7 .7

0.4
3.361
0. 160

b.n rzzaulg-)177Hf
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Tasr¿ 9 (Concluded)

Mass excess

Element O(ß-) (kev) O(ø) (kev) (keV)

1372

T¡,nLP 9. DecaY energies and masses

Mass excess

0(0-) (kev) O(ø) (kev) (keV)

68
69

68
69

68
69

68
69

68
69
70

68
69
70

68
69
70
7l
68
69
70
7t

68
69
70
7t
1)

68
69
70
71,
1)

68
69
70
7l
72

68
69
70
7l
72

68
69
70
7l
72

69
70
7l
72

Er
Tm

Er
Tm

Er
Tm

Er
Tm

Er
Tm
Yb
Er
Tm
Yb
Er
Tm
Yb
Lu
Er
Tm
Yb
Lu

Er
Tm
Yb
Lu
Hf
Er
Tm
Yb
Lu
Hf
Er
Tm
Yb
Lu
Hf
Er
Tm
Yb
Lu
Hf
Er
Tm
Yb
Lu
Hf
Tm
Yb
Lu
Hf

161

t62

t63

164

t66

t67

168

t69

170

t71

t72

t73

174

-3520

-4750

-2417 + 20

-3962

1795 + 13
*

1636.8+ 2.7
2480 + 100

1563 t 8

1301 .0+ 2
1960 + 50

1098.7t 4.8
1800 + 60
2761 + t4
825.8+ 2.3

1640 + 60
2324 + 7

665.9+ 2.4

2156 + 12

2810 t 70

548 .5 + 2.5
LZ^O + 60
L948.1+ 3.3
2350 + 80

258.6+ 2.9
l2l2.l+ 1.8
1731.0+ 3.4
Z4t3 + 28
2860 +200

56+6
850.7 t 3 .2

1736.7+ 1.1
2t44 + t7

!¡

687 + 2l
1558.3+ 0.8
2290.2X 2.8

1309.0+ 0.9
2t51.6! 2.8

*
*

94s.2! I
1968.4+ I .8

*

't
736.3+ 1.8

1801.11 1.9
2494.4+ 2.4

-65 203t 12

- 61 680 + 100

-66 347 + 6

-61 600+ 50

-65 176+ 9

-62759+ 22

-65 953+ 6

-61 991+ 2l

-64 s31X 6

-62940+ 6

-60018+ 12

-64936+ 6

-61 890+ 13

-61 598+ 10

-63 301 + 6

-6255s! 6

-60 596+ 11

-57 530+ 70

-63 0001 6

-61 323+ 6

-61 580+ 7

-57 220+ 80

-60932+ 6

-61285+ 6

-60 376+ 7

-58 102+ 29

-54740+200
-60 118+ 6

-59 807+ 6

-60775+ 6

-57 322+ 14
*

-69 998f 13
_66220+LtO

-71226+ 6

-66 130+ 50

-69 969+ l0
-67 374+ 24

-70 802+ 7

-66 549+ 22

-69 277 + 7

-67 568+ 7

-64 431+ 13

-69 7ll!. 7

-66 44t+ 14

-66 ln+ l0

-67 955+ 7

-67154+ 7

-65 051+ 12

-617601 80

-67 633+ 7

-65 833+ 7

-66 108+ 7

-61 430+ 90

-65 412+ 7

-65 792+ 7

-64 815+ 7

-62374+ 3l
-58 760+220

-64 539+ 7

-64205+ 7

-652M+ 7

-61 537+ 16
*

2400 + 50
470.2+ 1 .4

-685.2+ 2.0

4160 + 60

- 105.1 + 1.6
1185.8+ 1.5

*

1400.6+ 2.0
497 .4+ 1.0

595.4+ 1 .8
1617.6+ L6
2400.0+ 2.4

*
577 + 14

1574 + 9
2256.7 + 2.1

20 +300
l4l7 + 30
2239.7+ 1.8

1070 + 60
2080.4+ 2.1

750 + 60
1802.2+ 2.1

290 + 80
l28l .9+ 2.0

1154.4+ 2.6
*

-52 310È 50

-54 708+ 6

-55 178+ 6

-54 493+ 7

-49 340+ 60

-53 504+ 6

-53 399+ 6

-54 585+ 7

-51 000+ 7

-52400+ 6

-52898+ 7

-50 400+ 50

-52 452+ 7

-49 131+ 41

-50 481 + 7

-46 630+ 50

-49 798+ 7

-47 421+ 7

-45 950+200

-43 258+ 27

-56 150+ 50

-58 731+ 7

-59 236+ 7

-58 500+ 7

-52970+ 60

-57 439+ 7

-57 326+ 7

-58 599+ 7

-54750+ 7

-56253+ 7

-56787+ 7

-54 110+ 50

-56 309+ 7

-52744+ 44

-54193+ 7

-50060+ 50

-53 460+ 7

-50 908+ 7

-49 320+210

-46 439+ 29

+ 100
*

+50

2050 + 50

1350 + 40
*

3170 + 50
*

*

*

Tm 69
Yb 70
Lu 7l
Hf 72

Tm 69
Yb 70
Lu 7l
Hf 72

Yb 70
Lu 71
Hf 72

Lu 7l
Hf 72

Lu 7l
Hf 72

Lu 71
Hf 72

Hf 72

Hf 72

Hf 72

L7s

177

178

+20

-1591 .6+ 2.3

-2922 + 10

-3046 + 11

-292 + 12
¡{.

-746 + 1 .3

-L959 + 9
_3070 + 70

-16'76.8+ 1.6
256.7 + 3.3

-4360 + 80
*

353.5 + 0.9

-909.4X 3.1
_2274 + 28

-3370 1200
t

-311.1+ t.6
967.9+ 0.6

_3453 + 13
*
*

1492.4+ 1.1
97.2+ 0'9

-1477.9! 2.s
*
*

891 + 10

1869 + 9

-2519.4+ 2.4
*
*

2800 +300
1320 + 30

-669.7+ l'1*

3060 + 4O

-1375.8+ 2.4
274.6+ 2.4

*

-57 728+
-59 220+
-59 318+

- 57'840+

-61973x 7

-63 sjs! 7

-63679+ 7

-62093+ 7

-60 662+ 16

-61618! 12

-63 624+ 7

-60920+ 7
*i

-57 370+320

-60377+ 33

-61794+ 7

-61 076+ 7
*

-57 860+ 43

-61 145+ 7

-59 668+ 7

-59963+ 7

180

181

182

183

6
6
6
7

*Values cannot be calculated from the information available in this adjustment.

lenergies, and the mass excesses. In Table 8 the separation and pairing energies were calculated
ìaccording to the deûnitions:

Srn(Z, N) : 2n - LM(7, N) - M(2, N - 2)l

S"(2, N): n - ÍM(2, N) - M(2,1V - 1)l

p,(2, N): (- 1)"å[25"(2, N) - Sn(Z, ¡r - 1) - Sn(Z, ¡/ + 1)], Z even

Sro(2, N) : 2Ms - ÍM(2, N) - M(Z - 2; N)l

sp(Z, N) - Mø - IM(Z, N) - M(Z - 1, ¡/)l
Pe(Z, N) : (-Ðz+[2sp(2, N) - Se(Z - 1, ¡/) - Sr(Z + 1, ¡/)], N even

'.ì In Table 9 we give the p values for ø and B-
cays in keV and the mass excesses in pu and

.Ì

iti+r

ìrrsr
ì1

I tror
J

ìrrzr
ti
:llrsl

ltrsr
I*

-56 506+ 15

-57 397 + ll
-59 266+ 6

-56747+ 7

- 53 440 + 300

-56242+ 3l
-57 562+ 6

-56 892+ 7

-53 897 + 4l
-56957 + 6

-55 581+ 7

-55 856+ 7

V. The latter may be used to calculate other
differences of interest and an upper limit

the error may be obtained by ignoring the
rm u¡¡ in [12].
Asterisks are inserted in the table where the

uantities called for cannot be calculated from
he available information. For errors in the

ences, it is necessary to assume one known mass
excess in order to calculate mass excesses for the
nuclides in this region. For this purpose 1628r

was taken to have the value t62Bt : t6ht -
(66 347 -l 6) ¡ru, as reported by Meredith and
Barber (1972) and which, in turn, was deter-
mined by a series of mass differences which link
162Br to the 'absolute' masses of neodymium
reported by Benson and Johnson (1966).

We show the double neutron separation energy
as a function of neutron number for even .òy' in
Fig. 3 and for odd i/ in Fig. 4. As in previous
work (Duckworth e/ al. t969; Meredith and

ange 1.0 to 4.9 (and multiplied by factors of 10)
wo significant digits are quoted, while in the

nge 5 to 9 one is siven.
Inasmuch as the äata consist of mass differ-
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t"*uti" äi'ujuì;t;' it this region' as in the::ql:l

i**" d#ö'b +";'l''h' ::f iåT"J il',?',ïå
ãi Sr" is such that' when vtewe

of two ï;ä'numbers', -the 
segments of

adjacent åît*t ä"ã 
'o 

be almost parallel' As a

""'tt' 
iiörutiti"t *nrcn:lnear in one curve

u" '"niåäiä 
iî otn"' el#ents at the same

*îiîî'lffiå::';".n",ïi.iîl¡:;,jïÏJ;å:
breaks in the even-fl cr

108. These changes are reminiscent of tn:l"l

:ffii; ir 11*í11 îiftå1g"*ru,1i:i:
major- shell "I:tJT:-ï"r#îi"r"¿ states (e.g'

ïËi 1iiö"i ;¡iiîö ii gi.4e' thal lhat
bùween their even-rY i4lttilrl+Ït:"1Ï:t::l:
betweerr Luç' vvv^' ' 

to t"" deformed so that one
this region are known

ä;ï',;'p*"h:-'^131å,Ïi"tltå"kcöil:i;Ï
terms of Nilsson slngl

1972)' Thus ont *oiãinterpret these results to

indicate a relatively iJtËä"ãtittgv gap' afov-e the

îö; îà,oi ;q,l :,i3Ð if¡f;ffJlî1,'e'iBin^ot-fot 5t2- Í5231 I
i¡g : to+¡. wtren a-small ætroidaldeî"IT":i:l

t:: : ò:c;ái is ïntroduced along with the expen-

mental values for the spheroidal deformation
(e, - 0.25) the levels appear in the correct order
with larger gaps than usual above these levels.

The 52, curves for odd N (Fig. 4) represent the
energy required for both the separation of the
pair of neutrons from the next-to-last occupied

l37s

Ievel and the transfer of the last odd neutron to
the next lower energy level. Thus the interpre-
tation of these curves is less certain than in the
even-N case. Nevertheless, they reflect the dis-
continuities noted above for the even-N curves
and show downward breaks at.l[ : 99 and 103.
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Frc. 4, Double neutron separation energies, ,Szo, for odd-Nnuclides.
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rol
N

Flo. 6. Single neutron separation energies, ,S,, for odd.N nuclides.

N

Frc. ?. Neutron Pairing energies'

Some of the same systematic features referred to
in that work are again evident here.

(i) A comparison of the even-N and odd-N
curves shows that the average slope ofthe even-N
curves is somewhat greater than that of the odd-
N curves. That is, with increasing neutron
number, the last neutron in an odd-,ð/ nucleus is
relatively more tightly bound than the last
neutron in an even-N nucleus. This may suggest
that odd-i/ nuclei in this region are somewhat
moqe deformed than even--ðy' nuclei.

(ii) In odd-odd nuclides the neutron-proton
interaction is -300 keV and occurs throughout
the region 95 < N < 109, as shown in Fig. 6.

The effect of the neutron-proton interaction can
also be seen in the curves of odd Z and even -Ày',

where the removal of a neutron leaves an odd-
odd nucleus. In this case the odd-Z curves are
displaced downward by the effect.

Q';;¡ fne departure of the points for L72Er

(N: 104), 163Tm (N :94), and 16elu (¡r: 98)
from the expected systematic behaviour may
indicate errors in the input data which are larger
than the stated errors.

Neutron pairing energies are plotted in Fig. 7

as a function of N for both even and odd N.
Also shown in the figure are the Pn values for
Dy (Z: 66) taken from Meredith and Barber
(1972).In the region immediately below the one
shown here, at N: 90, the neutron pairing
energy reaches maximum value of -1.3 MeV,
independent of Z, and, in the region shown here,
experiences a steady overall decrease. However,
in each element there is evidence for a small but
distinct increase in Pn in the neighbourhood of
N: 98, 104, and 108 at which points the S2n

curves indicated enhanced stability.
In the region covered in this work it is found

that the double proton separation energies, S2n,

and the single proton separation energies, So, do
not show evidence of nuclear structure effects
apart from the neutron-proton interaction men-
tioned above. Similarly, the proton pairing
energy, Po does not exhibit a clear dependence on
N or Z, in contrast with the situation in the
region iy' - 90 where a strong dependence on ly'
was noted (Meredith and Barber 1972). Accord-
ingly these quantities are not presented graph-
ically.

SummarY
(ø) A new precise value of the double neutron

separation energy of 176Hf has been measured
bY a mass spectroscopic doublet.

(å) This value has been combined with a set

of mass spectroscopic doublet determinations
reported previously from this laboratory and

with related nuclear reaction and decay Q values

in a least squares adjustment in order to derive
improved values of the mass differences and

massesfor63<Z<72.
(c) The mass differences derived, expressed in

terms of the neutron separation and pairing
energies show somewhat enhanced stability for
neutron numbers N: 98, 104, and 108'
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Introduction
The L00 m radius, second order double focus-

ing mass spectrometer ('Manitoba II') (Barber
et al. l97l) has been used in a continuing sys-
tematic investigation of precise atomic mass
differences. In particular, a large number of
atomic mass differences in the region from Nd to
Hf have been determined (Barber et al. 7972,
1973, 1974, 1976) by means of doublets of the
types:

tll Ax - AY : aMt

t2l '{+2x35cl - ry37cl : A,Mz

t3] t+Ax3sClz - Ay37cl2 : AMg

where X and Y may or rnay not be the same
element.

In the present work, which is a continuation
of this project, I I new doublet spacings in the
mass spectra of tungsten and rhenium oxychlo-
rides, have been determined. The doublets stud-
ied were of the types [2] and [3] as,well as of the
following types:

I4l A+rxt6o237cl - 1y3scl2 : LM+

t5] ,{+3Y166, 
- ,{Y3sCl - LM,

16l eytag - c2cts - a,Ma

lWork supported by the National Research Council
of Canada.

__ _2Adjunct Professor of Physics, University of Manitoba,
Winnipeg, Man., Canada.

Doublet spacings are in the range of l/38 000 to
l/l 900. Doublets of types [2] and [3] can be
combined with the 37Cl - 3sCl mass difference
to yield atomic mass differences between X and
Y. Doublets of types [4] and [5] require this dif-
ference as well as the 3sCl - tuO, mass differ-
ence. The sixth type of doublet can be combined
with the well known masses for 160, 13C, 3scl,

and 37Cl to yield the absolute mass of nuclide
1X. Two of the eleven doublets reported here are
of this type.

Experimental
The mass difference between two different

ionic species is measured by some variation of
the peak matching technique which has been,
discussed in detail elsewhere (Benson and John-
son 1966; Barber et al. 1964,1968, 1971, 1976;'
Meredith et al. 1972; Southon et al. 1977). ln
this method, a peak corresponding lo a partic-
ular mass is generated by sweeping the ion beam
across the collector slit with a sawtooth mag-
netic field. This magnetic field is applied in a part
of the drift space between the magnetic analyser
and the collector slit. The ion current is then
amplified by an electron multiplier and displayed
on the oscilloscope from which the sawtooth
was derived.

The peak matching method is based on a
theorem given by Bleakney (1936). lf an ion of
mass M, initially at rest, traverses a particular
path through the mass spectrorneter, then an ion

Precise atomic masses and mass differences for W and Ret

K. S. Sunnve, K. S. Koz¡en, J. W. BnnNnno, R. C. BnRseR, nNn S. S. Hneue
Dq)(rtm(ttt of'Pltvsìcs, Utrit,t,r.rity t¡l'Muttilobu,l4inni¡tag, Mun., Canu¿la R3T2N2

AND

H. E. DucxwonlH2
Uniyersit¡ tú llirtttipt'g , W irtnip<,14, Mun., Cunu¿lu R3 B 2 89

Received October I8, 1976

The Imradius,secondordet'doublefocusingmassspectrometerattheUniversityofManitoba
has been used to obtain atomic mass differences for eleven mass doublets. These data are
combined with well known values for the atomic masses of r3C, róO, rscl, and rTCl to derive both
atomic masses and mass differences for all of the natumlly-occu rring isotopes of W and Re.

Le spectromètre de masse de I m de myon, à double focalisation au second ordre, de
I'Université du Manitoba a été utilisé pour obtenir des différences de masse atomique pour onze
doublets. Ces données sont combinées avec des valeurs bien connues des masses atomiques de
rrC, róO, 3scl et 37C1, afin d'obtenir à la fois les masses atomiques et les différences de masse pour
tous les isotopes naturels de W et Re.
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of mass M', also initially at rest at the same

point, will traverse exactly the same path through
the instrument, if all magnetic fields remain un-
changed and all potentials V, applied to the
various electrodes are changed to Vi, such that

17l MVi: M,V,,

In particular, by changing the potentials applied
to the electrostatic analyser, on alternate sweeps,

from V to V' : V + LV, such that the peak for
M' îalls at the same point as the peak for M on
the display oscilloscope trace, A,M : M - M'
can be calculated from

t8l LMIM' : LVIV
Once À,V is set, the ratio of A,V to V is deter-

mined by apparatus that has been previously
described (Bishop and Barber 1970).

The signal for a peak is accumulated over
many sweeps, in a single averager, to improve
the signal to noise ratio.

The coincidence of the peaks for M and M'
may be detected by one of two methods. In the
first, the 'visual null' method, the input signal to
the signal averager is alternatively added and
subtracted from the memory of the signal aver-
ager (Benson and Johnson 1966; Barber et al.
1971). The matched condition is determined by
letting the two peaks cancel each other in the
memory.

More recently, we have used a computer as-

sisted method of peak matching (Meredith et al.
1972). The signal averager's memory is divided
into four quadrants corresponding to four
sweeps. A reference peak is accumulated in the
first quadrant and the 'unknown' peak is ac-
cumulated in the remaining three quadrants at
positions corresponding to three different volt-
ages which bracket the matched position. The
computer is used in a least squares fit of the cen-
troid positions of the peaks and the applied
voltages. This least squares fit is then used to

'calculate the voltage corresponding to the
matched condition.

Until recently, in the 'computer' method, the
input signal to the signal averager was converted,
point by point, to digital information and then
added to the memory. In this mode, low fre-
quency. variations in. the baseline and noise,
which is intentionally added to the digitizer of
the averager, tended to obscure weak signals.
Moreover the low frequency variations in the
baseline had rhe effect ôf falÀely modulating the
peak position. These deficiencies have been cor-

rected by modifying the detection electronics so

that each ion pulse from the electron multiplier
is recorded as one event directly in the averager
memory. This removes the stringent requhe-
ments on baseline variation and greatly improves
the overall sensitivity for weak peaks.

Results and Discussion

The 1l mass differences determined in this
study are presented in Table 1. In particular we
note that the value reported here for the doublet
1831ry169, - 180w35C1 is significantly different
from the value given by us in previous work
(24 421 * 9 pu, Barber et al. 1973). In both
cases the sample material contained 180W only
in natural abundance (0.13%), making the doub-
let unfavourable. As suggested above, it is be-
lieved that, in the signal averaging mode which
was used in the earlier determination, the infor-
mation about the peak was degraded substan-
tially. All of the present measurements were
made using the pulse counting procedure.

The new data may be combined with the aux-
iliary data summarized in Table 2. Where pos-
sible we have preferred to use values in the 1971

atomic mass evaluation which include the data
of Smith (1971) (from Wapstra and Gove (1971),
p. 368) as indicated in Table 2. In the case of the
37Cl - 3sCl mass difference, the values are
from three virtually independent sources. The
weighted mean of these values has been adopted
in this work.

Absolute masses for 183W and 186W may be
derived from two of the doublet values. As is
evident in Fig. 1, these values with the remaining
nine doublets form an overdetermined set of
mass differences for the isotopes of tungsten and
rhenium. The measurements were combined in

T¡srr 1. New atomic mass differences

Doublet

Atomic mass
differences

(rru)Code

A
B
c
D
E
F
G
H
I
J
K

r83w1602 _ 18ow3scl
r86w35cl _ 184w3?cl
r84w3scl _ 182w37c1
r84wr6o237cl _ r83W35CI2
183w16O237C1 - 182W3scl2
186Wr602 _ r83W3sCl
18?Re3scl _ 18sRe37cl
18rReO2 _ 184W3sCl
r8sRe35ci _ r83w37cl
186w16o _ r3Cr2Ca5Cl437Cl
183w16o _ L2Cz3sCIs

24509 + 6
6382.0 + 1.4
5 676.3 + 2.2

18734.7 + 3.0
20045.6 + 1.8
25122 + 5

57M.2 + 1.2
25797.4 + 3.5

5 678.7 + 1.0
104 592.7 ! 3.2
100 858.0 + 2.7
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T¡Ð,t2' AuxiliarY data (u)

Atomic mass Value Reference

1.997 049 85 + 13

1.997 050 11 + 30

1.99j 04974 + 10

1.997 049 802 + 76

2.979 023 79 + ll
13.00335508 t 23

34.968 85276 + 7

36.96590261 + tz
1.008 665 02 + 4
l.o0l 927 30 ! 12

931 .4934 + 28 MeV
No from Deslattes (1976)

c from Cohen (1976)

SHARMA ET AL.

Ta¡rr 3. Atomic masses and double neutron separation energies

509
508

Mass (u) (errors in ¡ru) Sz" (keV)

wâDstra and Gove (1971), including Smith (1971)

Kaàkuse and Oeata (1972)

Barbet et al. (1976)
Weighted mean
wáJti.ä *¿ Gove (1971), including Smith (1971)

wffi; ãnã õou" itszl), inctuoing smith (1971)

w;;;ü ãnd Gove (tgzl), includine Smith (1971)

ü;õil;;ã c;"; itszti, inctu¿ine smith (le7l)
wÑ;; änd Gove (tezt¡, inctudins smith (1971)

wffi;;;ã c;"; itszti, inctu¿ing Smith (1e71)

¿ from Cohen and TaYlor (1973)

This work Comparison values This work Other work
37Cl _ 3scl

35Cl - 160z
r3c
3scl
3?cl

n3He-D
lu

179.9466743 + 6.2

181.9481880+2.6

182.9502073+2.2

183.950 9143 + 2.4

184.9529363 + 2.4

185.954 3469 + 2.4

186.955 7308 + 2.6

179.946700 + 210.
179.946724 + 72¿

181.948 248 + 13"
223 + 7ld

182.950266 +
241 +

183.950 975 +
950 +

185.954 402 +
372 !

186.955 791 +
759 +

rs 339 I rold

14732.9 + 5.6 14700 + 200"
14755 + 7b

14743 + loc
14747 + 1ld

14254 + lld
13 603.2 + 1.6

183w

r84W

l8sRe

r86w

187Re

730
gd

13'
gd

140
gd

140
gd

140
gd

184.953 007 +
952973 +

12945.4 + 1.4

13 539.7 + 1.0

13602.5 + 7.90
13 609 + 7b

13 606 + 5"
13 603 + 1lo

14 154 + 14à

12951 .8 + 3.40
12956 + 5"
12955 + tld
13 550.4 + 3.40
13 548 + 1ld

r87

r86

rB5

t84

r83

tBz

tBl
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are seen to be in good agreement with the present

nutn"t. In contrãst, the corresponding absolute

;åsse; ai" onty weakly determined-by doublets

il ,hil t.giot instead-they primarily reflect the

"*tà"* îf 
precise absolutè masses some dis-

iur,"" u*uy tõ which the W and Re masses are

åä"Ã""J'uy a chain of mass differences' The

"ã*.^ìiJiÀí 
of smatl systematic errors-in this

ctrain of differences may cause the absolute

;;i;;t so derived to differ from the present

"ãiu!, 
by amounts well outside the stated uncer-

tainties.'- 
W" áro note that the errors shown in Table 3

fot Sr" fio- the 1975 mass evaluation are taken

iro-iï. errors on the masses' The errors actu-

utiv 
"at"utated 

in. this least squares -adjustment
;iíl ;;;;;;iiy be smaller, but are onlv available

from-the coirelation matrix and were not gtven

üy Wapstra and Bos.(1976) in thìs *ltk-,.--.
A further .o*pur,,on of the 'best' values of

*urr- áint"t"nces from the present work with

ãtn", pt""ite determinations may be. ma{¡

through the S' values for tungsten as gt-v91 ln

Table 4. The new s" values ¡of tsr1ry and 18aW

áã¿Lriue¿ solely fróm this work and the data in

iable 2, and arê seen to be in excellent agree-

Ãent with previous precise (n,y) Q values' As

indicated, ii is necessary to combin",tl:-.*utt
tp."üåt"äpic differenceé with pp for 185W, and
iãiW i; dlrive the s' values given for 18sw'

tt6w, and 187Y. 
nnotUnfortunately a similar comparrson ca

be made in rhenium inasmuch as a direct^detet'

mination of the Q value for 186Re(e'c')t86W is

not available. Onè may, however, combine our

value for the difference

[9] ttury-185P":'- 6757.5 +2.1keV

.1971 mass table (Wapstra and cove I97I).
bcasten €, al. (1976),
.Oothoudt and Hintz (1973).
d1975 midstream atomic mass evaluation (Wapstra and Bos 1976).

Tasu 4. Single neutron separation energies (keV)

Nuclide This work
Mass table

input'
Nuclear data

tablesö Other

Rew

183w

r84w

185W

186W

187W

6190.4 + 1.4

7412.8 ! 1.s

5755.4 + 2.1"

7190.O + 2.5.
5470.3 + 3.0/

6190.8 + 1.5

7411 .0 + 1.5

5749.0 + 5.0

5466.5 + 1.5
5461 + 5

6191 .0 + 2.5

7413.0 + 3.5 7411.1
7412

+ 15'
+ 10"

+ 0.6d
+8"

6201
6204

FIc. 1. Schematic diagram of atomic mass differences

in Wìn¿ Re. The letters refer to the doublets in Table 1'

îïà ,vrnuãi- indicates a doublet bv which an absolute

mass is determined'

a least squares adjustment'in order to obtain a

r"i of *.if consistènt values for the masses and

ritgi" 
""¿ 

double neutron separation energies

is,, St"l. The results of the calculation are given

in Tables 3 and 4.'^- 
li it "ii¿."t 

in Table 3 that the new values for

the masses are substantially more precise than'

and differ in a systematic way from, the 1971

;6*i; ,nur, 
"uui.tution 

by -65 pu and from

the 1975 midstream atomic mass evaluation
('iiupst.a and Bos 1916) by --3.5 uut This is

iot 'sutptising, inasmuch as the input data in

both mãss evãluations for the absolute masses

áie generally much less precise -than 
the data

fot itt" .urt diff"t.nces. Accordingly, in both

evaluations, the derived mass differences amongst

the W and ite isotopes are relatively precise and

5465.0 + 4.0

5758 + 10"

7197 + 10"

5465 + 10"

owapstra and Gove (1971).
ùGroshev et al. (1969).
"Casten et al. (1972\.
¿Greenwood and Reich (1974).
.Calculated with qß : 432.6 I 1.0 keV for 18sW(ß-)'8sRe (Witlett and Spejewski 1967).
/Calculated with Qp : 1312 t 2 keV for t8?W(9:)rd7Re (Wapstra and Cðvê 1971).

with the precise (n,y) Q value

[0] 186¡. - 18sRe - n - 617g.0+ 1.5keV

used in the input to the mass table (Wapstra and
Gove 1971) to derive the difference

llll 186p. - 186y¡ - 57g.5 + 2.6keY
cf. 593.9 * 3.8 keV (1971 mass table).

The values calculated for ,Sr. for even-N nu-
clides from this work are plotted as a function of

t/ in Fig. 2. Also shown in the figure are values
derived from a least squares adjustment includ-
ing our data for the region 68 < Z < 72 (Bar-
ber et a|.1974; Sharma et ql. 1977) for Lu and
Hf. The values shown for Ta and Os were taken
from Wapstra and Gove (1971).

As noted in previous work (Duckworth et al.
1969; Meredith and Barber 1972; Barber et al.
1973) these curves in general exhibit a remark-
ably systematic behaviour in that, when viewed
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FIc.2. Double neutron separation energies (S2,) vs.
neutron number (N).

over a range of two neutrons, the segments of
adjacent curves are almost parallel. In this way,
irregularities in the curve for one element are
reproduced at the same neutron number in adja-
cent elements. On the basis of the present re-
sults, the Hf curve for /y' : 104 to 106 deviates
somewhat from this systematic behaviour.

Previously we have drawn attention to the
well-defined downward break in these curves for
,Srn at N : 108 and have noted that it is rem-
iniscent on a smaller scale of the changes fol-
lowing major shell closures (Barber et al. 1973).
That is, the energy difference between the ground
states, .E(N: 110) - E(N: 108), is greater
than between their even-/y' neighbours. The nu-
clei in this region are known to be deformed so
that one may interpret the shape of the Srn
curves in terms of Nilsson single-particle levels
(Ogle et al. 1972). Thus, one would interpret
these results to indicate a relatively large energy
gap above the9l2+ l624llevel (l/: 108). When
a small tetroidal deformation (ea - 0.02) is in-
troduced along with the experimental values for
the spheroidal deformation (e, - 0.25) the levels
appear in the correct order and with alarger gap
than usual above .ðy' = 108.
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Introduction
For many years, the efforts of this laboratory

have been directed to the measurement of
precise double neutron separation energies (S2n)

by determining mass differences between doublet
members of the type

lll 'a+2X35Cl - áY37Cl

t2l A+ax3scl2-AY31clz

where X and Y may or may not be different
elements. In such studies the chlorine mags

difference, which is now known to a precision
of 65 nu (t nu : lO-e u) (Barber et al. 1972a,
1974), becomes the secondary standard against
which X and Y are compêred. It has been found
that very few elements between titanium and bis-
muth do not form chloride doublets suitable for
mass spectroscopic evaluation.

This study of Srn values was originally carried
out using a 2.13 m double focusing mass spec-

trometer located at McMaster University. The
work at that time included a general survey of the
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Six plecise single neutron separation energies have been derived from doublets determined
using Manitoba's 2.73 m mass spectrometer. In addition, Manitoba's I m instrument has been

used to co¡roborate certain of these new values. 'Ihe new Sn values, which are generally in good

agt€ement with precise nuclear reaction data, are accurate to 0.9 keV or better. These values may
be suitable as calibration standards for nuclear reaction studies in the 5 to l0 MeV region.

On a obtenu de façon précise six énergies de séparation d'un seule neutron, à partir de doublets
déterminés en utilisant le spectrographe de massede2.73 m de I'Université du Manitoba. De plus,
I'instrument de I m du même laboratoire a été utilisé pour corroborer certaines de ces nouvelles
valeurs. Les nouvelles valeurs Sn , qui sont généralement en bon accord avec les données précises

de réactions nucléaires, sont déterminées à 0.9 keV près ou mieux. Elles peuvent servir comme
étalons de calibration pour les études de réactions nucléaires dans la région de 5 à l0 MeV.
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Schematic ol Manitoba I.

bility to mass spectroscopic determinations of sawtooth current so that
Sn's. across ^Si in phase with

ions which pass throughITraduit par le journal]

region from .fy' : 30 to N : 126 (Duckworth et a/.
1969; Macdougall et al. 1970; McLatchie et ql.

1970; Whineray et al. 1970). Later a second
order double focusing instrument of I m radius
in the electrostatic analyser (Manitoba II) was
constructed at the University of Manitoba
(Barber et al. 1968, l97l) and used to perform
a detailed survey of the Srn values of naturally
occurring isotopes mainly in the rare earths from
neodymium to hafnium (Barber et al. 1972b,
1974).

The S2n studies, which are currently being
extended to the region beyond the rare earths,
have demonstrated the utility of the chloride
technique for the determination of Srn's. This
success has inspired a search for a similar general
method for the determination of single neutron
separation energies (S"). Such mass spectro-
scopic determinations would not only lend
completeness to the chloride work by connecting
even and odd A isotopes but also provide a
number of precise reaction Q values suitable for
use as calibration standards in nuclear reaction
studies.

The purpose of this paper is to report a
number of S" determinations for some isotopes
of the transition metals. All but one of these
values have been determined using a technique
which appears to possess widespread applica-

Experimental Method
The 2.73 m instrument mentioned previously

has been moved from McMaster University and
subsequently reassembled in the Physics De-
partment at the University of Manitoba. This
instrument (now referred to as Manitoba I) has
been used to determine most of the S, values
reported here. However, as noted below, two
determinations of overlapping or confirming
value have been determined using Manitoba II.

The structure, geometry, and important asso-
ciated circuitry of Manitoba I are illustrated in
Fig. l. This instrument, first described in its
present form by Barber et al. (1963), has as its
main 'analysing elements a 90' radial electric
field and I80' uniform magnetic field. The optic
axis has the same radius of curvature in both
fields. Each analyser is,positioned so that the
object and direction focus are equidistant from
the field boundaries. Such a field arrangerirent is
first order double focusing and the second order
coefficients have been shown to be small
(Hintenberger and König 1959). The theoretical
resolving power of 100 000 (calculated assuming
principal slit So and the image slit ,S, are both
about l4 ¡rm wide) has been exceeded on
occasion (Barber et al.1963).

Helmholtz coils located between the electro-
static and magnetic analysers are driven by a

the beam is modulated
the oscilloscope. The
S' are amplified and

the output is observed on the oscilloscope. The
resulting trace is a cross section of the beam,
or a limited mass spectrum.

To date determinations of atomic mass differ-
ences between doublet members have been
performed with Manitoba I by the 'visual null'
metlrod, as described by Barber (1972b). On
every other sweep the potential fields experienced
by the ions are altered by the correct fractional
amounts so that ions of mass M and M' are
made alternately to follow identical paths
through the instrument. For such conditions to
be satisfied Bleakney's theorem (Bleakney 1936)
requires that

t3l MV¡: M',Vi
where V, is the voltage of the ith electrode.
Because of the velocity focusing properties of
the instrument this process, which is very
sensitive to adjustment of the electrostatic
analyser potential, V, is very insensitive to ad-
justments of the source potential. Adjustment
of L,V, the amount by which V and V' differ,
will bring M and M' to the same point in
alternate sweeps. The mass difference L,M may
then be calculated from:

t4l 
^M 

: (LylV)M',

For the visual null method a 1024 channel
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signal averager is used to help the operator
juãge the matched condition. The slit located at

ihe- inte.rnediate direction focus enables the

operator to confirm that the paths of the two
ión groups coincide at this location as well as

at So and S'.
A numbei of recent modifications to Manitoba

I includes the addition of a potentiometer
circuit for the precise measurement of the ratio
A,VlV.This circuit is similar to one reported by

Bishop and Barber (1970) and is designed to
match or exceed the best expected precision of
the instrument.

Before new mass measurements were at-

tempted using Manitoba I its performance was

evaluated by redetermining several well-known
neodymium chloride doublets. This study re-

vealed the existence of a proportional systematic
error similar to that first reported by Southon
(Southon 1973; Southon et al. 1976) and later
by Barber et al. (1972a,1974) in their work with
Manitoba II. They attributed this systematic
error to the presence of surfaqe charges on the
plates of Manitoba II's electrostatic analyser
ànd were, in fact, able to reduce it to zero for
a short time by carefully cleaning the plates

with ether, absolute alcohol, distilled water, and

a low pressure discharge in an argon atmosphere.
Altñough Manitoba II's systematic error has

always been of the same sign, the sign and

magnitude of the systematic error associated

with Manitoba I have been found to depend on

the material being mass analysed. A cleansing
of the electrostatic analyser plates' similar to
that applied by Southon (1973) to Manitoba II
has succeeded in altering the systematic error
but not in removing it entirelY'

Studies of the doublet 132Xe - 13lxe (Barnard

1976) indicate that the main systematic error
for Manitoba I may result from the accretion of
deflected ions on the walls of the magnetic
analyser. Such charged surfaces would create an
unswitched potential causing a deviation from
Bleakney's theorem during peak matching. The

systematic error of +200ppm for the neo-

dymium chloride doublets dwindled to near zero

when xenon replaced neodymium chloride in
the source. Presumably other ions, both heavier
and lighter, would not be present if only xenon

were being produced bY the source.
It has now become standard practice with

Manitoba I to perform a series of matches on
a well-known doublet one or two mass units
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form:

tsl

wide to determine a correction to the narrow
doublet of interest. This calibration doublet is

chosen from among the same set of ions as the

unknown so that the magnet setting need not
be changed. For doublets of types given by [l]
and [2], the correction derived by this method
is usuãlly only slightly larger than the final
standard deviation assigned to the doublet value.

Success in the determination of Sn values has

been achieved using both cyanides and cyclo-
pentadienyl samples. However, the cyclopenta-
dienyl method has proven to be the most
widely applicable.

Thè cyánide samples provided doublets of the

I
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T¡ar-E l. Doublets determined with Manitoba I and Manitoba II

Manitoba I
Doublet ÂM (pu)

A
B
C
D
E
F

67 znt2ct4N _ 66znr 2cr sN
s6Fer3Cl2CeHro - s7Fe12C, oHro
asTir 3cr 2c¿Hs - 4eTicsHs
46Ti3?cl3scl _ 48Ti35cl2
46Tir 3C12C4H5t.Cl _ otTit rçr1¡rrt6¡
4eTir3cr2c4H53?cl _ soTit2csH537cl

4060.21+ 0.25
2897.67+0.47
3432.64+0.80
1730.29+0.87
4218.O3+O.94
6440.47+0.88

Manitoba II

G
H

56Fel3Cr2CeH,s - 57Fe12C,sH 
1 6

47Ti3sCl3?Cl _ aeTi35Clz
2897.68+0.40
944.46+0.35

,aX1sN - z{+1¡14¡

Since the precise mass standard was to be the
ts¡-r+¡ mass difference, it was necessary to
prepare the samples from 1sN-enriched potas-

sium cyanide. It was discovered, furthermore,
that many of the ions of interest preferred to
form negative cyanide complexes. Despite such

disadvantages one precise S. was determined
using this technique.

Doublets such as

t6l 1x(r3c12c4Hs) - 1*1x(12C5Hs)

and

[7] 1X(l3Cl2CsHsXCsHs) - 1+1X(12C5Hs)2

àre provided by cylopentadienyl compounds.
Moreover, from certain chemical compounds
involving trivalent metals we can obtain com-
plexes such as X(CrHr)rCl+ and X(CsH5)Cl2+ '
In these cases the metal chloride doublets are

also produced so that both single and double
neutron separation energies can be determined
using the same sample. Exactly such a combina-
tion of the two techniques has made possible
the determination of mass differences linking
all the naturally occurring titanium isotopes.

For the cyclopentadienyl determinations the
precise mass standard is the 13C - 1"2C difference.
the natural abundance ratio of 13C - 12C is

98.9 to l.l. However, for ions containing the
(CrHr) group there are five ways to choose the
heavy carbon. This improves the ratio of the
t,3C-bearing member in relation to its companion
to a tolerable 1:18. For the dicyclopentadienyl
doublets the l0 ways available to choose 13C

improve this still further to l:9. Thus, the need
for enriched samples is obviated.

New Data

The six new doublets, which have been de-
termined by the techniques just described, are
listed in Table l. Also listed are two overlapping
or related doublets determined with Manitoba II.

The iron values (B and G), as determined on
the two instruments, are in excellent agreement.
These two values have been combined to obtain
a best value which is listed in Table 2.

Note further that doublet H, determined with
Manitoba II, forms a closed loop with doublets
C, D, and E, determined using Manitoba I. This
loop closes to 0.4 * 1.6 pu. This loop was sub-
jected to a least squares adjustment in order to
derive the best values for these doublets. These
also are listed in Table 2.

All the best values derived from these new
data were converted to the six mass differences
of Table 3. The three mass standards used to
generate the values of Table 3 are: (l) ttN-
14N : 997 034.90 + 0.43 pu from the mass
table by \ilapstra and Gove (1971), (2) 2 -
(,7C1-.tcl¡ : 2950.2j6 + 0.064 from Southon
(1973) and Barber et al. (1972a), and (3) 13C -
13 = 3 354.831 + 0,010 pu from Smith and
Wapstra (1975).

Six S" values generated from the isotopic mass
differences of Table 3 appear in Table 4. These

T¡srp 2. Adjusted values based on new data

Doublet ÂM(¡ru)

s6Fer3Cl2ceH1e -s7Fet2C1eH1e 2897.68+0.30
asTir3cr2c¿Hs -4eTicsHs 3432.26+0.69
4?Ti3scl37cl -4eTi35cl2 944.53+0.34
47Ti37Cl3sCl _48Ti3scl2 1730.29+0.97a6Tir3cr2c+Hs3scl-47Tir2csHs3scl 4zl9.56!0.i5

Tesle 3. New atomic mass differences

Mass difference LM (uu)

1.001 094
1.000 457
0.999 136
0.996 183
0.999 922
0.996 914

separation eqergies have been evaluated using
the neutron mass that was derived by Wapstra
from his mass adjustment (Wapstra and Gove
1971) after the Smith (1971) data had been
included in the input. This value is

n-l:8665.02+0.04
The value for the mass-to-energy conversion

c2¡Noe : 931.4940 * 26 MeV/u

results from recent precise determinations of
Nnby Deslattes et al. (1974).

The new Sn values agree with the mass table
by rüapstra and Gove (1971) in àll cases. The
agreement with the neutron capture values is
particularly good wherever the (n, 1) data are
precise. The one exception is the S, for soTi.

However, in this case the new value lies between
the recent (n, 1) value and that of the mass
table by Wapstra and Gove (1971).

Wapstra and Gove (1971) have noted that all
the titanium (d, p) values appearing prior to 1971

seem to be high. The new Sn values tend to
confirm this. Jolivette et al. (1975) have also
found this to be the case. Their p values for
46Ti(d, p)a7Ti and 48Ti(d, p)nnTi are directly
comparable to the new values for SnaTTi and

672î_66z;n
sTFe _ s6Fe
47Ti _ 46Ti
48Ti _ 47T'i
4eTi _48Ti
5oTi _ 4eT'i

93+43
16+38
80+75
00+77
1,9 + 69
36+88
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S. values (keV)

(n, r) (d, p)
Wapstra and Gove

(1e71) Minnesotad This work

61Zn
57Fe
soTi
4eTi
48Ti
411i

7 052.4+ | .5
7 646.0!0.5'
lo 949+2b

8 142.3t1.0"
tt 627 .6!l.3"

8 884+7'

'l 045+7"
7 650+8"

10 961 +4',
8 143.0+ I .7c

11 647+6'
8 879.0+ 1.7"

7 053.9+1.2
7 646.2+O.5

l0 948.0+2.0
8143.4+0.8
ll 628.1+1.0
I 875.1+1.5

1058.71!8.57
7 646.26!1,30

1o 937 .88+2.20
I 145 .73 + I .97
ll 623.46+3.27
8 884.6813.27

't 05r.49x0.46
7 645.s7 !0.35

to 945.67 +O.82
8143.14+0.64
tt 626.93!0.71
I 875 .47 + 0.69

iäã* ¿u,o to wapstra and Gove (t971)'
¡Trioathi ea al. (1969).

"*:*:t 

g"1{' Í:t"tlàìs determin"¿ bv Giese and Benson ( te58)'

s-4eTi. The agreement is excellent for..sn4eTi

¡ït ,rrl ;;; s" i;; -?Ti differs from Jolivette's

value bY +4 X 2 þv''-Ñã*".*t.r"tt, ti't" consistency achieved be-

tween Manitoba's two instruments and the good

;;;;.t with nuclear data suggest that the

nË* S"'* are reliable' They are' in every case'

åït" "pi.lire than any 
-of 

the comparable

iu.teai data. Moreover, the two most preclse

äffi'fttt"tt 
-r"t tTFe and 67Zn) are only

;;;;;tJJ in precision bY the five recent sn

äiffi f- iN;1"C, '.C, 
ãH, unq_'Y measured

tv Smittr (Smith and Wapstra 1975) whtcn are

^íl 
ote"ise'to 30 eV. Because of the hlgh. pre-

iirrå"ïIá* in and Fe values thev are suitable

as calibration standards for capture gamma

i*ii* l" itt. range 5 to 10 MeV' Althorlgh the

Smith and Wapstra values for Sn (14C¡ and

i"'itiliiJr witilin the 5 to l0 Mev rans€' the

iJ; ;ít"d"nces of the nuclides involved. may

make them less convenient reaction standards'

SummarY

Six new mass differences connecting some

d;"ä;'occurring isotopes of titanium' iron'

aid ffi rtãut æti determined using Manitoba

i.'îh;;; ãeterminations enable the calculation

år i*t 
"t..ise 

,Sn values connecting all naturally

;;;í;l;ñpät or titanium as well as precise

ïï;il;: î;; "'F. 
and 612¡' The precision in

ãit .uræ is better than 0'9 keV' Two doublets

ã"t...itt¿ using Manitoba II show good agree-

ment with the Manitoba I values'
--- 

th. ion fragments involved in these determina-

ti";- ;; "Provided bY samPles of, metal

.îroti¿.r, cyôlopentadienyl metãls' and metal

cvanides. It appears that the cyclopentadienyl

;;hJ"'*iil Ërovide a general technique for

ãetermining piecise neutron separation energles'


