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Abstract 

The atomic hyperfine structure eepa.rationo and magnetic moment~' of 

four neutron-deficient ceaium iootopeo have been moaoured by an atomic -be3,m 

md.gnotie-reoon<lnce method a.o 

~agnetic 
hfo, Av moment, p. 

lsoto2e (Me) (nm) 

Co 127(6.Z h.r, I D ~) 8950 ~ 200 +1.43 ± .04 

Co 129Ul b.x·, I m t» CJZOO :t: ZOO + l.47:t: .04 

Ce 130(30 min, I :a 1) 
6400 ;t. 350 for + 1.37 ± .08 
6800 :i: 350 for .. }.45 * .08 

Ca !ll(6.2 d, I a Z) 8648 * 35 +Z .ll. +. .Ol 

The spin meaourement of Ca 132 io diacutuaed. 
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HY.PERFlNE-S'fRUCTU.RE SE?ARATION3 AND MAGNETIC it10MENT3 
OF col27, csl29e CellO, and CoilZ 0 

William A. Nierenberg, t Howard A. Shuga~t. Henry B. Silsbee, aad 
R. J. Sundorland9 

Radiation L.&boratory and Department of Physics 
University of C.J.lifornia, Berkeley, CalifoYnia 

Aoril .~4. 1958 

Introduction 

.Previouoly the nucle,;4r spine of four neutron deficient cesium isotopeo 

havo been meaoured by the atomic .. beam magnetic .. reeonance method and found 

to be: for 6.2-hr Co 127• I c !; for ll .. hr Co 129, I= i• for 30-min Cs 130 , I a!; 
132 1 z . 132 . and for 6.2-day Cs , I= z. • A brutf account of the Cs sp1n measurement 

is given here. The result of 1• i for Ca
127 

and Cs 129 ic unexpected for the 

odd-proton configuration of cesium, Gince the oimple nuclear shel! model would 

d . I 71 ., . C 133 3 C llS d C 137 4 I S/" . C 131 5 Th' pro 1ct • " ao tn o • o an .. o • or a ,.. as tn s • 1c 

papor deecribceo hyperfine-otrueture oeparation and magnetic-trAoment measure

menta of th.eoe four neutron-deficient cesium isotopes. The magnetic -mot'!lent 

meaouremento may aid in determining the nucleon configuration that gives rise 

to the oboerved nuclear opine. 

"Thio research wao FJupported by the United States Atomic Energy Commission. 

tan leave ac Profeomor in the Miller lnwtitute for Basic R~oearch in Science. 

§ Prtaecnt addret1s: Aerojet-General Coi"p. Azusa, California. 
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Thaorl of the Experiment 

The work deocribod here foUowe very closely that publiolted in previous 

paporo. 6 • 
7 

t'hG atomic .. beam apparatus uoing the flop-in technique8 providee 

reoonance indications oupgrimpooed on very low background. The focuaing 

masnotic fieldo, otopo, .1nd collimatolt'o are a.rranged oo that, 0xcept for apuriouo 

effecto, no .atoms reach the detector when the transition radio-frequency is off 

reoonance. When a zensitive detector is available. resonances appear <UJ increaoec 

in the number of a.toma reaching thQ detector. Radioactive· detection of collected 

activity provides 4 selective, eenoitive, and low .. backgroW!ld method .for oboorving 

r~oonanceo of radioactive isotopes. In th.eee experiments the cesium isotopes, 

depooited on aulfur collectors, are detected with thin .. crysta.l N.d(Tl) Dcintillation 

countero by oboerving the k x-rayc that reoult from electron C4pture and internal 

converoion. 

in the linear Zeeman region (at low fieldo) the flop-in t1ra.ncition !r'()quency 

ic givon by Eq. (1). Therefore for a given magnetic field and gJs ·isotopes under

go tranoitiono at diocrete frequencieo which depend on the value of the nuc tear 

opin, 1: 

-v = - (l) 

The .:1.tomic hype:rfine-otructure Otlparationo Atf. ia obt&ined by oboerving the 

F = 1 + ~~ mi, c .. J .. ~ o-e my a -I+ i tranaition at higher external magnetic fie lao. 

Equation (l), derived from the Breit-Rabi formula., 9 expresses the hyperfina ... 

otructure oepa.ration in termo of the transition field, H; the transition frequency. 

v; and the electronic and nudQar g factor&a gJ and g1: 

g t-11 H gJfJo~ H 
<~+ 1rt )( h - - v) 

Av ~ (2) 

iJI-4oH 
"+ - + 

Z! g!iJo(lH 

(Z I+ l)h l I+ 1 b 

The convention io used in which .a pocitive magnetic moment ha.s a. pooitiv13 g 

f~ctor (i.e. • gJ ~ -l). Because both av a.nd g1 d.re unlmowno only two independent 

reoonancae should be neceaoa.ry ior a aolution of Eq. (l). Beca.uoo of poor 

l'r.iOOlution and the inoenoitivity o£ Eq. (l) to the g! terme this eu:pcrimGnt dooo 

not pGrmit obtaining g! ~'.nd Ar.l' by oin7ultan.aouo oolution at two field valuac.;. :'He-_.. 

eve:..·, Au and Bs it"-"C ll"ulu.ted (to ~:d~hin i.".bot!~ 1'/.:.} by ~he Fermi-Seg:ro ; ..... ~ n: .. ·.lid., i.l 
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in whL h th~ primed q\l.olntitieo refer to conot.lnta of ..1.nother isotope of the o.a.me 

element: 

A v' (l) I 81, I (zl' + 1) 

Equation (4)0 obtained by eliminating g1 from Eqa. (l) and (3). gives the hyperfinfJ

&tructure separation provided the proper oign is chosen for the constant c 1 (the 

positive oign for c 1 correspondo to a positive nucleal' magnetic moment): 

(4) 

whore 

.For comput<Ational purposes the form of the quadratic formula of Eq. (4) eliminatea 

looa of ~ignificant figures, which occu:ro when the mol'"e common form io used. 

'fhe hyperfine .. otructure separation, AYo ca.lcuuted for each reOOh'loAnce by 

uoe of Eq. (4) dependa upon tho choice of the sign of the m.t.gnetic moment. The 

aign choice that remulto in .,. conoietent oet of A"'e is then the correct oign of the 

nuclear magnetic moment. The valuem o£ ,c,.., co.lculated with the wrong .snaumed 

eign for the magnetic moment ehow a CJmooth variation with the ota.tic transition 

magnetic fie!d. 

lcotope Prel?aration 

Co1z. 7• Co 1l 9, and Ca 130 d.re produced by l(c&, kn)Ca reactions during 

bomba.rdmento of Balz powder with 45-)Aev o particles from the Berkeley 60-inch 

cyclotron. ll,ll At the energiea a.vaibble "k" may be 1, 2, 3, dnd 4 to produce 

co130, Cs129• Cs 128, and Co 1l 7, but the Ce 128 baa too short a half-life to be 

tre..1ted a.t pros0nt. Since the crooo section fot· a given (u. kn) reaction is a 

function o£ the a-particle energy and b<10 <;\threshold below which the reaction 

doGe not occur. the production of Ca 130 may be favored over that of Call7 .:~.nd 
Cs 1l 9 by degrading the 6-particle energy before allowing the beam to enter the 

Bal2 powder. Thio ccheme allowo the relative activity and the apparatus back

ground of Co 127 ~:'lnd Cs
1

l 9 to be r<aducad in lZomp.:s.rioon with a bombardn1ent 
133 

by i'I..\U··energy <a particleo. Tho c~oium activities, along with Co c? rde!'. 

d.!"·:t ocpar~tcd chemicatly from the ~;;n·,gct i&"lat,n.•ia!. by pr~cipit<al:ing the ta ~·s· •. ri:' 
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b.srium .and recutting cerium o:~.ctivitiea with ~NH.ft)zC03 • After th0 filti*<ite is 

boiled to dryneso tho e~ceae cl.mmonium compoundo are removed by decom

pooition and sublimation with further heating. The remaining cesium compoundo 

.are tranoferred to an a.tomic-beam oven et.nd thoroughly dried. Beiore the oven 

ia inserted into the apparatus an exceso of calcium metal is added for the purpor.;e 

of reducing the cesium to the atomic eta.te by a reaction that proceeds upon 

~w~. -
Ce

132 
is produced by bombarding gaseouo x<anon with 12-Mev protons from 

the 60 -inch cyclotron. The proton energy is low and only the (p, n) reaction has 

a uoable cross section. Because there exist seven stable xenon isotopes of greater 

than 1 ~~~ abund.ance., many cesium isotopes are produced. Several of theoe 

repro cent a a mall fraction of the total activity. owing to low abundance of the 

corresponding xenon iootopo, owing to ehort ha.lf ... life so that the isotope haa 

decayed by the time the experiment is performed, or owing to tong half -life and 

hence low decay ratoo. Ao a reoult the principal constituents of this production 

ocheme are Co 1 ~9• Co 131 , and Co
132

• Similarly :xenon has been bombarded with 

deuterono to produce the same isotopes through (d, kn) rea.ctiono. The gas bom

bardment takes place in a ca.ot aluminum container botding approximately 2 literl!l 

(atp) of xenon. The coeium activity coUecto on the walla of the container, since 

litt!e foUowc the xenon when it io frozen out into a stor..t.ge vessel. (Radioactive 

xenon ieotopeo are produced during detJtoron bombardments, making the gas quite 

.active). The cGoium ie removed by washing the target vessel with slightly

acidified water containing controlled amounts of carrier, and is then concentrated 

by boiling the oolution a!moot to dryness before transferring it to the oven. 

Catcium is again U9ed to reduce the cesium compounds to the .1tomic form. 

S,!lll Sein Meaour!,!D~t 
For opin oearches in the linear- Zeeman region~ the flop-in transition 

!requoncy io given by Eq. (1).. The oearch io made by setting tho transition. 

frequency <it the value for each opin and expoc;ing a collector at the detector 

pooition of the appar..a.tuo. 1·~.ble I giveo the normalized counting rate& on samplec 

cexpoeed a.t the frequencies correoponding to integral spina from 0 to 7 and half

integral cpina from 1/2. to 9/l. The decayB of the opine !/2, Z, and 5/2 are 

ohovro in F!g. 1. From the measured half-life of each sample the identities o£ 

the iootopea reoponsiblo for the cignala <ire ao follows: Ca
129

• I= 1/Z; 

co131 , I= 5/Z; and Ca 132 , I e 2. The opu.riouo signal on opin 3/7.. c'L~cay~d with 

a half-life cor:recpo~'1ding to that o( Cc 1 '~ 9 .r.'.nd \"!<AD traced to the second h<hrr-.t~ot,~c 
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content of the oacillator. The oocond hu.rmonic of the 1 ::1 3/2 be1uency io 

exactly the £reqwancy to caume I a l/2 tranDitiono to occur. The ~pin measure-

{ hi f C ll9 d c lll ·r· . r . 1 menta o t o run or o an o r.epreoont ver1 lC.:i.tlOns o prevumo wor ~ 

using 4 different mothod of iootopo preparation, and -· fo:r Co
131

-- a. different 

method of identification and de~octiono 1• 5 

Tr.e.;:~.tment of hfo Data 

R<ldioa.c:ti vc renon~ s are obsorved a a in previous work 7• 8 by counting 

the k x-ray activity collected on oulfur-co<~.ted buttono exposed at variou!l settings 

of the tranoition ra.diofrequency. The activity on each exposure is corrected for 

changeD in tbe beam intonoity ae me.1sured by the height of the calibra.tinn 

reoonance o£ otable Co
133

, which wa.o added as carrier during the chemiotry. 

For mhort-Uved activities a further allowance for decay of the sample corr0cte 

the counting rateo to a. common time. 

A oymmetric reoonance curve was fitted to the radioactive resonanceo 

by uoe of a routine programmed for the JBM 650 digital computer. 1.\ct·uaUy a 

parabola WcUI fitted to the reciprocals of the counting rates by a weighted-leaat

oquarcso procedure. Thio technique giveo more weight to points near the 

reoonance peak and decreases the effect of an asymmetric line on the determind.Uon 

of the peak frequency. The curve-fittirtg routine yields the frequencies o£ tho 

reoonance maximum, the resonance height~ and resonance width. and the un

certainty in the peak frequency due to tho otatistical nature of the input data 

pointo. An oxamplo of a radioactive reoonance and the fitted mymmetl"ic curvo 

io shotm in Fig. Z. 
1Z7 129 . 

Because the Co and Ce reoonances are not reoolved at the h1gheot 

fieldo uoede it io neceooary to deca.y each reoonanc:e point to obtain an indication 

of tho isotopic compocition of that point. In thio way it is possible to decompoce 

the reocnance into two component reeond.nces. For this purpose the known half

liveo are uoed to fit the amplitudeo of the compontmt iootopes from ~he decay 

curve. The fit io done by a. least-oquaree t~~.h'!\·1~\.'":f\ u.si.ng digital computer 

fa.cilitieo. Figure 3 showo the reoulto of a decompocition o£ one of the high

field Co 127 a.nd Cs 129 reoona.nceo. 

The hyperfine -otructure sepd.ration is calculated by use of the peak 

frequency of the radioactive reoonance and the value of the t:raneition magnetic 

field am given by the Co 
133 

reoonance at the time the radioactive peak ~n:;poour.ct 
v-Jcre taken. The conotanto uaed in the ca.lcula.tiono are as !oU.o"'r· t 
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and 

The error placed on the calculated byperfine ... structure eopil:re.tionc c:omeo 

from the uncertainty in calibr&ting the magnetic fielde and from the unco7tn!nty 

in placing the penk frequency of the rt.ldioactive resonance. The field ... calibration 

resorumce uncortainty io estimated as the possibl~a error from c:onaid~u.·ationa of 

setmbility, conoistency, and drifto For the uncertainty in the radioactive 

reoonnnce, the computer routine furnished inform~tion about the width of the 

resonnnce and the uncertainty in the peak frequency due to the statistical un

certninties of the input reoonance point&o The final error in tho radioactive·· 

resonance-peok frequency is obtained by combining the stntiotical unce?ta>inty 

of the reaononce peak with one-eight of the frequency width at half maximum. 

The reoultli of these cnlcullltiono appear in Table Ilo For the sign determinetioB 

(Flgo .. -G and 5) the errors nre calculated oo deocribed above oxcept that an 

uncertai11ty of one •twentieth of the width ot half a-naximum is uoed. 

Results 

The finol weighted a.vera~ea for the hyperfine-structura oopar&tiol!lo a~Q 

ohown in Table mo The omted error of the !inal value io takC!In t'lO the ~ii'trOr of 

the highemt field meaeUl'emento The errore in the stnted magnetic mome1-1to Oil'O 

due to the errore in the hyperfine ... structure eepar&tionoo No corrocl:ion ll'or 

diama~~netie chielding haw been applied to the magnetic: moment vmluem §.n 

Table ll!c 

Sign determinations a!'G m&.do by inspection of Figoo 4 and 5u in which 

the At~ vnlueo nre plotted ao a function of mo.gnotic field for an t\ocu•-ned 

pooitive moment and for an 0\saumed negative moment" The orroi"o nhowk1. in 

these figures &l'e smaller then those of Table U, as discuoced e&rlia:ro From 

conoistency of the va.lues fo:r the a.asumed positive moment in Fig. 4. Csi.lZ 

is dearl.y ~eoign.ed a poeitivG tnagnetic moment" The evidoru:c3 for tho oign of 

the mom~nt of Co1Z7 and Cs129 io l;aoa definiteo Figura S ohowo t:nn~ r. pooitivow 

mome!!nt a[).f.lump~ion for Cs 1Z9 is slightly more couoiotent with too dnf:n thou:..-
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moment o£ Call? oDd Cs 1Z9 ie choseno lnouffic:lent c!Gta. oa Co 130 makes it 

impoaoib!e nt preoent to determine the 'otgn of itD magn12tic mcmont., 

Diacuoeion 

With theoe menouremente a oeries of ten ceoium iootopeo hao beon 

invootigated by atomic .. benm methode.. Of special interest~:~ the seri~s Co 13 7 .. l 7 

135 !7 133 17 · lll S 1Z9 1Z7 . Cs ., Cm o · C111 o Ca , and Cs r.epre8sent neutron comtgura.tion~ 

extending away from o closed oheU of 8Z neutrons 18 in C~t 137" Tho opin of 

7/Z for Cs137
11 Ca135• and Cs133 is in agreement18 with the simple eingle

pal'ticle ohell model which naoumeo thnt the odd proton moves in a ophel"ical 

potential associated with clooed shell& of nucleonoo WbUe the 5/Z opin of Ca 131 

ig not difficult to explain with the cbell modol, the 1/1. spino of Cs 127 end Ce !Z9 

would require reordering mnny of the levels in tha !SSth•proton regiono Nucloar 

spectroocopic lnveatigotions oi Cs
127 

ond Co 119 have led to a.n incorrect 

aosignment of 5/2. fo'fl the probable spin of theae nucleic 19
e ZO 

The magnetic moments of Cs1Z7 and Co1l 9 lie approximat«lly midway 

between the Schmidt limite and are about 101o smaller theft thoe.o duo to tho ol/l. 
Z03 ZOS • proton of Tl o,nd Tl o Thus the magnetu: momenta agree well with that of 

an sl/2. protono nnd the lo.!l"ge deviation from the Schmidt limits io e.u:plain~Dd by 

configuration mixingo 11 ~' ZZ Howeverc the occ:urence of an sl/1. for the 55~h 
proton is difficult to iraagine on the bcoia of the existing single-particle oboU 

model, but me.y become apparent with n more complete modolo Alsoa with the 

11imple j-J coupling scheme~ it io not poosible to couple panic los in j = 7 /?. or. 

j = 5/Z levelo to give a reeult&nt opin of 1/Zo 

Anotller appronc:h to expltlining the opin and moment reou.lto recto with 
. .. z3 .. z6 

the unifted modo! in which the odd p~il'ticlea move in a deformed potontialc 

Some of the degenerAcy of the single-particle shell ~odei io romoved &nd a. 

quantum number that reprrooento tho component of the olngle .. p~rticl~ angular 

momentum on the nw:lee.r tudo ot oymmetry be<:om"a importanto Tho relative 
. 25 

opacing of levels dependm on the degree of core dcffJrmationc Although thio 

model is known to work best in regiono quito diliJtnnt from closed mheUoo i'lt ik'"ls 

been npplied here to the Ce1Z7 and Co 12!9 nueleU where th~ configuration ccmobtc 

of 5 particleo over the SO-proton shel! and 8 to 10 neutrons below the 8Z-.neutron 

oheU.. PE'elimino.ry cl!l.lculations by Uzretsky have ahown that equilibrium de· 

formations having spin !/?. may be obt~inod from the unified model in ewo wayo" 7:.
7 

Acc.J:;-d:'•tg to the notation of Motteloon ond Nilooon26 opin X/1. occt{:·.j .!~:: !.:·S p~ci:.ez>i' 
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.fil'om level (il.ao deformntion paromet3r 11; +3 ~prolato)11 with t.t ::: +& .. 0 nm and 

from level 030, '1 c -~ (oblAte),. with " I] -e-1 o4 nm., The l.t.lttc1l" mncnotie rncmont 

ngreoo w0U with the meooured vBlueeo while ~113 formo:a- ic ebout <15% tnr.~o!? 

tba.n the e:perimento.l v&lueo Although 55 protono rcpraDGi'lto tho region whero 

·the quadrupole moment io c::hnnging from negative to posiiive with the addition 

o! protonoo it is likely that tho intrineic deformntion of tho Col;n a.nd Cs119 

(l a !/Z) nueloi io oblateo Unfortunately~ owing to too lech of an obo.arvable 

qundrupole moment for a spin-1/Z nucleuoo o meacuremoa.t of thea intrrtnoic 

deforn1ation io quite difficult.. Ae n result thio independent check Oil tho coUodive 

model b untwailable .. 

The authol?s wish to thank Dro Jo.ck L" Uretsky for permission to includo 

the reoulte of hie w:Uflad model col~uk!.tion11 in the diGcusoione · The aooiotanc<a 

of Mro VIc Bruce Ewbank durins th0 later parte of thic work ia grat~tfully 

&cknowledgedo 
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- •=:::.=- a 011 := eror- =--=· 
C . f c 13l . h ountll.ng ;r·ates or o opm oearc 

a The oecond harmonic: of the 3/2 frequency caused a resonance of I :s l/2 

to appear on tbis cample. 
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Summary of c.:a.tculationo of h.yperfine otructure eeparation 

133 
Cs Reoonance 

frequency 
(Me) 

Rc1dioactive reoonanee 
frequency 

___ .:.;(M.;...c.;;.:L ___ _ 

CsL!?. Co 129 unreeolveda 

32G!95 * .010 127.283 * .239 
32.171 * .010 127.269 :f: .165 
32.225 :t:: ~015 127.262 * .283 

Col27 
-
50.787 :! .010 
50.811 ~ .010 

Ce129 

50.787 :f: .010 
50.811 :t: .010 

. 82.005 * .020 

130 
Co _____ ..,_ 

18.026 * .010 
34.106 :t .. o 10 
34.070 * .. ()18 

Col3Z -
21.296 * QOlO 
43.964 * .OlO 
81.399 ::l .010 

l26.fU9 * bOlO 

200.016 :!: .089 
200.104 :1: .06 7 

Weighted average 

199.8 73 :1: .084 
200.019 * .077 
319.314 :Q: 0 217 

• 
Weighted averago 

48.293 <!!: .1-i:. 
91.124 ~ .E1tl 
91.096 * .103 

• 
Weighted a. verd.gec 

34.000 * .o 75 
70.318 ~ .0 S9 

129.989 :t .• 046 
200.988 * ~072 
Weighted avel!'age 

hfs (asaumed 
pooitive moment) 

(Me) 

10,400 ± 1,900 
9, 900 * 1,000 

' 11.400 + z.zoo 

8,950 * 200 
8,960 * 160 

9.,245 * 200 
9.130 * 180 
9.:uo *zoo 

9.Z.OO :t: 200 

SQ43C :t: 380 
6,610 * 400 
6,430 :i: 280 

• 

9, 700 :t. 1 ,400 
8,520 * 220 
8$651 *55 
8.650 :t: 35 

• 

hfs (aseumed 
negative moment) 
_.(~M_c...;.~) __ _ 

12,400 ~ 3,200 
11,600 :+: 1.600 
i4,200 :t 4.200 

9,630 J: l40 
9.640 + 190 

10.000 i: 250 
9,860 * 230 
9. 760 :t: 230 

5.850 !t 1 t 100 
7.000 + 480 
6,790 :t 330 

6,800 * 350 

12,400 :t 3 0 000 
9el80 ± 270 
8,999 :t: 61 
8.864 * 38 

----------·-----------------------------------------------------------
aValueo not uood in woighted averageo 

=~:~rm==. 
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± HW: ,, 

Summary of reeult!D 

!eotope Tl/l. Spin lua. Av Mc:Lgnetic momente tJ. 
(Me) (nmv 

Ca 127 
6.2 hr '\ 1/l. 8950 *zoo + 1.43 * .04 

Cgl29 31 hr 1/2 9ZOO :t: ZOO · + 1.47 :i: .04 

Co 130 30 min 
{ 6400"' 350 for + 1.37 ., .08 } 

1 
6800 Ill: 350 for .. L4S * .08 

Co 
132 6.2 da.ye 2 8648 ~ 35 + 2$22 i: .02 

- ne-- §4 s $4 Lt#('.#S##fiff MWt± *fi"!UIJ w ': t !Jiiiii;te= Et :e e 5M$fjl(~ 
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Figure C.tptions 

Fig. l. Decaym o! the important samples !rom the Cs 13Z spin search. 

The half-life Gerveo to identify the isotope responsible for each spin 

resonance. 

Fig. Z~ A reo.onanee of CrJ 13l at 10 Me showing the oymm~tric curve fitted 

to th~ dat4. points. 

Fig. 3. A single! :a} reoona.nco of Cc 127 and Cs129 ia decomposed into two 

rooon.a.nces by analyzing the decay for each dat~ point. 

Fig. 4. Variation of the meamurod hype :dine -structure !!Sepa.Iration of Ca 
1 32 

with external magnetic field when ihe magnetic moment is chosen first 

·pooitivc and then negative. The conoiotency of th~ valuea for tha po~Jlitiv® 

aeoumption eatablieheo a positive magnetic moment for ihh1 i5otope. 

i> .. ig. 5. V.l.ria.tion of the measured byperfin!B -structure a~paration of Cm 1 29 

with external magnetic field.. The predicted values of the experimental 

data foll· poeitive- and negativo-magne~ic-moment assumptions are ohown 

by the solid curve 4nd daohed curve 0 respectively. 
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