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HYPERFINE-3STRUCTURE :u:.PARATI S AND MAGNETIC MOMENTS
o Can? Ca 29 Cs 0, AND cgl32

William A. Nierenberg, Howard A, Shugart, Henry B. Silgsbee, and
R. J. Sunderland

Radiation Laboratory and Department of Physico
Univergity of California, Berkeley, California

April 24, 1958

Abstract
‘The atomic hyperfine structure separations and magnetic moments of
four neutron-deficiont cesium isotopes have been measured by an atomic-beam

magnotic-regonance method ap

Bfagnetic
hfo, Av moment, .
Isotope (Mc) —\am)
col®’(6.2 br, 1) 8950 = 200 41.43 + .04
co'?%31 ne, 15 ) 9200 + 200 +1.472 .04
30 . 6400 + 350 for +1.37 = .08
{30 win, 1= 1) 6800 + 350 for ~1.45 + .08
co'3%6.2 4, 1= 2) 8648 * 35 +2.22 % .02

The spin meagurement of CE&SZ is discusged.
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HYPERFINE~STRUCTURE .:E:’ARATION; AND MAGNETIC MOMENTS
OF Cole?, Cgl129, C0130, and Cgl32
William A, Nxerenberg.?ﬂoward A, Shugagt, Henry B, Silsbee, and
R. J. Sunderland

Radiation Laboratory and Department of Physics
Univereity of California, Berkeley, California

April 24, 1958

Introduction
Previoucly the nuclear spins of four neutron deficient cesium isotopes
havo been meaoured by the atomic-beam magnetic~-resonance method and found

to be: for 6.2-hr Co'27, I o §; for 31-hr Ce'2%, 15 &; for 30-min Cs'30, 15 1;
and for 6.2-day Cs“z

e 102, 1.2 A brief account of the Cslsz epin measurement
is given here. The result of 1= & for Cs

127 and cle?

odd-proton configuration of cesium, since the simple nuclear shell model would

prodict I = 7/2 a0 in Con3.3 Cons and Ga13‘7.4 orI125/2 as in Cswi.s This

papcr deecribegs hyperfine-structure veparation and magnetic -moment measure-

io unexpected for the

mento of these four neutron-deficient cesiurn isotopes. The magnetic-mowment
meaourements may aid in determining the nucleon configuration that gives rise
to the observed nuclecar spins.

2 . - . .
This research was supported by the United States Atomic Energy Commission,
?Cm feave ao Profepsor in the Miller Institute for Basic Regearch in Ecience.

g?mﬁanﬁ: addreso: Aerojet-General Corp. Azusa, California,
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Theory of the Experiment

The work describaed here follows very closely that publiched in previous

paporo. The atomic-beam apparatus uoing the fiop-in f.echniques providen
reocnance indications ouperimponed on very low background. The focusing
maznotic fields, otops, and collimatozm. are arranged oo that, except for apurious
effecto, no atoms reach the detector when the transition ra:&io-frequency is off
reoonance. When a sensitive detector is available, resonances appear as increager
in the number of atome reaching tha detector. Radioactive detection of collected
activity provides a seclective, sensitive, and low-background methed {or observing
raponances of radioactive isotopes. In these experiménta the cesium isotopes,
deposited on gsulfur collectors, are detected with thin-crystal Nal{T!} scintillation
counters by obperving the k x-rays that result from electron capture and internal
convergion, '

In the linear Zeeman region {at low fields) the flop-in transition froquency
is given by Eq. (l). Therefore for a given magnetic field and gy isotopes under-
go tranaitiono at discrete frequencies which depend on the value of the nuclear

opin, I:
gJ Lo} H
{2 ¥¢i)h

~
-—
=~

(1}

v

The atomic hyperfine-structure separation, Av, is obtained by obosrving the
F=1¢} mypa-lebormga-1+} trancition at higher external magnetic fielda.
Equation {2), derived from the Breit-Rabi formula, i expresses the hyperfing-
otructurs ceparation in terms of the transition field, H; the transition frequency,
v; and the electronic and nucloar g factors, 83 and ggs

SIFQH SJ*‘."QH

v+ } (- g -v)
Av = . {2)
goroH By B
V¢30_ s 21780

{(¢I+1)h 2I+41 h

The convention io used in which a pogitive magnetic moment has 2 positive g
factor {i.e., g 3= -2). Because both Av and gy are unknown, only twe indapendent
resonanceo should be necaessary for a solution of Eq. (2}. Because of poor
reoolution and the inoensitivity of Eq. (2) to the g, term, this exporiment doco

not permnit obtainiug &y and 4v by cimultansous c\c;luzion at two field values, Hc o

coy o Dy e . ) X
avar, Hv and gy ave rulated {to within »bout 1%} by the Fermi-Segro Jot asale,
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in whi.h the primed quantitien refer to constanic of another isotope of the same

element:

Av L' (3)
]gl](21+1) lgrf Leyr+ly -

au?

Equation {4), obtained by elirninating gz from Eqs. {2} and (3), gives the hyper{ine-
structure separation provided the proper sign ig chosen for the constant ¢y {the

positive sign for c; correspondo to a positive nuclear magnetic moment}:
av = 2¢/bt d B2 - 4 2c I, (4)

where  a = [21/{21¢ )] c,H, b=v-{1/@21+ 1)1 c,H ¢ v H - ¢ ¢, 8,
2
c= VCZH v, ;=4 igx,! f(2X* + 1Y/ (21 + 1)1 (po/A vh}, cy = -gf&o/h.

Feor computational purposes the form of the quadratic formula of Eq. (4) =liminates
loss of pignificant figuree, which occurs when the more common form io used.

The hyperfine-structure separation, Ay, calculated for each resonance by
use of £q. (4) depends upon the choice of the gign of the magnetic moment. The
nign choice that results in a congistent cet of &v'e in then the correct sign of the
nuclear magnetic moment., The values of &v calculated with the wrong assumed
gign for the magnetic moment show a smooth variation with the ctatic transition

magnetic field,

Isotope Preparation

Cou?, Cgll‘)

bombardmente of Balz powder with 45-Mev @ particles from the Berkeley 60-inch
cyclotrom. 11,12 At the energies available "k" wmay be 1, 2, 3, and 4 to produce
(:8139. 63'12.9. Csma. and Caun. but the Cslas has too short a half-life to be

treated at prosent., Since the croge pection for a given (g, kn) reaction is a

. and 63130 are produced by Il{a, kn}Ce reactions during

function of the a-particle energy and hao a threshold below which the reaction

130

does not occur, the production of Cs may be favored over that of Cslri and

cet??

Balz powder. This ochewme allowo the relative activity and the apparatus back-
127 and Cﬁl&‘)

1 .
by fall-energy @ particles. Tho cesivm activities, zlomg with Co 33 c2reiex

by degrading the a-particle energy before allowing the beam to entsr the
ground of Co

to be reduced in comparioon with a bombardment

L
arz peparzted chemically from the tavgel matorial by praocipitating the targat
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barium and resulting cerium activities with QNH‘ﬁ)zCOS. After tho filteate is
boiled to dryness the excess ammonium compounds are removed by decom-
position and sublimation with further heating. The remazining ceeium compounds
are transferred to an atomic-beam oven and thoroughly dried. Before the oven
is inserted into the apparatus an excess of calcium metal is added for the purpose
of reducing the cesium to ths atomic state by a reaction that proceeds upon
heating.
Ces
the 60 -inch cyclotron. The proton energy is low and only the {(p,n) reaction has

132 is produced by bombarding gaseous xenon with 12.bMev protons from

a usable cross section. Because there exist seven stable xencn isotopes of greater
than 1Y% abundance, many cesium igsotopes are pro&uced. Several of thace
repreoent 4 small fraction of the total activity, owing to low abundance of the
corresponding xenon inotope, owing to ehort half-life so that the isotope has
decayed by the time the experiment is performed, or cwing to long half -life and
hence low decay rates. Ao a result the principal conatituents of this production

129, 00131’ and Cnl32. Similarly xenon has been bombarded with

scheme are Co
deuterons to produce the same isctopes through (d, kn} reactions. The gas bom-~
bardment takes place in a caot aluminum container holding approximately 2 literc
{otp) of xenon. The cesium activity collecto on the walls of the container, since
little foliows the xenon when it io frozen out into a storage vessel. (Radioactive
xenon isotopes are produced during deuteron bombardments, making the gas quite
active)., The cesium is removed by washing the target vessel with slightly -
acidified water containing controlled amounts of carrier, and is then concentrated
by boiling the seclution almoot to dryness before transferring it to the oven.
Calcium ig again used to reduce the cesium compounds to the atomic form.

Csxsa

For apin gearches in the linsaxr Zeeman region, the flop-in transition

Spin Meagurement

frequoncy io given by Eg. {1). The search is made by setting tho transition
fraquency at the value for each opin and exposing a collector at the dstector
pogition of the apparatus. Table I givee the normalized counting rates on samples
expoged at the frequencies correoponding to integral spins from 0 to 7 and half~
integral cpins from 1/2 to 9/2. The decays of the opins 1/2, 2, and 5/2 are
shown in Fig. 1. From the measured half-life of each sample the identities of
129., I=1/2;

. 122, The spuriovg signal on opin 3/2 ducayed with
&9

the iootopes responsible for the cignals are as follows: Cs
col?! 1=5/2; ana Col3?

. . - ; ;
a half-life correcponding to that of Cc and wap traced to the sccond harmonic
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content of the oacillator, The socond hurmonic of the I » 3/2 {rejuency io
exactly the frequancy to cause I = 1/2 transitions to occur. The spin measure-
mento of this run for Cﬁu9 and Can,‘ repreoent verifications of previcus work
using 2 different mothod of isotope preparation, and -- for Caln -- a different

method of identification and detection. 1.5

Treatmem of hic Data

Radioactive resonances are cbsorved as in previous work7’ 8 by counting
the k x-ray activity collected on sulfur-coated buttone exposed at various settinge
of the trancition radiofrequency. The activity on each exposure is corrected for
chéngen in the beam intenscity ac measured by the height of the calibratien

resonance of otable 00133

+ which wae added as carrier during the chemintry.
For short-lived activities a further allowance for decay of the sample corroects
the counting rates to a common time. _

A pymmetric resonance curve was fitted to the radicactive resonances
by use of a routine programmed for the IBM 650 digitai computer. Actually a
parabola was fitted to the reciprocals of the counting rates by a weighted-leant-
squares procedure. Thio techniqus givep more weight to points near the
reoonance peak and decreases the effect of an asymmetric line on the determination
~ of the peak frequency. The curve-fitting routine yields the frequencieo of the
Ygoonance maximum, the resonance height, and resomrance width, and the un-
certainty in the peak frequency due to the statistical nature of the input data
pointa. An example of a radioactive reconance and the fitted symmetric curve

ioc ochown in Fig. 2.

27 9

and Galz
fieldo uned, it io neceasary to decay each resonance point to obtain an indication

Because the Cul regonances are not resolved at the highest
of the isotopic compoecition of that point. In thioc way it is possible to decompoce
the resonance into two component resonances. F£For this purpose the known half-
liveo are uoed to fit the amplitudes of the component isotopes from the decay
curve. The fit io done by a least-squaraes tachnicue using digital computer
facilitien. Figure 3 shows the results of a decomposition of one of the high-
field ('Zs“7 and Csug resonances.

The hyperfine-ptructure separation is calculated by use of the peak
frequency of the radioactive reconance and the value of the transition magnetic
field ao given by the 09133 reconance at the time the radioactive peak expoource

were taken. The conotants used in the calculations are as foliow:t



-8 YCRL-8264

ce!®®: 1 =1/2, g5 5 -2.00250 & 00006, '
Av © 9192.63183 & ,00001 Mc, ¢
u; = +2,57887 & 00030 nm, >
itg = 0.92732 & 00006 X 1020 erzs/gauss, 16
h = 6.6252 & .0005 X 1627 erz-0ec, '® and

M/m=1836.13 & .04, 16

The error placsed on the canlculatesd hyperfine -stzructure sepadrations comeo
from the uncertainty in calibrating the magnetic field, and {rom the uncoztninty
in placing the peak frequency of the radicactive resonance., The ficld-calibration
resonance uncertainty ic estimated as the poseible error {xom considerations of
settability, conscistency, &nd drift. For the uncertainty in the radiocactive
rasonance, the computer routine furnished information about the width of the
resononce and the uncertainty in the peak frequency due to the statistical un-
certainties of the input reconance points, The final error in the radioactive
rasonance-penk frequency is obtained by combining the statistical uncertainty
of the resonnnce peak with one-eight of the {requency width at half maximum,
The resuits of these colculations appear in Tabie I, For the sign determination
{F'ige. 4 and 5) the errors are calculated ns described above oxcept that an
uncertainty of one-twentieth of the width at half maximum s uced.

Resguits

The final weighted averajes for the hyperfine-structura coparations azo
chown in Table III, The ototed error of the final value is taken as the ervor of
the highest field measurement. The exrors it the stated magnetic momente arc
due $o the errors in the hyperfine-structure ssparations. No corroction for
diamagnetic ohislding have been applied to the magnetic moment values in
Table III,

Sign deterrinations are made by inspection of Figo, 4 end 5, in which
the Av valueo are plotted as a function of magnatic field for an assumed
pooitive moment and for an assumed negsative moment. The orrors shown in
these fizures are gmaller then those of Table I, as discusced earlinr. From
consistency of the values for the assumed positive moment in Fig. 4, Gamz

is clearly ssgigned a positive magnetic moment, The evidonce for tho oign of
127 and 65129

829

the moment of Co ic isoe definite, Figure 5 chowsn tnnt ¢ pogitivo-

moment agsumption for s ie slightly more conoiotent with the dota than &

aequtive vecpaoent pasumntion. On chis wrals o pocitive niga for s wraueiin
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127 129 £30

ond Cs
impoagible ot present to detarinine the aign of its magnetic momont,

moment ¢f Cs is chogsen, Insufficient data on Cs makes it

Diocusgion

With these mensurements a series of ten cesium isotopes has beon

inveotigated by atomic-bsam methode. Of special interest, the series (313137, 17

681350 17 cﬁl33o 17 ngn, 5 CG129 127

s and Cs reprasent neutron configurations

18 in Can?b Tho opin of
i8

with the simple single-

extending away fromn o closed chell of 82 neutrons
7/2 for CsB?e 03‘35, gnd Ce? ¥
particle shell model which asournes that the odd proton movaes in a spherical
potential associated with cloosd shells of nucleonc, While the 5/2 opin of Cs
io not difficult to explain with the shell modal, the 1/2 spinog of Csu? and Cso
would require reordering maony of {?zx;e' levels ﬁir; ;he 55th-proton region. Nucloar
and Co

ansignment of 3/2 for the probable spin of these nuclsi.
127

iz in agreement

131
129

have lad to an incorroct
19,20

opectroscopic investigations of Cse
The magnetic moments of Ceo and Cemg lie approximatoly midway
between the Schmidt limite ond are obout 16% omaller thon thosc duo to tho o; /2
proton of lees and leego Thus the magnetic moments agree well with that of
an 8, /2 proton, and the inrge deviation from the Schmidt limits ioc explained by

configuration mixing, 21,22

However, the occurence of an 8y /2 for tho 558h
proton is difficult to imegine on the bacis of the existing single-particio oshell
model, but may become apparent with a more complete model. Also, with the
simple j-j coupling acheme, it is not possible to couple particlos in j = 7/2 or
j = 5/2 levels to give a resultant opin of 1/2.

Another approach to explaining the apin and moment rasulto rests with
the unified model in which the odd particles move in a deformed pomntiah?'a‘%
Some of the degeneracy of the single-particle shall model io removad and &
quzntum number that reprecents the component of the single -particie angular
momentum on the nuclear axio of symmetry becomas important. Tho relative
25 Although thio
model is known to work best in regions quite distant from closed shells, it has
been applied here to the Gsnn and Caw’g nucleii where tha configuration consistc

opacing of levelo depends on the degree of core deformation.

of 9 particles over the 50.proton sholl and 8 to 10 newrons below the 82 -neutron
shell. Preliminory calculstions by Uretsky have shown that equilibrium de-
formations having spin 1/2 may be obtzined from the unifisd model in two ways. 21
Aceurdlag to the nototion of Mottelson ond NilsaonZé opin 1/2 ocecvr . ‘oo §5 pretcne
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from level ¢34, deformotion parometar 73 43 (proiato), with p = #2.8 nm and
from lavel §30, w2 -¢ {oblate), with u ¢ +1.4 nm, The latter magnotic momont
ngreec weil with the menoured values, whils tha former ic about 45% m?sgafzi

thon the experimental value, Although 55 protono ropresento tho region whero
‘the quadrupole moment ic changing from negative to positive with the addition

of protong, it is likely that the intrineic deformaotionr of the Csig? and Cslw

{I1= 1/2) nuclei ic obiate. Unfortunately, owing to tho lack of 2n oboervable
quadrupole moment for a spin-1/2 nucleus, o measurcmont of the imtrinsic
deformation is quite difficult. As o result thio independent chack on the collective
model is unovailable. ' A

The avthors wish to thank Dr., Jack L. Uretsky for permission to inciudo
the resauite of hic unified model caleuiations in the discussion. The eascictance
of Mr. W. Bruce Ewbank during the later parte of thic work is gratefully
acknowledged. '
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_Table ¥

R e e R e T e A e iy

Counting rates for Cglsz opin search

3pin Counting rate {arbitrary units) Isotope identity’
0 48204
1/2 : 127.8 + 1.8 cg'2?
1 6.1 0.4
3/2 35.7 + 1.0% cat?®
2 54.5 # 1,2 cst3?
5/2 27.7 £ 0.9 celd!
3 4.8 0.4
1/2 5.0 £ 0.4
4 ' 6.5 > 0.4
9/2 4.5 20,4
5 7.5 2 0.4
3.8+£0.3
7 2.720.3

%The second harmonic of the 3/2 frequency caused a resonance of I = 1/2
to appear on this cample.

T —— g ot gt Sy gt s et ol i Sty i et et W it s YA et St bbbz o e i A
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Table RIV

T T S e e A e,
summary of calculations of hyperfine structure sesparation

By s s e z

C3133 Regonance Radioactive resonance hfs {assumed his {aseumed
frequency frequency poositive moment) aegative moment)
{Mc) {Mc) {Mc) (Mc)
Csu'?, Cang tmreso!veda
32.195 £ .GlO 127.283 % .289 10,400 = 1,900 12,400 + 3,200
32.171 & ,0L0 127.269 * 165 9,200 + 1,060 11,600 + 1,600
32.225 > 015 127.262 % ,283 . 11,400 + 2,260 14,200 = 4,200
cgla?
50.787 = 010 200.016 % .0839 8,950 + 200 2,630 £ 240
50.811 = 010 200.104 2 067 8,960 » 160 9,640 + 190
Weighted average 8,950 2 200
69129 .
50.787 2 .010 199,873 084 9,245 = 200 10,000 = 250
50.811 = 010 200.019 4,077 9,130 + 180 9,860 = 230
..82.005 + .020 319.314 2,217 9,310 & 200 9,760 + 230
Weighted average 9,200 ¢ 200
136
Cs
18.026 # .010 48,293 & .14: 5,430 + 880 5,850 2 1,100
34.106 + 010 91.124 ¢+ 15D 6,619 2 400 7,000 * 480
34.070 £ 018 91,096 + ,103 6,430 + 280 6,790 + 330
Weighted averages 6,400 + 350 6,800 = 350
c 132 :
8
21.296 = 010 34,000 2 .075 9,700 £ 1,400 12,400 = 3,000
43.964 2 010 76.318 + 659 8,520 + 220 35,180 + 270
81.299 2 010 129.989 =+ 046 8,6%1 + 55 8,999 2 61
126.0939 = 010 200.988 & 072 8,650 * 35 8,864 x 38
Weighted average 8,648 % 35

*Values not uned in woighted averages




i3 UCR1-8264

Summary of recults

Iaotope T 1/2 Spin his, Av Magnetic moment,
{Mc) {nm )

cel?? 6.2 hr 1/2 8950 & 200 +1.43 & .04
cel29 31 hr 1/2 0200 4 206 - +1.47 2 .04

130 6400 £ 350 for + 1.37 % .08
C ‘ 30 min i

6800 2 350 for - 1.45 ¢+ .08
132

Co 6.2 days 2 8648 % 35 + 2,22 % B2
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Figure Captions
Fig. 1. Décaya of the important samples from the ﬁsua spin search,
The half-life ée_tvem to identify the isotope responsibie for each spin
resonance.

132 at 70 Mc showing the symmetric curve fitted

Fig. 2. A resonance of Co
to the data peoints.
Fig. 3. A single I = } reoonance of co?? and Ca!

raeponances by analyzing the decay for each data point.

29 is decomposed into two

Fig. 4. Variation of the measured hyperiine-structure separation of Ca“z
with external magnetic ficld when the magnetic moment is chosen first
‘positive and then negative. The consistency of the values for the positive
agoumption establighes a positive magnetic moment for this isotope.

Fig. 5. Variation of the measured hyperfine-structure separation of Caxazg

with external magnstic field., The predicied vaiues of the experimental

data for pogitive- and negative-magnetic -moment assumptione are shown

by the solid curve and dashed curve, respectively.
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NORMALIZED COUNTING RATE, Arbitrary units
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NORMALIZED COUNTING RATE, Arbitrary units
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(Mc /sec)

HYPERFINE —~ STRUCTURE  SEPARATION
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