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SCOPE AND CONTENTS 2

A high precision voltage supply and. potentioroeter

have been constructed to supply and neasure the voltage

ratio required by the new Manitoba second order mass spec-

troneter. The potentiometer is capable of natching the

higheet precision predlcted for the spectrometer.

The new second. order spectroneter has been

conpleted and. used to measure twenty close doublets anong

the rare earthe between Z - 60 and 66. These new measurements

have been combined with other data in order to caLculate

neutron separation and pairing energies. A süudy of the mass

effect accompanying the onset of nuclear defornation near

N = 90 has been nad.e in greater detail than has heretofore

been possible.
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CHAPTEB 1

ÏNTAODUCTION

$eEs

The concept of mass ls as old. as etvlllzatlon¡
howevero It was onLy sore Ëhree centurles ago ic3.th the d.evel-

opnent of mechanlcs by Newton and. others tìaab quantltatlve

d.eflnltlons of mass appeared.s (t) ttre mass of a body i-s a

neasure of the bod.y's reslstance to aeceleratlon (Lnert1a1

mass ) ¡ (f f ) the mass of a bod.y ls a neasure of the force ¡rlth

whLeh a knov¡¡r gravltatl.onal fleld. acts on the bod-y (gravltatlonal

mass)" .ALthough the two d.eflnltlons are fund.amenÊally dlf,ferent,

experlment d.enonstrates that these two masses are propsrtlonal

to one another to hlgh preclslon (tt part Ln 1011, RolJ.o

Krotkov & Dlcke, 1964)" (The unlts of the bvro types of mass

are, by conventlon, chosen to be equalu thus leavlng Ëhe

gravltatlonal- eonstant to be deteimlned. experlmentaLLy" ) An

expS-anatlon for thls extraordlnary proportlonellty was noË pro-

vlded. untlL 1-9J'6 when Elnsteln presented. hls general theory of

reLat1v1ty.

Eleven years earller, ln hls speclel Ëheory of re-

latlvlty, Elnsüeln was also responslble for the lntrod.uetLon

of the famlllar relatlon for,mass - energy equf.velencee At

the present tlne thls equlvalence ls one of Ëhe best conflrmed.

results ln physlcs.

Experlnent has also conslstently cÌemonstrated that

rlêss - energy ls conservedn Howevero the conservatlon "l&ws*

of physlos are not weLl und.erstood." Those eonsertr&ti"on Laws
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oocurring ln mechanlcs are acËually consequenees of our slnple

s¡rmmetrleal conceptlon of space and tl.neu fn the case of mass

energy conservatlono thls connectlon appeers explleltly 1n

quantun meohanLcs where the assr-¡.mptlon of tfu¡e lnd.epend.ence

Lead.s d.lrectly to such eonservatlon (Scnfff u 19551. The

prLnclple of tlue lnd.epend.ence or lack of a preferred. orf.gln

ln tlne ls ofÊen ter"med. tlme homogenelty.

Becently the prLnelp1e of tLme homogenei.ty has been

exanLned. ln consLd.erabLe d.etall (August)mek, 1968)" In
partlcular, the poselblllty that lt may fall on the eosnologleal

Level, that ls, over long tl-me lntervals, has been consldered.,

AddltlonaL fuel for such speculaËLons Ls provld.ed. by recent d1s-

coverles lnd.lcatLng that the lreaker an lnteractlon ls the fel,rer

lnvarlance prlnclples lt fuLfllls (Feynmano 19651' Thls

suggests the posslblllty that the weakest of the four basLc

lnteraetlonsr gravltatlon, whlch l-s the naln lnteractlon on

the cosmologlcal- scaleo lnâX vlolate tlme homogenelty" The

Brarrs - Ðlcke theory of gravltatlon (Dlckeo 196?)' eonsldered.

by sone theorlsts Ëo be a posslble alter¡atlve to Elnsteln's

general theory, lnd.lcaües ühat the gravltatlonal constant (G)

may s3-owLy d.ecrease wlth tlne d.ue to the expanslon of the

unlverse" At present, however, the prlnclple of tlne. hono-

genelty occuples a strong posltlon ln physlcal theory.

In the context of thls theslse one can say that atomlc

masses are eonsüants because of the homogeneLty of tlme. !ùlth

thls confortlng thoughü the mass spectroseoplst can retlre
each nlght confld.ent ühat the atons 1n the source of hls
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spectroneter rsllI have the saïne masc on Êhe aorrow (although

other d.lfflcuLtles may occasronarJ-y make hlm a blt susplcloüs ) o

Mass S-tanSXerlXg

îhe unlts of the fund.amentaJ- o.Lrentlttes length and.

flne have recentry been red.efLned. ln teyns of the wavelength

and. frequency,respecËlvelyrof certaln atomLe transLtLons" By

belng d.eflned 1n thf.s fashloirs these unLÈs have the d.ual ad.-

vantage of belng constant v¡i.th tlme and. of befng d.j.rect].y

accesslble to any sultably equlpped laboratory"
The unLt of atomle mass 1e def,tned. as one - Ëwelfth

of the mass of a 12c *tor (Mattauehn \g6a) (wgehersu Lg6zl,
a¡ld. thus enJoys slnLlar advantages" Howeveru al-L m&croscople

mass neasurements are ultlnately refemeC. tso a second. stand.ard.u

tbe pS.atLnum - Lr1d.3.r¡n kllogrem at the Eu.reau Internatlonal d.es

Pold.s et Measures at sèrrres, Franee" Tltls venerabLe but
v'ulnerabLe stand.ard wl1L l-lkely be v¡l-th us for severar years

d.ue to lts convenlent sLze and. the relatl-ve uncertal.nty
('-" L6 ppm) rn the Avogad.ro nr¡mber (cohen and. Dumond.u ]g6s),
pLus the further d.lfflculty of assenbllÏrg maoroseoplc quantlt1es
of knovsn nr¡mbers of atoms.

ïnporta¡rce of Agonlc Mass Ðeternlnäþfgnp

The maes of an atom ls the mos"ú Lnportant slngLe
plece of lnformatlon that one can have eoncernS.ng thls uniü of
matter" an atom's mass is less than that of f.ts constltuent
protons, neutrons and. erectrons by an amount equal to the so-
caLl-ed. blnd.lng energy of the atom" Thls n&.ss cl.efect accounts
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for the stablllty of an atomu A certaLn frsetJ.on of thi.s

energy ls assoelated. wltl: the electrons ¡ ltoçrevero ln add.ltlon

to belng smalla the electronle bLnd.lng energy varles ln a

grad.ual manner wlth atonlc nu¡nber. Henee the nagnltud.e and.

behavlor of the atomlc bLnd.lng provfdes lnfomatlon ebout the

a$omlc nucLeus" The magnltude of the blnd.lng energy glves

Lnfomatlon on posslbl-e nuelear reaetlons end d3"sl"ntegratlons"

Large scale varlatl.ons wlth nucleon nunber glve l.nsf.6hts lnto
the general nature of nuelear forces, Flner veNråati.ons are

related. to nucLear shell structureu eollectlve nueleon be-

havloru and., no d.oubtu to other as yet not v¡e1l- und.erstood.

features of nuelear structuren

At thls polnt lt seems appropr3.a'be to reeal-l tinet

a mass spectrograph was lnvolved. ln the ff.rst experl-mental-

verlflcati.on of mass - energy equivalence (Balnbrf.üge u 1933) e

The preclslon of thls d.etemlnatlon was 3%" I{ore reeentLy

mass spectroscoplc r¡ork has agaLn been compared. valth reaeti.on

d.ata to gf-ve a check wLûh a preclslon of 6¿¿ ppm s &yL lnnprove-

ment of nearly three ord.ers of nagnltude (trdaps'bran 1967)"

Method.s of .A,tonlc Mass DeterE:Lna:ULep

ALpha d.eeay d.ata provld.e the bulk of etomlc mass

lnfomatlon for atoms heavler than blsmuth" A measurement

of the alpha partf.cle energy aLlol¡s one to cal.eulate the ¡cass

d.lfference bet¡seen the parent and. d.aughter atons. Slnee the

magnetlc anaLysers used. for preclse d.eternlna'uions of thts
energy are usually caLlbrated. wlth the 210po alpha partj.cle

whose energy (530t+"5 kev) has an uncertatnty of 0"5 lceV
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(l,fapstra u ]964), the resultlng mass d'lfferences ca^n onLy

approach thj.s &ccürecfc

Beta d.ecay d.ata are another souroe of atomlc mass

d.lfferengesø The lnfomatlon requlred. to l-lnk the lsobars ln-

volved. fls contalned Ln the beta spectra end. - polnts and. often

ln the energles of correl-ated. gamma rays" The large lron - free

two d.Lnenslonalg magrietlo spectroueter at 0ha1k Blver ls the

most aecurate lnstrument for such measurements" Uncertalnfles

of Ëhe onler of 0"1 keV have been attaLned.t however, the pre-

clsLon of much beta d.ecay d.atae partLcularly those of shorf

l_lved. nuclelo ls cotlsld.erably vÍorse" Al-sos many rad.loacflve

materLals d.eeay by eLectron capture 0 for whl-ch the total d'ecay

energy ls d.lfflcult to aseertaln erperlnentally"

Nuclear reactLon data are a thLrd source of atonLc

nass Lnfornoatlonu Many lnd.uced. reactLons lnvoLvlng eharged.

particLes (p, d.0 Ë, 3H"n *o t6O, etc")¡ neutrons and' photons

have been stud.led.. accuracles approachlng 1 kev or less have

been attalned. for some reactlons such as (not) and (pro¿)" The

recent d.eveLopnent of the 11thlr:m - d.r1fted. gemanLum d.eteetor

a¡d. lts assoclated. electronlos has played. an lmportant part

ln the lncreased. accuracy of galnma ray d.ata (Heath ' ]-967 ) , whll-e

lmprovements ln charged. partlcle aceelerators are provldlng

reactlon Q vaLues of comparable preclslon (Staub u ]-967)"

The fourth agd. f1nal source of preelse atomlc mass

data Ls the mass spectroseoplc technlque whlch ls based. on the

d.efl-ectlon of lonlzed. atoms ln electrlc a,nd. nagnetlc flel-d.s.

A d-etaLled. d.escrlptlon of thls toplc w111 be glven later

(Chepters Z and, 3) t however, some baslc d.lfferences between lt
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and. the above three sources of mass d.ata should. be polntod. out"

Reactj.on and. d.lslnÈegratlon neasurements are the

only source of mass d.ata for atoms not lylng ln the beta

stabllLty valLey of the nuclear mass surfaceo For exampJ.e'

technlques have recently been d.eveloped. for examlnlng alpha

unstabLe nuclel far from thls val-ley (MacfarJ-atxeo L967J" By

comparlsoÍre the mass spectroseop1c method. 1s usually restrlefed.

to the stable nuclel"

The mass speetroscoplc nethod. ls capabLe of estab-

Llshlng the mass of any atom to hlgh preclslon, wherees the

above method.s are restrLcted. to d.eterrnlnatLons of mass d.l-f-

ferences lnasmueh as one can proeeed. ln steps of only a few

mass unlts at a tlne from the L2c stand.ard.n By means of the

d.oublet techn1que and. by uslng a second.ary stand.ard sueh as a

hyd.rocarbon fragment, absolute masses can be establlshed. for
vlrtual-Ly any atom by means of a mass spectrometern ThLs feature

has a marglnal- sd.vantage as far as nucLear structure stud.y 1s

concerned however, slnce lt ls the shape of the m&ss surface

rather Ëhan lts preclse posltlon whlch ls of partlcuLar lnterest"

Although the mass spectroscoplc technlque ls a brute

force one ln the sense that entlre atoms or moLecules are €x-

a,mlned., the preclslon achleved. ls competltlve wlth the best

reaetlon and. d.ecay measurements" In the Laüter measurements

ühe energles exa^mLned. are typf.ca13-y of the orrler of L MeV. Thls

coupled. wlth a preelsLon of one part rn L03 or 104 resul-ts ln
posslbl,e errors of the ord.er of 1 to 0o 1 keV. In mass spectro-

scoplc measuremenüs the masses exe¡nlned. are of the orrler of
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100r,i or LO5 MeVo However wlth preclstons of one parË 1n l-08

or L09 comparabLe accuracy caJI be attalned..
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CHAPTER 2

Earl-y l{ork

Ïonlzed' atoms or "posltlve - re,yso, were d.lscovered
by Goldsteln ln 1886. rhe flrst mass speetroscope was the
poslËlve - ray parabola apparatus used by J, Jn Thonpson i.n
1912" Thrs instrument orlglnalry hsd. a resoruti.on of about zo"
I^llth lt Thonpson establlshed. the 1d.en tity of the posrtlve _ .*ay
parülcles and' found' strong evldence for the exlstence of Í-soÈopes,

F; tr{o aston contlnued. Thonpsonus lnvesülgatl0ns by
conp1etlng constructlon 1n 1919 of an lnstru¡rent whl.ch possessed.
vel-oclty focusslng and a resolutlon of about 130" Els flrst
experlments verlfled. the exlstence of lsotopes and. d.urtng the
next decade and. a haLf he caæled. out an lntensíveu systematlc
lnvestlgatlon of lsotopes and. their masses,

A. J. Dempsüer ¡,'ras the flrst to exp101t the .lrectl0n
focusslng property of the 1g00 magnetlc fleld.. rrrlth a mass
specfrometer of this d.eslgn he mad.e a stud.y of the lsotopes
of several netaLs d.urlng the early J_p20,s,

a Denpster lnstrtment nodlfled by the ad.d1t10n of a
I{len vel0clty ftr-ter was used. by K. T" Balnbrldge tn Lg33 to
ma,ke a nunber of vaLuabLe mass d.eterslnatlons.

Hlüh Eerzog's presentatl0n of the general focussl.ng
equatl0ns ln 1g34 the nr¡nber and varlety of mass spectroscopes
Þega' to lncrease. Doubre focussi.ng lnstrr:nents also began to
appear 

'n 
thls perl0.r the flrst few belng constructed. by

Dempster at chtcagon Balnbrldge and. Jo¡tan at Harvarrl, and.
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Mattauch and. Eerzog ln Vlenna" In the lntervenl.ng years

lnstruments of thls üype have suppIj"ed. nost of our Lnfo¡matlon

concerntng atomlc masses" A more d.etalled. aceount of Èhe

ploneerlng work ln mass spectroseopy ls gj.ven by Ðuclnrorth

(r95e)"

The d.oubl-et technlque was and. stlL1 le the sta.ndard.

nethod. by whlch atomlc masses are d.eter¡l1ned." Ions having nearly
the sane charge to mass ratlo can be compared. r'rith relatlve êâsêo

rn the case of the earry lnsËruments u r,¡hr.oh employed- photo-
graphf-e d.etectlon, the d.lsperslon of the speotroscope needed.

to be accuraËe]-y iacown onJ-y over a smarl reglon, rn the oase

of mod.ern lnstrr.uents, whlch employ eleetrj.ce.l d.eteotlon,

relatLveLy close d.oublets are also ad.vantageou-s" The reasons

for thls wll-L become apparent 1n Chapüers J and. J"

ElectrlcaL Ðeteetlon

For many years most mass spectrosoopes d.eslgned for
preelslon mass d.eterulnatlons used. photographle detectlon,
that ls, ln Astoncs ternLnologxr they r\rere uass spectrographs"

Thls nethod. of d.eteetlon has several d.lsadv'antages¡ lnsËrument

al-Lgnment ls sLow and. d.lfflculti proper pLate exposure and

d.eveJ.opment ls necessary to lnsure the l-oeatlo¡:. of the center
of gravlty of asyumetrlcal spectral lLnes ì E"n energy d.lfference
between d.oublet members ls d.lfflculÈ to detect; and. the d.1s-

perslon of the spectrograph must be accurately lcro¡,mo In large
lnstrumenüs ühe d.lsperslon law may never be properly known

owlng to the d.lfflculty of obtalnlng unLforrn a,nd. reprod.uctbl-e

magnetlc fleld.. F\¡rthemore, under typlcal eor:d-ltlons, a spectraL

Llne can be located. to only about r/sotn' of 1ts wLd.th"
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ElectrtcaL detectlon of posltlve lons has been used.

for some tlme ¡ howeveru lt was not untl.l- the earl-y part of the

last d.eead.e that thls form of detectlon nas ad.apted. to hlgh
preclslon mass deterorl"natLons (Nter and. Robertsu lgsL¡ snlth
and Ðamn, L953, L956 ¡ Qulsenberry, Seolman and. Nler, L9S6)"

Ir¡1th el-ectrlcal d.etectlon, a flxed. collector sIlË
Ls used so that a double focus ls requlred. for only one mass

at a tlme" In ad.d.LtLon, one of the el-ectrlc or magnetl_c

d.efleetlng flelds traversed by the lons ls varled. ln a perlo¿lc

fashlon so that the varlous lon beams 1n the vlclnlty of the

collector sl-lt are swept across lt" The coLlector slgnal may þe

d.lsplayed. on an oscllloscope whlch also supplles the sweep for
the lons" Thus eaeh mass reachlng the collector s1lt appears

&s a "peak" on the oscllloscope d.lsplay (frontlsplece)"

If on alternate sweepso the electrLe fleld.s traversed.

by the lons are all altered by the aame specl"flc fractlonal
amountr lons of one nass can be mad.e to arrlve at the collector
sl-lt at the salne polnt on the oscllloscope sweep as ions of
ar¡other mass d.ld. on the prevlous sweepo (Flgure 3-). irihen

thls ls achleved. and. provld.ed. the lons recelve ühe sÊme energy

wlthln the source of the spectrometer, the two lon groups foll-orry

tdentLcal paths through the spectrometer" Hence the dlsperslon

of the magnetlc analyser d.oes not need to be knosrnu ALsou slnce

the naln magnetl-c fleld. ls not aIüered. durLng the processe dif-
ferentlal hysteresls effects are of no consequetrcêe The electrlc
fleLds, of coursee can be cycled. reprod.uclbS.y to hlgh preclslon.
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,6rru35 rrr, r59 ra35 c.'37 ct, r57 
Gd¡? ,r,

Besolutlon at base * L/I20,00CI

The electrle fleld.s ln the spectrometer

have been lncreased by 1 part ln 5Ir000
d.urlng ühe lower trace"





The nass dlfference betv¡een bhe two lon groups Ls

slnply related to the mass of one of the groups and. to the

fractlonal change Ln the electrlc flelcls requX.red. to make the

two peaks colnclde" Thls relatlon wlll- be examlned. quantl-

tatlvely ln Chapter 3"

The preclslon of measurements made by thl-s technlque

d.epend.s both on the resolutlon of the spectrometeru and. on

the preclslon wlth whlch one peak can be mad.e to eoLnctde wlth

the other" Let n be the mass of elther lon group of a dot¡bletu

and. w be the base wLdth (ln nass unlts) of the peak oorlês-

pondLng to these Lonso The resolutlon of the spectromel;er ls
d.eflned- as R = w/m, If the peaks can be matehed to a eertaln

fractlon f of thelr wld.tho the uncertalnty of the ¡rateh l,s

6m = fw = fhn and. the preclslon of the spectromeËer ls d.eflned

a8r

Eø/m = fB. (2-t)
As mentloned. aboveu for photographlc d.eteetlon f ls

approxlnately l/50. EarLy work uslng electrlcaL d.eteetlon and.

the peak natchlng nethod. made use of the remarkabl-e ablllty
of the hr¡man eye to Judge colncld.ence of the peaks" In thLs

case t - ]'/l-000 can be achleved., a great lmprovement over the

photographle mefhod.,

RecenËly electronlc technlques have been enpl.oyed.

to ald 1n the d.eterslnatl.on of colncldence (Beneon and.

Johnson, L966 ¡ lviacd.ougall , 1966 ¡ Stevens and. Morel-and , l-967:"

Balnbrldge and. Dewd.ney, 1967). The technlque used. 1n ou-r

laboratory 1s slnllar to that used. by Johnson and Steve¡re, A

qualltatlve d.escrlptlon 1s glven below and speclfle d.etell-s

appear ln Chapter 4o
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The eollector slgnal ls sent to a slgnal avera,ger

whlch ls s¡mchronlzed. r+lth the oselLloscope d.lspLay e*rd. lon

Eüreêpo For each sweep the averager sorËs the slgnal v¡lfl:

respect to tlme into l-024 channels, d.lgttlzes the average

slgnal appearLng at each channel, and. stores the values ln
lts nagaetlc core memoryc the sÌrreeps are sËored. alternately
ln an ad.d mod.e and. then a subtracü mod.eo Hence lf the slgnals

correspondlng to the two lon masses are ad.Justed. for equal

ampllüud.es, a s¡rall- nlsmatch ln the relatlve peak posltlons

wllL appear as an S-shaped error slgnaI, whL1e the natehed.

cond.ltlon prod.uces a nul-l- ln the vlsuaL d.lspLay of the memory

oontents, (Ff.gures 2s 3),
The chlef advantage of the above technlque ls the

efflclent use mad.e of the lnfo:ruatLon provlded. by the spectro-

meter" T.he vlsual technlque ls capabre of "storlng" lnfor-
matlon for tlme lntervals of the ozd.er of one second.o whereas

ühe slnpler but nore speclallzed. slgnal averager ls typlcally
used. to aceunulate lnformatloa for J-J second.s or longer" Slnce

ühe slgnaL to nolse ratlo gror{s as t/^ll =^JT where t ls the

tlne tnfomaülon ls gathered t ârL lmprovenent of about ^{ß '- 4
can be reallzed. ln ühe naüchlng preclslon, A seeondary ad-

vanüage of thls technlque ls thaü Lt ls a null neËhod. and. thus

the experlmenter's d.ec1s1on regard.lng the maüched. cond.ltion

should. be less subJectlve than ln the older vlsual method."

At the present tlne a progran 1s belng d.evlsed. in
thls laboratory so that the lnfo:ruatlon gathered. by the slgnal
averager can be rapld.ly and. lnpartlal3.y analyzed. by a Large
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Slgna1 averager dlsplay after sampllng

the peaks sholrn 1n F1.gure 1 for about

20 second.s" MlsmatcLt * Lfi of a peak

wld.fh.
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FïGURE 3_

81gna1 averager d.lsplay after sanpllng

fhe peaks shown 1n Flgure 1 for about

L0 second.s. Null slgnal .
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computer" rt ls hoped. that the preelsion aehleved- to d.ate

ean be nalntalned. or even J-nproved. upon r^¡hlle greatJ-y reduclng

the tlne requlred. to establLsh a mass d.lfference"

Hlsh Besolut:þn__jlpectro scopçå

At the present tLne there aro Èen maes spectroscopes

oapable of hlgh preclsLon measurementsu Fous- of these are ln
ühe unlted. states, one 1s ln þIest Germany, tvro ln Japans on€

ln Bussla, and. two ln canad.a, Table 1 ts a sr.rmnary of Êome

of the pertlnent features of these l.nstrr¿mell.tsn Those at the
unlverslty'of Mlnnesota and. Ëhe unlverslty of Manrtoba have

been the nost prollflc prod.ucers of preclse d-ata" The exl-stence

of an lntemoed.late d.lrectlon focus, whJ.eh all-ows the energy

spread. of the lons to be examLned.u ls probably an important
reason for the effectlveness of these three speetrometersu

The references foJ-lowlng ühe locatlons of the lnstrtments refer
to papers ln'whloh more cetalled. d.escrlptlons can be found..

Two baslc types of mass speetroseopes have evolved.

d.urlng the l-ast few d.ecad.es" The oId.er of 'cheseo the d-efl-eetlon-

ttrpe lnstrr-ment, ls the more common and. has been appLled. to a

varlety of üasks. rt ls based. on the defreetlon of lons l_n

eLectrlc and magnetlc flel-d.s" Al-1 but one of the spectroscopes

ln Table 1 are of thls ü¡rpe.

The oüher ty¡re lnvoLves a measuremenù of elther the
tlme for lons ln a ¡nonoenergetlc beam to traverse a kno¡nr d.1s-

tance, or the cye3-otron frequency of an lon elreulatLng rn a
unlfors rnagnetlc fleld.. such lnstruments have msd.e a slgnl-
flcant contrlbutlon to mass spectroscopy 1n general, end. to
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mass d.eteralnatlons ln partlcular" The ratter contrl-butlon

has resul-ted. from the reflnement of the cyelotron resonar.ce

specËrometer sLnce ]-9l+5" snlthus new rad.lo frequency speetro-

meter, an lmproved. verslon of hls mass s¡mehrometer (Smlth and.

Ðamn o L956), ls unique ln that lt ts the onr-y tLne of fllght
lnsËrunent capable of hlgh preclslon aass measurementsu Hence

d.ata from thls spectrometer nl1r be of partlouLar LnteresË,

The remalnd.er of thLs thesls wllr be restrlcted. to
d.eflectlon t;rye lnstrunenüso
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TABLE 1

HTGH RESOLUTÏON MASS SPECTROSCOPES

Uleasurlng Focu-sslng Interued late Approxlnate
Technique ( see p"Ll) Focus? Worklng 1

Resolutlon-'

1st o¡der Yes 45,000 (+)
and. a,'

MINNESOTA PuMux wlth
(Johnson averager
et al", 196?)

ARGONNE P.Mo v¡lüh
(Stevens et averager &
al"e 1967) computer

PRTNCETON P.MN
(snrtn, 196T)

Ist o¡d.er No 250 ,000
anð, &4

No 100,000

No l-00r 000

HARVARD P . M. wl th lst o¡d.er No 100, 000 (+ )(BalnbrLd.ge lock-ln and, a-2
et al" , 195.7 ) ampllfler

_o*

MAINZ P ,M. lst ord.er
(Hlntenberger and, aZ
et al", 1960)

OSAJß I PoM" rvlth lst ord.er Yes 60,000
(Oeata et al. d.Lfferentla-
L96?) - - tlon
OSAIß If P"M" lst & Znd. No 250,000
(Matsud.a eü ord.er
al-" , L967)

USSR PhoËographlc 1st ord.er Tes 80r 000
(Denlrkhanov
et aln , 1965)

I'IANITOBA ï P.M. wlth 1st ord.er Ïes 1001000(Duckworth averager
et eL. , 1963)

MANïTOBA ïf P.M. wlth lst & 2nd Yes 1501000
(Barber et averager or.'d.er
alo ¡ L96Z)

re P.M. = Peak Matchlng

rÉ'åf A cyclotron reson ance spectrometer
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CHAPTER. q

TON OPTICS

ïntrod.ucü1on

Al-though the gravltatlonal lnteractlon ls generally

used. for the d.eterm1natlon of the mass of a macroscoplc bod.y,

the electromagnetlc lnteractlon 1s more convenlent for atonlc

mass d.etemlnatlons" Ayr atonlc or molecu-lar lon of mass m

a¡rd oharge ç¡. movlng wlüh a veloclty ? 1n an eLeeËromagnetlc

fleld. experlences a force î whlch can be wrltten ln two partso

one veloclty lndependent and. the other veloclty d.epend-ent¡
+iråþ=qE*eTnB

Thls relatlon d.eflnes the eLectrlc fle1d. Ë an¿ ühe magnetlc
s

fleld. B at the 1on0s posltlon ln space and. tlme"

In a mass spectroscope arr lon encounters both

eLectrlc and. magnetlc fleLds. Although co-spatlal fLeld.

arrar¡gements have been used., the conseeutlve arramgemenüu lri
whlch the lon experlences flrst electrlc fleLd.s ar¡d. then

nagnetlc fleId.sr ls more comTnonc

E1ectrlc Analysers

fwo fo¡ms of electrlc fleld
The slnpler of the two ls homogeneous

tent" ft ls used. to accelerate lons

to a muoh larger veloclty v glven by¡
2,1^ -rmc- ( f - 1) = 9VA

t = (r _ oz/.Z¡-t/z

(3-1)

are usually enployed."

and- of s¡na1I spatlal ex-

from themal velocltles

ß-2l-
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where vo ls the üotal erectrLc potentlal d.lfference through

whlch ühe lon ls accelerated." Slnce onLy ëhe veloclty or

energy of an Lon ls d.eterulned by sueh a f3,e1d. u ãþ least one

other operatlon must be performed Lrr ord.er f;o flnd. m,

Some spectroscopes eomblne the above fLeld wj-th a

magnetlc fleld. to d.etermlne m¡ howevern the resolutf.on of,

such lnstrunenÈs ls serlously llmlted by the energy spread. of
the lons" Thls spread ls, of courseu d.ue to the manner Ln

whlch the Lons are prod.uced" Speetroscopes based. on thls
amangement of fleld.s can focus Lons havj"rig a smal1 spread. ln
directlon and. hence are caIled. dlreetlon foeusslng oF¡ more

usually, slngle foeusslng lnstruments

In hlgh resolutlon spectroseopes the Lonsu afËer

thelr lnltlal acceleratlon, are passed thr"augh a, second. electric
fleLd. whlch ls establlshed. between tkre plates oî a eapaeltoru

such pLates usually have slngl-y eurved. surfaees (1"e" they are

cyJ-lnd.rtcal) ¡ however, spherlcal. eleetrod.es are sornetlmes

used.o If the rad.ll of curvature of the surfsces of f;he eLectrod.es

are (ru + k) and. (r" - k) respectlveLyg the path of an lon
traveLllng nonnaLly üo the fleld. at rad.lus re Ls glven byr

,bt=qlÈl Ëqä ß-31

where the ouüer and. lnner pl-ates have electrle potentlals
+ V/Z and. - Y/2 respectlvely" An exaet sc,l_utlon of thLs

electrostatlc flerd. foLlows easlly from Fiaxvrellos equatlons

and the valld.1ty of the approxLmatlon 1n equatlon (3*3) can

be d.ete:m1ned.. For ühe spectrometer useä in thls lnvestlgat1on
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(re = 100 cn = L00 k)u both the gurface of zero potentÍ.al-

arrd. a fleld. of Y/Zk are wlthln 50¡ of the r = re surfaeeu

Electrlc analysers based. on equatlon (3-l^) deËernf.ne,

ln the rrorr - relatlvlstlc approxlmatlon, the klnetle energy of

an lon" thusr &s beforeu another operatlon 1s required- before

m o&n be d.eËerulned., However there ls now an energy or veloclty
d.1sperslon" If ls posslbJ-e to comblne thLs ttrpe of eleetrle
analyser wlth a magnetlc analyser so that the velocf.ty d.l"s-

perslons caneel whlle dlrectlon focusslng and üIass df.spersS-on

a,te achleved. by the combLnatlono Such an arrengement i.s call-ed

d.ouble foeusslng" Flgure tl shows the d.ouble focusslng

propertles of the spectrometer used. Ln thLs lnvesËLgat1on"

The scaLe notrual to the 1on bea¡l ls greatly exaggersted. for
elar1ty. the shad.ed. beam.s represent Ëvro d.lfferent veloelty
groups of Íons of the same mass, each vrlth a contlnuo'ns spread.

ln d.lrectlon" the locatlon of the flnaL focus of lons of a

llghter mass ls al-so 1nd1cated." Under typlcal operatlng

cond.ltlons several üasses havlng a smal-l contlnuous spread.

ln bofh d.lrectlon and. veloclty are present,

Magnetlc Analysers

the notlon of an lon travelllng norrral-Iy to a

magnetlc fleLd. Ë r" d.eserlbed. by

r8d=qlî^Èl=evB
rm

(3*þ)

where rm ls the lnstantcneous rad.lus of eurvature of the

traJectory" Thus.a magnetlc fleld 1s a momentun analyserp or

lf an lon's veloclty or energy ls predete:mlned. (as above),

a mass analyser.
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FTGUFE 4

The d.lreetlon foeusslngu veloeLty focusslng and

mass d.lsperslng propertles of the Manltoba second

ord.er mass spectromeüero
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Non - unlfo¡ro magnetLc fleId.s are enployed. ln
betatr'ons, lsochronous cyclotrons u synchrotrons, and. ln
certaln types of beta spectrometers ¡ howeveru nearl-y all
magnetlc anal-ysers used. ln mass spectroscopes have a homogeneous

fleLd., Among the hlgh resolutLon lnstruments ln Tabl-e Ie the

only exceptlon 1s the new Japanese spectrometer (Osaka Tf).
Thls empl-oys two magnetlc analysers, The flrst has a I/r
fleLd. and. provld.es only mass d.lsperslon, The second. 1s

homogeneous and provld.es d.lrecÈlon focusslng"

ALthough the experlmenterns vLewpolnt coneernlng

lon optf.cs 1s usually presented., lt ls lnterestf.ng to consld.er

en lonns vlewpolnt" .A,t any tl¡ne an lnertLaL reference frame

ean be chosen ln whlch an lon Ls Lnstantaneously at restu Hence

by equatlon (l-L)o as far as the lon ls concerned.u all'fleLd.s
1t erperlences ln a mass spectroscope are purely electrlcn
al-though these elecürlc fleId.s are not the sarne as those 1n

the laboratory franeu The slgnlflcant polnt ls, of courseo

that the 'physlcs' ls the sarre wlth respect to any lnertlal
fra^ne of referêrrc€c

3he Mass - Vol-tage Relatlon

ELectrlcal d.etectlon and. the peak natchlng

technlque were quaLltatlvel-y d.escrlbed. ln Chapter 2" The

masses of ühe lons tnvolved. w111 now be related. to the eleotrlc
poüentlals 1n a quantltatlve fashlon, A non - relatlvlstlc
üreatment w111 be glven beoause r:r¡d.er typlcal- cond.ltlons

(for exanpLes n ^, 100 u¡ VA - 20 kV) relatlvlstLc comectlons

are of the ord.er of t/t07, whlle for a mass d.oublet the d.lffer-
enülal. reLatlvlstLo comectlon 1s a factor of m/tm smal]_er"
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The requlrement of Ldentleal tra¡ectorles app1led. üo

eguatlon (3-4) glves:

nv = constant ß-S)
Equatlon (3-Z) ¿

à ^", = qva ß*6)
¡ lo

o =l-4\"'=\trJ (3-7)
Conblnlns (3-5 ) and (3-Z) ¿

mV4 = constanü (3_g)

From (3-3) a¡r¿ (3-6) ¿

""qlËl = 2qv¿ = zqlÊAl " ß-e)
Thus 1n general r

l*lnlE f = constant (3_f O)

Thls cond.ltlon for ld.entlcal paths has been glven by Asöon

(L922), Swamn (1931), and. Bleakney (t936),

Because of the veroclty focusslng property of d_ouble

focusslng spectrometersr the locatlon of the flnal foeus for
lons of a partlcular mass 1s lnsensltlve to mod.est changes Ln

the acceleratlng voLtage aü the sourcen rn fact lt ls thls
behavlor whlch ls used. to verlfy the attalnment of a d.ouble

focus" Ilowever, the lateral- posltlon of the flnal focue Ls very
sensltlve to ühe voltage v applled. to the pLates of the
e1ectrlc analyser. Equatlon (3-10) can be wrltten

mV = constant (3_1I)

One of the varlatlons avalLabLe ln the experlmental
proced.ure for measurlng a Bass d.oubleü ls that the llghter
member can be natched. to the heavler, or vlce ve?sac rn the
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fomer case the eleeËrlc fleId.s ln the spectrometer nust alL
be ralsed.. Thls lncreases the rad-lus of curvature of the

l-lghter lons ln the magnetic analyser to equa3- that of the

heavler lons before the ehange, Equatlon (l-rr) glves:
(nl + an)V - nL (v + nv)

ß-r2)&=avInL V

¡qhere am = nH - m¡ and. av ls the necessary change ln the

voltage applled. to the cyllnd.rLcal electrLc analyser" rn the

latter ease the electrlc fleld.s must be d.ecreased.a

(t¡r -Am)V = DH (V - ÂV)

an =êY- 
(3-L3')

mgv
The uncertalnty ln the nass of elther member ls usually
negS-lgtble wlth respect to both Ëhe matchlng preclslon (gm,/an),

and. the accuracy to whlch Av/v can be d.eter¡n1ned." The d.eËer-

mlnatlon of Av/v wllL be consld.ered. ln detall ln chapter J.

Flrst and. Second Orrler Focusslng

The beam of lons produced. by the source of a mass

spectroscope possesses a smaII, unevold.able spread ln both

d.lreetlon and. energyo The d.lrectlon spread. ls measured. by

the half angle oc, and. ühe energy spread. by the relatlve veLoclty
spread. þ = Av/v. d. and. p are typlcally of the ord.er of t0-3tl

or less for hlgh resol_utlon spectroscop€so

Herzog (]934) was the frrst to d.erlve the general-

focusslng equatlons for rad.laL electrlc and. homogeneous mag-

neülc fleLd.s. rlerzog's theory 1s a flrst ord.er theory ln the
sense ühaü all üems of hlgher than flrst order ln oü and. f3 are
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negLected.. Hence lnstruments based.

slgned so tlnat o¿ and. ß are s.s small_

thls theory are d.e-

posslbleu In add.ltlon

to provld.lng expresslons for the veloclty d.lsperslon and.

locatlon of the d.lrecûlon focus of eleetrlc and. magnetlc flel-d.s

separately, Herzog's üheory shows quantltaüiveIy that such

fleld.s can be conblned. to provld.e d.lrectlon and. velocS.ty

foeusslng ("d.ouble focusslng") together wlth mass d.lsperslon.

rn other word.s¡ the locatLon of the flnal lnage lso to flrst
ord.ero lnd.epend.enü of both oc and- p. The maln polnts of
Herzog's theory have been frequently revleÌred.o (e"g" Duckworth,

L95B; Barber, 1962),

Elntenberger and. Kön1g (f957 ) have d.eveloped. the

comespond.lng second. ord.er relatlons" fn thelr notatlon the

lmage aberratlons for an electrLc analyser and. a magnetlc

analyser 1n tand.em are glven by

IrB = r*ltrra + BzÊ + Brlo(2 o ntru1+ nzzÊ + hlgher ord.er terms] ( 1'-]-u

where Jts 1s ühe dlspJ-aeement of the lon path from the centraL
path (o¿= l3 = 0) measured. ln the d.efleotlon plane and. nonnal

to the central path, and" 81, Bzo etc" are functlons of the ln-
strument geometry" thls expresslon Is for a prlne1pa3- (obJect)

sl-lt of lnflnlteslnaI wld.th" A flrst ord.er d.ouble foous

exlsfs when Bl = BZ = 0" hrhen all flve coefflclenüs are zero

conpJ.ete second. order d-ouble focusslng 1s attalned.e

Elntenberger and. Könlg (r9i9) have computed. soluülons
of tt¡-e flve equatlons Bl = BZ = 811 = \Z = BZZ = 0 and. glve the

deslgn para.meters of several- spectrometers possesslng com-

pleüe second ord.er d.oubl_e focusslng.

oïI

as
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CHAPTER 4

rHE luniú FncoNn onosLspncttsoMnrsn (mANrroe¿ rr)

Geonq9Ãtr_ 4ruL :F1l.L_lÐystem

The spectrometer used ln thls lnvesÈlgaflou ls

number B ln Tabl-e I of l"]ne L959 paper by Hf.ntenbergér and.

KönLg. FlgUre J shovfs the baslc d.eslgn and. layout of the ln-

strument, Thls d.eslgn was chosen because the lon paths ln

fleld free reglons are shorto the d.efleetlon angles are

reasonabl-eu and the magnetle fleld. bound.arles are stralghf.

4L1 of these features are ad.vantageous both for ease of con-

structlon and. for conven1ence of operatlon" Alsoo &rl lnter-

ned.late d.lrectlon focus 1s formed. betrveen the two analyserso

Thls pemlts Ëhe electrlc analyser to be used as &n ellergy

analyser wlth a resolutlon of about one electron-voLt" As

polnted. out ln Chapter 2n thls feature ls lnval-uab]e for

lnsurlng that chenlcally d.lsslml1ar lon groups have recelved.

the sa¡ne energy wlthln the source ar¡d. hence fol}ow the sane

path ührough the spectrometer. The scale of the spectrometer

ls d.eterulned. by re whlch was chosen to be one meter.

A d.escrlptlon of the speetrometer 1s glven by Barber

eü al-. ft967) t however, slnce thls lnstrument was the naln

tool for thls lnvestlgatlon, a d.etalled. d.escrlptlon 1s lnclud.ed.

hereo

Eerzogus theory glves magnlfloatlons of -0.8/ and.

-0,57 for the electrlc end. nagnetlc analysers respectlvely"

The overall nagnlflcatlon ls thus +0.50. The d.lsperslon ls

0,53 Am/m Ë 0o53t neters, or 5"J mm for a Lfi mass d.lfferenee"
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trryr
The geometry of the Manltoba

order spectrometer (Manltoba

seeond.

II)
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The resolutlon at the base of the peaks Ls S¡/O"JJ where Sp

ls the prlnclpal (obJecü) sl1t w1d.th erpressed. ln meters" For

a resolutlon of l/200,000, 8p = 2"6y and the collector sll.t
wld.üh Sc = 0.50 Sp = 1.3iÁ,

The prlnclpaI and collector sllts are varlable ln
wld.th and- ln orlentatlon about an axls defi.ned by the central
lon path" The chanfers of the sllt Jalrrs make an angle of 45o

vrlth respect to thLs axls. The Jaws are made of hardened. tooL

steel" they are d.eslgned to overl-ap by about 100¡ so that the

sllts can b.e closed. wlthout d.anaglng thelr ed.ges"

The prlnclpal s11t 1s typlca11y subJected. to an lon

eurrent of the order of 10-5 A" l4lLth an acceleratlng poÊent1a1

of about 20r000 voLts, sone 0"2 we.ttsare d.lssrpated. ln the

vlclnrfy of the sllt ed.ges" After a couple of weeks of thls
bonbardment, the resul-tlng deüerloratlon ln resolutlon and.

peak shape necessltates retouchlng of the sllt ed.ges. Thls ls
acconpllshed. wlth a tlat plate glass tool and #900 alund.u¡n

abraslve mlxed wlth a b1t of wateru The quallty of the in-
d.lvld.ual sllt edges ls then checked. vlsually agalnst a plate
gLase reference fl-at. The allgnnent of the reassembled. srlt
1s checked. vlsually by vlewlng the sllt agalnst a bright back-

ground.. Much less frequentl-y the collector sllt reeelves the
same treatment,

The angular spread (Ze) aceepted. by the spectrometer

ls d.efer"nlned by the sllt s... rt ls usually set at 1.2 rnm to
glve d- * 2 x tO-3. S,s ls located. at the lnteimed.late d.lrectlon
foeus ar¡d. ühus deüemlnes the energy range of the lons accepted.
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by the nagnette analyser" rt ls typlcalry set at 3 nn corres-
lt

pond.Lng to (\ - ! I x 1O-*. Sh l1mlts the helght of the beam

enterlng the magnetlc analyser. rt j.s usually set at - 2 mmo

Vacuum Systen

The entLre vacuum enclosure ls mad.e oî 3ol+ staLn*

Less steel-' MeËal gaskets are used throughout except ln the
valves and on the souroe sLd.e of Ëhe prf-nelpal sllË sühere

vlton ¡'o0r rlngs are used" The spectrometer ls dlvlded lnto
two regf.ons for pumplng purposesu The reglon on the souree

sld.e of the prtnelpal sl1t ls evacuated by t¡qo olL d.l.ffusLon
pumpsu These have an untrapped speed of l_00 llters,/seeond.e are
equf.pped. wlth water-cooled baffles and. J-lquld. nlürogen trapsu

and. are baeked. by a eonventlonaL rotary meehanLeal pumpn A
system of vaLves enables the souree reglon to be opened to the
atnosphere and. be pumped dourn agaln to belon 10-6 torr j.n less
than ten mi.nutes" Thls arrangement j.s very eonvenLent when

rouftne source maLntenance ls requlred.u

The remalnd.er of the speotrometer Ls evacuated by

tno Lon pumpe" A 140 Llter,/seeond punp ls located. on the
eleotrlc analyser and a J0 ì-i.ter,/second. pump ls located. between

the magnet and. the eoLreeËoru The pressure Ln thls regJ.on rs
usual-lY ^, LO-? to* or better"

ïon Souree

A d.lagrain of the ron source r.s shown rn Flgure 6,
The baslc deslgn ls elmlrar to source number /"1 on paEe 646

of the compend.f.um on ronenphyslk and. other toplcs by

Von Ard.enne (tg6z), It d.Lffers fron the oonventlonaL mass



FTGURE 6

The Ion Source
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spectroseoplc erectron bonbardment source ln thaü the lons

are d.ra¡qr out parallel to the lonl zí.ng electron bean lnstead.

of at 90o to thls beamn .a.n lnprovement of one or two ord.ers

of magnltud.e ln lon current (1^, 1,0-5 A¡ has been achleved. by

thls technlque, The energy spread. 1s of the ord.er of only one

erectron-volto Lo G, smlüh (1967 ) uses a slnlIar source wlth
h1s cycl-otron resonance spectrometern

rn thls lnvestlgatlon lone were obtalned. fron rare
earth chlorldes. These compound.s are solld.s r,rhLch nust be

heated. to several hrrnd.red. degrees Centlgrad.e before thelr vapor

pressure le suffLclent for the prod.uctlon of an ad.equate lon
bea¡nn As lndlcated. ln Flgure 6 thls v¡as d.one ln a stalnless
steel ovêno the oven ls closed. except for two snaLl holes

through whLch the lonl zl,ng eLectron bea^n enters and from whlch

lons are d.rawn by the penetratlon of the maln aecereratLng

fleld.. The copper rtrlnd.lngs and the lron pole pleces provlde

an axlal magnetLc fleId. whlch guld.es the electron beam through

the ov€nc The potentlals of ühe elecüron fl,Lanent, oven, and.

source case are ad.Jusüed. to cause the electrons to osclllate
back and. forth through ühe lonlzatlon reglon"

when a fresh sample ls placed ln the oven 1t nust
be baked. out for a mlnute or so at a l-ow heat und.er vêctlu.rno

Inltlally thls proced-ure was d.1fflcuLü slnce at some crltlca1
temperature the sample fI1es apart wrtll most of lt ls sprayed.

out of the oven" Thls lnconvenlence was avolded. by placlng a

snall metal cl1p over the oven apertures durlng the baklng

out proc€ssr

l,lhen the source ls ln operatlon a small bl-ue plasma

cloud. ls ofüen vlslble Jusü lnsld.e the front aperature of the
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oveïre Oecaslonally the pressure Ln the source reglon becomes

hlgh errough so Einat the lon beam appears as a flne blue llne

üraverslng the hlgh voltage asceleratlng gåpi hourever, doublet

measurements are carrled. out at somewhat lower pressures ln

ord.er to mlnlnlze the energy spread. j.n the lon bea.ll,

The source potentlaS. ls provld.ed. by a eommerclal

hlgh voltage power supply (Unlversal Voltrontes Corpo e

$lod.el BBE 30-2, 30 kV, 2 nA)" Thls supply typLeal1y has a

short te¡m stabLllty of better than 0"5 volt, and. ls stable to
wlthln a fevq volts over several ¡olnutes"

After accel-eratlon the Lon beam ps,sses through two

eleotrle quad.rupole l-enses whlch are erranged one after ühe

other (Whlneray, L)66)" Thls aruangêment prod.uces a llne
lnage at the prlnclpal sllt and alLows the Lon bean to be

d.lsplaceð, and/or deflected. ln bo'bh horlzontal and. vertlcal
d.lrectlons. The clrcult whlch provld-es Èhe quad.rupole potentlals

ls d.escrlbed. by Meredlth (t9691.

Flgure 7 shows the entlre source âtÐoo The locatlon

of the prlnclpal sllt, et ceterae cåJl be d.etemlned. by a com-

parlson wlth Flgure 5" The source arro ls posltloned. wlth

respect to the el-ectrlc analyser by the "x-y-O" tabLe Located

d.lrectIy below the pr1nclpa3- slltu A slngle ball bearlng

roLL1ng beËween hard.ened. steel plates provldes the naln

eupport for the source &rûro The source arm and. table rest

on an elght lnch "I" beam whlch ls bolted. to the electrlc
analyser base" Thus the entlre source assembly can be moved.

wlth the el-ectrlc anaS-yser as a unlt.
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FïSIRE 7

The Source Am

NOTEI Slnce Flgures 7r 91 11, ].4, 15 and.22 eontaln con-

sld.erabl-e d.etalL, they are presented. as süereo palrs, These

nay be vlewed. wlth or wlthout opülcal ald., In the Latter case

the observer has slnply üo keep the opü1c axes of h1s eyes

para1le1 (as when looklng at a d.lstant obJect) whlle focusslng

on the photographs. The braln lnvoluntarlly causes the optle

axes to lntersecü at the obJeet belng observed.i however, w1üh

practlee ühls progran can be changed..
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El-ecürlc Analyser

lhe geometry of the electrlc analyser appears ln
Flgure J' Ff.gure I ls a vlew of the lnterlor of the analyser.
The two cyLlndrlcal plates are mad.e of gol-d. pJ-ated. Aimco

lron' Î'he one meter mean radlus of curvature ls accurate to
3 ¡n " The pJ-ates are posltloned- reratlve to the lnner ed.ge

of ühe stalnless steeL base plate by means of a locatlng screr4r

on each of the flve lnner mounts. Each plate ls L?,8 cn hlgh
and. rests on flve quarüz blocks, The ? cm gap ls d.eÈemlned.

by flve palrs of quartz spacers whleh are ground. to arr

accuracy o¡ 3f" The top spacer of each palr 1s vlslble ln
Flgure B" The outer plate Ls pressed. agalnst the spacers and.

lnner plate by an lnconel- sprlng arrangement located on the
outer mounts" The elecLrlc fleld 1s üemolnated. at the
physlcaL boundarles of the analyser plates by ground.ed. blocks
whlch are looated. ln accord.ance wlth Herzog's üheory (rg31).

The el-ectrlc analyser wlth lts cover ln prace 1s

vlslbLe ln the vlew of the entlre spectrometer shom ln
Flgure 9. The vacuum seal between the cover and. the base plate
ls mad.e by a gold. wlre.

The analyser and. source arn are supported by three
ball bearlngs Located approxlnateJ-y along the üangents to the
lon path aË the entrance and. exlt to the fleld.. These balIs
roLÌ between horlzontalr hard.ened. steel plates, lJlth thls
arrangemenf the analyser and. source assenbly, whleh welgh

about 1.1 tons, can be easlly swung as a unlt about a plvot
whlch ls located. d.lrectly below the lnte:med_late d.lrectlon
foous. Thls ad.Jushlent ls one of the varlables used. üo

achleve a d.ouble focusô
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FTGURE 8

fhe fnterlor of the E1ecbrlc Analyser
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FrGuBEj).

The Second. Orrd.er Spectromei;er
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The voLtage on the analyser plates ls provld.ed. by

a serles of Een 97"2 vo]-t mereury batterles (Eveready #Ð3OZE6Z).

The eLectrlcal clreultry assoclated. with these batterles ls
d.escrlbed. ln d.etall ln Chapter J"

Ma&etåg_4nalyser

The geomeüry of the magnetlc analyser appears ln
Flgure 5. A vlew of the J ton magnet ls shov¡'n in the rlght
hand sld.e of Flgur€ 9" The poLe precoe are slngre blocks
of A:mco Lron and. aro eeparated by 1" lnconel spacerÊ" Above

and. below the pole pleces are 3 mn shlnnlng gaps" Alumlnum

spacers provld.e mechanlcal support 1n these gapsu In add.ltlon
fo allowf.ng for s¡oal-l ad.Justments of the flerd (part of the
yoke lmmed-lately above the upper gap can be tlLüed. sllghtly) n

these two gaps provld.e a very unlforu fleId. between the poLe

pleceso For any fleld. ln the range 0"3 - 0,BN/m2 the unl.-

fo:mlty ls about 1 part ln 5000 to wlthln about one gap wld.th

of the bound.ary"

The magnet yoke ls mad.e ln three rrc,' secüors" Each

secüor has two water-cooled. excltlng coll_s, The slx colls are
connected. ln paraLle1 eLeetrlcally and. ln three paral-J_el

branches of üwo colLs each for coollngu As lnd.lcated. ln
Figure 10u the nagnet current ls stablrlzed. wlth respect to
a zener regulated. volüage supply. the translstorlzed. cuffent
regulator malntalns the nagnetlc fleld. constant üo J. ppm or
betüer for 15 s or 3-onger. A d.etalled. clrcult d_lagrain of thle
supp}y ls glven by Mered.lth (L969),
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FTGUBE 10

Bloek Ðlagranr of all Clrcults
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fon Deüee_tlon

Ttre d.etector ar¡o of the speetrometer appears ln
Flgures J and. 11. The arm ls supported by a stalnless steel
frame whlch ls attached to the spectroneter tabl_e, A brass

and perspex frame supports the Helnholtz colLs Loeated. be-

üween the nagneülc analyser and. corlector sllt. These colls
are d.rlven by a sawtooth curuent at a freo.ueney of about

L9 c/s' The resultlng nagnetlc fleld. sweeps ühe lon bean

across fhe col-lector sIlt. Al-L lons passlzrg through thLs

sLlt are d.etected. by a 1ow nolse, hlgh galnu magneÈlc

eLectron nultlpllern under typlcal cond.l"ti.o¡:s the lon
currenf arrlvlng here ls ^,1-10 fA. A bloek dlagran of the

d.etectlon clrcultry appears ln Flgure 10"

The locatlon of the col_lector sllt l_n a plane

nomal to the lon bea^n ls controlled. by screi"r drives, Ad-

Justnents aLong the lon bean are also poss.lbl^e"

In ad.d.ltlon üo the flnal colleetoro the l-on beam

can be monltored by an electrometer at four lntermed.late

polnts" The flrst probe ls located. on the source alqt between

the quadrupoS-e lens and. prlnclpal sllto An Lon eu¡.rent of
1-10 ¡A can be collected- here und.er usual eondltlonso The

second. avallable probe 1s the outer plate of the electrlc
analyser" A thl¡d. col-Lector 1s posltloned. between the anal-ysers

aË ühe lntemed.late dlrectlon focuso The flnal probe ls
located. Just beyond. the ex1Ë of the nagnetLe analyser.

usual-ly only the lnteranaLyser probe ls carl-ed upon when

startlng up the spectrometer.
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FIGURE 11

fhe Ðetector
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Spectrometer Support

The entlre spectrometer rests on a L.7 ton süeel

table, The top of thls table ls a Ju x 12' x 1" steel- slab

¡rhlch ls nachlned. flat on 1ts top sld.e ar¡d ls we1d.ed. to a

lattlce of B lnch "I" besms on 1ts bottom sl-d.e" fnltlally
thls slab vras supported by elght steel legs standlng 1n a

channeL lron fra¡ne r^rhlchu ln turreu rested. on the laboratory

fIoor" I,,t1th thls aryangement the spectrometer was conslstently

affected. by exterreal vlbratlons" The maLn effect of such

d.lsturbances was to cause Èhe source and. coLlector arns to
vlbrate at frequencLes of the ord.er of 20-40 c/s. Thls notlon

oaused. the peaks on the dlsplay oscl]loscope to oscllLate

sld.eways aþ a beat frequency of the arm vLbratlons and sr,reep

rate" The anplltud.e of thls dlsturbance varled. fron the

threshold. of d.etectablllty 1,- a/Z}th peak wld.th ) to a pealr

wld.th or more. fn the fomer case the net.effect was a sllght
Loss ln the effectlve resolutlonu whlle ln the latter case no

usefuL measurements couLd. be taken. Sources of vlbratlon
ranged. from persons walklng wlthln 20 feet of the spectrometer

to constmctlon work wlthln a m1le rad.luso

The vlbratlon problem was completely ellnlnated by

replaclng the rtgld. legs by elght pnermatlc mounts (nod.el i(AM

-2 -3n Klnetlc Alr Mounts, Consolld.ated. Klnetles Corpu e

CoLumbus, 0h1o)" Each mount contalns a pressure regulator and.

a rrrbber beLlows whlch w111 support 2 tons when lnflated. to a

pressure of 100 ps1. e ZZ4 n3 cyllnder of nlürogen v¡1Il

operate the systen for over a month. In the event of a

plessure fallurer the spectrometer setüIes about L/2" onto steel

supports" Three of the mounts are vlslble ln Flgure g"
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l{lth the pneunatlc mounts the spectrometer has a

hlgh1y danped. natural frequency of about 1 c/s" The lsol-atlon

efflclency for d.lsturbances of the ord.er of 30 c/s ls over 99/",

When stand-lng besid.e the spectrometero f flnd. lt a

blt fasclnatlng that 1ts B ton mass ls belng supported. by art

excess of molecul-es sürlklng 1t from beneath"

Focusslng

The focusslng propertles of the spectrometer were

lnvestf.gaËed. by Barber (]-965) before constructlon began" A

computer progra¡n was d.evlsed. to determlne the effect of varlous

nonunlfomltles ln the fleld of the nagnetlc analyser on the

r.rld.ths a^nd. posltlons of the d.lrectlon and. veloclty focl"

It was found. that the wld.ths are not appreclably altered. aL-

though the focl nay be moved. by êlfferlng amounts fron the

theoretlcaL posltlon of the d.ouble focuso Alsor ühe focl can

be brought together by a sultable snalI change ln the fleId.,

although thls may not occur at the theoretlcal posltlon of

the d.oubLe focuso Slnce the second. orrÍer aberratlons are not

extremeLy sensltlve to geometry, lf was conclud.ed. that once a

flrst ord-er d.oubl-e focus ls found.e a second. ord.er d.ouble foous

a]-so exlstso

The flrst step 1n achlevlng a double focus ls to

apply a 22 voJ.t square wave üo the source at one - haLf the

frequ6¿sy of the d.lspIay oscllloscope sweep (Flgure 10). The

electrlc analyser ls then swung slowly through a few d.egrees

about lts plvoü at the energy d.eflnlng sllt,
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Lack of veLocLt¡' 1'o"rrsslng results ln a peak being

d.lsp}aced. wlth respecü to ltself on alternate s$Ieepg u wh3,1e a

dlrectlon focus ls characterlzed. by a d.lstlnct sharpenlng of

the peaks, The magnetlc f1e1d. necessary to brlng the lcns to

the sa,ne polnt on the osclll-oscope d.lsplay ls a maxlmu¡r for a

eertaln posltlon of the electrlo anaJ-yser. ff a d.lrectLon

focus occurs at üh1s poslülon, lt lnd.lcates that the electrlc

a¡alyser ls d.lrectlon focusslng correctly" Usually both the

veloclty and. d.lrectLon focl oecur near thls angle and- orrly a

smaJ-I change ln l-$ ( to nove Ëhe d.lrectlon focus ) or a laiere"l

movernerrt of the collector sllb (to nove the veloclty foeus)

ls sufflclent to achleve a d.ouble focus"

Otber ad.Justments lnclud.e the several eorrtrols on

the source cond.ltlons a^nd. quad.rupole voltagesu These are set

nalnLy for optlmr;m 1on lntenslty" The v¡ld.ths of the prlnolpal

and. collector s1lts are ad-Justed. for a sultabl-e compromlse be-

tween resolutlon and. peak lntenslty" The resolutlon and. peak

shape are also very sensltlve to the tllts of these tlvo sIlts"
OccaslonalLy a sma]-l but d.lstlnct lmprovement !n focusslng

resulüs 1f the hlstory of the nagneülc fleLd. ls erased." This

ls accompllshed. by d.ecreaslng the f1e1d. to zeroo

As nentloned. aü the beglnnlng of thls Chaptert

chemlcalLy dlss1nl1ar lon groups may not foLl-ow the seme path

through the lnstrr¡¡aenü" To check thls the acceleratlng voltage

1s ad.Justed. unt1l ühe lon beams are partlally cut off by one

Jaw of Ëhe energy d.ef1n1ng sl1t. If the correspond.lng peaks

on ühe oscllloscope dlspl-ay d.ecrease together, thq two loir

groups are foLl,owlng the sane path, By app3.ylng an "artificial"
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energy d.lfference by means of the square wave mod.ulatlon on

the sourcee energy d.lfferences of less than 1 eV have been

detected by thls technlque"

fhe presence of stray 60 c/s magnetLc fleld.s often

causes the lon peaks to vLbraËe wlth a subsequent loss ln
resolutlorro Such fleld.s are conpensated. for by a coll placed

near the lnteranalyser tube (Flgure 9), ïIlth tbe Eelm]no]-tz

srr¡eep removed. and. the d.lsplay oscllloscope operating at 60 c/s u

the maln magnetlc fleld, ls ad.Justed. to slt on the sld.e of a

peak" The amplltud.e and. phase of the compensatlng fle1d 1s

then ad.Justed. to canceL the 60 c/s rlpple appearlng on the

d.lsp1ay osclLloscope o

A3-though ühe focusslng technlque d.escrlbed. above 1s

always used. when requJ.red., a muJ-tltud.e of obscure ad.Justnents

and. conectlons have been perfonned. over ühe pasË couple of
years to keep the spectrometer operatlng. Problens have ranged.

from the embamasslng one of trylng to f1nd. the 1on beam, to

more subtle problens such as the cause of occaslonal- rand.om

shlfts ln peak posltlons. Ilol{ever, lf the experlmenËer per-

slsts to the polnü of getülng the lnstrument operatlng

oorrecüly, thls partlcular spectrometer ls usually qulte

d.oclle and. even cooperatlve for some tlme thereafter"

Measurlng Technlque

Flgure 10 ls a block d.lagran of most of the electrlcal
clrcults assoclated. wlth the spectrometer. 0nly the clrcults
oonnected. wlth the vacurrm system are onltted.. The large arrov¡-

head.s lnd.lcate the path of the lon slgnal.
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. The essentlal features of the peak m.atchlng technlque.

were d.escri.bed. ln Chapter 2u As noted. 1n Chapter J, the llghter
member of a d.oublet can be matched. to the heavler oner or vle_e

reËEe" .{lso, the sawtooth sweep on ühe HelmlnoLtz coLls can be

reversed.. In ad.d.ltlonu the larger member of a d_oubLet can be

attenuated. by sendlng lt through elther the "GaLn A" clrcult
or the "Gaful B" clrcult" these three aIËernatlves can be

comblned. ln elght d.lfferent ways" In ord.er to avold. errors

arlslng from the 'ôpera.tor's Jud.genent of the matched. eond.ltlonu

al-1 elght comblnatlons are used, wlth the average of the elghü

AV setülngs representlng ühe value of one "rl¡n""

Accord.lng to equatlons (3-l'Z) anA (3-I3), t-t ls ln-
correct to average all elght AV values slnce, assumlng V to

be constant, the four settlngs obtalned. when natchlng the

Llghter member to the heavler ("AV ad.d.") w111 be some-what

Larger than the other four settlngs obtalned. when natchlng the

heavler menber to the llghüer ("AV subËract"). Hov¡ever for
elose d.oublets an average of the elght settlng le valld.¡

Let avç represent the average of the four .av settlngs
obtalned. when natchlng the llghter to the heavlero and. ^ô,v_ be

d.eflned. ln the reverse fashlon. Let Ñ be the average of all
elght setülngs, and. ñ' ¡" the average of m¡ aåd. rn¡1" Then

accordlng to equatlons (3-tZ) and. (3-]-j) t

Am=(ñ-^+,*

Am=(ñ+9,*

(l+-r )

(4-2)
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Ad.d. ¡

But ¡

ZLm =

Am=fr

ñ(ouo T 
ou-) ,av- - av+,\--ïr--/,Ån

2

ãV,¿n
-.r 

.-V4 (4-3)

(tt-6 )

Hence¡ ñ (4-4)

To d.etemlne whether or not thls correcülon ls slg_
nlflcanto the preclslon of the spectroneter must be consld.ered..

Equatlon (Z-t) can be wrltten¡

*=[*)rR (4-5)
The best performance expected. of the spectrometer was chosen
to correspond. to î - L/IO4 and. B = J_/250, OO0, Thus the natchlng
preclslon glven by equatlon (U-S) ls ¡

AV AV.- r\
l_-- I _'v

þ=ø.*(-u)Án to9'Án

r ¿m[r * *t412:,+_ ñ

.AV
\r

ïf l¡e requlre that the correctlon üo an ln equatron
(l+-l+) Ue at least a¡r ord.er of nagnltude less than the natchlng
preclslon, then¡

l¿Am ?, 0,4 r rtrr4*ã'= f;13,¡;,
4*< L

m = lãliõ
Hence for d.oubLets closer than about l/zooou the elght settlngs
of AV may be averaged and. the expresslonr

am=;ÃT
v

used to calculate Am.

(t+-Z )
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Thls proced.ure was used. for the mass Beasurements

reported. ln thls thesls (Chapter 6). The average of approxl-

nate]y 20 runs ls the flnal- value quoted. for each d.oublef

measurement" In an attenpt to ellnlnate any syetenetlc

errors, these runs were d.lstrlbuted. among three or more

operators, and. were performed. over a mlnlmum perlod. of three

d.aysu In add.ltlon the spectrometer was read.Justed before each

Turlo fhe uncertaf.nty assigned. üo each d.oublet measurement ls

the sËand.ard. d.evlatlon of the meano As wlll- be showr ln

Chapter 5o .the AV/V potentlometer usually contrlbuües neg11-

glble €Prolo

For d.oublets wld.er than about t/2000, the AV settlngs

must be consldered. ln groups of four and. equatLons (3-l-'Z) an¿

ß-]-3) used. to calculate Am" In practlce thLs sllght compll-

catlon ls overshad.owed. by the necesslty of naklng a substantlal

change ln the nagnetlc fleld. when golng from the "AV ad.d" to

the "ÀV subtract" arrangement. For d.oublets lnvolvlng a one

or two nass unlt Junp, the change ln the fleld. ls such that

the spectrometer must often be read.Justed.' Hence the concept

of a run as d.eflned. above l-oses lts meanlng" fn such cases

an equal number of "ad.d. runs" and. "subtract runs" should. be

taken to d.etemlne the value of a d.oublet"

To d.ate no w1d-e d.oublets have been measured- as the

present quad.nrpole voltage supplles are not d.eslgned. to fol1ow

equatlon (3-10)" A few prellmlnary measurements have been

done on the doubl-et l56Ca35Ct3?Ct - I56ça35CIZt however, slnce

the statlc voltages on the quad.rrrpoS-es affect the peaks belng

matched. by d.lfferent anounüsr ühe 1on groups foLLow d.lfferent
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paths anfl the ueasurements are not rellabLe" These pre-

llnlnary values tor STCt - 35Ct d.lffer wlth ühe aecepted- value

by 1 ppn to 53 ppn. However, ln ad.d.ltlon to verlfylng thaü fhe

AV/V potentlometer ls accurate üo at least thls sort of pre-

clslon, these resul-ts also lnd.lcate that for the close

d.oublets examlned. ln thls l,¡ork, the present quad'rupole supply

1s more than ad.equatec
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CHAPTER 5

THE MEAgUREMENT OF AVIV

Preclslon Requlred

As mentloned. above, the voJ-tage V applled. to the

electrlc analyser ls supplled by ten 97,2 voLt nercury bat-

terles, If thls voltage ls comblned wlth the optlnun naüch-

lng preclslon provLd.ed. by the spectrometer (equatlon 4-6) o

!{e obtaln:

Ðn o"¿+ m

-=-An LOY An

- 9*-&, v
Lo9 av

- 0,?o x 10-6
AV

(5-r.)

Accord.lng to equatlons (3-l.,z) and. 0-Ð ), An

appoars experlmentally as the ratlo AV/v (tire uncertalntles

on mL and. mg are usualLy negllglble), If AV and. V are

measured. separately on the sane potentlometer, the llnlt
on the accuracy üo whl cTT AV/V can be d.eterurlned. all occurs

ln the neasurement of AVo slnce AV<V, Eence accord.lng to

equatlon (5-Ð, the potentlomeüer nust be accurate Ëo

t0,39 /¡V 1f 1ü ls to natch the preclslon of the spectrometer.

The V Clrcu.lt

I{.ereury batüerles were chosen üo supply V because

of thelr exceLLent stablLlty. The hlghesü vol-tage batüery

cornnerclally avallable 1s supplled by Unlon Carblde

(Everead-y). It ts eomposed. of 72, T.35 volt ceLLs ln



-5L

serles for a üotal of 97"2 volüs, Thls slze was selected.

as a reasonable compromlse between convenlence 1n measurlng

V (nore measurements r,¡ould. be requlred. lf batüerles of

Lower voltage were used.) and. ühe conplexlty of the poten-

ülometer ctrcult (tfre present elrcult would. have to be more

complex and. contaln hlgher reslstances 1n ord-er to measure

voltages above 100 volts and. stlll satlsfy equatlon (5-1)).

The cholce of V = 1O x 97,2 volts represents a

compromlse between both the slze of the absolute uncertalnüy

allowed. on 
^V 

and. the relatlve energy spread. of the lons on

one hand, and. the requlred- magnltudes of both the accel-

eratlng voltage and. nagneùlc fleld on the other"

Albhough mercury batterles are very stabLe, thelr

temperature coefflclenË ls not neg}lglble. If' for examPlet

a persono s hand. 1s placed- v¡lthln one centlneter of one of the

V baüterles for a second. or t¡vo, a notlceable shlft ln lts

voltage occurs on the measurlng potentlometern For thls

reason the V batterles üogether wlth the AV clrcult and.

LV/V potentlometer are located ln a temperature controlled.
u tl - ,^. ra\"porspex box (¡'tgure I2), The control ls provld.ed by a

therulstor sensor and. a slLlcon controlled rectlfler poÌ{er

supply (Honeyr^¡ell R71B7A) whlch d.rlves a nlchrone wlre

heater (200 watüs maxlmum) ' An lnterference fllter
(Corrrell-Dub1ller #tn-t8) reduces plckup from the scR

sr^¡ltchlng to a negllglble Ievel. A small fan d.rlven by a

synchronous eLectrlc clock motor clrculates the alr wlthln

the box, and. a conüalner of slllca gel absorbs any water

vaþor 
"
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FIGURE. 12

Th-e 
^V/V 

Potentlometern V and. AV Clrcults,

and. Temnerature Controlled. Box"
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A d.lagrain of the v clrcult appears ln the lo'*'er

rlght of Flgure 13, Tlre electrlcal connecülons between the

end.s of the battery chaln and. the plates of the electrlc
analyser are composed. of severaL metals and. are about ¿¿ co

walmer at the battery end- than at the analyser ei1d" tlolvever

the Ëwo lead.s are nearly ld.entLcal and. Junctlons between

d.lsslnlLar meËals are at the sane temperature Ln one lead

as Ln the other (afSO,I Co)" Hence ühe net therrnal and.

contact voltages w111 be equal and. the onLy effect wll] be

a negllglble shift ln the poslt5,on of the surface of zero

potentlal between the analyser plates, In any case e atL

as¡rnmetrlc lead. potentlal would. affect only V (as AV ts
ad.d.ed. to V) s and- the absolute accuracy to lrhlch V must be

lanonrn 1s a factor of m/dm less strlngent Ëhan that of AV,

The surfacesof the electrlc analyser pla.tes must

also be electr1cally ld.entlcal, The go1d. plate and cLean

vacuum system (ton pumps and netaL gaskets) Ì¡rere both chose¡r

¡rlth thls requlremenü ln mlnd.,

The AV Clrculü

A d.lagran of the clrcult whlch supplles ÂV appears

ln Flgure 14" Thls clrcult prod.uces a square wave whlch has

*50 fV of plckup, The relay unlts are ad_Justed. to break-

before-make n

The AV relay ls a ,,low themal chopper,'. The

contacts are gold blocks and. are operated. by a camshaft-

pushrod. arra"ngement whlch, 1n turn, 1s d.rlven by a synchro-

nous notor and O-rlng belt (Flgure Lj). Ttrls d.eslgn ls
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FIGURE_I?

The AV/V Potentlometer and. V Clrcult

Tne potentlometer clrcult (LefË-hand. sld.e of the
flgure) conslsts of a looKftvoltage d.lvld.er (von) attached.

to a serles reslsËance of 2.JUI0 and. ls d.rlven by the lo0
voLt power supply" TLre series reslstance ls broken lnto
nlne sectlons ln ord.er to faellltat,e lts caltbrattron agalnst
the lnput reslstance of the \DB.

The v batterles are neasured. across the entrre
potentlometer (swltches B and. c are set to Loolc at battery
#6 ln Flgure 13) whlle AV ls measured_ across only ühe VDB

(Rf or 81 plus R2 are lnclud.ed. for 1arge AV's). The chaln
of twelve 10Ko reslsüors (DMR) ls used. üo establlsh known

raülos whlch are then used. to carlbrate the settlngs of ühe

ITDB.
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FTGURE 1¿|

and. Trlgger Clrcults



FA¡'i MOTOF

fsYNCHftOt{ous,3W}

¡f5 v
60&

2+fO V

CffOPPER A4OTçå

fsvticxr$r*.*u$n 3s rps, ,{{ $ 
}

lss$TsE r{Yc-2€" SsJSsg J

CPT9PPfS I G.fJlLSrt-lSg Sr4:s
*gcsE

rg û8$Í1'ffi
0F v çJ*f,Èr{r

AL¡- COMPOô¡ENTS A W¡RtÈ¡6 SHfË*-Ð€Ð

T ¡,rAR.

50fi
f,of¡



-56

FÏGUBE 1<

The AV Chopper
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superlor to a solenold. d.rlvenu mercury wetted. relay as lt ls
Less susceptlbl.e to plckup, temperature changesu and. statlc-
d.¡manlc d.lfferences ln conüact reslstances" rn ad_d.ltlon the
o-rlng belt, although not an elegant orlve, has the advantage

that the resulüIng frequenoy of Àv and. the naster trlgger can-

not be equal üo or a harroonlc of Èhe frequency of any source

of plckup sueh as the 6o c/s L[nen Hence any plclrup on av

and. the d.etectlon clrcul.try occr¡re at a reJectlon frequency

and. wLlL Ëend. to average üo zsroe

The chopper frequency ls llmlted. by the I0Z4 chan-

neL slgnaL averager whlch requlres a mlnlmum tlme of J0 ¡rs
per addrêsso Hence the sweep perlod. ls sri.ghtl.y nore than

J0 nso and. the chopper must operate no faster than about

9 c/s (trre trlgger frequency ls twlce that of the av square

wave ) ,

As lnd.lcated. ln Flgure IJrAV ls developed. across

two 200Jr reslstors (the 4ooa reslstor ln Flgure llt lnsures
that the load seen by the AV clrcult w111 be the sarne whether

or not the chopper ls operatlng), Equatlon (5-l) and. an

ana].ysls of the Á,v clrcult lnd.lcates thaü varlatlons (gB) ln
the reslstanee of the chopper contacts musË satlsfyr

Sn- - À(¿v) 4 o"3o x 10-6 _ o"¿t, ml+ooo 
^v av - lo9 an ß-2)

The paraLLel arrangement of three chopper unlts (pteure 14)

has 8B É 5orn whlch correspond.s to m/¡,mz 1¡oo. Eorvever, nany

av settlngs are lnvolved. ln a d.oubLet measurement ar:,d. the

varlatlons 8R wlL1 tend. to canceL. Thus measurements on
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d.oublets somewhat wld.er than L/300 wllL not be adversely

affe cted..

Drrlng the constructLon of the av clrcult several

sources of serlous plckup were found- and eLlnlnated- by one

mea.ns or another" lhe most lnterestlng of these wag, a

rather large, short voltage pulse whlch appeared. about

every üwo second.s" rn ad.d.ltlon to appearlng on the av

output, lt aLso suppJ.led an extra trlgger pulse whlchu of

course, threw the d.etectlon clrcultry out of phase wlth AV.

The trouble ¡ras f lnalLy traced. to Ëhe chopper d.rlve. The

o-rlng belt and. camshaft were actlng as a mlnlafure

Var¡ d.e Graaff generator' [he ca"nshaft was ground.edo

ttre ÂVlV PotSntåopgle-r

A d.lagran of þ]ne LV/V potentlometer appears on

the lefÊ ha^nd. sLde of Flgure 13' Tþe naln component ls

the / d.ecad.e, L0oKovolta8e d.lv1der (vDB)" Thls ls the

best voltage dlvlder currentl,y avallabLe and. 1s guaranteed-

to be accuraüe to one süep 1n the slxth d.1a1. Wlth callbra-

tlon ühe accupacy approaches one step ln the seventh dlal'

If the potentlometer ls to natch the preclslon

of the spectrometer, one step ln the seventh d.lal must co¡-

respond. to 0,39 fV (eguatlon J-1)" Thus a potentlal of 3.9

volts must be applled. to the VDR. Slnce the potenülometer

must uleasure batterles havlng a nomlnal value of 97,? volts'

the IIDB nust have a reslstan'ce of :

g?"2 - ry
3,9'\) l-OOKlI x = 2,44MfL
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ln serles wlth lt" The value of thls reslstance must be

accurately known 1n terms of the reslstance of the vDB.

rt ls dlfflcult to establlsh the absorute varue
of a reslstance to better than about 1 part ln r05; how-

ever, wlth a hlgh resolutlon lrlheatstone brldge nonlnally
equal reslstances ln the range or lo3¡L to 107¡r- can be

compared. Ëo L part tn lo7. Durlng such a comparlson three
or more of the hlsh value d.lals on the brldge are not
altered. wlth the resurt that shlfts ln the renalning d.lals
are slgnlfleant, Thls welL known technlque ls cal_Ied. the
substltuü1on nethod.

Beslstances whlch are substantlall.y d.lfferent can
be compared. wlth the same preclslon provld.ed one of the t¡¡o
ls very nearly n2 tlmes as large as the other and. can be

spl1t lnto n equar parts whlch are then connected. ln parallel
(n = L, 2, J*oo), The paraller arrangement ls nearry equal
to the other reslstance and. thus the substltutlon method. can
be used."

ret R be the mean varue of a set of n norolnarry
equal reslsüors whose acüual values are Rl, and. 11 - R1 R.

The serles reslstance ls ¡

Rs=nR
The parallel reslstance ls ¡

lsr1
=!Lí1J.+r1lRl- =¡LHp 181

tã r,-F. (F)'

å r".l(F) '-,.,7
-...]
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slnce Z"f = 0n
1

The mlnilaun series reslstance of 2,44 Mo ls
fortultousLy close ts 52 tlnes the reslstance of the vDB"

Thus the reslstance ln serles wlth the d.lvlder was chosen

üo be 2"5Mst ando as lnd.lcabed. ln Flgure L3, swltch F

provlces elther a serles or parallel conflguratlon of the
flve 0'5Mn reslstors. one of these flve ls conposed. of
flve 0"1Mfl reslstors, Thls feature allows both for the
measurement of wld.e d.oubleËs (d.escrlbed. below) and. for an

alternate meühod. of callbratlon (d.escrlbed. ln the nexü

sectlon)" The flve 0.5M9 reslstors d.evlate on the average

about 7 parts ln 106 from thelr meaü. value. Equatlon (s-j)
glves r

Hence:

n2[ro

R.

d = r, [r + 0,6 x 1e-lof z zS

Rs

Bp *ä(F)i (5-3)

$-+)

Accordlng to unron carbrde, mercury batterres
d.ecrease ln emf at a rate of approxlnatery 6 parts ln 107

per hour at 25oc, As lt would. not be convenrent to measure

v more often than about once per hour, thls d.rlft sets a
rough upper Llnlt on the ¡u1dth of d.oublets that can be

measurèd.. rf the d.rfft ls to be equal to or less than
the natchlng preclslon, equatlon (4-6) glves m/tm à l5OO"

Eoweverr âs lnd.lcated. ln Flgure J-3, the r.00 volt power

supply 1s referred. to a 9?.2 volt mercury baüüery" Thls
battery ls ld.entlcal to the v bat,terles and. all eleven

batterles are located. sld.e by sld.e ln the temperature
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controlled. box (Flgure ]..Z), Hence to a flrst approxlmatlon
the potentlometer and the v batterles drlft togebheru The

lmprovement should. be conslderable srnce each battery rs
composed of 72 cells and varlatl0ns ln the agelng rates wlLl
tend to average out" fn praeülce the value of V as measured
by the potentlometer 1s typicaLly stead.y to wlthln 1 part
ln 106 over severar weeks e arL lmprovement of two to Ëhree
ord.ers of magnltud.e over the absolute agelng rateu A second.
maJor ad.vantage of thls a*angement ls that t,he effects of
any temperature fluctuaül0ns w111 also tend to eancel,

A dlagran of the 100 volt potentl0meter supply
appears ln Flgure 16" The portl0n of the clrcult to the
left of the dashed. llne ls Jocated. ouüsld.e of the temperature
conüroIled. box ln ord.er to nlnlmlze plekup" Regulatlon wlth
respect Ëo the gZ "Z volt lnercury baütery ls provld.ed. by the
operaül0na1 a]npllfler and. serles translstoro The anpllfler
sa^mples the voltage d.lfference between the reference battery
and. the center of the zKrL, l00Ko d.lvld.er chaln" TLre ür1m
potentlometer ls ad.Justed. for a dlfference s1gnal t r yy.
The output voIüage tnplcally follows the reference battery
to a few parts ln 108 over severa] d.ayso

As mentloned. above, the v batterres are measured.

across fhe ?.Syrlt chaln plus a certaln fractlon of the vDB"
Ïn Flgure 13 swltches A, B, c, D, Fo an¿ H are set to measure
battery number 6" îor m/am = V/av > g?Z/3,9 = ZSe, Âv 1s
measured. across part of the TDR (swltch c ls noved two
posltlons to ühe lefü). For 250 Z u/am= LZS, AV ls measured
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FIGUBE 1.6

The 100 V Poüenülometer Supply
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across B1 plus part of the VDR. For IZJ > m/a,m > Bj u Rz

1s lnc1ud.ed.o

The VDB clrcult ls shov,m ln FS.gure IZ " (fire

equLva-Lent clrcult ls shovrn ln Flgure i3) " The lnput

reslstance IBn of the VDR varles slgniflcantly r,rXth the

poslülon n of 1ts flrst d.lalo It ls experlmente.:T.Iy con-

venlent to measure the d.lfference ÂR = tsi1 - 85 " The

ratlo LR/ß5 ls plotted. ln Flgure 18. The tnput reslstanee

can be wrltten as¡

lRn = rR5 (f + ¿o5) $-5)
fn Llke manner the reslstanco of Ëhe parallel

conff.guratlon of the 2,5llft reslstor chaln ra¡r ¡u vrrltten asc

Rp = ts5 (t + c) ß-6)
and by equatlon (5-4):

SlnllarLyc

Rs= 2J ts5 (f + c)

BL = ts5 (f + cI)
Èz= ts5 (1 +c2)

ß-z)

(5-8 )

The power suppJ,y r'¡hlch d.rlves the potentLometer ls
a constant voltage source Vso TLre current Èhrough tho

potentlometer 1sr

\T

-rr = gIfu;
V^

ß'e)

Accord.lng to Flgure 1/, the largest value of la"Sl ls
æt I x L0-7 (tne clrcult 1s usuaLLy operated. near 25êc" ) "
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FIGURE ].7

The VoJ-tage Ð1vld.er (VDR) CLrcult
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FTGURE 18

Varl-atlon of the VÐB Input Beslstance

rqlth the Poslülon of the Flrst Ðlal
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However, slnce the \IDR composes only L/ZSth of the load.o

the effecü on 1o 1s only about 3 parts ln 108 as lnd-lcated

ln the above equatlon" varlatlons of thls nagnlËud.e and.

smaller are negllglble slnce the callbratlons of the \DB

and. of ühe 2,5MSt chaln are, at bestu good. to only 1 part
1n L07u Hence the current d.oes not slgnlflcant1y d.epend

on the posltlon of Ëhe f lrst d.laL of the VDR (lr, - 1) ,

Let r¿y be the lnd.lcated. VDB ratlo for a partlcular
settlng of avo For a '¡rLnl" the mean of these settlngs cor-
rected. for the callbratlon of the vDR nay be wrrtten "* î¡{¡ !

slnllarLy the vDB settlngs for each of the ten v batËerles

may be wrltüen r3 (J = Ir 2, o., 10) " As ls shown below,

the callbratlon of the VÐR d.oes not affect the rJ.
The yalue of AV for a run on a d.oublet r.{lth

m/dm >- 250 rs:
rü= 1 rAV ts5 (f + drr5 )

As

1s

1n

The

of the VDR ls set at zer.o when measurlng AV and d_rr5 = dO5 =

(5-10 )

voltage of the J!3 nattery of the V clrcult 1s:

(v/ro)¡ = tlz5 R5(L+c) + r¡ ts5(1 * doJ5)l (5-L1)

ln the case of equatlon (5-9), the correctloo UrJ5

negllglb1e wlth respect to the uncertalnty of I part

1oZ tn 25 (1+c ) . He nce :

ÃT - Fíu (r + dns)
r=ffi ß-Lz)

250(1+c) + Ë. r¡

For m/tm = V/AV ZgZZ/0.39 = ZSOO, the flrst d1al

-? x 10-7 bt ZJoç¡" rf thls correctlon ls to be a factor of
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3 or more smaller than the matchlng preclslon, then by

equatlon (4-6):

7xro'?t |*9.'!' t
) 1g9 an

Thus for rn,/¿n Z 7OOO. %S ln equatlon (5-I2) can be neglected,

It 1s easy to show that f or TJQ > m/am >- L25, when

R1 nust be lncluded. to measure ÀVo (t+ct) fs add.ed. to the

numerator of equatlon (5-L2), S1n1larly for A25 >- m/tm> 83s

(2+c¡+c2) nusü be ad.d-ed.r

Aceord.lng to equatlon (5-L) ana the potentlometer

d.eslgnn the r4y settlngs musü be made to one step ln the

seventh d.lal of the VDR. The preclslon of the rJ settlngs

must be such that the relatlve preclslon of the (V/10)j values

equals or exceed-s the natchlng preclslon (equatlon 4-6), For

exanpleu lf m/Am = 10r000o the (V/IO) J values must be known

to.l t0"þ nV whtch correspond.s to one step 1n the fourth
d.laJ. of the VDB f or the r¡ settlngs, For m/am - 250 u the

preclslon requlred on ühe r¡ ls 2"5 steps ln the slxth d.1a1.

For wld.er d.oublets the uncertalnty on c (tt x rc-? at best )

becomes the llnltlng factor and. ad.d.ltlonal preclslon on the

r¡ 1s unnecessary. Thls supports the comment made eerller
that the callbratlon of the VDB, whlch lnvolves correctlons

to the seventh d.lalu d.oes not affect the 
"J"

Slnllar arguments lndlcate that the absolute

uncertalntles on c and. d.45 nust be appreclably less than

the natchlng preclslon nultlplled
uncertalntles on c1 and. c2 shouJ.d.

by

be

unlty. The absolute

lrxto'?,
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Callbratlon -of the AV/V Potentlometer

Tn ühls sectlon and. the next a d.escrlptlon ls

glven of the callbratlon and- d.eslgn of the potentlometer

clrcultu Thls 1s d.one 1n consld.erable d.etall for trvo

reasons. FlrsËly, the perforroance of the potentlometer

crltlcally d.epend.s on many d-etalls of the clrcult d,eslgn

and. on the use of correct method.s of callbratiorr. Second.lyo

a d-etalled. account w111 be of valuable asslstance to those

r,qho rvllI be uslng the potentlometer"

TYre callbratlon of the potentlometer 1s carrled-

out ln üwo stages, (a) ttre flrst stage 1s the comparlson

of the 2"5 !4{L reslstance chaln agalnst the lnput reslstance

of the VDR" Thls can be carrled. out by two lnd.epend.ent

method.s. AssoelaËed. wlÈh ühls callbrablon 1s the d.eter-

mlnatlon of the snall varlatlon of the lnput reslstance

of the VDR wlth the posltlons of its flrsü dla1" (b) fne

second. stage ls the d.eter^nlnatlon of the \IDB ratlo settlngs

to a preclslon of one or two steps in lts seventh d.1a1. The

DMR reslstor chaln, whlch can be measured. by ütoo lnd.epend.ent

method-s, provld.es several ratlos aocurate to better than
.rt:1 x 1O-r. These ratlos are exanlned. wlth the VDR to obtaln

correctlons to the nonlnaL VDR settlngs, Four d.lfferent

clrcult arrangements are avallable for thls VDR-DMB compar-

lsonn

(1) The 2"5f'f.{L Reslstor Chaln

A slx d.ecad.e llheatstone brldge (T1ns1ey, Type Ll'g?O)

ls enployed. for thls callbratlon. The baLance condltlon 1s

d.etected. wlth ühe nullmeter mentloned. ln Flgure L3, I¡Ilth
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ühls meter battery operated. aþ a sensltlvity of tfO lV f,s.
and. about 10 volts excltatlon on the brld.ge, one can lnter-
polate to obtaln a preclslon approachlne 5 parts ln 108

1t5 nn) for a 100Ko reslstor or 2 parts ln 107 (to"l(t) for
a 500Kn reslston.

The reslstors are measured through the lnputs

labelled. "CHAIN E's" and. are selected. by the swltches E

and. G (Flgure L3) , Slnce the substltutlon nethod. ls used.o

ühe reslstances of the connectors between the brldge and.

these tr¡o,swltches have no effect provld.ed. they do not vary

d.uring a set of measurementsu In add.ltlon the temperatures

of the brld.ge and. of all terrulnals must be steady. Thernal

potentials ln the brld.ge clrcult can be avolded. by lntro-
d.uclng the nullmeter before the battery. The read.lng of the

meüer ls taken as the zero pos1t1on.

. The reslstance of the Z"jYLíL resistor chaln can be

dete:¡nlned. wlth respeet to Ëhe VDB by two methods. The flrst
nethod. makes ì.rse of sr^rltch F to place the Z.sVLnchaln ln the

parallel conflguratlon. Several measurements of the resls-

üanee of the VDR (with ühe flrst d.lal aE 5) and of Ro are

tiren taken, alternatlng from one to the other ln ord.er to

allow f or d.rlf t " By averaglng the f lrst and- thlrd. of any

set of three sÌlccesslve measurements and. comparlng thls wlth

the second., several values of c are obtalned. (equaü1on 5-6) "

The spread. among these values together wlth the uncertalnty

ln the orlglnal neasurements glves an estimate of the un-

certalnty gf the average value of c (usually tt x 1O-7).
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fn the second. nethod, the flve 100KfIreslstors
(Rf to RS) are each compared. v¡1th the'y'DRo After a set of

slx measurements 1s taken, the flrst two or three are re-
peated. so that any d.rlft can be allowed- foro The value

of each reslsüor is expressed.1n the form lR5 (t + cl). The

sum of the flve reslstors ls then measured. and. the value

obtalned. 1s set equaL to ühe sum of the lnd.ivid-ual values.

The four reslstors R6 to R9 are measured. at the same tlne and.

agaln a coupJ.e of measurements are repeated. to check for
d.rlfto The frve values are expressed 1n the form 5tr.5 (r + cl)
and. the suü (25ts5 (f + c')) ls evaluaùed." The posslble errors
on the orlglna1 measurements are carrled. along in the usual

fashlon (square root of the sum of the squares) to f1nd. the

uncertalnty on c' (usually t3 x 1O-7). Good. agreement has"

been found- betv¡een the trnro nethod.s of callbration
(t" - c'l 1 3 x ro-7 ).
(11) Varlatlon of the \DR Reslstance

The varlatlon of the lnpuü reslstance of the VDB

tslth ühe posltlon of 1ts flrst d.1al (equatlon S-S) fs
measured. w1üh the Wheatstone brld.ge d.escrlbed. above. The

senslËlvlty of the nullmeter ls expressed_ as so many nfl per

fY " l^Ilth the d.laLs of the brld.ge set near a balance and lts
key held. closed., the flrst d.1al of the VDR ls moved. through

the sequence J, 0, 5, 1o 5, 2, .,., 9, 5. ÂB = tsn - ß,5 1s

calculated. from the nullmeter d.eflectlonss üIlth thls technlque

the uncertalnty 1n the AR values ls t10 mfl or I part ln 107

of ts5 (Flgure 18 ) .
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(fff) callbratlon of the VDR

The vDR olrcult ls shown ln Flgure r?" The Kelv1n

varley deslgn has the ad.vantage that the magnltude of the
reslstors ln successlve d.ecad"es d.ecreases by a factor of
only 5" Thus seven d.ecad.es can be assembled wlth reslstors
that d.lffer at most by a factor ot 56 * Io6 x tO4. The

relatlve preclslon to whlch the reslstors are matched. ls
t2 parts ln 106 Ln the flrst d.ecad.e and. becomes urorse by a
factor of about J.6 wlth each' successlve d.ecad.e. Hence

ühe absolute preclslon 1s worst ln the flrst d.ecad.e and.

lmproves by a factor of s/3n6 n l.tl per d.ecadeo The

variatlons ln Ëhe flrst d.lar and.u to a Lesser extento the
second. d.lal L1¡rlt the guaranteed. accuracy of the vDR to
one step ln the slxth d.lal"

correctlons to the lnd.lcated. vDR ratlo for the
varlous posltlons of the flrst and. second. d.lals can be

obtalned. by balanclng Ëhe vÐ8, agaLnst several reslstance
iatlos whlch are knov¡n to É 1 x LO'7, The reslstance raülos
are selected. fron the serles arrangement of ü¡relve L0Ko
reslstors 1n Flgure 13 (DMR), These reslstors and. those
ln the flrst three d.ecades of the vDB are enclosed. 1n sealed.o

olL flLled. contalners.

The DIviB reslstors can be measured. by two method.s,

The flrst method. lnvolves the Tlnsley i^fheatstone brld.ge and.

the substltutlonmethod.s The precautlons nentloned. ln (r)
apply. rn ad.d.ltlon, si.nce ühe DlfR reslstors are reratlvely
snaLl (10Ko) these reasurenents are qulte sensltlve to bad.

swltch contacts. Alühough the swltches are well d.eslgned.



(see next sectlon), after several months wlthout use thelr
contacts may shorrr varlatlons 1n reslstance of several

mllllohms. Thls trouble can usually be ellnlnated. by

rotatlng the swltch wlper several t1mes, If thls falIs,
the contacts must be cleaned.,

The reslstors are measured. through the lnputs

labeLLed. "DMR R's" and. are selected by swltches f and. Jn

After a set of twelve measurements ls taleen the flrst two

or three are repeated. ln ord.er to allow f or d-rlf t. A

preelslon of !2 mO can be attaLned"

In the second. roethod. swltch H ls placed- at

"CAL Lo and. swltch G ls at lts exËreme clockrulse posltlon"

A fe¡,'r voLts are applled. to ühe "-4 VOLTS", 'O VOLTS'

termlnals" Each one of the DMR reslstors (Rl ) ln turn 1s

placed. 1n serles w1üh R1g and. the palr 1s examlned wlth the

\DR. The usual technlque of repeatlng a few values 1s

used. to allon for d.rlft. If r 1s the VDB seütlng thenr

-- *to-
'-R10+B'1 ß-L3)

and. ühe twelve R1 can be calculated.. The VDR can be read to

!O"5 of a step ln lts seventh d.lal to glve a preclslon of

tZ nO" Once agaln a substltutlon nethod. ls belng used. so

equatlon (5-L3) does not have to be corrected. for the VDB

cal.lbratlon and. E1g d-oes not have Ëo be accurately knolvn;

hoïrever, the success of thls technlque d.oes require elther
RlO > Bt or R1g < 81 for all 1 so that the flrst and. second.

d.lals of the VDB d.o not have to be moved.. The varlatlons

a.nong the R1 obtalned. by the two methods show excellent

agreement.
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The DI\{R ratlos are calculated. ln a stralght fori¡,rard.

namler on a desk calculator to elght slgnlflcant flgures"
Posslble errors are calculated- ln the usual- fashlon and.

range from tz x lo-B to t6 x r0-8. The correctLons whlch

must be applled to the nonlnar n/7 ratlos are pJ.otüed. ln
Flgure 1p" T?re snall scatter among the va.Lues aE 21,9o9 1"

d.ue to the fact tlnat the d.ata were taken at ZI..B}C, ?Z,JoCo

and. 21 ,6acn

About J0 of the l_00 posslble conblnatlons of the

flrst two d.la1s of the VDB can be obtalned. on the DMB

chaln by selectlng ratlos of the forn n,/N where n < lrI = l?c

11, 10, 9, and. 7" The ratlo can be set up startlng from

elüher end. of the ehaln by means of the "CAL A" and. "CAL B"

posltlons of swltch G. N and. n are selected. by sr+ltches r
and. J, respectlvery" rn ad.d.ltlon to provld.lng a varlatlon
ln the wlrlng arrangement, each n/U wtth ,.'cAL A" d.lffers
sllghtLy fron lts counterpart ln 'cA.L B" d.ue to varlatlons
anong the DMB reslstors. (l.llth'CAI, B,' t]ne nh7 ratlos are

not avallable d.ue üo the lack of an extra posltlon ln
swltch f ¡ howeveru thls ls of l-lËtle consequence),

"ÇAL 2"

so that

ratlo L

Anoüher varlatlon ls prqrld.ed. by the "CAL 1" and.

posltlons of swltch 11, Thls change fl1ps the VDR over

for each unlque ratlo n/N presented. by the DMB, the

- n/N ls also avallable,
ïn practlce the "CA-L 1" ar¡d. 'CAL 2" posltlons are

aL1 ratloso The "CAL B" optlon ls used. onLy for
ratlos ln ord.er to provld.e sufflclent data on elther

ühe nonlnal valuesof these ratlos. Wlth N = 12, 11,

used. for
t]ne n/Lo

sld.e of
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DMB Ratlo Correctlons (N=70 cAL A)
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10r 9, and 7, these varlatlonsprovlde 106 d.lfferent coü-

parlsons.

For the VDB-DMB conparlson 5 or 6 volts 1s applled.

to the "0 voLTS", "-4 voLTS" termlnalso A reverslng swltch

1s used. ln the battery clrcult ln ord.er to d.ouble the

sensltlvlty and- to ellmlnate thermal emf'su The VDR

settlngs can be lnterpolated. to t0"z of a step ln the

seventh d.1aIo llere as 1n most other measurements lnvolved.

ln the callbratlon of the potentlomeüer, the operator must

brlng to bear a falr amount of care and. patlence. Þiost

measurements are senslülve to any motlon wlthin 10 feet
or so of the apparatus and. are best carrled- ouü on weekend-s.

Thls partlcularly applles to measurements whlch must be done

ln an unlnterrupted. sequence 1n ord.er to allow for d.rlft,
The VDB-DMB comparlson as outllned. above requlres about

twelve hours excluslve of the callbratlon-of the DIrlR,

caLculatlon of raülos, preparatlon of tables, and. analysls

of the d-atao '

The average of the requlred correctlons 1s then

computed. to 0.L step ln the seventh d.laL for each of the

50 or so settlngs of the flrst and. second. d.laIs of the VDR,

PossLble errors are carrled. aLong and. usuaLly range from

about tO.3 to t0 . B ln the seventh d.laI .

These d.ata can be reduced- to a set of 20 cor-

rectlons, one for each of the posltlons of the flrst d.lal

and. the second. d.lal of ühe VDB. The flrst step ls to

calculate the average of all correctlons ivlth the flrst
d.laL at 0. Thls proced.ure ls repeated. for the other nlne
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posltlons of ühls d.lal. These averages are asslgned. to

the respectlve flrst d.1al posltlons.

In the second. step the flrst dlal comectlons are

applled. to all VDB settlngs that have the second d.lal aE O.

These pred-lcülons are compared. wlth the corrections found.

experlmentally and- the average of the d.lfferences is asslgned.

as the correctlon requlred on the 0 posltlon of the second.

d.141. Thls proeed.ure ls repeated for each of the other

nlne posltlons of the second. d-1al"

The thlrd. step ls to use the prellnlnary d.lal

correctlons found. ln steps one and. two to calculate cor-

rectlons for the varlous comblnations of the flrst tv¡o

d.lals for whlch correctlons r¡rere obtalned- experlmentally"

Dlfferences I between the pred.lcted. and. experlmental values

are calculated.. X E and. ZlSl are record-ed. as a. measure of

how successful ühe pred.lctlons vrereo .

In the fourth step E8 fs evaluated. for each of

the posltlons of the flrst d.1al, Ad_Justments are then

mad.e to the flrst d1aI correctlons so that each of the ten

EE üogether urlth the total EE tend. to zeroo

Steps two, three and. posslbly four are then

repeated. At some polnt ln thls procedure, any changes in
the d.lal correctlons become negllglble. Hence a bes-t, set

of comectlons ls obtalned c

The VDE has been callbrated. aË four tenperatures
(Flgures 20 and. 2L'), The 196? values were calculated. to
one step 1n the seventh d.1a1, and., as lnd.lcated_, the llnes
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FIGURE 2g

VDR Batlo Correctlons for the Varlous

Posltlons of the Flrst DLaL



///7

f ',- ' ,///,/

.f, /
/: /r

:r.:tir,:t:l

iì..:.il
i.. rt

: i::Ìr
t:i;;llì
r::ìt ti::l

rY¡

I

e

r

5NOu338Ut3 St"i_VU ìWiü rst sü.q

-1i.,..-.;.r;..*.ì l3
I ì.: . ri

jì.i,"""t'
-'..-.-.-. : S{

sl

$r



7B

FTGURE 21

VDR Batlo Correctlons for the Varlous

Posltlons of the Second. DlaI
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are based. on these d.ata. The 1968 valrres .ç\rere calculated.

üo ühe nearest tenth of a step ln the seventh d.lal as

descrlbed. above, For the Lg6B d-ata, the average of the

absolute values of the d.lfferences betrr"een tlre pred-ieted

and. experlmental corrections for the various (4g) co!t-

blnatlons of the f lrsb two d.lals ls 0 "23 siep ln the seventh

d.lal. The d.lfferences form a roughly Gausslan distrlbutton
between extreme values of 10.6 step, Consld.erlng thls
result together Íqlth the uncertalntles on al.L measurements,

corrected. ratlos should- be good to one step iir the seventh

dlal of the VDB,

. Three features of Flgure 20 are of lnterest. The

flrst 1s that the vDR resistors rrere obvlously ad.justed- for
optlnum perforuance near Z)oc. second.lyu es one lvould.

expect for a Kelvln varley clreult, t}:e intermed.iate d.la1

po.sltlons have ühe largest correctlons" -r,ast but not least
1s the excellent agreement beüween d.ata tahen nea.rry one

year apart.

Slnce the d.lal posltlons to whlch sone of the

polnts ln Flgure 21 belong are not obviousrthe october ].968

correctlons (25,ooc) are glven belorv"

TABLE 2 VDR DTAL CORRECTIONS (E5,OOC)

Dlal

DlaI

1

2

Comectlon 2 "6
Correcülon 0,7

3,I 6,5 4 ,? t+,9 4.2

o"B 0,1 a,3 -0"þ 0.3

2.2 2,2 0.8 0,5

0"1 0,2, -0,5 -1.1
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Clrcult DeslEn

(1) switches

Swltches A through J (Fleure 13) are type 96LO

"Dual conüact" sv¡ltches prod.uced by Gulld.llne rnstruments

Ltd-" Tkre lviper of each swltch rs ln the form of a narrow

"x" wlth elther sld.e composed. of elght lnd.Lvlduarly spnrng

leavesn The force wlthln these leaves hoLd.s one end. of
wlper agalnst d.ual contacts at the center pole and. the other
end- agalnst slnllar contacts at the various swltch posltlons.
Thls d-eslgn ensures a hlghly reprod-uclble contact resistance"
The end.s of the leaves make a snall angle wlth respect to
the d.lrectlon of rvipe to provld.e a self cleanlng f eature 

"

alL swltch conductors are copper and. are of substantlal
d.eslgn' Thermal emf 's generated. ln the swlt.ch are * 0,01 ¡v
and., t¡lth clean con'bacts, varlatlons 1n contact reslstance
are t, 0,1 mfL"

TLre s¡ulüch contacts are mounted on a sheet

(l+" x l+" x L/2" ) or lnsulator. A 500 v battery and

elecürometer v¡as used. to exnmlne the qual.lty of the

lnsulator supplled- wlth the swltches, The reslstance
between palrs of eontacts ?ras found. to vary from about

0,7 x 1g12g to 5 x 1012-fL , slnce the potentlometer clrcult
contalns reslstances of the ord.er of :.04c to 1O6o and- as

the errors d.ue to circult d.eslgn are to be É 1 part ln 108,

lnsulatlon reslstances of the ord-er of 1012n are too low,

All swltches wlth the exceptlon of B and. H were

rebullü using "d.eIrln", a waxy opaque whlte plastlco 1n
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place of the d.ark brown lnsulator whlch was or181na11y sup-

plled.o The new lnsulatlon reslstances are about 4 x 101¿[fL.

Beststances of the order of 1012fI are quite ad.equate for

sr^rltch B whlch ls attached. üo the V batterlesn Sivltch H

was ln an earller shlpnent from Gulldllne and. although not

nounted. on d.elrln, lts lnsulation ls nearly as good-.

The reslstances of common lnsuLators such as

those used. on lrlres and. for clrcult board.s varles from

about 1O9n to tOllft. Reslstances of the ord.er of 1012¡- and.

hlgher are qulte sensitlve to hunld.lty and. surface fllms"

fn the case of delrln¡ xêslstances of the ord"er of lOl5O

can be achleved. lf the flna1 cleanlng of the surfaces ls

done wlth d.lstllled. water (breathe on the surface) fol-

Lowed. by rubblng wlth a elean c}oth. The measurement of

such reslstances requlres some obvlous precautlous !n the

arrangement of the battery-electrometer clrcult. In ad--

d.1tlon the lnd.1cated. reslstance often lncreases wlfh a

tLrne constanü of several mlnutes d.ue to d.lelectric ab-

sorptlon or polarlzatlon.

(11 ) wlrrns

Mosü of the lead.s appearlng ln Flgure 13 are

gauge #LL+ amealed. bare copper wlre whlch has a reslstance

of L nn/IZ cn. The leads from the VDB to swltch H' and-

from the center posltlons of thls swltch to swltches B and.

G are gauge #6t 7 strand., anneale¿ bare copper wlre v¡hlch

has a reslstance of L nO/7? cIIIo Nearly all lead-s are sup-

ported. ln a1r by thelr own r1gld.1ty anÖ ühat of the con-
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nectlons at thelr end.s. The naJorlty of connectlons are

secured. wlth Kester 1ow thermal ernf sold.er (30% Sn, 70i6

C0) uslng #t54t+ resln flux. All measurements of resls-

tance ln the nlllloh¡a range were mad.e uslng a four termlnaL

ammeter-voltmeter technique. The nullneter ¡nentioned. earlier was

used. to measure the voltage d-rops.

A vlew of a portion of the clrcult of Flgure L3

appears ln Flgure 22, The 100 V supply ls at the lot+er

left, the DllR box ls ln the center rear, and- the ?JR dnaln

appears "y the top and. sLlghtty rlght of center"

The resi.stances of several lead.s ln Flgure 13

are not crltlcalo These lnclud.e the leads fron the 100 V

supply, ühe lead.s ln the V circult lnclud-lng those attached.

to sv¡j.tches A, B and. C, and. a few others"

The leads attached. to the DIttB are ad.Ju.sted ln

length so þhLat they contrlbute negllglble error r¡rhen tl,e

ÐMR reslstors are measured.. I^Ihen swltches I and. J are set

to exa^mlne the varlous DiliB reslstorsr the lead. reslstances

between the poles of I and. J are equal to ¡¡lthln t0,15 mO,

The reslstance between the o11 lmmersed. reslstors ls

>5 x 1012o whlch Ls ad.equateo

I^Ihen the DMB reslstors are measured. by uslng the

VDR to conpare them wlth RIO, the reslstance of the lead.s

ln the R16 branch acts sinply as part of R1g, SinllarLyo

the lead.s ln the branch contalnlng a DIriB reslstor ea.n be

consld-ered. as part of thls reslstor. Slnce only rela'bive

values are lmportant, these lead.s have no effect on LÌre

resulüs provld.ed. they are nearly the sane from reslstor
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FIGÜRE 22

Part of tlne AV/V Potentlometer Clrcult





to reslstor (t0.15 mOas above). The few mltllohns between

the VDR terulnals and. the Junctlons v¡here the excltlng
vol'bage 1s applled. effectlvely compress the VDR steps by a
few parts ln 108; hòwever, slnce BtO and. the DI,ÏR reslstors
are nearly equal, the effect on the VDR settlngs 1s several

ord.ers of magnltud.e srnaller agaln and. thu-s ls conpletely

lnslgnlfl canü,

The comparlson of the VDB agatnst the DIviB ratlos
1s also unaffected. by lead- reslstanceso The reslstances of

each of the four leads fron the "0 VOLTS" and. the n- + VOLTS"

Junctlons to Ëhe DMB and. VDR ter"rnlnals equals 3,5 ! 0,J no"

The two 3"5 nO lead.s ln the VDR branch apparently introd.uce

an error approachlng 0.J step ln the seventh d.lal at elther
end. of the \DR; howevero slnce the load. presented" by the

DMR wlth lV = 12r 11 , LO, 9 oT 7 ls equal to that presented.

by the VDB to w1thln about t3}i,,, bhe currents ln the üwo

branches are equal to the same sort of preclslon and the

voltage d.rops over the four lead.s are roughly the same.

Hence lead. lnd.uced. emors in the VDR settlngs are É 0,1 step

ln the seventh d.lal

The reslstors 1n the ZJB. cinaln are lnd.lvld.ually

enclosed. ln o1l- flLled. ¡netal cyllnd.ers and. have a reslstor
üo case reslstance of the ord.er of 1012rr- to 1013no For thls
reason these reslstors are suspend.ed. ln alr by thelr lead.s

(ntgure 22). The lead. reslstances fron the "CHAIN R's"

lnputs to the reslstors B1 üo R9 and. the VDts vary S 1 nfL

and. hence contrlbute errors É I part 1n 108. ïn several
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cases some of the lead.s near swltch F act slnp1y as part

of the reststor chaln" The reslstance of the lead-s frorn

the botto¡o of the VDR to the top of the ZJB' chaLn 1s -I"5
whlch lntrod.uces an error - I part In 108'

Preclslon Achlerc4

The llnlt of about 1 part ln 107 on the preclslon

of all electrlcal measurements connected. wlth the d-eterrnlna-

tlon of ÀV/V ls d-ue nalnly to rand.om fluctuatlons of about

0"05 ¡V ln ühe nulLmeter" Thls slze of fluctuatlon' ls what

1s expected. for the Johnson nolse 1n the frequency range of

L ot ? c,/s for a reslstor of the order of 105nab room

temperatüTêo Thus the preclslon achleved. cannot be greatly

lnproved. by mlnor changes such as a more sensltive nullmetero

better swltcheso eÞ ce-te]:a,

Another factor whlch lndlrectly linlüs the overall

preclslon to the ord.er of 1 part ln 107 was mentloned. ln

ühe prevlous sectlon. The reslstors ln the potenËlometer

clrcult range from about 10þo to 1O6c' Hence lf lnsulatlon

reslstances, and. varlatlons 1n both lead. and contact resls-

tar¡ces are to lntroduce errors of l part ln L08 or lesst

they must be > to6+8 = 1014¡r- and { 104-8 = 10-þ¡l respec-

ülve1y" Both of these extremes begln to present probLens

experlmentally"

The performance of the potentlometer d.urlng

callbratton lndlcates that the preclslon requlred. by

equatlon (¡-f ) can be achleved. for d.oublets approachlng

m/dm - 25O, For s'rlÖer d.oublets the preclsion of the



86-

potenülometer remalns ln fhe vlclnlty of 1 or 2 parts ln

107 a¡rd. thus falls behlnd. equatlon (5-1) .

Flgure 23 shovrs the preclslon achleved. for the

nass measurements reported- 1n the next chaptero The

arrow indlcates the optturum expected. performance (see

equatlon 4-6) whlch ls a factor of B better than that

achleved. to d.aüe " Hence t]ne AY/V potentlometer contrlbutes

negllglble error to these measurements"

The resolutlon R has been about L/L25,000 and.

¡ - !/2J0A (2x and. &x respectlvely of the optirnum expected.

values). One reason for thls ls that most of the meas-

urements were obtalned. before the spectrometer was

vlbratlon mounted.o In ad.d-ltlon, d.urlng some of the early

work the field. of the magnetlc analyser was not steady,

The recent ellnlnatlon of both of Ëhese problems comblned.'

ln the near future, wlth a computer asslsted d.eterulnatlon

of the natehed. cond.ltlon wlllr rlo d.oubt, result in s1g-

nlflcant lmprovements ln both f and. the effectlve

resolutlon.
The flrst two measurements mad.e wlth the new

specËromeüer appear ln Table 3, As lnd.lcated., the second.

of these was obtalned. uslng the clrcult d.escrlbed. ln thls

chapter. The excellent agreement wlth the other values

presented lnd.lcates that the apparatus ls free of serlous

systematlc errors.
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FIGUBE 23

The Precislon Achleved. by the Spectrometer
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TABLE 3

114cd3 t 

"t r-11 
2cd3 5ct3 7cl 

¡ouasuREMENTS

Source

McMaster Visual (1963) (witn CdCl)

Minnesota (Damerow et e_L., 1963)

Aldermaston (t,p) (Mclatchie, 1966)

McMaster Visua1 (Modified sweep & AV, 1965)

McMaster Signal Averager (1966)

McMaster Signal Averager a Nier LV/V Circuit (I966)

Manitoba signal Averager & potentiometer-voltmeter (rg67)

Manitoba Signal Averager & New AV/V Circuit (1968)

The experimental uncertainties are shown as superscripts

following the convention used in the Nuclear Data sheets.

M (¡ru)

3 547. 2'*

3 554. 4'

3 548. 10"

3 s46. 3'

3 s47. 3'

3 548. 2"

3 547 .O 2'3

3 548.2 2'r
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CHAPTER 6

ATOMTC MASS MEASUBEMENTS

ïntroductlon

The- mass d.eterulnatlons reported. ln thls Chapter

lnvo1ved. the elements from neodpnlum to d.ysproslum (Z = 6O - 66),

Thls reglon Is of partlcular lnterest as lt spans the trans-

ltlon from spherlcal- nuc1el at N = 82 to h1ehly d.eformed.

nuclel beyond. N = p2. Evld.ence for thls üransltlon appears ln
lsotope shlft d.ata, ln electrlc quad.rupole ¡noment d.ata, ln
alpha d.ecay systematlcs, 1n the beglnnlng of well d.eveloped,

rotatlonal specfrao et_çetera" Mass spectroscoplc evldence for
the onset of nuclear d.efomatlon ln the vlclnlty of N - Ç0 ls
also well establlshed. (HoSg and. Ðuckr¡orth, 1954¡ Johnson and.

Nler, 1957; Barber g[*gf. , 196l+; Benson and. Johnson, L966t

Denlrkhonov e-t ê1" , 196?'),

The measurements presented. here provld.e ad.d.ltlonal

lnfomratlon concernlng üh1s effect and, together wlth mass

spectroscoplc results obtalned. three years ago at McMaster

Unlverslty, provld.e for the flrst tlne connectlons accurate to

a few keV between all of the stable lsoüopes ln thls regLon,

In ad.d.ltlon ühe new d-ata pemlt the calculatlon of some d.ecay

.energles v¡lth lnproved. preclslon and. provlde checks on the

aecuracy of severa1 preelse reactlon Q values"

Most of ühe mass doubLets measured. ln thls work

were of the forrr Ax35cr - A-2y37ça" The mass d.efects of ad-

Jacent lsotopes amone; the rare earths are roughly ühe sane

whereas the d.efects of the two stable chlorlne lsotopes

d.lffer by about J mu. Hence d.oublets of thls type have
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m/Am * 501000 whlch ls mad.e to order
d.eserlbed. ln Chapter 4" In ad.d.ltlon

t]ne LV/V potentlomeËer 1s only a fev¡

cLose d.oublets (see equatlon U-6),

for the speetrometer

the preclslon requlred.

parts rn 105 for such

of

New Mass Dlfferences

The twenty doubrets measured. ln thls work are pre_
sented ln Table 4" The flrst .colu¡on contalns a convenlent
labellng' systen whlch ls used. below. I'fost values represent
the nean of about Z0 ruls i however, d.oublets T, D, H, p and.

o l-nvolved le 2, 7u 11, and rz runs respectlvely" The

est1nates of the stand.ard devlatlons asslgned. to I and. Ð are
belleved. to be conservatlveu For the other d.oubLets the
error stated. ls the. standard. devlatlon of the mean, As

polnted. out ln ChapteT j t]ne AV/V potentloneter contrlbutes
negl-lglble error to these measurements.

Conparlson of Resulüs

The last corumn of rable 4 provld.es a eomparlson

wlth work d.one at McMaster unlverslty" The agreement wlth the
1966 McMaster work ls falrry good. except for A" rt ls hro¡cn

that certaln of the 196l+ McMaster measurements i,rere subJect to
a systemaülc enor.

ïn Table J the new mass d.lfferences are coarpared

wlfh other mass spectrometrlc d.ata. The lsotoplc mass d.1f-
ferences 1n colr¡mn two were obtalned by uslng the value

i7 ?< ntr)(cL - ))Çt = I 99? oug, 1'o,u )ru
whlch ls the average of resul-ts obtalned. by Benson and. Johnson
(L96tt) and. Dewdney and Balnbrtd.ge (l.965) 

"
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TABLE 4

ATOMTC MASS
(Z=60

Code

A

B

c

D

E

F

G

H

I

J

K

L

M

AT
IY

o

P

0

R

S

T

Doublet
146*a35ct,

15ooua35ct,

144---Sm
14 8Nd

150Nd

DIFFERENCES (¡ru)
66)

AM (nêw)

5 981.30-9

13 669 .11'1

1 911. 41' 1

2 075. 5-

3 616.81'0

B 7rg .22 "6

10 80 8.11'7

s 6L2. 7'

4 018.52'0

4 203.7L-4

4 g25.01'3

4 332 .2L'L

1 8s4.00.8

4 533.90'9

3 080.63-3

3 730 .g2'3

4 551. 01'0

4 743.51'1

5 325.20'8

I 339 .10 '

McMaster-New

15.5' M6

ts .10 ' ¡re

40 .4' M4

15.6' M4

9.13" B4

e .r2' uø

2.32' B4

e.11' ¡,re

4.4' M6

4.7 ' B4

2.4' vü6

4.4' w6

B4
1'44

M6
w6

_144Nd35ct37cl

_ 1 46Nd3 7Ct 3 7Ct

14¿.
--' 'lüd

_14 8sm

_150sn

14 8sm35c ,r-t 44sm3 7ct 3 7ct

152sm35 

"rr-'48sm3 
7 ct37 ct

15 leu35 
c t r-t49s*35 c13 7ct

15 4 cd35 c t r-L5 
2 

ea35 ct 3 7ct

156 cd35 c r r-'u4 ca35 ct 3 7ct

15 8cd35 cr z-156 cd35ct3 7ct

159Tb tt"tr -15 7cd35ct37ct

160Gd _160Dy

16 lDy35 ctr-rsg T u 35ct 37"t

15 8Dy35 
c t r-"uoy35 ct 3 7cl

16oDy35c rr._'u Boy35ct 37ct

16 2 
Dy35 ct, -tu o o" 35 ct 37 ct

16 3Dy35c tr-tu loy35ct3 7ct

16 4Dy35 

"rr-'u2 
oy 35 ct 3 7ct

154sm _154cd

Barber et al. Qge A)
MclatchïêGE-a1. (l-96 4b)
Macdougaf f et af . 0966)
Whineray (19681-
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TABLE 5

COMPARISON WTTH OTHER MASS SPECTROMETRIC DATA
(comparison with McMaster data is shown in Table 4)

Mass Difference New (Fu)

2 OO3 030..61'0

4 o0 7 767 .7r'4

r 854. O0' B

2 001 381.5r'2
2 ool 583. 21'0
2 ooo r2s.93'3

2 000 780.22'3

2 001 600.31' 1

2 001 792.8r'2

2 oo2 374.50'9

Others

003 026. 3 '

oo3 080. 20'

007 76L. 4'

oo7 7 40.40'
1 890. B0 '

2 L20.60 - '

3 590. 90'

oo2 g40.70"

004 930.50'
002 630.30'

I 300.50'
001 104. B0'

001 410.40'
oo1 312.60'
000 910. 40'

001 gg4.90 "

oo2 260.30'
1 890.90'

001 4s0.50'
oo1 400. 50'

000 201.80'
000 290.160' '

000 867. B0'

ool 2s0.130'

001 574.60'
001 600. B0'

001 736.60'
oo2 100. 50'

oo2 327.L00'

o02 510. 50'

Others New

86 4.64'0
D7 49 .2L'
86 6 .75' 4

D7 28.4r'
D7 21. 81'

D7 45.65'
D7 27.9L'
D'7 L22.73 '

D7 23.52 "

D7 31. 3 7'

D7 39.60'
Bo 36.82 "

D3 342.42'
Bo 59.61'
D3 3ß.4L'
B0 20.91'
D3 286.3r'
D3 36.91'
D3 68.51'
D3 183. 5r'

B0 71.83'
D3 160:63'
B0 87 .82'
D3 470:32"
B0 26.6L-
D3 0.81'
B0 57.6r'
D3 307.51'
B0 47.r0L
D3 135.5f '

14 6Nd_ 14 4Nd

150Nd_t46Nd

144 1L4- - -Sm--'-Nd
14 BNd_ 14 8Sm

15oNd-l_50Sm

1 48sm_ 14 4sm

l52sm_t-4Bs*
151_ L49^-t;u- bim
154sm_154Gd

154cd-152cd

156cd-154cd

l5Bcd_156cd

16ocd_t60oy
159rb-157cd
tutoo-159rb
tt tor_tuuoo

16 ooy-15Boy

ta2oy-t6ooy

163oy-161oy

tunor_ruroo

B0 Bhanot, Johnson and Nier (1960)
D3 Demirkhanov et al. (1963)
B6 Benson and Jó-ffi¡r (1966)
D7 Dermirkhanov et aI. (1967)

2

2

4

4

+

4

1 911.41'1
2 075. 5.

3 616.8r'0
oo2 Br7 .82'7 4

o04 906.7r'9 4

oo2 66L. 7' 
2

I 339. 10'

oot 067.g2'o 2

2

o01 253.01'5 2

2

o01 974.3L"4 z

2

2

2

2

2

2

2

2

2

2

2

2

2
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The last two columns contaLn other data and a con-

parlson rolth the new values. 0n1y the two neod-)mlun mass

d.lfferences by Benson and. Johnson are comparable ln preci.slon

¡,tlth our vlork, The agreement wlth these t¡¡o values 1s acceptable.

The new d.ata agree well- wlth t]ne l)60 Mlnnesota work" Several

of the l963 Bussian values seem to be bad.ly ln errori however

there ls good. agreemenü wlth thetr later work although thelr
uncertalntles are relatlvely Iarge.

Add.ltlonal Data

The new results can be conblned- rolth other d.ata to
evaluate several quanËltles of lnterest" Flgure 24 Is a dnart
representlng all of the nuclld.es Ln thls reglon together wlüh

useful- mass spectroscopleo d.ecay and. reactlon connectlofrso

flhe Legend. ls seLf - explanatorfe The i{cMaster d.oublets

lnd.ícaüed. are llsüed. ln Table 6" fhe reactlon d.ata and. d.ecay

d.ata together with thelr provenance are Llsted. 1n Tables ?, g

and 9" 0n1y those reactlon l-lnks ¡qhlch enter d.lrectly lnto
the calculatlon of cLosed. l-oops, d.ecays, and. neutron separatlon
energles are noted. ln Flgure 2L+" other reactlon d.ata are

compared. wlth calculated. neutron separatlon energles ln
TabLes L0 and. l-1.

Several quantlttes are requlred_ 1n ord.er to carry
out the varlous calculatlons requlred. belowu The ad.opted.

values of these quantltles ares
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FIGUR¡* 2¿l

AvsZnearN=90
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TABLE 6

ADDITIoNA-L McIvIASTER DoUBLETS (p,,)(z = 60 - 66) (¡raco""éãi1," rs66)

-95-

DoubletCode

a

L

c

d

e

f

1 4 4Nd35 cL z-142Nd35 cl 3 7ct
145Nd 35 

c r r-'4 
3l¡a35 cl 3 7cl

14 8Nd35 ct, -146ua35ct 37 ct
15oruo tt"rr-1 4 aNd35ct37cl

1 4 7sm35 ctr-145ud35c1 3 7at

149 
sm35 c r r-'n 

7s*35c1 3 7c1

15osm35 
cr z-14 

Bsm35ct 3 7"t
15 2sm35cl, 

-150s*35ct 37 ct
15 4sm35ct, 

-152s*35ct 37 ct
15 3Eu35cr, -tt fe..r35cl 37 ct
15 Tca t'"rr-155ca35ct3 7ct
160cd35c rr-"Bco35ct 37 ct

AM

s ¡0a.3-

s 70s.4.

6 72t.4'

a gæ.4.

5 zø+.4'

s zst.3.

s 4oo .4'
5 sga .4'
s qtz .4'
4 3;2g .4'
+ zgr .3.

5 agg.3'

I
h

l_

j,

k

1
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TABLE 7

REACTÏON DATA

Code Re acti on

142Nd (d,p) 143Nd

144Nd (d,p) l-45Nd

143Nd(n,s) 144Nd
15oNd(d,p) 15lNd
149sm(n 

roc¡ 
146Nd

14Bsm(d,p) 149sm

152sm(d,p) 153sm

147sm(d,p) 14Bsm

149sm(d,p) 15osm

148sm(d,p) 149sm

tnBt*(d,r) 147s*
15ot*(d, r) 149s*
144sm(t,p) 146sm

l4Bsm(t,p) 15osm

15osm(r,p) 152sm

152sm(t,p) 154sm

154sm(r,p) 156sm

149sm(n,$) 15osm

15 3Eu (n , )) 15 4Eu

157cd(n,ä) r5Bea
159Tb (n , b) 16oTb

tuuo" (d,p) t"ro
t5Boy(d,r) t"o,
ts 8oy (d,p) 159Dy

16oDy (d,t) 159Dy

toooy(d,p) toloy
tø2oy(d,r) toloy
t6loy (n, ð) 'u'o"te 3oy (n,ä) ta4oy
te4oy(n, ð) tuuoo
te 3oy (d,p) tøAny
taAoy(d,r) to3ny
tu'or(d,p) te 3oy
ta2oy (n, [) 16 3Dy

15oNd (t,p) 152Nd

Q (kev)

3 902.L5'
3 521.15'

5.I óLt.

3 0 84.15'
g 428.5'
3 648.r2'
s a as .L2'
5 920.10'
5 764.4'
3 656.ls'

-r ego .15'
-r z:g.15'
6 68r.25 '

5 372.25'
5 376 .25'
5 36 L.25 '
4 55 6 .25'
7 986.81'
6 4L5 .gr'
7 g 34 .Or'
ø +zo.øL'
q 7 48.10 '

-2 go ¿.10'
4 60g.1o'

-2 339 .10'
q zlt.Lo '

-1 g¿:.10'
B 192.g3'
7 6fi.9 3'

5 ttø .13'
5 ß4.5'

-1 394.5'
4 o4g. 5'

6 270 .23'
-4 tzs.3o'

Reference

Wiedner et al. (re67)
1t

Hughes et al. (1966)

Nea1y and Sheline (L967)

Beg and Macfarlane (1965)

Kenefick and Shelíne (1965)
1t

Kenefick and Shel-ine (f964)
|l

Veje (L967)
1t

I

Bjerregaard et al. (1966)
tl

tl

¡1

tl

Rasmussen et al'- (1967)
lr

tl

il

BennetL (L967, 1969)
ll

tl

ll

It

il

Hafemeister and Shera (1966)
t1

n

Shelton and Watson (1966)

Schult et al. (L967)
tl

1t

Mclatchie (1968)

R1

R2

R3

R4

R5

R6

R7

RB

R9

Rl0
Rl1
RI2

Rl3
Rl4
Rl5
Rl6
Rl7
RlB

R19

R20

R21

R22

R23

P.24

R25

R26

R27

R2B

R29

R30

R3t
R32

R33

R34

R35
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TABLE B

AIPHA DECAY DATA

Code Decay e (kev) Reference

Ar l48cd (.) 144s* 3 27o.Lo. NDS (82-4)

A2 149"u (u) 145s* 3 116. 10. 
Mar.:hunka et al. (Lg66)

A3 tto"a(u) 146s* 2 804.10. MT (1964)

A4 151cd (.) 147s* 2 67L-30' siivola and Graef fe ( 1965)

A5 152cd(a)14Bsm 2 201.11. (catculared, p.roo)
A6 tttoo (r) t47ea 4 L7r.2o. Mr (1964)

A7 tu'o" (.) 14Be¿ 3 749.20. MT (1964)

AB tttor(r)149ea s sl+. B. Adam er at. (1968)

A9 t54oy (-) 150e¿ 2 g3o. 50. MT (Lg64)

410 ttuo" (r) 152e¿ 1 7 47 . 6. (calcut_ared, p. l0o)
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TABLE 9

BETA DECAY DATA

Code

B1

B2

B3

B4

B5

B6

B7

BB

B9

810

811

BL2

813

814

815
816

BL7

818

819

820

E2L
F,22

E'23

F^24

825

Decay

147Nd (u-) 147p*
149Nd (n-) 149p*
r47Pm(b-) 147r*
l-4BPm(u-) 148s*
149Pm(b-) 149s*
15op*(n-) 15os*
15IPm(n-) 15ls*
1488u (o+) 148srn

lsoru 
15+¡ 

l5osm
15lsm(¡-) 1518u

152Eu,p*¡ 152s*
153sm(¡-) 153eu

1528u (u-) 152c4

1548u (¡-) 15aea
1558u (u-) 155c4

1s6'u(u-) 156ea

1s7Eu (u-) ls7ea
157Tb ("") 157c4

ls9cd (o-) ls9r¡
158rb (u-) lsBoy
16orb (¡-) 16ooy
16lrb (n-) 16loy
L62Tb(u-) 162oy
163rb (u-) 163oy

164rb (r-) 16aoy

Q (kev)

ag¿. s1'o
L 66g. to'

224.70'6
2 46s. 1o'

r 071. 2'o

3 430.60'
1 191. 7'

3 ror.3o'
2 24a.18'

ls.go'6
I ese.a3"0

go t. u'

r g2r. 6'

1 gTB. 5'

z+l .ø3'o
2 441 .L6'
1 zlo.5o'

66. 6'

g47. 7 '
g¿e.ro'

1 7BB. 4'

584. 6'

2 520. 55'

1 ogo.5o'
3 roo.loo'
3 4oo .2oo'

References

Canty and Connor (7967)
Mr (I964)
NDS (82-4)

tl

Mr (r964)
1l

tl

NDS (82-4)
Mr (1964)

ll

tl

1t

ll

il

il-

|l

t¡

Naumann and Hopke (1967)

Mr (1964)
tl

(Calculated, p. 101 )

Mr (1964)

Shima (I966)
Mr (1964)

Monnand and Moussa (1968)

Martin (1967)
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lrt
rn

2n - (37 ct 35n)

't(
o"g3l 479-t

^11 oo8 665.2""'
^/20 28L"!v',)

keV

/ru

¡u
/ru
keV

keV

keV

&8"= booz6o1,"10'l+

z zz4" 50"r

6 z5T "40" 
1

g ¿lg1, g0"2

factor ls taken from Cohen and

values are fron the Mass Table

srr(2R) =
?

sn('u )

srrr{ 3n 
)

The nass - energy conversl.on

D¡Mond (1963) ana Èhe other

( 196,+ ) .

Closgl L.,oqps

SLx closed. l-oops lnvolvlng the new measurements

arrd other data can be forrued. ln Flgure 24" In the flrst three

of these the chlorlne mass d.lfference cancels out and. hence

coàtrlbutes no error. Tn the fourth and. flfth loops the

mass of the neutron also cancels" These flves loops are s

A+c-D-F-C
D+d-E-g

A+B-E-g-F-C= 3,05"'fu
= -J, j7 "L ¡tu

= -2u87'6 Fu
828+s+n'29-R = i,L4"u¡*

-820+1 I{+Q+R28-N-L = 7.84''¡ro
the slxth loop d.oes lnvolve sone of the d.ata tabuLated. ln
ühe last sectlon¡

B + z(3?ct 35n) - E - ,/- ¡1BJ [4n" - t/(. B5] = 1,'' fo
these results provld-e strong evld.ence for the

accuracy both of the measurenents mad.e ln'our laboraüory and
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at McMastero and. of the varlous reactlon Q, values rEhlch are

lnvolved." ft 1s a very saülsfylng state of affalrs"
6

Calculatlon of Sone DecaL_Þrsäg_l.es

Several toüal d.ecay energles ean be calculated. from

the d.aüa represented. ln Flgure 24" As ln the previous sectlon

the chlorlne mass d.lfference and. ühe mass of the neutron often

enter but caneel out ln the acüual calcul_aüion, The flrst de-

cay consld.ered. here ls the alpha d.ecay ot l56ny (¿to). The
1rl 

^Mass Tabl-e (l-964) glves e¿= ]-þ3}"LIvo keV"

eo,(156ny¡ = r + J + K + 1 -M - p - 0 + zû7cr*35q)
IJ'Ee

= 1 ?t+? "6' kev

The alpha d.ecay or 152c¿ (Aj) ean also be d.ete:rolned.

from mass spectroscoplc measurements" The Ïrlass TabLe (t964')

glves Qo¿= 2 236,9' kev
,-, Ã52ça) =G+r T-ï+ zp7ca-3sct) -4""wo¿\

. =zzoL,LJ.' kev

The alpha d.ecay or 148sr can also be calcul-ated..

The Mass Tabl-e (]ig6t+) glves 2 001:' kev and i{acd.ougalt- (W66)
glves a calculated. value of 1 965.8' keV for thls d.ecay,

- .llrn .1? ?4 lL
Qo(*'"sn) = A * c - D + 2('' cl-"cl) .'He

= 1 97?,6" kev

Accord.lng to the Mass Table (Lg64) tfre electron
capture d.ecay of 151c¿ t "" e - 400.1000" kev.

A nuch better value can be calculated. here

Qsc(r5lc¿) = A4 * 4u" - r - LÍ - zê?cr*35æ)

= I+g3,3I ruv
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The energy avallable for the negatron decay of
r53sn ßrz) rs well lmorrn (Mass Table¡ 801.5" kevu Nuclear Data

Sheets (Nov" '63), 8Q4,5' keV)u Ar1 lnd.epend.ent value ean be

obtalned. here by uslng three mass d.oublets and. two reactlon Q

vs,fueso

eo{153sr) = -RIB + h - R? - H - J + z }n - PTcL-3sq)

= BoL"15' kev

The Mass Tab1e (1964) and the NucJ-ear Data Sheets

(Aprl1 1964) glve 1810" 20' keV for the negatron d.ecay of 160Tb

(821). .An lmproved. vaLue ls avallabIe hereo
16orb) - *Bz1 - tN - (q + R28 )lAp ( -- -fb ) = -n.2- 

tt

= 1?88"*" keV

The energy obtalned. above for ühe negatron d.ecay

reporËed.

the fo:m

d.ecay of thls nucLld.e,

keV for thls quantlty"

A-2x37c1 
= Am" slnce the chlorlne mass

mass of the neutron are well known, such

glve d.ouble neutron separatlon energles.

d.lfference and. the

d.oubl-ets d.lreetly

of l-60Îb can be comblned. wLth doublet M to calculate the energy

avaXlabLe for the eLecüron capture

The }Íass Table (]1964) glves 29"28"

Qsc(1606¡ - 821 - M

= 6!o4' kev

CalcJlatlon of Double Neu-tron Separatlon E:rer&lgs

The naJorlty of the mass spectrometrlc d.oublets

here together wlth the McMaster work (TabLe 6) are of
Ax 35"t -

szrr= ?n- (A+2x-&)

= ht - e? n-35c1 ) - ¡rn ( 6-L )

Double neuüron separatlon energles are record.ed. 1n

Tabl-e L0. hlhere mass d.oubl-ets are avallable the hn values
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TABLE 10

DOUBLE NEUTRON SEPARATION ENERGTES (kev)

S, (New) M-I-New

6ONd 143

]-44

145

L46

J.47

148

rls .

Is0
151

L52

6tPm I44
L45

l-46
L47

L48
r49
150

151

62Sm J-44

145

L46

L47

148

L49

150

15 936. 9' 
NDS

13 g47. 3.

13 57s. 4'

13 319.9 1.1

L2 853. 5-

t2 631. 4-

L2 399. 11-

12 428. 4 '
L2 670. 20 -

L2 607. 30.

16 390 .110 ' NDS

14 518. 15- 
',

14 207. 48' ,,

13 go2.4 3-6 
"

13 sB7.25' r'

13 r73. 4 '

L2 896. 60.

13 468. 10.

19 o4o. L2o ' NDS

L7 37g.36' ,,

15 163. 25.

L4 783. 9. 
NDS

L4 4g8. 25 -

L4 019. 3'

13 861. 4 '

Reacti.on-New

3.19' Rr,R3
L6 .20' R2 , R3

2.r9' R6 , RB

g .24 ' R1o , Rr1
o .L7' R6 , R9

]:5.25 ' Rlo,Rt2
7 .29' Rl4

83

B4

85

B6

B7

B8

B9

90

91

92

B3

84

85

86

87

88

89

90

82

83

B4

85

B6

B7

8B

27. 24-

t7. 7'

6. 9-

ls. 5.

^ 16.4.

:t2. 8'

26. 26'
q

54.
70.r20 .

33.

10. L4.

42. 56 '

31. 10 '

46.I20 .

3. 27 -

159 .116 .

46. 42 -

12. 20 '

31. 43.

31. 8'

9.

151 89 13 588. 7"
3.22 .
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l'52
153

!54
155

156

. -Etr t.46
OJ

l-47

148

r49
150

151

L52

153

L54

155
. 156

Ls7

-,Gd L49
or+

150

151

l52
153

]-54

155

156

1,57

158
' 159

160

161

13 865. 4 '

L4 134. 7 '
13 846. 4'

13 7g5. 17 '
13 038. 25-

L7

15

T5

TABLE 10

srn (New)

( continued)
. MI.-New Re.action-New

7 .29' R15

3.29' R16

32. 10.

25. 26.

56. 10 -

72. 33 '
43. 52 -

90

91

92

93

94

B3

84

85

.86
B7

BB

B9

90

91

92

93

94

B5

B6

87

88

89

90

91

92

93

94

95

96

97

15

15

15

15

15

15

15

t4
T4

L4

13

13

13

L4 7L4. 35'

14 256. 19 '

14 859.. 4'

74 g7o. 20 '

L4 5s6. 8'

L4 507. 17 '

13 875. 50 '

693. 36' 
NDs

736.24' ,l

2g7. 35' ,l 47 . 95 '

44. 85 '

32. 38 '

25. 23-

4r. 38.

^F 27.¿J.

7.3s.
25.100.

45. 50.

66. 49 '

62. 20.

5s. 33.

7. 
' 8.

24. 8-

27. 6.

52. 34'

10. 10.

926. 43'

629. 29 '
228. 33.

101. 29 '

og4. 35 '

148.3 2 'L
LTl. 14'
g75 .7 L'5

898. 3'

303.9 r'4

909. 7 '
3g7. 3'

o2o. 70 ' Mr
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TABLE 10

S, (New)

L4 g22. 6 '

14 s74. 11'

L4 084. 6'

13 g2o.55'
13 377.50'
13 050 .2L0 '

L6 523. 56 '

16 4go . 60 ' r4T

16 284. 58'

16

I5
15

15

I4

ozL.g 3'4

e?4. 28'

4:.6.r 2 '4
055. 20 '

652 .2 1' I

L4 472 .g L'2

13 931.1 1'0

(continued)

MT-New

46.34-
3. 39.

10 . 31.

tt.100 :

246 .228.

362.L73'

25. 32 -

L7. 52"

o. 9'

16. 6'

2t. 8'

75. 16 '

81. 66 '

Reaction-New

L2.r7'

13. t6 .

, 15.

3.11.
6.7'

10. 5'

3. 7 '

2. 8.

6. B'

7.5'
2. 7'

10. 7'

R22 ÌR23

P.24 tP.25

P.26 tR27
R26 ,R2I
R2 8, R33

R28,R34
R33, R29

R33, R31

R33 , R32

R34,R29

R34 , R31

R34 , R32

-_Tb 159b5
160

161

l-62

163

L64

..Dy 15 3oo
154

ls5
156

L57

158

159

160

161
' L62

163

164

165

166

13 367. 5'

L2 864. 33"

94

95

96

97

98

99

B7

BB

,89
90

9T

92

93

94

95

96

97

9B

99

100
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are ealculated. d.lrect1y accordlng to the above equatlon. The

reglon from A = I42 to L4B was recently eovered. by the Nuclear

Data sheets (NDst BZ-L, B2-1*, 196? ) an¿¡ âs lndleated., nany of
the S2r. values are taken d.lrectly fron thls sourcee

Several of ühe values ln Table 10 have been cal-cuLaüed.

from varlous comblnatlons of ühe data lnd.lcated. in Flgure Zl+"

rn the case of overd"eteimlned. values the one havlng the

smal-Lest posslble error v,¡as usual-1y selected. wh1Ie, when poss5.b1e,

tenperlng thls cholce ¡¡lth ühe rel1abll1ty of the lnput data.

The best neühod. of caJ-culating the posltlons of the

nuclld.es ln Flgure 24 lnvolves a least squaïes analysls as was

performed. for the Mass Table (1964) " Such an ad.Justment requlres
consld.erabLe tlne and. lnslght ln ord-er properly to evalu-ate the

reLlablllty of the lnput d,ata, not to mentlon the rather
el-aþoraüe eomputer progra¡n requlred. to perforu the ad.Jusüment.

Ïn splte of these precautlons and. work, such ad.Justments ca¡r

contaln slgrrlflcant errors over large reglons d.ue to the presence

of a few emoneous lnput values" a case ln polnt ls t]ne 196I
Mass labl-e whlch contalns t}:.e 1963 work of Ðenlrkhonov .çå_a!.
(Table 5) artd. some of the early McMaster work ln the rare earth
reglon (Barber _9t -g1.. , l.964),

Thus although the proced.ure used. here 1s consl¿erably
slnpler than a leasü squares ad.Justment, lt should. be relaü1ve1y
free of errors whlch propagaüe over a large reglon" Also,
consid.erlng the quaJ.lty of much of the lnput d.ata, the values
glven 1n Table 10 represent a naJor lmprovement over t]ne ]r96t+

Mass TabLe,
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The column labeled. "MT - NElt" ln Table 10 ls a

comparlson wlth tlne 1964 Mass Table values. The agreement ls
qulte poor ln several lnstances. the absence of a comparlson

slnp1y means that the Mass Table value eLther has a stated. emor

greater than 300"keV or was used. ln the preceed.lng column

(fn two lnstances)" The last column 1s a comparlson of recent

reactlon d.ata wlth S5 values calculated. d.lrectl-y from elther

thls nork or the latest Mcllaster worko The agreement ls êx-

ceIlenü"

Although 1t ls not practlcable Eo glve here the de-

tall-s of all the ca]-culatlons used. to arrlve at the values 1n

Table 10, the calcuLatlon of 52 for 156ou ," outl-1ned. below

as an exarnple. Thls value Ls of partlcular lnterest slnce lt
occurs at N = !0 and. the value obtalned. ls about 250,keV l-ower

th"+ the Mass Table vaIue,

ror 156oy can be calculated. from that or 148so

arrd. four alpha d.ecays (see Flgure 241, S5 fo" 148sr 1,

avalIable from three sources !

(1) Nuclear Data Sheets (I¡}-t+, Deeo '6?). Thls vaLue when

a.d.ded. to the NDS value fo" 1&6s^ t" 42" kev hlgher ühan

that calculated. frorn our d-oublet F. Thls d.lscrepancy

lras traced. to the fallure of the compllers to recognlze

an lncorrect McMaster value for the doublet 1&s^ - 14&*u

¡vhlch ls 37, keV hlgher than our d.oublet C. (The compllers

d.1d. recognlze thls bad. vaLue ln a¡r earller lssue

(82-L, JuJ-y '67)1. Hence the Nuclear Data sheeü value
for s2, or 148s* ls d.ub1ous"
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(11) Mass Tab1e (tg64)" the srm of S2r, q148g1o) and. Szn
tl46 

'(- -$tr) rs ln reasonabLe agreement wlth our value F;
¡ l./

howeverc the value for r*osm d.lffers by nearly 50. kev

from that calculated. from the (trp) reactlon Rl_3,

Thls d.lscrepancy conblned. wlth the presenee of several
bad. mass d.oublets ln the input of the Mass Table (as

mentloned. above ) rulea out uslng the Dlass Table value

for s2r, (1þ8sr)"

(rrr) our d.oublet F and. the reacÈlon RL3 also glve a value

for s* (148sr)" thls value was selected. for Table 10u

The pertlnent aLpha decays are A3, A9, A5 and. A10

(see TabLe B). A3 ts reasonably well lorom but A9 ls uneertaln
bY 50"keV; however¡ flo other values are avallable, Values for
a5 a^nd 410 were cal-culated. tn the prevlous sectl_on, Thus

1 <Á,
s¿rrf 

*'"Ðy) can be calculated." Note that anong the lnput d.ata

are nlne Manltoba d.oubLets, two McMasüer d.oublets and. a (trp)
reactlon.

Calculatlon of Slngle Neutron Separatlon &rergles and Neutron

Palrlng Elrergles

The blnd.lng energy of the last neutron rn a nucLeus

ls d.eflned. as

sn=n- (o*lx-A*) (6-2)
s' va1-ues for the various nucIld.es from neod.plum to dysproslun
are llsted. 1n rabl-e 11. as i-n Table 10, several values are
taken d.lrectly from the J-p64 Mass Table or ühe 196? Nuclear
IE;þa Sheets' The remalnd.er have been calculaüed. from varlous
eomblnatlons of the d.ata 1nd.1cated. 1n Flgure zb rn a maïner
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TABLE 11

SÏNGLE NEUTRON SEPARA,TION ENERGTES

Sr, (New) MI-New

60Nd L42

143

L44
L4s
r46
L47

148

L49

150

151

l-52

6lPm 143
' L44

14s

L46

L47

148

L49

150

151

62Sm I43
r44
t45
l-46

L47

14B

9 Bo9. 9' 
NDS

6 Lzl .4 2'o 
"

7 gr7.2 1'8 
']r

5 760.4 1'9 r,

7 559.5 2'2

s 2g3 .2 4'ouos

7 333.7 4'8 rr

5 067. L2'

7 36L. 13'

5 309. 15 '

7 2g8. 34'

g 87o.1oo'NDS
6 52g. 45. "

7 ggo. 43' "

6 2Lg. 23' "

7 684. 23' "

5 go4. 11. rr

7 268. 11'

5 628. 60.

7 B50. 6o'*,

8 430 .130'Nos
ro 616. 36' r'

6 763. 11" 
"

I 411. 19 ' ,l

6 354. 26 '
I 144.0 4'B¡¡os

5 874. 4'

o. 23-

27. 9-

13. B'

16. 8.

1. 8'
- 16.
f,.

^ L7.

^F 24.¿)-
29. 24'

to t. 115 '

44.48'
46.

30.

13. 32 '

43. 32-

8. 120.

156 .116 '

0. 2L-

35. 39.

29. 44'

2.10'

28. 9 '

(kev)

Reaction.-New

o .17' Rl
o. 7' 

R3

ta.r7 ' sz

1.15' RB

3.20' Rlr
t.16' ne

7 .L9' RIo

B2

B3

B4

B5

B6

B7

BB

B9

90

91

92

B2

83

84

85

86

B7

88

89

90

B1

B2

83

B4

85

86

87L49
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TABLE 11

Sr, (New)

7 986.8 1'0

5 601. 7'

B 264. 8'

5 870 . L2'

7 976. 13'

5 819. 11'*

7 262. 26 ' 
'!l

to 42r. 38'xos

7 z5g. 29' 
"

g 476.22' ,,

6 Blo. 32' I'

7 g25. 19 '

6 331. 9'

8 528. 10'

6 Ars.g 1'0

B 180. 8'

G 328. tr7'ont

7 s2o. 50 ' rr

g ,ozo. 2L 'NDS

6 906. 38 '

B 723. 24 '

6 505. 4L'

8 614 . 32'

G 4Bo. 13'*t
B 668. 13'

6 44g. s'
B 527. 5'¡47

6 369.g L'7

7 g34.0 1'0

( continued)

l4T'-New

.r.

Reactíon-New

2.5' R9

8.16 ' R12
62Sm 150

151

Ls2
153

ts4
15s

156

-.Eu I45
OJ

L46

].47

14B

L49

150

151

L52

153

L54

15s

156

L57

. ^Gd 148
O ':l

L49

150

151

1,52

153

L54
155

Is6
L57

158

BB

89

90

91

92

93

94

B2

B3

B4

85

86

87

88

B9

90

9I
92

93

94

84

85

86

B7

8B

B9

90

91

92

93

94

5.

8.22-
40. 24-

16. 22 -

72. 25'

111. 89 '

8. 42-

40. 2s -

16. 22.

31. 2L'
. l-9.o.

18 B.¿14.

^ L74.

.^ 33.o¿.
7. L4-

23. 7-

5. 5'
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TABLE 11 (continued)

Z A N Sr, (New) MI-New Reaction-New

64cd 1s9 95 s s7s. 7 ' 56. 34.

160 96 7 422 46. 36.

16r 97 5 650. 7o'*

6 769.13' 22. 40'

g 153. 11' 24. 36'

6 420.6 1'o 2L. 19 '

7 663. 6' 11. 28'

6 257. 55 '

7 L2o. 74'

f a 230 .130 '

Ls e30.22o '

6sTb 158 93

159 94

160 95

161 96

L62 97

163 98

L64 99

eODy L52 86 g 442. 35 "

1s3 87 7oB1 .44' 4g.L94-
ts4 BB s 4os . 75 ' 39 .235.
155 89

156 90

152 91 6 s73. 10'

l5B 92 9 06r. ro'
r59 93 6 833 . 10 ' tB. 44.

160 94 8 s96. 10 ' 6. 40.

161 95 6 4ss.4 3 '2 11. ls. s.13 . R26
:.62 96 B 192.8 3'o 11. 12- 7.L3- R27

163 97 6 zBo.L 3'2 27. 11. 6. 8. R33

ro. 6 ' R34

L64 98 7 65L.L 3'4 6. 8' 3. 6 - R29

B. 8' R31

o. 8' 
R32

165 gg 5 7L6. 3' g1. 13.

L66 loo 7 148. 33' Mr
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slmllar to that descrlbed. 1n the prevlous sectlon for d.ouble

neutron separatlon energles. I{any values can be calculated.

d.lrectly from (drp), (d,t) an¿ (nuS) reactlon Q, valueso

As ln Table 10 Mass Table vaLues wlth posslble erro?s

ln excess of J00. kev are not consld.ered. ln the "MT - NEI^I"

coLumn. rn several cases the agreement wlth the Mass Table

ls poori however, where comparlsons are avalJ-ableu the agree-

ment vrlth other reactlon d.ata ls very good."
't Ált.

Tv¡o val-ues are record.ed. for Sr, (*-'f¡), Among the

lnput data,for thls cal-culatIon 1s the d.ecay energy for ûkr1s

nuclld.e (825, Table 9 ) " Although the measurement by Monnand.

a¡d. Moussa has a snaller posslble error, reguLarltles amongst

the Sr, values (see Chapter ?) suggest that Martlnus value ls
more accurate" Thus the latter value was used. ln evaluatlng
- :- 164^ \ - 16aboüh 52, (-"-Tb) an¿ the neuüron palrlng energy of t'rTb.

Neutron palrlng energy, as the te¡rl 1np1les, refers
to the extra blnd.lng that results from the conpletlon of a

neutron palr, one d.eflnlü1on that has been used. (Johnson and.

Nler, 1957), (Benson and- Johnson, 1966 ) (MacAougall , 1966)
(ìùhlneray, t966) rs

Pr, (Z,N) = S'(Z,N) S'(Z,N-1)

(N even)

Howeveru ühls d.eflni.tlon does not taJre ln
varlaflon of S' wlth N for a glven elemen

A d.eflnlülon whlch, to a good. a

for thls varlatlon has been glven by N1Is

Pn(z,N) = (-1)N å {r" (z,N) - å [s,r(z,w+r)

to account the

üo

pproxlnatlon,

son and. Prlor
ì+ sr.(z,N-1) ll,
J

(6'sl

allows

(1961).

(6-4)
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They call Pr, ühe "od-d - even mass d.lfferenee paralneter"o

The factor of I/2 effectlvely changes P' to the palrlng energy

per neutrono Also thls d.eflnltlon ls not resËrlcted. to everl N.

In the case of od"d. Nu Po can be lnterpreted. as a "mlsslng',

paLrlng energy per neutrorrn Pr. w111 be further d.lseussed. ln
the next chapter where lts varlatlon wlth neutron nunber ls
examlned,

Equatlon (6-l+) has been used. wlth the d.ata of
Table 11 to calcul-ate the values 1n Tab1e l.2"
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TABLE L2

NEUTRON PAIRTNG ENERGTES

Pr, (kev)

6oNd

6tPm

62s*

744

L45

r46
J.47

148

L49

150

ls1

L45

L46

L47

L48

l-49

150

t46
t47
148

L49

Is0
151

t52
153

154

155

B4

85

B6

87

8B

B9

90

91

B4

B5

86

87

BB

89

84

B5

86

87

88

89

90

91

92

93

1

1

I
1

I
1

gsø . tr'2
gaa. or'2
o 16 . qr'6
07 6 .12'4
077 . 4.

r4o. 7 -

oB7. B.

oto. 12'

aog.25 "

gog.17'
gtz. 13'

786. 9'

l st.L6 '
g6s.34'

gzl .r2'
gø2.L4'

ors. 7 '

096. 3 '

L25. 2'

262. 4'

26s. 6'

r25" 7 '
066. B '
goo. lo'

I
I
I
1

1

1

1
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TABLE 12 (continued)

PNÀz
,r, ,(k,e!)

64Gd

63Et r47
L52

153

r54
155

156

L49

1s0

151

rs2
153

154

1s5

1s6

L57

158

159

160

ls9
160

161

L62

163

B4

89

90

91

92

93

85

86

B7

88

B9

90

91

92

93

94

95

96

94

95

96

97

98

l zt.16 '
g4g. 7 '

r 077.6'
969. 3 '
go4. 6'

zot. 15'

geg.21'

1 oog .22'
1 ogz.23'
I oot. 2o'

1 ogt.11'
r Lo2. B'

1 o7s. s'

I 059. 3'

930. 2'

BBr. 2'

asz. 4'

eos. 18'

77g. 7 '
744. 3'

aaz.l4'
soe.33'
sl¡. 7o '

- _Tbb3
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TABLE L2 (continued)

Pr, (kev)

oeDY 153

158

159

160

161

L62

163

L64

165

B7

92

93

94

95

96

97

9B

99

I 173.30'
1 07s.6'

998. 6.

g75. 6'

968. 3'

911. 6 
1' 9

820 .92'0
826.52'L
841. 9 '
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NEUTRoN SEJA&ITION ENEBGï SYSTEMATICS

fntrod.ucü1on

A stud.y of the varlatlon of neutron separatlon

energles wlth neutron nlilnber ls a convenient and. sensltlve

nethod. for lnvestlgatlng nuclear shell and. subshell effects

and colLectlve nucleon behavlor. (Johnson and Nler, 1957)

(Barber É*.u t963a) (Barber g!-gþ, l.g63b) (Btshop et al, ,

L963) (ltctatchle gl@g, Lg64a) (Barber et al" , I96t+) (Benson

a¡rd. Johnsone 1966)" Although nuclel near N = p0 have been

prevlously examlned. ln thls fashlon, the data presented 1n

Qhapter 6 provlde the most accurate and- d.eta11ed- plcture of
thls reglon yet avallable.

Ðouble Neutron Separatlon Ðrergles

The data presented ln Table 10 are plotted ln
Flgure 25, The l1nes connect nuclld.es of constant Zo A1-

though odd N polnts 1le close üo the correspondlng curves,

the restrlcülon to even N removes fluctuatlons d.ue to the

d.lfferent nature of od.d N nuc1el. For such nucIel the two

neutrons concerned. are not palred., although S2¡1 ls the energy

requlred. to remove two neutrons a¡rd to break a neutron pa1r"

fn the absence of sheIl, subshell, and coLlecülve

effects, double neutron separatlon energy curves, for varlous

elements dlspray a remarkable regularlty (Barber g!_3ll rg63b)
(Btshop et al. , 1963). The curves dlsplay negatlve slopes ,

are nearLy stralght, a¡rd are vlrtually parallel from one



FIGUBE 25

Double Neutron Separatlon Ereergles (even N)
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element to the next. The negatlve slope ls d.ue chlefly to
the lncreaslng neutron excess, an effect.whlch forms the basls

for the asyumetry tem 1n the semlemplrf-eal mass fottula'
Thls tem also a.ccounts for the lncrease of 52¡ as Z lncreases

for constant N,

he curves ln Flgure 25 d.lspl-ay the features dls-

cussed. above; however, ln the reglon from N = BB to N = 92

there ls a strlklng change correspond.lng to the onset of

nuclear d.efortatlono The appearance of collectlve motlon of

certaln of the nucLeons lnplles the exlstence of an ad.d.ltlonal

bond. between these parülc1es, 1n agreement wlth the upward.

break dlsplayed. here. Several features ln Flgure 25 are worËh

speeLal eommento

(1) The curves d.emonstrate the sud.d.enness wlth whlch

nuclear d.efortaatton occurs aa N exceed.s BB'

(11) The curves suggest that nuclear d.eforrnatlon assocLated.

¡r1üh neutrons d.oes not lncrease appreclably beyond.

¡=!2.
(rrr ) Because szn curves are so regular ln the absence of

shell-, subshell and col-lectlve effects, the extra-

polatlon of the "notmal" curves 1n Flgure 2J beyond'

N = BB provld.es a nethod. of estlnatlng the energy

of d.efo:matlon and of pred.lctlng the locaü1on of

posslble Iow-lytng spherical exclted. states at N = 90

(T,lhlneray, ]-966) (tlcl,atchle , 1966),

(1v) The d.efomatlon varles wlth Z, belng least for
dysproslu!û and. rather I-arge for gadollnlun and

samarlum. For neod.¡mlum the onset of d.efomatlon ls
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less rapld., however, the polnt at N = t2 suggests

fhat thls element also und.ergoes a large dlsüor'olon,

Although d.ata are less p1entlfu1 for the odd Z nuclel,
the curves for promethlum and. europlum suggest that
these nuclel may have the largest deforuatlons"

A few years ago technlques d.eveloped. ln the BCS

theory of supereonductlvlty were appl1ed. to the nucleus by

BeLyaev (l-959) anA Solovlev (L959) on the suggestlon of Bohr

et aI" (f959)" More recently thls theory has been applled. to

rare earth.nuclel (Kr.mar and. Baranger, l-968), In addltlon to
accountlng qualltatlveJ.y for certaln features of the exclted.

states of even-even nuclel and. of nuclear moments of lnertlao

Belyaevos theory lnd.lcates that the equl1lbr1un shape of a

nucleus ls d.eterulned. by a conpetltlon between tv¡o lnteraetlons

among the nucleons r a palrLng lnteractlon v¡h1eh favors

spherlclty, and. a quad.rupole lnteractlon whlch tend.s to pro-

d.uce d.lstortlon. When the latter lnteractlon emerges ås the

d.omlna^nt one, Belyaev pred.lcts that the transltlon from

spherlcal to d.efo:med. nuclel ls rather sharp. Thls ls con-

elstent wlth (1) above. The large d.efomatlon lnd.lcated. for
odd. Z nuclel (fv) ls aLso ln accord. wlth ühls theory slnce

these nuclel lack the stablllzlng lnfLuence of an even number

of protonso

SlngLe Neutron Separatlc4 Rrer&Leg

The d.ata presented. ln lable lL are pLotted.

Flgure 26, The l1nes connect nuclldes of constant Z

even or od.d N.

1n

for el.ther
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Slngle Neutron Separatlon Energles
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As ln the 52, case, the curves are qulte regular
up to N = BB, wh1le frou N = 88 to N = gZ there ls strong

evLd.ence for a rapld. lncrease ln nucrear d.lstortlon" Ae;aln

fhls effect ls least for d.ysproslum ar¡d ls sürongest anong the
oö.d- Z elements lnd.lcatlng that nuclel containing an od.d. number

of proüons d.efo¡n more read.lly than thelr €v@rr-€v€n nelghbourso

The stablll zlng effect of an even number of slnllar
nucleons ls also apparent Ln the case of neutrons lf the everÌ

N curves are eompared. wLth the od.d. N eurves" The fonner re-
Ëurn more rapldly tonrards the extrapolated. curves for spherl-
eal nuclel than d.o the odd. N curves" Ad.d.ltlona1 evld.ence for
thls even-od.d. neutron effect 1s found. ln electrlc quad.ru.pore

noment d.ata (Myers and. Swlateckl, ]-966) " fn the rare earth
reglon there ls a d.lstlnct tend.ency for od.d. N lsotopes üo have

larger quad.rupole moments than thelr even N nelghboursu whlch

suggesfs that od.d. N nuclel are often more d.efomed. than ad_-

Jacent even N nucIel.

Another lnterestlng feature of the s¿ curves ls the
tend.ency of the odd. z polnts to11ê near nelghbourlng even z

polnts' rn the case of the od.d. N curves, those of od.d. z are
d.lsp]-aced. upward. lndlcatlng an lncreased. blnd.lng of the od.d.

neuüron 1n the presence of the od.d. proton, For the even N

curves the d.lsplacemenü ls ln the opposlüe sense whlch suggests

that the even neutron ls less tlghtly bound. ln the presence of
the odd. proton. Thls grouplng trend. d.lnlnlshes near N = !0
where nuclear d.efomatlon ls belng esüabllshed.. Thls effect
has al-so been noted. by Benson and. Johnson (1966) rn the reglon

76 < N < 90" They attrlbute lt to an od.d. proton-neutron

lnteractlon. (Saxenau ]-96]-)
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, the two values plotted. for terblum at N = pp were

d-lscussed. ln ühe last sectlon of chapter 6" The regularltles
exhlblted by the Sr. curves strongly suggest that the larger
of the two ls ln error.

Neutrqn Palrl,ng Ðr.ergles

The daËa presented. 1n Table 12 are plotted. ln
Flgure 27 for even Z onLy. [he llnes connect nuclld.es of

constant Z for elther even or od.d N, As lnd.lcated. the od.d. N

polnts have been d.lsplaced. d.ownward. by 0, J MeV for cIarlty,
The Pp values for od.d. Z nucl-eL are about 0,2 MeV lower than

fhose for even Z due to the od.d. proton-neutron lnteractlon
mentloned. above¡ however, slnce these d.ata are not plentlful
Pn has been plotted. for even Z nuclel on1y"

As d.eflned. ln equatlon (6-U) each pn(zrN) value re-
presents one half of the vertlcal d.lstance.beËween the appro-

prlate even N and. od.d. N s¡¡ curves of Flgure 26. Nllsson and.

Prlor (1961), who lntrod.uced thls d.eflnlËlon, note that the

fluctuatlons of the P' versus N curves are s¡aaller than those

of curves based. on the slmpler d.eflnltlon glven ln equatlon (6-j)"
Thls more regular behavlor ls evld.ent here lf one compares the

êvêR-êven curves wlth those plotted. by Macd.ougall (t966),

The chlef feature of ühe P' curves Ls the peak at
N = 8p and- p0. Nllsson and. Prlor also found. thls feature; how-

ever, the d.ata used. here are much more accurate than ühose

avallable ln 196L. The large lncrease ln palrlng energy near

5 = p0 1s ln accord. wlth the evld.ence d.lsplayed. by the sn and

S2r, cürves for nuclear d.eforuatlon 1n thls reglon.
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FIGURE 27

Neutron Palrlng hergles (even Z)

(Od.d. N polnts have been d.ecreased.

by 300 keV for clarlty" )

Note: Estlmated. uncertalntles of + 20 keV were orlglr:.alIy
asslgned. to reacülons P.22 to R27 lncluslvei however, ln a

recent communlcatlon Bennett glves t 10 keV for these reactlonso

Because of thls change the error bars shown 1n Flgure ZZ for
Ðy aü N = p2, 93, 94 and. 95 should. be red.uced. by about SO%"

(AJ.ttrough these changes !'rere recelved. too late to be lnclud.ed.

ln Flgure 2? u they have been lncl-ud.ed. ln Tables 7 o 10, 1I and.

].'2),
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swuABY

A hlgh preclslon voltage supply and. potentloneter

clrcult has been constructed. to supply and. measure the voltage

ratlo requlred. by the new Manltoba second ord.er mass spectro-

meteru The poËentlometer 1s capabLe of maüchlng a spectro-

meter preclslon of at leasü one part 1n one bllllon for
mass d.oublets as w1d.e as one part tn 5'000, and. may d.o nearly

as well- for d.oublets as u¡ld.e as one part ln l-00. To d.ate

the preclslon of the spectrometer has been somewhat lower

wlth the result that the potenti.oneter has contrlbuted.

negl-19;1b1e uncertalnty to the mass measurements reported.

here"

The new second. ord.er spectrometer has been con-

plebecl and. used to measure some twenty close d.oublets anong

the rare earths between Z = 60 and. Z = 66u Togeüher wlth

twelve FicMaster measurements these data provld.e for the fLrst
tlne connecülons accurate to a few keV between all of the

stabLe lsotopes ln ühls reglon, The mass measureqents are

lnüernally conslstent, agree well- wlth all avallable preclse

exüe:rral d.aüa, and. permlt the calculatlon of some d.ecay

energles wlth lnproved. preclslon.

The new measurements have been conblned- wlth other

d.aüa ln ord.er to calculate neutron separatlon and. palrlng

energleso The neutron separatlon energy sysüematlcs oorl-

flrn 1n greater d.etalI the well establlshed- onset of nucLear

d.efo:r¡oatlon near ¡¡ = !0 but !-ndLeaf--e that. Èhe effeet 1s not

as strong 1n the case of d.ysproslun as for the other elements

ln thls reglon,
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