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.·"' 
T.he atomic beam magnetic resonance method bas been used to in­

vestigate the ~rtine-structure separations of radioactive isotqpes 

K43, ,P0, ta140
1 and -w.177. Excepting K43, which was produced by the 

reaction A40(a,.p)lf3 with the Crocker 6o-Inch cyclotron at Berkeley, 

eJ.l isotopas we:re reactor ... produced by (n, r) te~tions. 

2 Potassium-43 was inVeatigated in the s1; 2 9leotronic ground 

state With the :f'Qllfl'~ing result~: 

I = 3/2, Ail • 192 .• 6.4(5) Me/sea, 

l~-11 I was obtained With the aid at the Fel"llli"'Se.~ formula from tbe 

zero-field ~~·structure separation, Av~ .and. the known constants 

Of K39 or K4l. 

The re~ng isotopes were inVestigated 1h both the 2n3; 2 and 
2 . . 

the n5; 2 electronic states~ 'l'hese measurements yielded the f'ollow.-

ing spins and ~rf~·etrudure interaction conatantst 

2n3; 2 electronic state 
flO -

l = 2 

a • •169. 749(7) Me/sec 

b • -21.602(27) M¢/seo 

2P5; 2 electronic state 
. .po -

I11112 

a • -85.258(6) Me/sec 

b = •29.716(38) Me/sec 

1Ju.l71 

l: Ull 7/2 

a • ].94.84-(2) Me/sec 

b = 1466.7J.(l2) Me/see 

'W.l77 

:t • 7/2 

a = 147.17(1) Me/sec 

b =- 1805·93(14) Mc/rsec 

iv 



. . ~0 
The spin I = 3 iJas measured in both electronic states for La; • 

. -~0 
'l'he uncorrected nuclear magnetic moment of r calculated from 

the hyperfine structure by use of the magnetic mament and interaction 

constants of y&9 't-las 

~ = -1.623(8) Dm• 

The sign of the moment was determined fran the g
1 

.. aepend.ent DF = :tJ. 

transitions for which the magnetic field depe11dence of the frequency 

was zero at high t'ields. The u.ncorrected nucleEW · electric quadrupOle 

moment ot ..P0 ~a.lcula1,ied f'ram tbe interaotion COllBtants tor both 

electronic states wae 

Q = •0.155(3) barns .. 

The uncorretlted welea.r magnetic moment ot w177 calculated 

frau the eyperline st:'l.1ct\U"e with the aid of the magnetic manent and 

interaction cmwtantiJ of Lu175 was 

•t;: • +2.0(2) nm.. 
. ~ 

The sign of the maoont was determined by the method P:rfl!ViousJ.y indi· 

cated.. Uncertainty 1n this measurement wUl be co:o.rJiderably reduoed 

when improved values ot the Jll881letic m.om.ent of I1J.l75 bece~ne ava.Uabllh 

'l'he uncorrected nuclear electric q~ole m~nt o:t tu177 cale~ated. 

tram the :tnteracti® constants for both el.ecttonic states was 

Q == +5.0(6) barns. 

Because ot th~ large quadrupOle moment in tu171,. the zero•tield 

level ordering we.s in'V'erted, 1n order of deC:r."f)a$ing enerst; 
2 
D3/ 2 state : F = 51 21 41 and 3 

2 n5/ 2 stat~u F = 6, .51 1, 4, 21 and 3· 

v 
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Resonance detection was accomplished by collecting radio· 

active atoms on sulfur-coated surfaces, which were subsequently 

counted in continuOils•flow methane beta counters • 

v:i. 
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Ie Introduction 

Yttrium ore, discovered in 1794 at Ytterby1 Sweden, was not obtained 

in pure form until 1843 't-rhen c. Go 1·7osander showed that yttria could be 

:resolved into the three oxides yttria, erbia., and terbiao The tree ele• 

ment was finally obtained by W6hler by reduction ot the chloride with 

potassium .. 

Yttrium is a common ingredient of the minerals gadol1n1te1 xenotime.p 

and euxeniteo In the preliminary separation process, yttrium is the pr:tn-· 

cipa.l metal of the "yttrium group," which also includes the rare earths 

lutetium, ytterbiwn.; thulium.~> erbium, and holmium. Probably because of 

its remarkably similar chemical properties and low abundance, the rare 

earth lutetium ns not discovered until l9o6 by G. Urbain, who named it 

after Lutecia1 the Roman name for the city of Paris. It was also indepen­

dently discovered at about the same time by Auer von Welsba.ch, who named 

the element cassi.Opium. Although this term persisted in moat of the German 

literature during the first half of the twentieth century, lutetium is now 

the commonly accepted nawh 

Lanthanum was discovered in 1839 by C. G. Mosander, who named the 

element after the Greek word "l.antba.nein" meaning "to be hidden or con­

cealed." lantlumum is a member ot the "cerium group" ot rare earths, 

whose principal ores are cerite and 1'110na~£1te. The most abundant element 

in this group is cerium; others, in addition to lanthanum, are praseo• 

;) d;ymium, neodymi'I.Ull, promethium, and samarium. 

Because ot their s:f.milar chemical properties, high•pu.rity production 

of these metals has not be possible until recent years. A universal 



method tor production at pres~nt is by calcium reduction of the anhydrous 
I 

fluorides. The metal is prepared by mixing the fluoride with a 10 to 15~ 

excess ot calcium metal powder ··in· a tan·te.lum crucible. The temperature 

is raised abOve the malting point of all constituents in an inert atmoa­

phere •. After the reduction reaction, the c.a.F 2 . slag is mechanically re• 

moved and sma.U calcium 1mpurit.iea are diminished by vacuum remelting. 

Various refinements to this general. process have been made tor each indi• 

Vidual element. 'rbe origtnal literature should. be consulted tor exact 

details. These elements are now commercially available \rith a 99.9% 

pur1ty·aes1gnation. 

2 

Discovery ot the radioactive isotQpeo y9°, u 140, e.nd tu177 occurre~ 
over ~· shorter periOd ot time than tor their stable predecessors. Marsh 

and Susclen (MAR 35) in 1935 reported discovery ot a·l.9(2)•d.ay activity 

trom the neutron bombardmant ot stable lanthanum which they ascribed to 

r.s.l40• They also reported a 4.0(l) .. hour activity from neutron bombardment 

~t stable lutetium. Since on~ the most abundant stable isotope of lute• 

tium was known at tlte time, the activity was ascribed to :w.176• In 1936, 

Hevesy and Levi (BEV 36) observed a 4~hr and also a 6· to 7-d act1\1'1ty, 

both of which could be attributed to a neutron bombarc:lment ot stable lute .. 

tium. They conoluded that a second stable isotope in small abundance but 

with a large cross section must be present. This isotope is n011 known as 

2.6~ .. abund.ant tu176, which has a the1"lDlll n~tron absorption cross section 
' I 

ot about 3800 bams. The 6- to 7·4 activity was correctly identified as 

w.177 and t~e 4-hr activity is now knOlm to be z.u176m. 

In the same paper, Heveay and Lovi also repOrted production of a 

.,;· 



70 ... hr activity from a neutron bombardment of' s·table yttrium. '.rhe ncv 

isotope ~- decayed iuto zr9°. Their identification of the activity aG 

y90 has been verified by a number of investigators (STR 58). 

With the atl.vent of several competing nuclear structure theories, the 

iml,X)rtance of the nuclear properties of these isotopes has il1creased. A 

critical test of any nuclear model is its ability to predict the nuclear 
I 

angular momentum, magnetic dipole moment, and electric quadrupole v.~ment 

ot e:tJ.y isotope. In order to test nuclear structure theory, therefore, 

experimental measurements of these properties must be available. 

3 

kD. interesting way to study nuclear structure :is to study the nuclear 

spin and. moment properties of' a given element as neutrons are added or 

subtracted from the neutron configuration of the stable isotope. Since 

these properties have been or are being measur·cd for stable isotopes of 

yttrium» lanthanum, and lutetium by other laboratories, it waa desirable 

to attempt measurements of a similar kind on the radioactive i.sotopea. 

Special aigniticance \Ta.s e.t·ttached to Y90 
1 since the quadrupole moi!'l..en·t 

of this isotope would be the first yttrium quadru.pole moment to be measured 

(I == 1/2 for y89) • The very large expected quadrupole moment f'or JJJ.177 

made thie isotope especial~ interesting. 

One of' the better methods tor measuring nuclear spins and moments ot· 

radioactive isotopes is to study the hyperf':i.ne' .. structure interaction by 

the atomic beam magnetic resonance method.. Since isotope production is a. 

principal problem, and since a euccesstu.l atomic beam experiment can be 

performed with as few as 1010 atoms, its great advantage is immediately 

seen. 
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II. THEORY 

A. The Hy;perfine .. structure Interaction 

The me·thod of a:liomic 'beams for the study of nuclear prope1-tie:a is 

extremely w;8ful 1Jeca.u.He of the simplicity of the Hamiltonian that repre­

sents the interaction of the nucleus with the orbital electrons. Deca.use 

of relatively large distances betveen atoms 1n the beam, each atom is 

essentially isolated tram all the others and the interatomic interaction 

is negligible. 

In treating the noncentral intera.otion between electrons and nuclear 

particles or the hyperf:l.ne interaction, it is convenient to exPand nuclear 

and orbital electronic potentials in ter.ms ot their multipole moments. 

Then, in terms of these multipolc moments ot order l"i the following theo­

retical restrictions have been shown to exist: 

(e.) From ps.rity oons1dera.t1ons1 it all nuclear electrical ·eft<wta .. 

arise troill electrical charges 1 and it the nuclear Hamiltonian is unaltered 

by an inversion ot the coordinates, then no even (t even) nuclear magnetic 

multi pole moment or odd ( t odd) nuclear electrical multi pole moment can 

exist. 

('b) In an atom with a nuclear spin r and a total electronic angular 

momentum 1, it is impossible to observe e. nuclear multipole moment greater 

than 2t, 'Where t::: 2I or 2J1 whichever is smaller. 

1. MaQletic Interaction Between the Ata.adc Nucleus and Its Orbi·tal 

Electrons 

From the above considerations, the smallest magnetic moment 011e could 

expect to ob:;.crva \TOLtld be the lllagnctic dii>Ole moment. The term in the 
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Hamiltonian representing this interaction is 

(II·l) 

where ;i1 is the nuclear magnetic . moment and itJ is the magnetic f'ield at 

the nucleus arising from the rest of the atom having angular momentum . . . 

5 

Jh. The magnetic moment can be taken as proportional to its spin angular 

momentum t and vritten as 

(II-2) 

where s1 is the nuclear> g factor and f.lo is the absolute value of the Bohr 

magnet on. 'I'.bus 1 

(II•3) 

ffJ can be taken as proportional to 1 tor matrix elements diagonal 1n 1, 
so that the above equation becomes 

(II•4) 

with 

(II•5) 

where a is the magnetic dipole interaction constant. 

The matrix element of r 0 1 can be obtained in the following way. 

tet the. angular momentum which 1~ the vec·tor sum ot r and t be rt ~ r + 1 
with quantum number F· Then, 

·' 

-j?- • <r + 1>2 = 12 + ~ • 2r. 1, 

or 

/ 
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In the limit of sm...'lll quantum numbers, 

I • J = ~[F(F + 1) • l(! + 1) .. J(J + 1) ]::: C/2. (II-6) 

Thus, tlle interaction energy WD(F) f'or the state specified by the quan·tU!il 

number F becomes, in the F1m representation, 

( !I-7) 

In order to calculate g
1

'trom the interaction constant a, one must 

obtain an estimate of KJ, the effective magnetic field at the nucleus due 

to the rest of the atom. This calculation has been· made by a number Of 

authors 1 and tbe results are SUII'llllarized by Kopferma.nn ( KOP 58). 

(a) For an s electron: 

vbere gJ = the electronic g factor for the element, 

ao = the first Bohr radius' 

Z = the ato:m:tc number of the atom, 

(II-8) 

z0 = the effective atomic cl~ge as seen by the electron ~t.nen 
' 

outside all electron shells, 

n0 = n .. o is the effective principal quantum number of' the 

electron, 

(l ... ~ ) is the so-called Fermi·SegNt factor and can be obtained 

from spectroscopic data. Fr(J,Z) is a relativistic correction 

factor (l>o:l l) given by Casimer (CAS 36) and tabulated as a func­

tion of J and Z by Kopf'er.mann (KOP 58, P• 445) s (1 .. 6) is the 
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Bre:Lt-Rosenthal correction which arises because the nucleus :Ls 

not a point charge a.s was assumed in the derivation of the basic 

expression for a (nos 321 ORA 49, ION 60). The fMtor (1 ... $) 

:te the Dohr .. Heisskopt correction; necessary because nuclear 

magnetism ie not concentrated. in a point dipole but.is distri­

buted throughout tbe nuclear volu.mE:f (BOil 50; and B01J 51). 

(b) For p1d electrons: 

(II•9) 

-The faator (r-3) can 'best be eval.ua.ted from the fine-structure 

splitting 5 (am""1) between the (L + 1/2) and (L ... l/2) elec• 

tronic states, 

(II·lO) 

where z1 is the etf'ective atomic charge as seen by the electron 

'When inside the atomic core, and Hr(t,z.1) is another rela.tivis .. 

tic c:orreation f'e.oto:r (CAS 36; KOP ;81 P• 446).. Thus, 

A more accurate method for obtaining g1 from a exists, hmrever, if' 

accurate measureme11ts of gi and a for another 1notope ot the same ~le .. 

ment are avo.iltl'ble.. Since the factors involving the electronic coordinates 
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are the same, vre have the relationship 

(II-11) 

if we neglect the Breit-Rosenthal and Bohr-Weisskopf corrections. Experi-

raenta.l deviation from this theoretical relation results in the hf'a anomaly. 

ot the two corrections for this anomaly, the Bohr-\-Teisskopf' correction is 

the more important and is appreciable only for 2t•pOle magnetic interac­

tions with an electron in a state J = .f/2. For various orders ·the effect 

varies a.s 1/ ( t + 1) • 
. 43 \ 

Since the accuracy of measurement for K was not 

sufficient to determine an anomaly, and since the other measurements were 

made in electronic states corresponding to J = 3/2 and J = 5/2, the hfa 

anomaly is not an important factor in analysis of the experimental data. 

2. Electrostatic Interaction Between the Atomic llucleus end Ita Orbital 

Electrons 

Since the m:naJ.leat electric moment (t = 1) that could give rise to 

hyper.f'ine structure should theoretically be--and has indeed experimentally 

been found to be•-zero, ve shall consider now the nuclear electric quadru· 

pole interaction (..f, = 2). Furthermore., we shall limit discussion to only 

the quadrupole moment., since higher-ordered electric moments have been too 

ama.l.l to be observed and are not necessary to explain the experimental 

results in this dissertation. 

Ramsey (RAM 53)~ for exam.:ple1 has shmm that the quadrupole interne-

tion energy can be represented by 

. .f.· 
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· [ 3(r. :1).2 + ~ ct • J) .. r<r + l)J(J + 1> ] ;u 1:1 hb ' ' , 
Q · 2I(2I ... l)J(2J - 1) . 

(II-12) 

' 2 ' 
'tfuere hb = e ql~·· Q io a scalar quantity with the dimension or square 

centilr.letera which is conventionally called the nuclear quadrupole moment 

(II .. l3) 

'Where the eubsor:Lpt indicates that the integral is carried out tor the 

nuclear state ~those ~etic que:ntum number 1n;r is I. Likewise, q3 is 

defined by the integral 

(II-14) 

where the subscript indicates that the integral ie carried out for the 

electronic state whose :magnetic quantum number mJ is J. Here 9 ie the 
.... ' 

angle between r
0 

and the z axis relative to which this state has mJ = J, 

In the quantwn-rooohe.nica.l treatment, the integral is the average ot 
2 3 ' 

(3 cos e - 1)/r over the appropriate eigenfunction tor mJ = J• or 

(II-15) 

If the eigentunction of an electron can be approximated by a product of 

a radial and an angular part 1 then 

- · , (3 ooa2e • 1). < 
3 cors

2

3
e .. 1) _ ( -_1r

3 
) (II-1.6) 



Since we already have an expreosion tor (r-3) 1 we need consider only 

(3 cos2e ... l). Kopi'er.m.ann (KOP 58) shows that 

. 2J- 1 

10 

(3 cos
2a .. l)JJ = ... - (II·l7) 

2J + 2 

or with the help o~ ~· (II.lO)t 

e2Qa5(2J ~ l) Rr(L,J,z1) 
b (in Mc/ae.c) = ---~-------------'"-

106~02z1(2L + l)(~ + 2) Hr(L,zi) 

(II-18) 

(II·l9) 

Rr(L,J1 Z1)is another ~lativiatic correction factor (~ l) given by 

Ca.simer (CAS 36; KOP 58, :P• 448) 1 and the other symbols have been pre­

viouel\Y definede 

In Eq. (II ... l9) 1 z1 is not generall.y well knowno Therefore, a more 

accurate method tor evaluating Q from the interaction constants ia to 

male use of the relation 

4g'J!!o 2 
F r(J,z1) . L(L + l) b 

Q #: 2 -, 
e Rr(L1J,Z1) J(2J - 1) a 

'Which was obtained f'rom Eqs. (II.,9) and (II .. l8). Volume corrections have 

been omitted from this formula since they are negligible in 2
P3; 2 statef:l, 

and even more so in 2n states • 

Tho r • J factor in Eq .. (II ... l.2) can be evaluated in the F,m repre­

sentation with the aid of Eq. (II~6). This operation yields the 



ll 

quadrupole :tnte:t-ac:tion t~nergy for the state specified by the quantum 

number F:. 

wQ(F) = (F,miJ-.tQIF,m) 

i c(c + 1) .... I(I + l)J(J + 1) 
= hb.. . . ll (II·21) 

. 2I(2I • l)J(2J • l) 

3• Interaction Wit,h an EJ>.'ternal M~et,ic Field. 

Each hts. level. is split intq (2F + 1) levels when e.n externa.llD3.S ... 

netic field if is applied. The ~tional tem in th~ Hamiltonia.n repre .. 

sent:l.ng the intemetion between the atom and. the external .. magnet1c field 

is 

(IJ: ... 22) 

Where ; • 'g;f01 and iti = S-ffor ~ the electronic and nuclear magnetic 

momenta, reapectively. The two a:tm.pleat cases a.re the weak•field. and 

strongNfield 11mits. 
·' 

The weak ... f'ield or Zeeman effect is characterized by a.n external 

field splitting that ;1$ small compared with the natural zero .. f'ield hts 

splitting. · The momenta of the electron and nucleus ~ ma.gnet:teall.y 
. ... 

coupled to each other atrongJ..y to tom a resultant magnetic:: moment J.tF • 

g'bp.0ff. Conaequent4' F; according ~ Lanru:>r' s theorent, precesses around. 

the directi~n of the exte:rna.l field H. 'f and S ill turn l,)l'eCeas together 

with a. much greater frequency about the direction of 'V (Fig. la). 

The definition of s., can be obtained· from the vector modelt 

(II-23) 



(a) 

-12-

,.,. --
/ 
\ .... ---

(b) 

MU-13365 

__. __. __. 
Fig. 1. Precession of I, J, and F in (a) a weak magnetic 

field and (b) a strong magnetic field. 
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(II-24) 

Thus, 

(!! .. 25) 

Yhich1 because of the relations 

and 

' 
is for lArge qwmtum numbers equal, to 

f2- + ? .,. 12 F2 + !2 ... J2 

S:F = gJ 2:;. + gl . I 2::;. • (II-~1) 

For small quantum numbers, 

F(F ·+ l) + J(J + l) .. I(I + l) 

~ = gJ 2F(F + l) 

F(F + l) + !(I + l) • J(J + 1) 
+ g • 

I 2F(F + l) 
(!! .. 28) 

Since g
1 

·~~~:~ l/2000- g
3

; the last tem in the cql.tation above is usuall.y 

neglected in most calculations. 

·At low f'ielAa the good quantum. numbelll are F and m1 vbere m is the 

magne·tic quantum nl..l,J'l1ber~ Calculation of the interaction energy of an 

.' atom in the presence of' 'an external magnetic field for tho state spec1.­

fied by quantum numbers F and m can be a;p:p:roached 1n the senere.l case by 

use ot perturbation theory. At low fields, the principal part of the 



14 

Hamiltonia..'l is :U0 = J:ID + JJ(r 'l'he perturbing p::>rtiou ia J~M. In an F,m 

repres~ntation,p therefore~ one can vrite the energy up to third order as 

(II-29) 

where the superscripts refer to the order of the parturbat ion and (CON' 

57) 

and 

\P(F) = (F3 miJ{0 IF,m), 

lfl-(F1m) = (F;mi:J\.1IF,m), 

.~ (F,mi~IF + 11 m) 2 (F,ml:UNIF .. l 1m) 2 

~r(F1m) = 0 + , 
. W (F) ~ w0(F + l) w0(F) - w0(F - l) 

(!I-30) 

(II•3l) 

(II-32) 

(II-33) 

The additional Ill'ltrix elements required in the above formulae are given1 

tor exa.m.ple 1 by Pt8JIISey ( 1W1 56) • They are: 

F(F + l) + J(J + l) - I(I + l) 
(F1miJz fF,m) = · · · m, 

2F(F + l) 

( (F+l-I+J) (F+l+I ... J) ( I+J+2+F) ( I+J ... F) [ (F+l) 2 - m2]) l/2 

(F,miJzlF+l,m) *"' --------"':::::""""---------- 1 
4(F+l) 2(2F+l)(2F+3) 

(F,miJziF+l ,m) = (F+l,miJz IF,m) 1 

(F,miJziF•~m') = -(F,m(IziF•,m•). 

(II-35) 

(II-36) 

(II·37) 



.. 

15 

w0(F) 1 vhich is dege11crate in m, gi·tres the zero-field l:.tf's splittings. 

In the case of .normal 1-.;;vel ordering and positive :magnetic moment, the 

highest F level corresponds to thG highest energy • Hmreve~ 1 depending 

on the sign and the magnitu<le of the ratio of the interaction conatants1 

e = b/a.J tho level ordering can be 1n· almost any o:rder. Baker (BAK 6o) 
\! 

has used the !BM 653 to obtain eolu.t:Lons of Eq. (II ... 30) for l :1i I ~ 8 ' 

and 1 ·~ J a 8 over all possible F :U,vels tn· balf .. :t.ntegml steps in I and 

J-. level. :t.ntersE)otion points are calculated e.nd ths results are graphically 

presented over a convenient ra;nge of t • Figures 21 31 4, and 5 present 
r , ~~ ) 

tha results for the :tour ca.ees ot ·tntareat. · 

If the Zert:J..otiel.d hfs sepW:'l\ttiOl'JS O.X'$ assumed to ·be large, then the 

treque~cy separation "~ ot the various .m lewla :tor e. given F is obtained 

from 

Yeo • ____ h_..._.......,_ = h • (II-38) 

Thus, tt J and gJ Ell'$ k.n(:Ml for e. given isotope1 the t~:l.tion :frequency 

is proport:toneJ. to a. kno.wn fUnction of the nuclear spin• 

w2(r1m), w3(F,tm); and the hiper-.o:rdered terms are usef\11 tor 

estimati,ns the ~ro--tield. hfs separations trom the higher-ordered shifts 

in1 the meaaut'ed ()}! ~= 0 transitiOn traquenqierh To second order iu. H, the 

( 

\ 
(II•39) 



ZERO-FIELD 

LEVEL SEQUENCE 

J= 3/2, I= 2 

F=3/2 
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Fig. 2. Zero-field level sequence for J = 3/2, I= 2. 
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ZERO-FIELD 

LEVEL SEQUENCE 
J=5/2, I=2 
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Fig. 3, Zero-field level sequence for J = 5/2, I= 2. 



ZERO-FIELD 
LEVEL SEQUENCE 

J= 3/2, I= 7/2 

-18-

MU-21932 

Fig. 4. Zero-field level sequence for J = 3/2, I= 7/2. 
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MU-21933 

Fig. 5. Zero-field level sequence for J ~ 5/2, 1 ~ 7/2. 
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vfuerc t 1 (I_,J1gJ) and t 2(I»J,;gJ) ea.n .be identified '\rith the off-diagonal 

matrix elemen:ts in Eq. (II-32). The :b.v'a i..Tl turn can be used wii;.h Eq. 

(II .. 30) to obtain estiw.atea of the· hyperf'inc-stl"'U«:!ture in-teraction con­

stants. In principle, this pl"''Cedure can be extended to higher-ordered 

terms •. · Hmrever~ the calculations become very long and tedious, and con .. 

sequently-1 a com;pu.te.r routine (to be de~acribed) has been devised to solve 

the hypcr.f'ine Han:dltonie.n nu:merica.l:cy. 

In the limit of' a very strong magnetic field correspond.irJg to the 

n.,.,. h -+ -!> w ~ . 
.~;~c en .. :ea.ck e:f"tect; JJ.J and JJ.I a.re decou;pled, and J. and v each se:parete:cy-

p:receas about if (Fig$ lb) • For th:l.s case P F and. m. are no longer good 

quantum. mur.ibel'S$ the good quantum numbers are m1 and m.J of I end J 1 res­

pc1ctivelyo Sinoe the e:x:~ernal field intc:ra..ct:tons are dinsOXJ.o.l; and the 

avert::laes ot the cosine couplings arc the first ... ordcr perturbations, ve 

can vri te t.he total energy of e:riy l.eitel a:p:proxitr~ately as 

Here, the principal part of' the Hamiltonian in :HM and the perturbing 

r)ortion is :UD + J!
0
: To :t'ir~;t orde:r1 then, 

hb[3mr2 ~ I(I + l)][3mJ2 - J(J + l)l 
+ • 

l~I(2I - l)J(2J ... l) . 
(I!-41) 

From. knowlr;:dee of the term energies in the weak.. o.nd e;;trong .. f'ield 

llmita, one can que.l.i·tati·vel;y represent the e11ergy levels a.s a function 

.• 
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to a s-trong :f'iclcl for any Z.eentan level t.akea place in such a way tha;t ita 

magnetic quunt'Ulll n'Ulllbor m is p:reacrvecla Thi£> fact a.ncl the "no m cross 

rule~" which sta:te.s that levels of the ao:iile m cannot crosa1 enable one to 

qu.alitativel;r .repx-esc:nt the energy levels in the intcnnediate field region. 

4 a Solution Of the ScculaJ:o Equation 

For intermadiate fields.; the aPJ;>roxira.ationa used previously are no 

longer valid~· and the s¢cular equation of the llllltriX corresponding to the 

Hamiltonian 

(II .. 42) 

must be solved. In the general case1 this calQU.l.ation is tedious Glld 

therefo.:re tho problem has been prograll1Jll$'d. for berth the IBM 653 and. the 

IBM 704. 

The orie;:t.naJ. method of solution and the origL'"lal. computer programs 

vere constracted by Professor W. A. Niere:nbere tor use on the IBM 653, 

The lllti.lthod. of eol:ution a.a well as other de-J.;ails of' the routines is out, .... 

lined 1n the P:t"'g:r"a:ill guides and in Msrino's Hl.D. thesis (MAR 59). 

Ehlers (EHL 60) baa made several modif'ications to these programs, 

th~ essential feature of which consists ot changing the input and output 

from a dimensionless to a dimensional fo~, 

'l'he moet recent; modification to the programs above has been tbeir 

adaptation tor uao on the IBM 704 by Donald. H. Zur11ndcn (ZUR 6o). 'l'his 

prog:ram1 Hyperf'inc III.t uses the same procedures a.a the previous :progrruns 

to fit observational data to a act of four parameters a, b1 gi1 and gJ. 

Air:! conibination ( 15 are possible) of these :pal"a.'!ll.eters can be allm1'ed to 
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vary Ol· can be held co:u.otan-t st the discr·.::tion of the· user. 

A brief outline oJ:.' this program contalning .all the essential. fet::/i;ures 

of the p:roviou,s :progrz;:zu;: follotrs • 

, The Ha.milton:tan -:to:r: the hyp~l'fine ir.rteract.ion in the preseuce of a 

rna.e;netic :field ia vr.d:ttell 

.. :u · · . . [. 3(r • 1}2 + i <r • 1> ... r(I + l)J(J + 1> ] 
- a a'f • 1 + b -. . . . 
h · 2I(2I .. l)J(2J - l) · 

(II .. 43) 
h h 

It ie assumed that electronic states are not mi:Y.ed by the interaction. 

A discussion o:f' correationa that must be B.l)Plied to the interaction con-

stants to accotn1t for thio effect is giv~n in Sec. II.5. 

Equation ( II-l:2) in l'(;t'fdtt:c;n 

~ . [ 3(1~ • 1)2 
+ i (Y • J) - I(I + l)J(J + 1) ] - = a"! • 1 + b ---· -----· ,;;;:;.._ ____________ _ 

h 2I(2I - l)J(2J .. l) 

(-gJ + gi)~c(IJz g~OHFz 
+ - . . * (II-4~·) 

h h 

Since h~II A$ 1/2000 lgJI' the term -g11J.cf£F z/h, '~here Fz = Iz + J't! 18 

temporarily neglected. 

In an F ~m rop:reoeutation1 '\fe can shovr the on:cy nonvanishing matrix 

elements of the Ha.udltonian by 
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( 
3(!' • J)2 + i (I·~ ;f) .. I(I + l)J(J + l) ) 

b a F1m F1m. ·' (II-1~5) 
p . 2!(2! ... l)J{2J ':' l) 

These n~trtx el~~nts can be evaluated with the aid of Eqs. (!I-7) 1 

(I:t•2l}; (II•34),. and (II-35) • 

The~ is one subma;triX tor each value of' m. These su'tll .. YJatrices ·are 

arranged along the di~ona.l of the tota.l1oo:trixo From Eqs .. (II-44) and 
' 

(II .. 45) 1 each dia.gona.l element ot a. g1van .m subma.trix ~a.n be written 

* A =a.a. +bb +He 1.·· p p p p (II-46) 

(II-47) 

'l'hQ ele:nlents one off the diagonal are 

E lill n*2d ; p p (rr-48) 

~ and :m1 correspond to the sma.l.l.eat F value and ~ and En co:t'l'Cspond to 

the largest F value for a given m. aubma.trix. 

The term valwua for a given subme.trix ~ are obta.inod by solving 

the determinant 

n = In ... 1 xl. n n (II-49) 

If nn is expanded by the method of' aof'a.ctore 1 the :recursion relation that 

arises tor DP ao p ...., n is 
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(II-50) 

The de·ter.minental equation can be conotructcd from this relationship it 

one chooses n0 "" l and D .. 1 ::# o. '!'his equation ia solved by Ne-wton's 

method for :tzu.proving an approx:i.ma.te root ot a ;polynomial function. If' 

X ia a trial root; of Dna then ri bettel"' approximation ·is 

X' = x .. ax, (II ... 5l) 

where 

(II-52) 

'rhe derivative can be corlst:ructed. in a manner similar to the construction 

of Dn from the recursion relation 

oD oD l dD 2 .....:.R = (A - X) ;p- - E P- ... D~l • 
dX p OX pool oX r 

(II-53) 

The procedure used in solving for the ·term values at· a. given magnetic 

field H 1$ the toll..owing. Firat, Dn ia solved at zero field, where all 

o:rt•diasonal. term.s are zero and the roots are eaaiJ.3 obtained e.nd id.enti• 

f'ied. H is then incremented by' a small amount ~~ and Dn is solved ago,in 

to the desired degree ot a-ccuracy by U.Ging the previous root rw the ·trial 
I 

root and iterating with uewtou•s method a sufficient number ot times. A 

new l'()Qt at H =" M + ti1 is obtained by usixlg the root at li = M as the 

trial root. The 11rooed.ure is repeated until the final value ot H ie 

Cttta.ined. 

To determine the best fit tor the parameters, we must find the 

minimum of a :f'Wlction U(a,b;gJ,gi)' -which is commonly called the Chi• 

aquare. Here N(a,bJgJ,g!) ia defined by 
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where t 1 ,... is the frequency of a transition defined by the qua.ntu.1n nu.rn­
ous 

1 i i i . 1 bers F1 ,~ +-~ F2 ~~ observed at r®&-netic field H • The "1-migllting 

factor tor the lth set of obse1~ed values, w1
1 is detcrnrlned by the 

equation 

(II-55) 

where 

C)r C)x
1 

ox
2 

-;: ............ --.-. 
oH* at!* olt* 

i d. . i . Also et obs an oH are the uncertainties in the measured frequency ant'i 

magnetic field, respectively. 

'!'he procedu.re chosen for minimizing N is a quadratio Dlethod for 

minimizing a function of n variables described by Nierenberg (NIE 57). 

A set ot linear equations is sat up in tel:'lll.S of the variables·.. This 

system of linear equations resulting from Eq. (II-54) is the following: 

o2N o2rq o2N o2N ON 
~Sa+-eb+· eg + ogi=-, 
oa oaab oa.OgJ J oe.Ogi oa 

o2N o21~ o2N o~ dN 
-ea+-ob+ Bg + eg ... -, 
ooob ob2 o'bOgJ J obOgi I ob 



=- e (II-56) 

Usually, initial ve.lues of the constants e1 and gJ are obtained from "' 

the known · conste..nta of another isotope (usually stable) of the sam,~ ele• 

ment. The atomic g fac·tor 1 of' course, is the same :f'or the t~ro iaotopes 1 

and gi is calculated with the Fer.mi-Seg~ for.mula. Initial values of a 

and b are genera.l.:cy' determined trom an analysis of' high-field Q = 0 

transitions with second- end higher-ordered perturbation theory (Sec. 

II.A.3). 

The partial derivatives are treated as constants and are .evaluated 

for initial values of a, b 1 gJ1 and g1• This system of equations is solved 

tor l>a, 5b1 8gJ, Bg1• The new improved values of' the parameters are deter­

mined by 

a' = a .. Ba, 

b' = b - Bb1 

g ' J = 8 -J 8gJ, 

g I 
I = gi - 5gi. (II-57) 

B.y iterations of the above· procedure, N may be minimized to within the 

desired accuracy. 

Errors in the parameters are determined with the aid of Eqs. (II-56) 

evaluated with the parameters which minimized,N, as f'ollows: 
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.. 

(II-58) 
r· , 

where A 1s the detemina.nt of' the system of' equations·. 

The true energies for· each level are given by 

(II•59) 

The residual tor each observation is calculated trom the equation 

i 1 * i * i i ~~ • ~)gi~O~ i . 1 
R ,. t - X l + X 2 = f' b + . . - x1 + X2 • (II-60) obs o s . b 

5"' Ettects ot Configuration Mixipg 

Mixing of' configurations is caused by the electrostatic interactions 

between electrons. The Hamiltonian tor the electrons in an atom, neglect-

ing magnetic interactions, can be written 



(II-61) 

\-There r ij represents the distance bet\'rccu t-vro electrons and Z is tht~ 

atomic number. V.a.trix elements at' this Tiv.niltonian vru1ish if the stat(.:S 

arising from.the two· configurations diffe~ in either multiplicity, total 

01ibi tal angular rao:mentum L, total angular Ii121mcntum J 1 or parity. 

Schwartz (SCH 55) has considered the effect of configuration inter-

action on the hfs interaction conatanta for electronic configurations of 

the type s2t.1 (or s2·e,-lj). The case in 't-rhich one of the s electrons is 

raised to a higher s state, s', is considered. 

The wave function in IS coupling ia then written 

(II-62) 

2 2 2 \-tith norraalization o:0 + 0''1 + ~ = 11 '~here s is the resultant spin 

angular momentum of the two s electrons \Thich then couples to the spin 

of the t electron to give the doublet. \'le malte the approximation a
1

2 << 

1. Koster (KOS 52) has evaluated these no:rnw.lization constants for 

gallium, using numerical wave functions, and has found ~2 = 0.001. 

The theoretical formula tor the fine-structure splitting o is not 

affected by this type of configuration interaction, since a electrons 

do not contribute to the fine-structure separations. Also, the octupole 

and quadrupole ma;trL"C elements are essentially the same (to order ~2) 

as those one would get from considering only the valence t electron. 

The dipole matrix elements, ho·Jever, can be quite large, and consequently 

the nuclear moment, calculated from the meacured interaction constant a 
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[Eq.. ( II-9a)] 1 can be greatly in error. Sch'\>ro.rtz outlines a method. by 

which the interaction constant a can be corrected when measured in 

both the· J = L + 1/2 and J a L - 1/2 electronic states. 

From Schwartz, the interaction constanJ' is 

M1 (2J) I (l) 

a = IJ [ (2J - 1) 1 (2J + 2) t]172 (JIITe !IJ)' 
(II-63) 

where 1\ is the nucl£a.r magnetic moment in appropriate units and the 

double-barred matrix element is the reduced matrix element of the elec .. 

tronic dipole operator. We vrite the total elect.ronic dipole operator; 

Te (l); as the sum of an operator T.e,(l) acting on the valence .f.. electrons 

and another, T
8
(l), acting on the s electrons. The general reduced 

matrix element becomes 

(rr-64) 

where AJJ' = (JIIT
8 
(l) IIJ•). AJJ' ia a swn of ml>:trix elements between 

' 

various terms ot Eq. (II-60) 1 all of the form 

AJJ' N (s!,~,JIIT6 (l) lls•iP~,J') 

;:; lrT(!JiJ' ;·£.1)(2J + l)i{2J' + l)t(-l)~J 

The W is a known function called the Racah COE'Jfficient (RAH 42). Thus., 

·uithout actually calculating AJJ'' ve have separated out its dependence 

on J and J'. 

Now 1 we can -write 
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(II-66) 

where 

M1 (2J)I ( ) 
a = - · · 7 (JIIT.e, 1 II(J), 

O IJ [ (2J .. 1) I (2J + 2) Ill 2 
(II-67) 

r~ (2J)t ( 
a =- · . 7 (JilT l)IIJ). 

IJ [(2J- 1)1(2J + 2)!]l 2 8 
(II-68) 

The theoretical relations between a0 and 8 in the J = L + 1/2 (primed) a:nd 

J = L • l/2 (double-primed) electronic statea is nov obtained: 

e.0 ~ [ (J - 1)(2J ... l) J!(JII'!'.t(l) I!J) . 

a
0

" = (J + l)(2J + 1). (J-li!T.e.(l)UJ-1) ' 

(II-69) 

From Schwartz, we obtain the relation 

(J!ITt(l) !IJ) . ( (J - l)(2J + l) JJ l 

(J-liiT.e,(l) IIJ-1) = . (J + l)(2J - 1) - ; I 

(II-70) 

vhere 

Fr" I C" 2 
() =- ·- - 1. 

F ' c• r 

(II-71), 

Here F r is rela:t;iviatic correction taotor (CAS 36) and C is a nol"!Valiza ... 

tion constant which gives the density at the nucleus of the wave func·t;ion 

of the outer valence electron. For the tw different electronic states 

of the doublet, one has 
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c" 
- ~ -1. (II-72) 
c• 

A more accurate ap:proJtimation ot the ratio.) ho-vrovcrp is given by Casinl'.3r 

(CAS 361 P• 55), 

C" 1
2 

3ot!P 
- = l + $ 

C' 2L(L + l)n* 
(II-73) 

where ntt is the effective quantum number. This expression ia fairly va.litl 

for the lighter nuclei (Z < 50) 1 but should be ttsed vith caution for h.r;;n.vier 
*"" 

nucleit From Eq., (II-65) 1 we have 

Thus, 

[ 
(J + 1)(2J + 1) ]! . 
(J - 1)(2J - 1) 

a0 • 1 J .. 1 
---- c: ...... ; 

a." BJ+l 0 

o' = -8"o (II-75) 

With the aid of Eqs. (Ir ... 66) end (II .. 75) 3 the measured values ot a 

for both electronic states ca.:n be used to obtain the corrected intero.ct:ton 

constants ao· These are the values \7hich must be used in Eqa. (l! ... 9a) 3 

(II-11) 1 and (II .. 20) to obtain the proper nuclear momenta. 

Bo Nuclear Structure 

1. Independent-Particle Model 

Various systematic trends in CxPCrirllental measurements of nuolen.r 

spins and moments led to a number o,f' interesting conclusions in .lluclear 
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theory. 

One of the first trends to be noticed "ttro.B that isotopea with od.li A 

have half-integral spins~ while isotop~s with even A have integral spins. 

Also, isotopes with even Z and even A (even-even nuclei) have zero epin 

in the nuclear ground sta.tee Since the orbital angular momentum of' the 

nucleons can give rise only to integral values1 it was concluded that the 

intrinsic spin of the proton or neutron lras I = l/2. This value has bce11 

verified by direct experimental measurement. 

Magnetic moments of the protOl'l 1n hytlrogen Md the free neutron hav.e 

been measured and found to be 

(II-76) 

From naive argt.tments, one would eJ::pect ~ = 1 aud ~ = 0.. The ano:m.a.lot~s 
P n 

values appear to be associated with n-rnesonic fields surrounding the indi-

vidual nucleons • 

.Another interesting syste:w..o.tic trend tras clcm.tonstra.ted. by Schmidt. 

(SCH 37) vho observed that one couldg to a fair degree of approxill1.ation$ 

represent the magnetic moments of the odd-A nuclei by the :f'ollcnring equa-

tions: 

Odd proton: 

~s = j - ~ + ~p~ for j c .f.. + ~,; 

1 
~ # j + <i- ~p), 

a j + 1 
:f'or j "" -t. - ~; (II-77) 
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Odd neutron: 

for j == t- ~. (II-78) 

In this model, the a.nglllar momeutum I of the nucleus is due to the total 

angular m.Dlneutu:m j of the last odd nucleon, ~rhere j consists of an orbital 

angular mora.entw11 .t coupled with the intrinsic spin of the nucleon. If 

f.' and. IJ, in Eqa • ( II-77) and. ( I:t-78) are assigned the a.now,loua valttCG 
P n 

given by Eq .. (II•76), the "Schmidt limits'' on the magnetic momenta f~r 

odd-A nuclei are obtained. 

If' the Dirac values f..lp = l and ~n = 0 are used in Eqso (II-77) and 

( II-78) 1 then the "Dirac limits*' tor the nuclear magnetic moments are 

obtained. ID::perimenta.l.ly1 it has been :found that in almost every case 

the observed nta.gnetic moments tor odd-A nuclei fall between the~e two 

lirllits o Thus, by lmOtdng the nuclear ap:f.n and. magnetic moment~, one can 

ascertain the parity of the nuclear ground state. 

The existence of the "magic numbers" 2, a., 20, 28, 50, 82, 126, and 

1841 aaaooiated with nuclei having par~icularly stable nucleon coutigura­

tions1 prompted the POstulation of nuclear shell theor.y. This theor,1 

essentially assu:mas a. suitable combination Of a box-type potential tor 

heavy nuclei and a parabolic potential f0'1." light nuclei o The theory 

intro.duced the magic numbers 21 8, 20, 401 701 and 1.12. Since the num. ... 

bers 401 701 and ll2 have no ex.pe'1."imental basis 1 and since the numbers 

28, 501 82, 1201 and 184 are. missing, l~ria Goepert-Mayer end~ indepen-



dc:ntly, Ha:Jccl, Je:nscn, and Suess (~1AY 55) proposed to dcscri"oc the occur-

rcr1ce of the missing stO:blc nucleon ntll1ibcra by a strong spin-orbit cour>­

ling of iudividwJ.l nucleons which irlcreascs with ir1creo.sing t. 'l'he 

resulting energy-level diagram, which satisfactoril¥ accounted for all 

:magic numbers; ia shO'tfn in Fig • 6 • 

Tho th~or.r irlth this moditicatio:a has ha.£1 sr)ec·tacula:r success in 

prediction of nuclem.~ spins of odd-A uuclei. All leyels are to be filled 

with as many particles as a.Ucm~d by the Pa.uli exclusion principle. rl'hc 

predicted nuclear spin, thcn1 is the total angular momentum of the lest 

odd. neutron or pro·ton. 

For odd-.odd nuclei., the independent ... pax.•t:tcle shell model does not 

predict the spina vith as much precision. Nordheim (:NOR 51) ha.a torrau-

lated empirical rules tor coupling the j o:r the odd proton to the j of P n 

the odd neutron. In de·tail1 they are: 

(Nl) If both proton and neutron are in lev~ls 1n which j. = t ± l/2 p p 

and j = t :1: l/2, then the angular momenta J and j te11d to o.dd1 although n n p n 

not necessarily to the highest po£Jaible value I == j + j • :p n 

(n2) If' the odd nucl.cOl.iS are in levels in which jp = tp ± l/2 and 

j = .£, ; 1/21 'then the total EU1gUla.r momentum of the ground state is the n n 

smallest possible, o:t· I = IJ - j I• n P 
Brem1an m1d P,er.nr.rtein (:BR~ 60) have r.ccentJ.y proposed revisions to 

Norilheim•s rulcs 1 'lithich eosentiellzy' leave the trlirong rule, N21 unaffected 

but strengthen the ·uca..lt rulo1 Nl. For confi~'Ura:tions in t.rhich both the 

odd pro·tona and odd ncmtrons al'<'~ ~rticles (or holes) in their rcspcctiYC 

unfilled subshells, the revised coupling rul.cs o.:r·::l: 
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Fig. 6. Schematic diagram of nuclear level systems with 
spin-orbit coupling. 



(Bill) I = IJ ± J I, for j = t ± 1/2 nnd ,1 "" t ± 1/21 p n p p · n n 

(BB2) I = IJ· .. J I, for J =.f. ± 1/2 a.Yld j "" -e. 1= 1/2. p n p p n n 

For the sp~cial ca.sc J or J equal to 1/2{) the ambiguity in BBl is 
P n . 

removed and the spin I = J + J is predicted. For configurations in 
p ll 

which there :ta a combiru:ttion of particles and holes, the prediction is 

much ~ss certa:tn, although th:n~e is o. tendency for the resultant spin 

to be given by 

(BB3) I "' J + J - 1. p n 

Hl~re, a dit:Jtinction is made betvrcen the aingle ... pa.rticle total angular 

:n."':lmentum1 jp (or jn)' and the observed total angular momentum of adjacent 

odd· A nuclei, J (or J ) , to include ca.f~es of high seniority in ,.thich 
P n 

JP # JP (or jn J Jn). 

The ma.t;'lletic mom::mts predicted by the iridorx:mdent-pa.rticle model 

for odd-A nuclei are given by Eqs. (II-77) ro•d. (II-78) 1 in which ~P artd 

~n are the ro1om~ouo proton ~Yld neutron m~~1etic momGnts. 

In the case of odd-odd nuclei1 fair agreement between eJcperir..ant and 

theory is atta.il1ed if jj coupling is used to combine tho magnet e:f':f'ects 

of the proton and ncutl'"O:l:l• The resulting e::::p:r.coaion, for ~ ia 

I [ j (j + l) - j (j + l) J 
~ = - ( J.L + t1. ) .,. ( g__ .. g ) p P n n , 

2 -p '"'ll -p n 2( I + l) -
(II-79) 

,,7here ~ and gn a.ro the g f'~qtors ot the odd proton and neutron, respec-

tively, given by Eqa. (II-TI)a.nd (II-78). , 

For a single nucleon in a· given subohell1 the independent-particle 
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:model yields "the ;f'olJ.ovd;ag eX)?ress:l.ons :f'or the llUClear electric qtl;.ldru-

pole lli01iH.mts (BLI 5'7) : 

(2j ... 1) 
Qj· "" ... { r 2) :~ for an 0!lrl•l)r'Oton rmcl1~us, (II-80) 

2(j + 1) 

for a.n odd-mmtron nucleuo, (II-81) 

( .,..2) lrhcre j is ·the tota.l nntru.lar momentum of the s:l.ngle particle. The ... 

2 is the averagf: veJ.ue of. r for the nucleon orb:tt and is ua'l.U'llly ~:!plac.:}d 

by 3R0
2 /5 J "'here n0 is the nuclear radiUCJ. 

For more than one nucleon in a given subsllell, the quadru.pol.e 

moments are given by 

2j + 1 ... 2A. 

2j - l 
(). odd)"' 

(leven) 1 (II-82) 

where ). is the occupation number of the au1,shell. Since Qj is nega:tive, 

QI is nega:tive tor A. < (2j + 1)/2 a:nd positive for }.. > (2j + l)/2. 

For an odd .. odd nucleus, the independ.e:nt ... pe.rticle model gives the 

expression 

(2I + 1)1 [ (2j ~ 2)1(2j + 3)1 ]1/2 (j -j -I) 
Q := • P . ~ • lv( j I,j I; j 2 )( .. ~ n P Q , 

2j I · (2I ... 2) I (2I + 3) I · p p n jp 
p 

"There Qj .is the <:.tuo.drupole moment of a pr<lton in the .state jp and 
p 

1r1(jpi.JPI;jn2) i.e a n:umh coefficient. 

(IIw·83) 
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In the r.egion oi"' closed shells, the cquil:.l.briu.m shape of' the nuclcM 

is appro:dlil:.:rtely Sliherical and the indcp~:ndcut-p;:.rlicle model can be 

ex-pected to give a goocl description. Hov1ever~ in rGgions far removed 

from closed-shell co:ofigurationo, the :ma."ly "loooe" nucleons ene.ble the 

nucleus to assume an energetical~ more favorable nonspherical ahape. 

~viations of this kind can give rise to quadrupole moments 10 to 20 times 

the values predicted by the 1ndepandent-particle model. 

Various modela ha~re been proposed to account tor these effects. 

Rainva.ter (RAI 51) ho.s proposed a semiempirical static model which malres 

tairl.y accurate predictions for the quadrupole moments if the nuclear 

dcf'or.-uW.tione are Emall. However, tor large defor.llltltions of the nucleus, 

the dynamic collective model of Bohr, J.t>ttclson, and U:Lleson has had more 

success. A brief description of this model,as \Tell as references to the 

original literature, is given by Kopfermann (KOP 58). f.10re recently,. the 

model has been applied to the odd-A nuclei 1n the interesting regions A 1'1:1 

251 150 < A < 190# and A > 222 by fJjJttelao:n and lifilsson (MOT 59). 

An interesting feature of this model has been the reduction of the 

degeneracy ot each of the levels in the shell model brought about by the 

introduction of' a nuclear deformation parameter o. Each j level is split 

into ~ ( 2j + l) comporutnts 1 cha.rocterized by the components n of j 1 in the 

direction of the axis of eyiD'li1'letry of the def'omed nucleus. Each n state 

is doubly degenerate, since states with +n and -n have the same energy. 

T11e energy-level diagr.wa~, plotted as a function of 81 are the so-called 

"Nils eon diagrl?..m.s." 
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The spin of an odd-A nucleus is determined by filling levels for a 

given value of B with nucleons in much the same manner as for the shell 

modele The nuclear spin is then the value of n characterizing the energy 

level of the last odd nucleono 

For odd-odd nuclei, Gallagher and Moazlro\-rnki (GAL 58) have proposed 

rules very similar to those of Nordheim for coupling the n of the odd 
p 

proton to the on of the odd neutron. The rules are 

(am) 

(GM2) 

I = n + n , P n 

r = In - n I, P n 

for 0 = A ± -
2
1 and n = A ± ,! • 

p p n n 2 ' 

1 1 
for Q = A :!: -2 and n = :t -2 • p p n 

Here A and A are ae~~otic quantum numbers characterizing the orbital P n 

angular momenta of the last odd proton and neutron, respectively. 

In the collective model, the magnetic 1uoment in the limit o:f' strong 

coupling of the nucleon to the sur:f'ace is given by the expression 

(II-83) 

where SO is the g factor of the loose nucleons having a compOnent of 

angular momentum n in the direction of the deformed nuclear core1 and 

gR is the g factor tor the angular momentum carried by the surf'aae. For 

a unito~ charged nuoleus 1 gR may be est.:f.:m.'lted from the expression 

(II-84) 

It J is still a good quantum number for odd-A nuclei, then ~ '1'/.JS.y 

be replaced by the Schmidt value for the last odd particle (gJ)" For 

the nuclear ground state1 then, Eq. (II-83) becomes 



40 

I 
~ = (e~I + gR) , c ... :\ I = j > 3/2. (II-85) 

I+ l 

The principal difference betlmen this expression and the Schmidt formula 

is a shift of the uppt:::r Schnddt line dotrmmrd i:n the case of an unpaired 

proton, and a shift of the lo\1er Schmidt line upvm.rd. in the case of en 

unpaired neutron. 

For odd ... odd nuclei, Gallagher and f..l(>.Czlto"trski (GAL 58) give the 

expression 

(II-85) 

were ; and I:n are the asym:r.rtotic quantum numbers for the intrinsic spin 

ot the proton and neutron deduced from the Nilsson diagrams. IJ."he signs 

of the two terms in the expression are dete:rmined from the signs of np e.nd 

On appearing in the coupling rule, i.e., if the Sign Of (lp (or On) is 

positive, the upper si&~ is used; if the sign of n (orO) is negative1 . p n 

the lower sign is used. The signs of' ;, and Lh are plus or minus depend .. 

ing on whether the particle intrinsic spins are parallel ( +) or a.nti­

pa.ra.Uel (-) to their respective orbital angular momenta. Equation 

(II-86) used in conjunction with Eqs. (II-83) and (II-84) yields theo-

retical magnetic moments for odd-odd nuclei useful for comparison with 

the moment.s predicted by the 1ndep~mdent•);1article modal. 

The intrins:i.c nuclear electric quadrupole moments are related to the 

defonn.~tion :para.-·neter by the e'::pression 

4 2( l 
Q0 = 5" t'>Zl\> 1 + '2 B + ... ), (II-87) 
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-where Z is the nuclear charge nurw.ber and n0 is the m~an charge radius of' 

the nu.cleus. In the dynamic mot~lcl., the quadrupole moment is composed of 

the loose nucleon 1uoment; Qj and the core mo:mant Q 
-------------------~·~'-------------------------------

For large deformation,:~ Qj can be neglected cOrtrl)ared with Qc. Since the 

measured QI involves the component of Q0 in the direction of the nuclear 

spin axis about which the symmetry a.."Cis r.e.r-ton1.'3 a p1•ecession, we have 

the relation 

Q = c 

3.Q 2.- I(I + l) 

Qo ' (I + l)(2I + 3) 
(II-89). 

where 0 is th~ compOnent of the angular nl.Omentum in the direction o:f' the 

spin axis • For the ground state o£ the rru.cleus, I = n and. 

I . 2I ... l 
~ s Qc = Qo • 

I + l 2I + 3 
(II .. 90) 



III. E"'..{PERINENT 

A. Ex:perimental AJ?PS:ratus 

L Atomic Beron l·bcM.nc 

The atomic beam machine used in these experiments was built by 

previous experimenters.. IX!tails of design and constru.ction are described 

in Sunderland's thesis (S. 56), and conaequently is not considered here. 

The basic theory ot operation is shm~ pictorial~ ti.t Fig. 7• Atom 

1 leaves oven 0 and enters the deflecting magnet A, which has a field 

gradient (9H)z 1n the direction shown. The atom1 having en appreciable 

effective magnetic moment,. is deflected through the collimating slit at 

the end of the A magnet. Since, in this case, no transition 1s induced· 

in the uniform field (H
0

) end the gradient in magnet B is in the same 

direction as 1n l"llt:lgllet A; Atom 1 is deflected onto the pole faces of 

magnet B. Iti however, a transition is induced· in the uniform 0 field 

which changes the sign of the effective magnetic moment, Atom 2 is 

deflected in the opposite direction and refocused at D. The refocusing 

condition tor this machine is. that atoms must undergo transitions in the 

C field corresponding to the change m3 = ± ~ ~ ; ! in the high fields of 

the A and B magnets. The stop wire S prevents undeflected atoms in the 

high-velocity tail. of the modified Maxwellian distribution from reaching 

the detector. 

Figure &·b shows the actual atomic beam machine used 1n the experi­

ments. Several external modifications are shown which resulted mainq 
. l4o 

from the work on these isotopes 1 and in particular on Ia • 
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Fig. 7. Schematic component arrangement and atom tra­
jectory in an atomic-beam magnetic-resonance 
(flop- in) machine. 
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Fig. 8. (a) Oven end of atomic beam machine. 
(b) Detector end of atomic beam machine . 



ll+O The high-energy r r.-ays gi"'re:n off by La. created a. serious health 

hazard when wor1>:: on this isotope 'tras iniJcia.tedo The ., .. ray activiticr3 o:r 

th(: ovem; ~;ere sometim~1;; as high o.r. 70 r/hr a.t a distance of' 4 inches. 

After the oven had boe11 placed in the machine1 the r-ray activity in 

some of the operating areas aroUlld the machine was as high aa 2o5 r/hr, 

so the experimenter usually received his 1naximu.m. allO't~Table monthly 

dosage of radiation in one or two days. 

As a. result, additional shielding as show in Fige 8e was· added. 

The lead walls1 consisting ot lead briclr'..a, are 3 1ne thick and can 

"easily" be re~Wved in certain stra.tt;:gia locations if' required. In 

addition to the side shielding shown in the figure 1 shielding has also 

been placed on top of the machine in ora.er to reduce the 20-mr/hr ., 

activity in the research room above. Chalk :me.rks on the shielding (in 

units ot mr/hr) in Fig. 8e indicate the effectiveness of this modif'ica• 

tion with a typical ~n load of ta14o in the machine & Aeeees to the 

oven loader is e~ordad by the four steel-cL~d lead doors. 

Another modification was necessary because tbe halt lives ot these 

isotopes are somewhat longer tbrol the isotopes ~.nvol ved in previous 

research. large quantities of activity aOC'UlltUlated on the oven loader 

and tended to f'l.Ellte off onto the floor ~rhen the loader vas removed trom 

the :machine. The luoite box shown i.n Fig. &. has virtually eliminated 

this problem. Not shown in the f'igure are the pump e:nd filters Which 

maintain a negative pressure 1n the box. 

During the experimental investigation, thermal expansion and con• 

traction; opened a leak in e. weld in the cold trap on one of' the main 

45 
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Fig. 8 (c) Oven end of machine after installation of lead 
shielding. 

ZN-2362 



diffusion pumps. After repair, it was impossible to observe a resonance. 

It was found that mechanical vibration had moved the hairpin into a very 

inhomogeneous region of the magnetic field during the course of the re­

pairo In order to eliminate future difficulty, f'a.cilitiea to control 
' 

positively the position of the hairpin 1n the C field from outside the 

machine were added. In this modification, rt power was f'ed to the hair· 

pin through a. rigid bN.ss-wa.lled coaxial line which extends f'rom the hair ... 

pin through a Wilson vacuum seal in the end plate at the detector end ot 

the machine.. The hairpin was adjusted by va.eying tbe position of the en.d 

ot the coaxial line, For a given setting of the A1 B, and C tields; the 

position ot the hairpin \7as adjusted to obtain m:lnirllUlll line width. As 

might be expected, the best average position vas in the center ot the C 

field, However, 3~ reductions in line widths were realized under certain 

conditions by small variations trom this central position. 

2. OVens 

Beams of alkali atoms were produced by using resista.noe ... heated iron 

ovens.. '!'he x43 oven, shown 1n Fig. 9, had the d.imen19ions 3/4 ·X 7/8 x 3/4 

ino 1 with a l./2-in ... ~ta.m chamber. 'FOur te.nta.lum .. 'ft1ire heating elements on 

eaah side ot the cbamber8 and one in front# raised the oven to the tem• 

perature required tor beam p:roduc:tion. Good power stability made this 

oven very desirable ''here temperature llmita.tions permitted. 

Because ot the high temperatures required. by the othe1· ieoto;pea under 

investigation, tantalum ovens ot the type shown in Fig. 10 were generally 

used. The abal:"P"'edged tantalum crucible was used to prevent the molten 

metal from creeping .out throuGh the slits. Slit widths ranged from 3 to 
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Fig. 9 
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Fig. 10 . f1ectlon bombardment Ta oven used for production 
of y9 , La 40 , and Lu 177 atomic beams. 



5 mils; 4 mils wao the V".J.lue moot used. This type of .oven :produced 

very satisfactory r,,to:uti._c beams of y9° a.nfl m177. 

50 

ll+o 
La. ue..s quite e.n.other case, however. Without the tants.lUDt crucible, 

results '-rere com:pletely obliterated by the very high background and er- " 

ratic chm1ges in beam intensity. The tantalUlll crucible alleviated this 

aitua;tion to some ext,.;nt1 and all the sU:ccessf'u.l results were obtained 

· . 'ltd th this type of' oven, 

Attempts '\-lere raade to improve the stability and lower the machir!e 

bacltground caused by the lanthanum beain, Carbon and tungsten ovens were 

tried. In both cases the lanthanum metal apparently diffused into or 

reacted wttb the oven valls at high temperatures. Both ovens lost their 

mechanical properties and crumbled _into amall pieces and dust shortly 

after ·their removal from the machine 1 

In another attempt a ceramic crucible was used in a tantalum oven. 

Again virtually all_the material remained in the oven--apparentl\y reacting 

with the ceramic crucible. In ~other case the use ot a Tb02 barrier 

around the tantalum crucible in a tantalum oven proved no .more suoaeos.f,ll. 

than the tantalwn crucible alone. Further attempts to improve the beam 

stability and lower the background ot ta.140 were interrupted in order to 

continue work on the other isotopes. no·uever1 these two problema IUUst be 

solved before productive research on the hyperfine structure can be aacom-

pliehed. 

3· Radiofrequency Equ1J!~nt 

Frequencies 1n the 1-to~2500-MC/sec region of the frequency o~ctrum 

were used in this research. Power requirements were ot the order of l wtt. 



'l'he signal generato:t'l.3 usc~d are l:i..ste4, bGlO'~T: 

Si~n::;.l Gcnerc:tor . Frequency: Ran~c 

Tektro.':lix Constant-AmJ•li tude 

Signal Generator, Ty-pe 190 0.35 to 50 Me/sec 

Hmvlett .. Packarcl VHl!, Signal 

· Gcnere.tor, Model 6o8C 10 to 480 Me/ sec 

Airborne !nstrllt'tents Pcn.rer 

Oscillator; Ty:pe 124C 200 to 2500 r.tc/sec 

Additional pcrvrer tor frequencies leas than 200 Me/sec ml.s obtained trom 

two "Instruments tor Industry*' Wide Band Ampli:f'iera 1 Models 500 and. 510. 

Frequency-measuring equipment consisted of a Hewlett .. Packard Elec­

tronic Counteri l40del 524B1 with Model 525A and 525B plug .. in units e For 

frequencies higher than 220 Me/sec, the rf signal was beat with a suit~ 

able harmonic from a Hewlett-Packard Transfer Oscillator, Model 540A. 

The fundamental ot the transfer oscillator was then measured with the 

electl-onic counter. The lOO•kc/sec internal .. ref'erence freq:u.ency 1n the 

electronic counter was calibrated weel~ with a National Company Atom!~ 

ahron. Uncertainty in the counter crystal of this seconde.ry standard 

was less than 1 part on 11'. The rsdio:f'requenay wu monitored aontinu• 

ous:cy-, and all m~aau:rem....ants were made to the nearest ka/sca. 

Signal, .. generato:r paH·er output over a normal frequency sweep in the 
I 

region less than 200 Mc/aec. was essentially constant •. The Airborne 

51 

Instruments Power Oscillator, however, was quite power-sensitive. Oon­

sequentb-1 the rf power was cout1nuousl.y monitored with a Hewlett-Packard 
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Microwave Power Mater., I-7odel 430CR with which the r£ power over a given 

frequency sweep va.s held constant. Much of the ra.diofrequency equipment 

is shown in Fig. ll. 

A sketch of the l"".f hairpin is shown in l:""ig. 12. This hairpin worked 

very vall tor pi transitions but tended to give double .. peaked resonances 

tor sigma t:ranaitiona. The atom, in pa.a13ing through the hairpin; sees 

tvo r£ col!@Onents pa.mllel to the C field and 180 deg out of phase with 

each other. The theoretical tra.neition prQbabillty becomes zero at the 

resonant frequency (RAM 56, P• 132).; thus giving rise to the double· 

peaked resonances. Tbia hairpin chara.oterist:tc has certain advantages, 

but is SO!ll.eW'hat undesimble for radioactive detection, since greater 

resonance shape definition is required. 

4. Bea.m-Dateation EquiJ!Il!nt 

All atoinio beams of the stable' alkalies were detected by means of a 

aurface ionir~:ation detector~~ The alkali atoms or molecules in. the ceam 
were ionized upon incidence upon a hot rhenium filament in the ratio 

usually taken as 

(III .. l) 

where I is the ionization potential of the incident atom and <p is the 

WOrlt function of the rhenium filament. If' <p exce~ I by Oo5 volt, then 

all the atoms emerge from the filament aa ions. The ions are accelerated 

to the collector surrounding the filament by 1.5 volts do. Tbe resulting 

current was ntea.Gured '\odth a Cary Vibrating Reed Electrometer. CUrrents 

as small as 10·13 amp ·could be measured without dif'f'iculty. Normal 
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Fig. 11. View of radiofrequency equipment. 



I 
I 

I 
I 

I 
I 

I 

-54-

MU-19576 

Fig. 12. Sketch of radiofrequency hairpin. 
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All radioactive 'be£il'nrJ vrere d·~tccted 'by collecting the a.torns in the 

be[!Jll on su).i'ur··coat(~rl nuri'aces o:r.· buttons for a short interval of time 

(usually 5 to 10 xtl.in)" Since all the isotopes being discusfied decay by 

13-particle emission, tho act;ivity on eacll button '\otaa · detected by placing 

the c:a.:mple in a contirmcm.s-f'low f,3 countero 

A cross sec·tio:n of' a counting tube is sho·~rn in Fig. 13 • M<:!tl"m.:ne 

gas was allowed to f'lO'~i slmtly ·into the tube at the top. of the chamber 

and out of ·the t.ub-~ arou.ncl the button at the bottom of the chamber. Slight 

positive pressure tend·;,d. to flush out air which entered whenever the but· 

tons were changed. The tubes vere operated near the center of' the Geiger 

voltage plateau (:3.-bou:li 3200 volts). 'l'hus 1 small variations in the high• 

voltage po·wer supp:cy- did not cha.nge the counting efficiency. 

Tho voltage pulue f'rom the counting tube was amplified in a prea!ll.P"" 

litier before being counted in the scaling section of a recording pulse~ 

height analyzer (sh01vn in FigQ 14)$ A considerable amount of work 'Was 

apel'lt in reducing the background counting :rat.e. The main eouroe Of di:f'f'i• 

culty waa leakage curx~nt across the high-voltage oapacitox• that coupled 

the signal to the f:l.:rst stage of preamplification. When this ditf'icul:t:.y 

wa.a solved, counting backgrounds W<lre reduced to 2 or 3 counts/min, 

Instability in counting efficiency is a major problem with this type 

of' ~ counter. This short.coming appears to bo due to the fact that the 

counting tube is an open system. The ama.ll amount of' ail'· introduced into 

the tube when the button is inserted tends to raise the initial co\Ulting 

rate o This problem can be diminished to s.ome extent by allowing the tube 
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MU-17401 

Fig. 13. Cross -sectional view of continuous-flow Geiger 
tube. 
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ZN-2675 

Fig. 14. Scalers, high voltage supply, and shielded counting 
tubes used for detection of !3-particle activity. 
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to flm~h out; l".:E'tcr the s;~•.J:nJ:'>lc hc.s been hncrted~ In adllition1 the high 

elr.-.H::tric f'icld im..;:ldc the ·tube t~imds to acceler.:~te lint and dust to the 

l-mil h:!.gh-v-olt2.i;G fiJ.iua0n't. A 'barely visible piece of lint on the fila­

meut can ret.l.uco cOtUlting effid.e:ncy by as much as 75rfo. Conscq;uently~ 

great , care was e7.oroised to inoure thet th('i: buttons w·crt~ dust-free before 

they were inserted in:to the cour.\ting chru!Jber. 

In spite of these difficulties, the ill~reased et.ficiency (up to 10 

ti.mea) CY'ter the LlO:ro stable x ... ray crystal counters justified use of the 

~ counters for these e1.:pcr:Lmcnts. 

5. Pneumatic 'rnba 

Since the counting rates for resonance buttons are genera~ less 

than 100 counts/min and since the 1-ray fieldo around the atomic bea.m 

machine are sometimes quite bigh1 the counting of all resonance sam,ples 

was done in o. room four stories removed from the maclline. AS a result 1 

sample transportation, especially \>Then short half lives "rere involved1 

became a iMpOrtant pr-...:>blem. 

The l!lOlution \ro.s to install an ine~:;pensive pneUlllatic tube system. 

Approximately 450 :t't of thin .. t-ro.lled war...surplur~ aluminum tubing (1/Jb in. 

thick, i.d. l-l/8 in.) vas laid bet\reen the tlro research rooms, on the 

outside of the builcling. 1TJ.le tubing, in 12-ft lengths, was joined to .. 

gether by 4-in. lengths of high-pressure rubber tubing rigid enough to 

keep the sections propnrly aligned. Figure 15 shOl-m, the tubing extending 

along the roof of IeConte Ha.ll. 

A diagram of the control system is shown in F'ig. Jb. Four conductors 

vere required between the two research rooms. Sali<mt features of 
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Fig. 15 . View of aluminum tubing in pneumatic tube system 
connec ting the two research rooms. 
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Fig. 16. Schematic of control system for pneumatic tube. 
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op<.:ratioll are as fo11mrs: (a) Button is placed in carrier ahatm in Fig •. 

17 and inserted in tube; (b) start switch is closed, thus opening solenoid 

air valve; (c) carrier opens microsvitch on pneumatic tube upon arrival in 

counting room, thus closing solenoid air valve and actuating audio and 

visual signals; and (d) "receivedn switch is closed, thus turning off 

alarm.a and indicating reception of carrier to sender •. 

Do IsotOJC? Production at'.ld Identification 
. 43 

With the exception of K ( desoribed in A':pp. A) 1 all the mdioactive 

isotopes tor which successf'ul results were obt.ained in this research were 

pile-produced tra.m the stable metal by (n,r) reactions.. Table I gives 

typical bombardment inf'orma.tion •. Bombardment conditions for y9° and La140 

provided enough activity to permit successful experimenting for periods 

of' two to three halt' lives. In the case of' Iu177, the useful experiments.-

tion period was three to four half lives for each bombardment~ 

Table I 

Typioal bombardment conditions,. The duration of bombardment is TB; T1/ 2 

is the half life of each radioactive isotope. 

Isotope JJJun .. 

(stable) dance a Flux 'rB Reaction Tl/2 
(~) (barns) (n/cm2-sec) 

yf!/; lOO 1.3 2 ... 9 X 1013 60-120 hr y89(n,y)y90 · 64.2(3) hra. 

la 139 99·9U 8.9 2 X 1al3 60 hr ral39(np)')I.a140 40o22(2)hrb 

:wl76 2.60 3800 .8•9 X lO]J 1 .. 2 vk :wl76(n,')'):Wl77 6.75(5) do 

a(vOL 55) b(KIR 54) c(BET 58) 
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Fig. 17. Collector button and carrier used to transport 
button through pneumatic tube. 

ZN-2367 



of the recearch, all irradi.o:tions vtere done 

at tlw Livcr.illore Pool-rrypr.~ R;actor1 1·There the r.Jaxirrrum available flux -was 

a.p-pro:dmately 2 X 1013 n/ c:.:sl ... sec e Later bordbardments were done in the 
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General Electric Teot Reactor o.t the Vallecitos Ato-.a1ic Laboratory 1 ''here 

a somevmat higher flux (- 9 x 1013 n/cm2-aec) vras used. 

Each ae.m:ple consioted of approximately 200 mg of' the stable meto.l 

contained in an evacuated quart.z capsule (6 rmn oad. x 1·25 in. long). 

The quartz ·Capsule in tum wa.a enclosed in a spacial 99.999% pure aluminull1 

capsule (l/2 ... in. o.d. x 2 :tn. long) tor addi·tional sa:f'ety (see F:tg. 18), 

The pur:t ty of the metals irradiated va.ried trom 9~ for lanthanum to 

99.9% for yttrium. and lutetium. The sample was transported from the 

reactor to the laboratory by the Health Chemistry GroUp from the La'~nce 

Rad:tation Laboratory. 

90 140 177 The decay schemes for Y p La 1 and Iu 1 along with references 

to the origirtal. literature, are given in Strom:tngerp Hollander,~~ and 

Ssaborg's Table of Isotopas (STR 58).. "(:For recent m)rk on the decay 

acheme of K43 > see the results of Benczer-Kollcr~ Schve.rzsch11d1 and Wu 

(BEN 59) o) These decay schcXMs along with the half' lives were used to 

verify the identity o:f' each of the radioactive saU1]?les. Figures 19 and 

20 are decay curves for y90 and lnl77 resonance buttons. 

C • E:xwz:r.inrcmtal Procedure 

~tails of the K43 mtperiment are contained in App. A. Since the 

techniques involved '"ith the other isotopes are ident1ca.l1 the following 

discussion applies vith equal validity to y9°, ra140, and tu177. 
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Fig. 18. Metallic sample being prepared for neutron 
irradiation. 

ZN-2680 
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Y90 64 h 
' 

RESONANCE BUTTONS 
• RUN 5341 
o RUN 5321 

MU-22110 

. 90 
Decay curves of Y resonance buttons. 
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Fig. 20. 
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15 
DAYS 

20 

Lu177, 6.8 days 
RESONANCE BUTTONS 

• RUN 5231 

o RUN 5072 

25 

177 
Decay curves of Lu resonance buttons. 

30 

MU-22111 



After irra.diat.ionp the radioactive st1.mple 1-1a.s introduced into the 

"cave" shown in Fig. 21., v7hen the e.luruinwu capsule had been disassembled 

by means of a special wrench, the quartz capsule was removed. One end 

ot the capsule was then broken off 1n a special jig and the radioac·tive 

contenta \rere removed. Approximately 50 :mg of the sample and a small 

amount of' RbCl or CsCl, later used for alignm.ent purposes 1 were then 

transported into an oven similar to the one shown in Fig. 10. .All 

operations were done with specially constructed :nm.nipulators operated 

from outside the cave. Observations ltere made through a 4-in.~thick 

leaded-glass window. The r-ray field outside the cave was negligible 

:f'or y9° and tn177. For ~.a140 fields of about 1 r/hr were observedo 

However, the complete oven-loading op~ration could usually be accomplished . 
with a maximum e~JOsure to the experimenter of about 40 mr of radiation~ 

The oven l-Tas introduced into the vacuum of the atomic beam machine 

by me&ls ot an ovenMloader assembly containing an electron-bomba.rdnlent .. 

type heater. The loader assembly permitted introduction and removal of 

the oven without disturbance of the vacuum in the machine. The oven poi-Ter 

waa raised to a point sufficient to produce a. beam ot allta.li molecules. 

This beam was uned to align the oven, since deflection of molecules in 

the beam was negligible even though the A and B deflecting magnets had 

been turned on several hours p~~vioualy for stabilization purposes. 

After alignment, the temperature was raised enough to ''blaat out" the 

remaining alkali molecules,. but vas still tar belovr the melting point of 

tho isotope ot interest. The temperature waa then raised :further until 

a beam of the radioactive isotope of adequate intensity vas obtained. 
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• Z N -2 6 77 

Fig. 21. Lead 11 cave 11 used for handling highly radioactive 
materials. 



'.the str•)nCGll of the m':'{;;ne:tic C field '>>a(:; nr.;asurcd. by observation of 

85 ·the F',m = 3,-2 <--:> 3,-3 tra..."1r:;ition in Rb 1 and the F,m = 2,-1~ 21 -2 

o·r t .. .,...., .. ,.,..; ... J.•,.,,l in '.:c'o ..t.C: .. 't..:J,\:.:I..t..V ....,.... 1~ e 'l'hc lx;n,'TI. of' stable rub:l.G.iu.m "ii'as p:roduced ±'rom a 

calibration mrcn loco:tecl on a special load.G:t." assembly il~Imcdiately behind 

the radioactive oven. By removing the rdUoo.ctive ov.:m about 1/2 ine 

from the centerline, the rubidillill beam ·wc.s allowed to pass down the 

machine • 'I'he C field -vra.s usually set to the de Girod value about a.u hour 

before the expcr:J.:m,~.mt f'or stabilization purposes. Calibration measure-

menta '\fcre 11:1.ade irm:ucdiatcly before end :ilU?!lcdiately after each radioactive 

resonance. Usually, the clrift in the mgne·tic field over the l.Jel•iod re-

quired for obtaining one resonance '\>TaS less than the uncertainty in the 

measurem~:mt. 

Normally., enough buttons ~r0re exposed on a resonance to define its 

shape quite ·~rell. iJ.1his procedure generally required 5 to 10 buttons, 

depending on the structure in the resonro1ce. Each resonance button was 

nOrm'Ellized for :fluctuations in bes.:m intensity by dividing its counting 

rate (leas coun:ter background) by the averae;e half ... beam counting ra:te. 

Half ... berun but·tona were l .. min exposu:r-es te.kt:;n bef'ore a.nd after exposure 

ot each resonance bu·tton, with the atop wire remov·ed and no applied 

radiofrequency. Since t.he thrmTout1 defined by 

n/t; for hflli'•bcam expoaure 
Thrm10u:t = 1 .. ------------- j 

n/t, :t'or t'ull-bec11n exposur-e 

lta.a ~or.mall\}" 6a~ to 7afo1 hali"-beam counting ra:tes were high enough so 

that their statistical fluctuations were not important over 10. to 15~ 

min counting periods. 



The first task after production of a satisfactory beam of' each new 

isotope was to measure the nuclear spin. The initial measurement was 

accomplished b,1 observing Dr = 0 transitions at low magnetic fields. 

The predicted frequency of these transitions is given by Eq. (II-38): 
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F(F + 1) + J(J + l) • I(! + 1) ~OH 
v = ... g . . -. 

co J 2F(F + 1) h 
. (III-2) 

The J and gJ tor each isotope were known trom atomic beam and optical 

spectroscOpy· measurements on th~ stable isotopes made by previous inves• 

tigators • The magnetic field H was set at a value that separated the 

frequencies predicted tor each value of I by at least one line width. 

Buttons were then exposed at the frequencies predicted by Eq. (III~2) for 

di:f'ferent theorc~ti<.:ully porwible vuluos of I. 

After deterl!lination of th{} nuclenr upiu1 t!h:: nuxt step \taB t.o o-b~:.•:.:1·ve 

the Q = 0 transit1on6 at higher magnetic fields. The predicted frequency 

of these transitions to second order in H is given by 

\1 " Y,. + [ t 1(t,J,gJ) + t 2(I,J1gJ) ] Jfll 

. AvF+l1 F AvP.,F .. l 
(III-3) 

t 1(I,J,gJ) and t 2(I,J,gJ) were obtained with the assistance ·ot seaon~­

order perturbation theory [Eq. (II-32)]. 'fuen the shift (v .. vCQ) became 

appreciable, preliminary values of' the hypertine-structure separations 

between the levels F, F-11 F-2 were calculated. These values, and Eq. 

(II-30) 1 enabled one to obtain preliminary values tor the interaction 

oonatants a and b •. These starting values ~rere then used in Routine 

lyperi':lne III (Sec. II.A.4) to o'btain the best fit tor the experimental 



data. 

Observation of thr: /:iF = 0 transitions \m.s continued to higher mag-

netic fields until the uncertainty in the predicted freq11ency for the 

t::F ~ ±l transitions became lesa than 5 Mc/aeco Since theoe transitions 
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prov:ide the most accurate measurements of the zero .. :f'ield hfs separations, 

the research \ms continued in this di1-ection" Initially, the search lras 

done at lo't.r magnet.ic fields. After observation of.' several of these tra:n-

sit~ons, \UlCertainties in the interaction constants became small enough 

to predict high•field Q = ±l transitions to within several hundred kc/sec. 

It vas observed that tbe field dependence d v/?m of several of these 

transitions became zero for particular values of H. Since inhomogeneity 

in the magnetic field was the principal reason for line bro~doning lTith 

this machine, the ~v/OH = 0 points were used to obtain the beat values 

for a and b. 

From Eq. (II~59) we see that the frequency of each transition 

involves the term 

This term is zero for a transitions, and consequently these transitions 

are much lese s1~dependent than ff transitions •. It the nuclear magnetic 

moment is appreciable, then one 'l¥ould expect the n transition f'requency1 

based on interaction constants consistent vith a transitions, to be 

measurably different for plus and minus magnetic moments at high magnetic 

fields. This technique was used to determine the sign of.' the n'L\clear 

moments ot y9° and I;.l77. 
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IV. RF.SUIJrS 

A. Results for K43 

Details of the results obtained for K
43 (~ 58; P:E:r 59a) are con· 

tained in App. A. The measured values are 

I = 3/2; 

Av .,. 192.64(5) Me/sec. 

The Fermi-Segr& formula was used in conjunction with the known constants 

ot K39 or K41 to obtain the nuclear magnetic moment 

Bo Results for y90 

Yttrium•90 has a 4ass2 electronic ground-state configuration. The 

2 2 D
3
/ 2 and n5/ 2 states are the two lowest electronic states arising t:rom 

this configuration. Since the 2n5/ 2 state is on4' 5 30.36 . em ·l higher 

than the 2n3/
2 

state (MEG 29), one would expect both states to be equally 

populated at the oven temperatures used. 

'l'he sJ factors for both these electronic states have been measured 

by Penselin (PEN 59). 'l'he values used in all calculations concerning 

this element are: 

gJ(
2

D3/ 2 ) = ·0•79927(U),. 

gJ(
2

D5/ 2 ) = -1.20028(19). 

'J 



Mter the initial. spin search in both electronic states, which 

confirmed the expected value I ;. 2 (PET 59b) 1 10}11-t~quency !SF = 0 

resonances were attempted. Figures 22 and 23 are examples of the l::iF ~ 

0 transitions observed in the 2D5/ 2 statee The transition F,m ~ 

5/211/2 ~5/2p-l/2 shown in Fig. 24 was also observed near the end ot 

the :research on this isotope.. Figures 25 and 26 are exa.niplea of liE = 0 

transitions observed in the 2D3/ 2 state~ 

The established value of the nuclear spin was expected tor several 

theoretical reasons. From nuclear shell structure, the 39th proton 
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should. 'be in the p1/ 2 level. The ~/2 level is filled at 501 e.nd the 

next level, filled by neutrons, 16 the ~/2 level.. Since one. nucleon is 

in a level with intrinsic spin and orbital a.ngul.a:r l110Ille:ntum parallel, and 

the other 1a in a level with intrinsic spin and orbital angular momentum 

ant1pa.rall.e11 the total spin ot the nuclear gro·und state 1 according to 

rule N2 or rule BB2 from See. II~:s.l, should be the ditf'erenae between 

the individual angular momenta, or I = 2.. Also1 since the aeymptot1c 

quantum numbers given by Gallagher and MOazkO'wsld (GAL 58) are n = l/2 . p 

(paral.J.el spin) and nn '"" 5/2 (a.ntiparallel spin)p rule GM2 of' the coUee ... 

t1ve model predicts I "" 2e !u addition, ainee y90 fj .. deCf:.WS to the 0+ 
QO , 

ground state ot Z!""" 1 and since the unique spectru:rn shape correspondE! to· 

AI = 2 with cha.nge of parity, one would expect the ground atate to be 

2 minus. 
. Q 

ObtiHt:r\TfJ.tiOD ot A1 m 0 N9on&nOOJ in tbo r,;,'l)f.J/'2. lttAtf'.ll at biBb mft.Slle'tiO 

t1el4o reduced uncerta.intiom in th..a intemotion coMtante to suab an 

extent that a se.1a.roh tor the observable l::iB' = tl. transit:t.onl 'bee~ame 
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- RUN 2954 U) - y9o, 64 h,2o5/2 ·c 
:I 

>-8 11~= 7.928 7.958 
(9/2, 5/2•9/2, 3/2) ... )( 0 ... 
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MU-19007 

Fig. 22. Resonance corresponding to ·t~e transition 90 
F, m=9 /2, 5/2-9/2, 3/2 in the J:S;2 state of Y . 

.. 
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RUN 2995 

v...,;: 16.813 MC/SEC 

y9q 64 h,2o5/2 

(7/2, 3/2• 7/2, I /2) 
(17.235 MC/SEC l 

2 2 H"'17.0 gauss 

17.0 
MC/SEC 

17.5 

528 KCISEC 

MU-19009 

Fig. 23. Resonance corresponding to the transition 90 
F, m=7 /2, 3/2 ~ 7/2, 1/2 in the 2n5; 2 state of Y 



10 -en -"§ 9 

>­... 
~ 
~ 8 
.0 ... 
0 -

w7 
~ 
0::: 

(!)6 
z 
~5 
=::> 
0 
u 

0 
w 
N 
_J 
<( 

~2 
0::: 
0 
z 

9.0 

-76-

9.450 
RUN 5391 

y90, 64 h, 2o5/2 

(5/2, 1/2+-+5/2,-112) 

H = 8.5 gauss 

400 KC/SEC 

9.5 
MC/SEC 

10.0 

MU-22029 

Fig. 24. Resonance corresponding to t!ze transition 
90 F, rn=5/2, 1/2 - 5/2, -1/2 in the n5/ 2 state of Y . 

,. 
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RUN 2952 

y90, 64 h, 2o3/2 

(7/2, 5/2 ~ 7/2, 3 /2) 

H "'8.6 gauss 

Voo=4.116 MC/SEC 4.131 MC/SEC 

)( 

216 KC/SEC 

4.0 4.2 4.4 

MC/SEC 
MU-19008 

Fig. 25. Resonance corresponding to ~he transition 
0 F, m=7 /2, 5/2 - 7/2, 3/2 in the n 3/ 2 state of y9 
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48.400 

RUN 4541 

y90, 64 h, 2o3/2 

(5/2, 3/2 ... 5/2, 1/2) 

H = 100.0 gauss 

I MC/SEC 

48.0 49.0 50.0 
MC/SEC 

MU-22030 

Fig. 26. Resonance corresponding to ~he transition 
90 F, m=S/2, 3/2- 5/2, 1/2 in the n

3
/

2 
state of Y 
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i"ew.:lil)lc. The ratio l>/ u ~:tsccrtalne{J. a norm.ul level ordering ( F'ig. 3) 1 

so "that there ~·rus no ruribigu.ity concerning observable transitions. These 

tro.nsit.iona WE:l\~ initially· observed at lo-w llla.gnetic fields. Uith the 

improved values for the 1nterac·tion constants, transi-t;ion frequencies 

v(H) vere calculated vrH~h Routine· J0-9• Table II shows where these 

M = ±l transitions are least f'ield-de:penclent$ Since the line width is 

narrowest at these 110ints., future worlt was concentrated in this area. 

Figures 27 through. 33 are examples of tho tra.."lsitiono observed at their 

field-dependent minimao 

Table II 

'l'he most field-independent positions of the observable bF = ±1 ·transitions 
2 90 in the n5/ 2 electronic state of Y • The calculations were performed tor 

a ~ ~85.258 Me/sec and b u •29o716 Me/sea. 

Transition (ov/oH)min H v(gi +) v(gi ·) 

(F l,ml ~ F 2'm2) (Mc/sec .. gauss) (gllu.so) (Me/sec) (Me/gause) 

7/213/2 ~ 9/2;, 3/2 o.ol6 51.5 405.718 4()5 .. 718 

5/2pl/2 f-f 7/2,1/2 0 { 8.6} 
63e2. 

{ :m.45l} 
289.572 

{ 293.451} 
289.572 

3/2,-3/2 +-!> 5/2, .. 1/2 0 32·5 l71.4o8 171.368 
3/2,-3/2 4-+ 5/2,-3/2 0 13.6 194.660 19·4.660 

3/2j ... l/2 ~ 5/2i ... l/2 0 48.8 176.1•85 176.485 
3/2,-3/2 ._... 5/2,-5/2 Oo576 0 198~287 198.287 

3/2,-·l/2 ...... 5/2, .. 3/2 0.134 29.9 2U.73l 211.768 
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RUN 5352 

v90 1 64 h 1 2o512 
(7/21 3/24+9/2, 312) 

H = 51.4 gauss 

405.7 405.8 405.9 
MC/SEC 

MU-21917 

Fig. 27. Resonance corresponding to t£e transition 
90 F, m=7/2, 3/2 -9/2, 3/2 in the n

512 
state of Y . 
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293.3 

RUN 5361 
90 2 

y t 64 h, 05/2 

(5/2, 1/2• 7/2, 1/2) 

H = 8.6 gauss 

293.6 

MU-21918 

Fig. 28. Resonance corresponding to ihe transition 
90 F, m=5/2, 1/2 - 7/2, 1/2 in the n5/ 2 state of Y 
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RUN 5341 

y90 1 64 h 1 
2o512 

{3/2,-3/2++5/2, -1/2) 

H = 3 2.5 gauss 

171.350 MC/SEC 

171.35 171.40 
MC/SEC 

MU-21922 

Fig. 29. Resonance corresponding to th,e transition 
0 F, m=3/2, -3/2-5/2, -1/2 in the ~5/2 state of y9 . 
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Fig. 30. Resonance corresponding to tb.f_ transition 
· F, m=3/2, -3/2-5/2, -3/2 in the ""Ds;

2 
state of y9°. 
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RUN 5342 
90 2 

y ' 64 h, 05/2 
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Fig. 31. Resonance corresponding to, t~ transition 
F, m= 3/2, ~ 1/2-5/2, -1/2 in the CU5 / 2 state of y90. 
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-VI RUN 3941 -r:: 90 2 :::J 
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Fig. 32. Resonance corresponding to th~ transition 
90 F, rn=3/2, -3/2- 5/2, -5/2 in the n 5 ; 2 state Of Y 
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211.860 

RUN 4452 

y90, 64 h, 2o5/2 

(3/2,- I /2 ++5/2,-3/2) 

H = 29.8 gauss 

330 KC/SEC 

MU-21920 

Fig. 33. Resonance corresponding tozthe transition F, 
~eyd/2, -1/2-5/2, -3/2 in the n5; 2 state of 



Sinc~e the atom sees t"tro rf fields parallel to the 1negnetic field H 

and 180 deg out O'f I)hase in the hairpin uoerl, the transition probability 

goes through zero at the "peak" for a transitions (Sec. !J:+.A .. 3). The 

resulting double-p~s.ked structure wa.s observed for all a .transitions 

carefully' done at their field-dependent . ·. min:ilna. vlhen (ov~H) is not 

very close to ze1'"0~ however, the field inhomo~neities "wash out" the 

structure and the resultant. shape is a:l.m.1.la.r to a 7r transition, but some-

what broadened and flattened. The position of tht:'! peak and other charac .. 

teristics of the line were checked with ~9 for the transition F,m = 21 ·1 

<f.-+ l, ... J.. 

Du.ring the investigation in the 2n5; 2 sta.tei a. resonance e.t abou:t 

410 MC/aec was identified as the transition F,m ~ 7/213/2 ~9/21 3/2. 

Because the data fit ·was poor, hcnrover, this ws suspected to be a. reso­

nance in the 2n
3
;

2 
state. A short frequency search soon revealed all 

eight observable tra.nsitio~s in the 2n3; 2 state as well as the F1m = 

7/213/2 ~ 9/2,3/2 transition in the 2n5; 2 state in this frequency region .. 

This in:f'orillation,~~ and the known interaction cons·tants of y89 (FlU 59) 1 

permitted observation of all observable transitions w:!.tbin a short time. 

Again., Routine J0-9 was used to obtain transition frequencies· as a func­

tion of' the magnetic f'1.eld tor all observable AF = ±l transitions.. Table 

III sh~1s where thane ·transitions are least tield·dependent. Resonances 

corresponding to these transitions, observed in most cases at the field· 

dependent min1t1a» are shaw in Fig, 34 through 41 .. 

The final reaulta., in which Routine Hy:perfine I!I has been used to 

vary the parameters a 1 b 1 and gi to tit all obaerved resonances, are shown 
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RUN 5322 

y90, 64 h, 2o3/2 

(5/2, 3/2 ... 7/2, 3/2) 

H = 263.2 gauss 

589.9 590.0 590.1 
MC/SEC 

MU-21923 

Fig. 34. Resonance corresponding ~o the transition O' 
m=S/2, 3/2 - 7/2, 3/2 in the n 3/ 2 state of y9 . 
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RUN 5331 

y90, 64 h, 2o3/2 

(3/2,-1/2++5/2, l/2) 

H = 127.0 gauss 

45 KC/SEC 

.M U- 2192 4 

Fig. 35. Resonance corresponding 1f the transition 
9

1(), 
m=3/2, -1/2 ._. 5/2, 1/2 in the n

312
· state of Y . 
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RUN 5332 

y9o, 64 h, 2o3/2 

(3/2, 1/24+5/2, 1/2) 

H = 191.8 gauss 

MU-21925 

Fig. 36. Resonance corresponding telzthe transition ~b 
rn=3/2, +1/2 +-+ 5/2, +1/2 in the 0

3
/

2 
state of Y . 
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424.780 RUN 5311 
90 6 2 y ' 4 h, 03/2 

(3/2, 1/2 ... 5/2,-1/2) 

H= 114.2 gauss 

424.75 424.80 
MC/SEC 

MU-21926 

Fig, 37, Resonance corresponding t~ the transition Fd 
m=3/2, 1/2 .- 5/2, -1/2 in the D 3/ 2 state of y9 , 
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RUN 5321 

y9o, 64 h, 2o3/2 

( 3/2,-3/2 ..... 5/2 ,-1!2) 

H = 19.9 gauss 

409.60 
MC/SEC 

409.65 

MU-21927 

Fig. 38. Resonance corresponding to the transition Fq 
m=3/2, -3/2.......,. 5/2, -1/2 in the 2 n3 / 2 state of Y 0 
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RUN 4831 

y90, 64 h, 2o3/2 

(3/2,-1/2 ... 5/2,-1/2) 

H = 25.1 gauss 

412.0 412.5 
MC/SEC 

413.0 

MU-22027 

· Fig. 39. Resonance corresponding tDz the transition [cJ 
m=3/2, -1/2 ~ 5/2, -1/2 in the n3/ 2 state of Y . 
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(312,-3/2 ... 512,- 3/2) 

(3/2, I /2.,..5/2,-1/2) 

RUN 452 

v90, 64 h, 2o312 
H = 5.3 gauss 

(3/2,-1/2 ... 5/2,-312) 

413.0 
MC/SEC 

414.0 

No r. f.-.2 

MU-21929 

Fig. 40. Resonance corresponding to the unresolved tran­
sitions F, m=3/2, -3/22 5/2, -3/2 and~ m-=3/2, 
1/2-5/2, -1/2, in the D 12 state of y9 . The tran­
sition F, m=3/2, -1/2 - 5te, -3/2 in the same elec­
tronic state is just separated from the doublet. 
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RUN 5343 

y90, 64 h, 2o3/2 

( 3/2,-3/2 +-+5/2, -5/2) 

H = 8.9 gauss 

417.375 

500 KC/SEC 

416.5 417.0 417.5 
MC/SEC 

MU-21928 

Fig. 41. Resonance corresponding t'2. the transition F, 
m=3/2, -3/2-5/2, -5/2 in the n 3/ 2 state of y90. 
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in Tables IV and v. Both positive and negative starting values for gi 

were used. It should be noted that gi converges to the same negative value 

for both cases in each electronic state. 

The value of gi calculated in thia .m:mner provides an independent 

check on the value calculated with the aid of the Fermi-Segre formula and 

the interaction constants of y89. Uncertainty in the 2n
5
/ 2 measurement 

w.s very large, since the field-independent 7t' transitions occur at approxi­

mately 30 gauss. The 2n3/ 2 state gives greater accuracy.- since these 

transitions occur in the region of 120 gauss, 



Table III 

The most. fielfl .. :lnd'<;~nclcnt positions of the ob~;ervo.ble tit = ±1 transitions 
0 ~ . 

in the e;.D
3
( 2 elec·tronic state of' Y ~ The calculations were performed f'or 

a = -1.69•7 9 M~/sec and b = •21.602 !:-1c/sec. 

Transition (ov/OH)rt.dn n . v(si +) v(sr,·) 
(Fl,n;_ +-+ F2~~) (Mc/se~-gausa) (gauss) (Me/sec) (Me/sec) 

. 5/213/2 ~ 7/2,3/~ 0 2S~-3 589.909 589·909 
3/2,-l/2 ~ 5/2~1/2 0 127.1 . 379.885 379·728 
3/2,1/2 +-+ 5/2~1/2 0 191-7 ' 363o144 363.144 

3/2,1/2 ...... 5./2,-l/2 0 { SX).6} 
114.4 

{ 424.679} 
424.628 

{ 424.799} 
. 42~·-770 . 

3/2,•3/2 ..,_. 5/2,-l/2 0 19.9 409.618 409·593 
3/2,-1/2 ~ 5/2,-l/2 o.o64 27 .. 0 412.879 4J.2o879 
3/2,-3/2 +-+ 5/2,-3/2 0.288 0 4lOo871 410.871 

3/2,-1/2 ~ 5/2,-3/2 0.426 47.5 432 .. 389 1~32.443 

3/2,-3/2 ~ 5/2,-5/2 0.703 0 410.871 410.871 



Table IV, 

Summa.:.t'y of y90 data for the 2n
312 

electronic state. 

Co!:r_parlng isoto;£! Calibrating iso:to~ 

/IJ; ~3/2~- I = l/2 Fb85
1 

2 
. sl/2' I= 5/2 

g J = -o .. 79927 gJ = -2.00238 
Sr = -1.49037 X 10-

4 4 -4 gi = 2.9370 X 10 

a = -57.217 ¥c./sec 6v = 3035 • 735 '!;t:./ sec 

Iteration b 5b 
4 4 x2 a Oa ~xlO ogi x 10 

. uo. (Me/see} (life/see) (Me/sec) (:r.1c/sec) 

1 -169.749 o .. ooo -21 .. 599- o.ooo 4.42 0.000 375~9 

2 -169.749 0.003 -23..602 o.oJ3 -4.89 0.35 9·4 

3 -169.749 0.003 -21.602 0.013 -4.89 0 .. 35 9.4 

1 -169.749 o.ooo -21-599 o.ooo .. 4.42 0.000 10.3 
2 -169-749 0.003 ~21.602 ·o.ol3 -4.89 0.35 9.4 

3 -169.749 0.003 -21.602 0.013 . -4.89 0.35 9.4 

\~ 

\!) 

CP 



cal.ib- -
rating V". Bv H 8H c c 

Run isotope (Me/see) (Me/see) (gauss) (gauss) F1 m:t F 2 ~ 

2952 RB85 4.034 0 .. 040 8 .. 585 0.084 7/2 5/2 7/2 '3/2 

2953 RB85 7-905 0.040 16.7l.8 0.084 7/2 5/2 7/2 '3/2 
4531 BB85 50.724 o.o85 100.4QS 0~156 7/2 5/2 7/2 3/2 
4532 RB85 179 .. ~92 0:.150 300ca.l27 0.199 1/2 5/2 7/2 3/2 
4541 RBB5 50-520 0.-130 100.032 0.238 5/2 3/2 5/2 l/2 
4581 RB85 2.146 o .. o4o 4.581 0.085 5/2 3/2 7/2 3/2 -
5322 RB85 152-225 o.aSo 263.1.89 0.085 5/2 3/2 7/2 3/2 
4792 RB85 152.239 0.090 263.209 0.127 5/2 3/2 7/2 3/2 
4512 BB85 2.642 o.o4o 5-636 o.oe; 3/2" •1/2 5/2 1/2 

~504 RB85 4o765 o .. o4o 1.0 ... 129 o.o84 3/2 -l/2 5/2 1/2 

5331 RB85,: 65 .. 581. 0 .. 045 J.27.o44 O.CJ79 3/2 -1/2 5/2 1/2 

4791 RBB5 65.680 0 .. 050 127.~8 o.o88 3/2 -i/2 5/2 .'1/2 

4961 RB85 12.<>52. o.o45 25·339 0.093 3/2 l/2 5/2 l/2 

5332 RB85 104 .. 443 O .. l.4o 191.807 0.222 3/2 l/2 5/2 1/2 
4831 RB85 l.l.923 o.c6o 25 .. 053 0.124 3/2 -1/2 5/2 -1/2 

4521 RB85 2.485 0.0"{0 5·302 0.149 3/2 1/2 5/2 -1/2. 

, ov 
(Me/sec) (~b/sec} 

4.131 0•030 

8.101 0.045 
51.48o 0.150 

175.600 0.200 

48.4oo 0 .. 300 

612 .. 480 0.100 

589-94o o .. o4o 

589-900 o.o4o 
-4o8...920 0.150 
40'{.4oo Oal.50 

379·725 0 .. 015 

379·720 0 .. 040 

4o'7·375 0 .. 175 

363.14o o.o40 
412.750 O.l.QO 

412 .. 620 0.200 

ResiduaJ. 

(1-'Jc/sec) 

-0.013 

-0.014 

-0.078 
-0 .. 178 
... o.108 

-0.103 

0.031 

-Oo009 

-oQ.J.l2 

-0 .. 123 
"0.005 

0.000 
-0.100 

-0 .. 004 

-0.00'+ 

0.087 

Weight 

Factor 

387.11-
270.2 

33.6 
16.8 

9·3 
99o3 

625.0 

625 .. 0 

42.9 
42.9 

4444.4 
625 .. 0 
32.4 

625.0 

99-4 
23.8 

\,() 
\,() 



·Cs.lib-

~ \f¢ ov c H 5H v ov Residual Weight 
Run Isotope. (l.r/sec) (YlC/sec) (gauss} (gauss) F1 ~ F 2 ~ (Me/see) (Me/see) (I-~/ sec) Factor 

53ll RBS' 58.357 o.o55 114.232 0.1.1.6 3/2 l/2: 5/2 -1/2 424.780 0.010 0.002 10000.0 
4501 RBB5 2.189 0.040 4.673 o.o85 3/2 -3/2 5/2 -1/2 410.260 0.200 -o.o82 25.0 
4121 RBS5 2.330 o.~oo 4.m 0.21,3 . 3/2 -3/2. 5/2 ~")./2 410.150 0.200 -0.163 24.7 
45ll RB8S 2.659 o.o4o 5 .. 672 o.o85 3/2 -3/2 5/2 -l/2 4~0.200 0.200 -0.048 25.0 
4503 Im8.5 4.770 o.o4o 10.139 0.084 3/2 -3/2 5/2 -1/2 409.700 0.200 -0 .. 202 25.0 
5321 BB8} 9·423 0.035 19-88o 0 .. 073 3/2 -3/2 5/2 -~/2. 4Q9.588 o .. o~o -o.oo4 9999·9 
4821 RB85 u.e6o o.04o 24.923 0.082 3/2 -3/2 5/2 -1/2 409.670 o.oso 0.003 398.9 
4522 RB8S 2.485 o.oro 5·302 0.149 3/2 -..1/2 5/2 -3/2 4~3-700 0.100 0.166 6;.1 

5343 BB85 4.160 o.o4o 8.852 0.084 3/2 -3/2 5/2 -5/2. 417-375 0.175 0.183 29.~ 

8 



Table V 

Summa.ry of y9'\J data for the ~/2 el.ectronic state. 

Compa.ring isotgpe 

Yf:l), ~5,2, I = l/2 

. g.,. = -1.20028 
~ -4 

gi = -1 .. 490:37 X 10 

a_ = -28.749 'flt:/see 

Iteration a aa 
No. ('Me/sec} (llle/sec) 

1 -85.255 o.ooo 
2 -8;.258 0.003 

3 -85.258 0.003 

l -85.255 o.ooo 
2 -85.258 0.003 

3 -85.258 0.003 

Calibrating- isotopes 

~ 2 1. ~ 2 1 
Rb: ,. Sl/2.' I = 5 2 Rb , S.l./2 ' I = 3 2 

gJ = -2.00238 S;; = -2.00238 
. \, -4 -4 
~ = 2.9370<+ X l.O gi = 9·95359 X 10 

~ = 3035·735 ~~/sec ~ = 6834.685 Me/sec 

b 5b 
. 4 

~X 10 
4 

5~ X 10 Y?-
{lc/see.) ('!IJ:!/ sec) 

-29.738 o.ooo 4 .. 42 0 .• 00 36-5 
-29·716 0.019 -8.70 2s88 14.0 

-29·716 O.Ol.9 -8.75 2.88 14.0 

-29-738 o.ooo -4.42 o .. oo 15.1 

-29·716 0.019 -8.75 2.88 14.0 

-29·716 O.OJ.9 -.8.75 2.88 14.0 

l-' 
0 
l-' 



Calib-

rating "~ . 
Ol'c B OB 

Run isotope (Me/sec) (Me/sec) (gauss) (gauss) F
1 II), F2 ~ 

2954 RB85 3·990 0.030 8.492 o.c63 9/2 5/2 9/2 3/2 
2955 RB85 8.Q78 0.030 17 ·<119 . 0.<:63 9/2 5/2 9/2 3/2 
2991 RB85 20.023 0.030 41.534 o.aSo 9/2 5/2 9/2 3/2 

2995 RB85 34.889 0.030 70·721 0.058 9/2 5/2 9/2 3/2 
3291 RB85 64.916 0.030 125.876 0.053 9/2 5/2 9/2 3/2 
3391 RB87 133·524 0.050 l8o.438 o .. C64 9/2 5/2 9/2 3/2 

·2994 RB85 3·~ 0.030 8.399 o.c63 7/2 3/2 7/2 1/2 

2995 RB85 8.059 0.030 17.039 o.c63 7/2 3/2 7/2 1/2 
3191 RB85 12.000 0.030 25.211 o.QS2 7/2 3/2 7/2 1/2 
3192 RB85 16."{95 0.030 35.016 o .. c6l 7/2 3/2 7/2 1/2 
3193 BB85 24.398 0.030 50.262 0.059 7/2 3/2 7/2 1/2 
3194 RB85 34.568 0.030 70.104 0.058 7/2 3/2 7/2 1/2 
34ol RB87 68.313 o.o4o 94.816 0.054 7/2 3/2 7/2 l/2 
3421 RB87 113 .. 131 o.o4o 154.1.43 0.052 7/2 3/2 7/2 1/2 

. ~391 RB85 4.002 0.035 8.51.8 0.074 5/2 1/2 5/2 -l/2 
4991 RB85 12.089 0.030 25-395 o.c62 7/2 3/2 9/2 3/2 
5352 RB85 24.993 0.030 51 .. 440 0.059 7/2 3/2:. -9/2 3/2 

5351 RB85 25·297 0.31.0 52.042 . 0.612 7/2 3/2 9/2 3/2 

1' ov 
(Me/sec) (Me/sec) 

7·958 0.030 
16.190 0.045 
40.280 0.105 

70·485 0.190 
132.150 0.300 
199.600 0.750 

8.334 o.o85 

17.235 0.075 
25o88o 0.200 

36.500 0.200 

53-54o 0.200 

77.600 0.300 
1Q9 .. 8oo 0.300 
199.650 0.500 

9.450 0.1.50 
4()5.120 o.oao 
4()5.725 0.025 

405.725 0.025 

Residual 
(Me:/ sec) 

-0.035 
-0.013 
-0.022 
-0.041 
-0.258 
-0.631. 
-0.053 
'0.011 
0.088 

0.133 
0.011 
0.213 

.:.o.o66 

..:o.345 
0.023 

-Oo013 
o.oor 

-0.002 

rTeight 
Factor 

221.7 
176.9 
68.0 
25.1 
10.7 
1.8 

88.3 
101.9 
22.6 

22.5 
22.4 
10.5 
1.0.5 

3-9 
34.2 

156.1 
1597·7 
13e6.6 

!-;-' 
0 
1\) 



Callb-

rating vc 5vc H 5H v 5v Residu.a.l. Weight 

Run isotope (}~/see) {I~/sec) {gauss) (gauss) Fl ~ F2 ~ (tile/see) (Me/sec) (lt.-c/sec) Factor 

5361. RB85 4.020 o.o~.o 8.556 o.o85 5/2 1./2 7/2 1/2 293.435 0.035 -0.016 8l6.3 
5001 BB85 4.026 0.035 8$568 Oe074 5/2 1/2 7/2 1./2 293 .. 425 0.-075 -0.026 177.8 
4992 RB85 l2 .. 11t6 o .. o8o 25-51.2 0 .. 165 5/2 1./2 7/2 l/2 292.600 0.150 -0.052 44.0 
3931 RB85 1.721. 0.030 3 .. 677 o#OS4 3/2 -3/2 5/2 -5/2 200.750 0.150 0.227 4l.4 

3751 RB85 1.729 o .. o4o 3-694 0.085 3/2 -3/2 5/2 -5/2 200.525 0.100 -0 .. 008 77-2 
3941 RB85 2.278 0 .. 030 4.862 0 .. 064 3/2 -3/2 5/2 -5/2 201.545 0 .. 200 0.252 23·9 
4lll RB85 2.845 0.050 6 .. <X57 o.1c6 3/2 -3/2 5/2 -5/2 202 ... 100 0.300 . o.ooc 10.5 
4101 RB85 1-672 0 .. 050 3-572 0.106 3/2 -1/2 5/2 -J/2 201.550 0 .. 200 0.127 21.0 
4112 RB85 2.845 o .. o;o 6-.o57 0.1(6 3/2 -1/2 5/2 -3/2. 203.650 0.300 0.282 10.4 
4452 RB85 14.250 o .. o;o 29.831 0 .. 102 3/2 -1/2 5/2 -3/2 2ll .. e6o 0.075 o.oe6 172.0 
5002 RB85 6o382 o.o40 13·530 o.o84 3/2 -3/2 5/2 -3/2 194 .. 650 0.070 -0~010 204.1 
3942 RB85 2.279 0.030 4.864 o .. o64 3/2 -1/2 5/2 -l/2 196.850 0.200 -0.354 24.8 
4451 RB85 23.633 o.o4o 48.745 Oo079 3/2 -1/2 5/2 -1/2 1'{6.450 0.050 -0.036 400.0 

5342 RB8; 23 .. 676 o .. o5o 48 .. 830 0 .. 099 3/2 -l/2 5/2 -1/2 1.76.480 0.040 -o.o~ 625.0 
!~441 RB85 9 .. 494 0 .. 030 20.027 o.o62 3/2 -3/2 5/2 -1/2 175 .. 375 0~200. -0.004 24.0 
5341 RB85 15.572 0.030 32.530 o .. oSl 3/2 -3/2 5/2 -1/2 17l.350 0.015 0.001 4444o4 
4442 RB85 15-574 0.030 32·534 o .. o61 3/2 -3/2 5/2 -l/2 171 .. 350 0.025 0.001 1600.0 

4443 RB85 15.699 o.o;o 32.788 . 0.102 3/2 -3/2 5/2 -1/2 ).7]..350 0.015 o.ooo 4414.0 

b 
VJ 



2 The s!!ull value of' the X reflects thG conr.;crvative errors placed on 

the eA.":pCr:l.ment<,!,l r2sonuuce f'rer1ue:1Cies. Sinct~ c!Jm:putcr uncertainty in each 

parrun0tcr is the str:..md.a.rd d·:JViation of that parU!ll:!ter1 there should be a 

95'-' probability (for a normal diatributiou) that the t1'Ue value lies v1th1n 

tvo standard devi~tions of the measured value. ~ith this uncertainty, the 

measured values of the interaction constants and gi were: 

2D3/ 2 ste.te: a = -.169. 749(7) Mc/sec1 

b = -21.602(27) Me/sec, 

gi = .. 4.9(7) X l0 .. 4j 

2~/2 state: a = -85.258(6) MC/aec1 

b = ... 29.716(38) Ma/sec, 

gl ~ -9(6) X 10-4• 

From these values for a and b 1 the zero-field hyperfine•structure 

separations were: 

2n3/ 2 sta·te: Avl/2 ... 3/ 2 = 235 •722(26) Me/sec, 

Av3/ 2• 5/ 2 = 410.872(24), 

Av512_7j2 = 613~022(34)~ 
2n5/ 2 state: Av1; 2• 3; 2 = 114·.515(19) Mc/sec1 

Av312_512 = 198.288(24), 

Av5; 2• 7; 2 = 293.202(22) 1 

Av7; 2 .. 9; 2 = ll-03.718(37) • 
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FiGUI~s 42 and 43 show the energy level diagrams for both electronic states 

in the region 0 to 1000 gauss. 

From Eqa. (II-9) and (II-18)1 one ~~uld e~~ct the ratio ot the a's 

in the doublet (pr~d quantities imply 2n5;
2

; double-primed quantities 

inwJ.y 
2~/2) to be 

a' 3 F' 
-=----; 
a." 7 F" 

and the ratio of' the b • s to be 

b' · 10 Rt -=--- ......... 
b" 7 R'' 

From the interaction constants and nuclear magnetic moment tor y89 1 the 
·' 

value z1 = 25·5 ve.s determined with the aid of Ell• (II·9a). With this 

val..ue for z1, the relativistic correction ;factors (KOP 58~ PP• 445-448) wre: 

~ 1 the rat!Oe become 

and 

a• 

R• = l.ou4, 

R" = 1.0374• 

-. 0.4253, 
a." 

b* 
- = 1·3928;. 
b" 

Fro.m the experimental measurements 1 

b. 
- = 1•3756e 
b" 
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Fig. 42. 2 Energy level diagram of the hyperfine structure in 
the n 3; 2 electronic state of y90. 
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The large deviation, especially in the ratio of the a•s, suggests a con­

tigu.ration mixing effect ot the type discussed ill Sec. II.A.5· The elec­

tmnic contigu.mtion that meets the requirements for an effect ot this 

type is the 4d5s6s configuration. 

From the measu~d a. values tor both eltl:ctronic states we calculate 

108 

the corrections that must be ma.d.Eh With the same notation as in See. II.A.51 · 

we have the relations 

a• =a ' + o'• 0 

r·· I c.. 2 
6 ................. 

F' c• 

We mB.7 estimate lc"/c•l 2 from Eq. (II .. 73)• Ta.ld.ng n* = 1.444, we obtain 

I 
c" 2 
- = 1.0140. 
c• 

ao" = -179.660 Me/sec. 

The interaction constants ot y89 ~ (FRI 59): 



and 

a" r:a -57.217(15) Me/see, 

~Ae corrected values are 

and 

a0" llif -60.565 Me/sea. 

Since. s1*(Y89):~rr = -0.273650(8) (BRU 54), we can now use the Fermi­

Sag~ relation to calculate the nuclear Sx* tactor for Y90• For both 

electronic states; the value is 

u *(y90)uncorr 0 812(4) . 
0 ! expt = · • • 

TbAit uncor:reated nuolear magnetic moment, tberetore, is 

109 

The 0~5~ uncertainty has been:.ass!gned. to::the calculated nuclear me,snetic 
I • 

moment because ot assumptions involved 1n the Fer.mi-Segr~ relation. 

Fricke, Kopterma.nn1 and Pentsel:tn (FRI 59) have calaulate4 effective 

nuclear charge numbers tor yttrium based on their bypert1ne•stru.ctu.l'li1 

results tor y89.. Their results are 1 

2n3/ 2 state& z1 a Z • 12.5, 

2 . 'Dr;ja states. z1 1:1 z • 16.4., 
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Here the configuration :mixing effect is reflected in the two dU'f'crent 

v·a.lues for z1• If we use these values and the uncorrected a's for y90 to 

calculate the magnetic moment from Eq. (II ... 9a) 1 the result for both elec-

tronic states is 

J.li = -1.621 nm. 

This result agrees very well with the previous one. 

'rhe WlCO.treoted nuclear electric quadrupole moment can best be obtained 

:fl"'ll1 Eq. (II-20). For the 2n5; 2 state,~~ 

2 Q,( n5/ 2 ) ;:: -0.1551 bar-.as, 

. 2 
end tor the n3/2. state, 

We shall take 

as the best uncorrected value of' the nuc.tl.ea.:r eleotrio quadrupole moment 

.for y90 • A 2$ uncertainty has been assigned to the nuclear quadrupole 

moment because of' the uncertainty in s1 and because the ratio ot the 'b' s 

tor the two eleot:ronio states differs from the theoretical ratio by 1,2%. 

Since nuclear deformation is not large in the case of y9°, the experi• 

mental nuclear moment reaul.te are comparable with the single-particle shell 

model. Since the odd proton in a p1/ 2 level couples with the odd neutron 

in a 45/2. level to give I = 21 "tre obtain from Eq, (II·77) 1 (II-78), and · 

•. 



(II-79) 

g = •0.528, p 

S:n = -0:765, 

l.l = -1.609 nm. s ' 

lll 

The .diamagnetic correction taetor tt = (1 ... <1)""1 = 1.00359 (KOP 58.; p.450); 

thus.; 

The e:xparimental and theoretical values tor "'I are seen to be in remarkable 

agreement (approx. 1~). Since the odd proton is in a p1; 2 level1 the 

single-particle shell model would ·predict Q = 0 tor the quadrupole moment 

ot YJO (Eq • ( II•83) ]. Therefore, the spin and magnetic moment are pre ... 

dieted very well by this model, whereas the quadrupole momenta a.re not in 

very good agreement • 

From Eqs. (II-83) 1 (II•84); and (II-86) 1 the collective model predicts 

&t = -0.30 nm.. 
C. 

The collective model predicts the spin correctiy but ·gives a much 

poorer ·prediction tor the magnetic !l¥»11ent than the independent-particle 

From nuclear spin and magnetic IIIOlliellt considerations, one can tinal.l.y 

say that the ind.ependent•particle shell model is a better representation 

than the collective ~l tor ;o. · 



140 c. R~sults for La 
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Lant~14o has a 5d6a2 electronic ground-state configuration, giving 
2 2 2 rise to the D3/ 2 a.nd n

5
/ 2 electronic states. Since the ~/2 state is 

onl;y 1053.20 cm.-1 higher than the 2n
312 

ground state (MEa 32) 1 one vou.ld 

expact approximD.tel;y' 6ofo of the atoms to be in the 2n3/ 2 state. and 4aP to 
2 . 

be in the n5/ 2 state at the temperatures required. to produce a beam. 

The gJ tac:tors required tor Eq. (III-2) vere obtained tram the atomic 

beam work by Yu Ting (TIN 57) on stable ta139. His results are 

g3(
2
D3/ 2) = -0.7988(5), 

g3(2D5/ 2) = -1.201(2). 

'l.'he difficulties discussed .in Sec. III .A.2 in producing a satisfactory 

atomic beam precluded making ~xtensive measu~ents on the bypertine strua· 

ture ot this isotope. HOWYer1 observation of the /.'2 ~~t 0 transitions cor­

responding to the F = X + J levels at lov me.gnotic fields established the 

nuclear spin. Figures 44 and 45 show the results ot spin searcbes1 'Which 

indicated the spin to be I = 3 jl Observation of resonances in both elec• 

tronic states, one of which is shown in Fig. 116, established this result 

Beta- and gamma-ray spectroscopic evidence previously indicated the 
. 40 

probable ground state of 1a1 to be 4 minus. However, recent work (LAN 

Go) has eliminated this possibility. It shows the shape ot the ~-ray 

spectrum ot the h1gnest-energy transition to be consistent with a tranbi• 

tion from 3• to 2+1 in agreement with the yalue determined by means ot 

atomic beo.ms • 
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10 ~ RUN 239 

- LA140, 40 h, 2o5/2 
f/) - H = 8.6 gauss ·c: 9 f-
:::J 

>-
~ 

e 8 f--' :0· 
~ 

0 

W7 f-

~ 
a::: 

6 f-

Q (.!) Q Q Q z Q Q 2 Q t- 5 f-z 
:::::> 
0 

4 (.) f-

0 
w 3 f-N 
_J 
<{ 

~ 2 f-
a::: 
0 z 

If-

I I I I I I I I I 
0 2 3 4 5 6 7 8 

SPIN 
MU-20302 

Fig. 44. Results of a spin search in th~ ~D5 12 electronic 
· state of La 140 for the f::j, F = 0 trans1t1on in the 

F = I + J level. 
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RUN 381 - LA140, 40 h en -·c: 
o 2o5/2 ::I 

15 ~ 
>-

A 2o3/2 ... 
I 0 ... - Q H = 3.8 gauss :s ... 

0 -w 
1-

~ <( 
a:::,o - ~ 

I 
(!) 
z i 
1-z 
::::> 
0 
u 
05 ~ 

w 
N 
_J 
<( 

~ 
0 
z I I I 

3 4 5 
SPIN 

MU-20303 

Fig. 45. Results of a spin f.fcfrch in the 
2 n-:t 1 and 

2 n /l 
electronic states of La for the l:t.F = '0' transitioR 
in the F = I + J level. 



-115-

RUN 2453 

_9 
140 0 h 20 LA , 4 , 3/2 

f/) 

(9/2,-5/2 ....... 9/2,-7/2) -·c: 
7/oo = 3.14 ::3 

>-8 l ... 
H~ 8.4 gauss 2 

3.225 -.:c 
~ 7 -w 
I-
<!6 
0:: 150 KC/SEC 

~5 
I-z 
::::)4 
0 
0 

0 
w 
N 

<12 
~ 
0:: 
01 z 

3.0 3.1 3.2 3.3 3.4 
MC/SEC 

MU-20304 

Fig. 46. Resonance corresponding tcz the transition F 
1 0 m=9 /2, -5/2 ._. 9/2, -7/2 in the n

3
/

2 
state of La 4 
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D. Results for u.l11 

"As with la.nthe.nwn1 lutetium has a 5aos2 electronic ground-state eon­

figuration giving ril3e to the 2n
3
; 2 and 2~/2 electronic states. Since 

the 2n5/ 2 state is on:cy 1993,9 cm'"'1 higher (UOO 30) than the 2n3; 2. ground 

state, one would expect approximately 75% of the atoms to be in the lcnrer 

. state and 25~ to be 1n the upper state at the oven temperatures used. 

The initial g3 factors requi~ tor Eq. (III•2) were assumed to be 

the LS coupling values. 'l'heee values fitted the first experimental data 

to within about 1~. later, Ritter of the National nasearch Couneu, 

Ottawa, Canad9.1 ldn~ provided unpublished ex;per:lmental information on 

stable :w.175 'Which permitted calculation ot more accurate values with 

Routine Hyper.fine III (RIT ·Go). The values used tor final a.nal\Y'sis ot the 

data are: 

g3(2n3/ 2) = •0.79911(10), 

gJ(
2n5; 2) = •1.20035(20). 

Although the irradiated sample was 99o9tt pure lutetium metal, very 

high beams at lmr temperatures with no thl"'W'out were initially observedo 

This phenomenon proved to be a teJIQ;)Orary effect 1 and probab:cy was caused 

by Ial.O~ or LuF 3 molecules. Arter about ha.l.f' an hour ot running, an 

atomic beam with lio to 7C'f/J throwout wa.o observed. 

The initial spin search in both electronic states confirmed the 

expected spin I = 7/2. Figures 47 through 51 e.re exanwles ot resonances 

2 2 . corresponding to the AF = 0 transitions in the ~/2 and n3; 2 states, 

which verified this result (PET 60a). 
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RUN 3223 

Lu177 '6.8 d ' 2 o5/2 
·32.445 (6 ,-3 +--+ 6,-4) 

H N 45 .. 6 gauss , 

290 KC/SEC 

32.0 32.5 
MC/SEC 

MU-19705 

Fig. 4 7 •. Resonance correspz>nding to the traf).f~tfon F, 
m=6, -3 - 6, -1 in t~e DS/Z state of Lu . 
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RUN 3222 
177 2 

LU ,6.8 d I 05/2 
(5,-2 .... 5,-3) 

H"'24.2 gauss 

440 KC/SEC 

16.0 ' 16.5 
MC/SEC 

MU-19704 

Fig. 48. Resonance corres12.onding to the tral'}~ion F, 
m=5, -2 +-+ 5, -3 in the o

512 
state of Lu . 

• 



5.230 

5.0 5.2 
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RUN 3851 

Lul77, 6.8 d, 2o5/2 

(4,2++4,1) 

H = 10.7 gauss 

200 KC/SEC 

5.4 5.6 5.8 
MC/SEC 

MU-22025 

Fig. 49. Resonance correfponding to the transition F, 
m=4, 2- 4, 1 in the n

512 
state of Lu l77. 
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10 
RUN 4661 -f/1 :e9 177 2 
LU I 6.8 d, 03/2 

:::J (5,-3+-+5,-4) 
>-... 
~ 8 H = 195.1 gauss -:.0 ... 
0 -W7 

~ a:: 
6 69.308 

(!) 
z 
J--5 z 
::::> 
84 
0 322 KC/SEC 
w 
N 
_J 

<(2 
~ 
a:: 
0 z I 

MU-22021 

Fig. 50. Resonance corresptnding to the tranfition F, 
m=5, -3-. 5, -4 in the n

3
/

2 
state of Lu 77. 
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1.600 

1.5 

RUN 4632 

Lul77, 6.8 d, 2o3/2 

(4, 3 ...... 4,2) 

H = 7.4 gauss 

1.6 1.7 
MC/SEC 

110 KC/SEC 

MU-22022 

Fig. 51. Resonance corr1sponding to the tl.Wition F, 
m=4, 3+-+ 4, 2 in the n

312 
state of Lu • 
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The 2~/2 electronic state was investigated first. In accordance with 

the usual procedure, ~ = 0 transitions were carried to higher magnetic 

fields in order to reduce the uncertainty in the zero-field hte separations. 

After appreciable quadratic shifts had been observed, preliminary a and b 

values were ca.lcula.ted. These values vere then used as starting values in 

Routine Hypertine III, ond all tuture tits of experimental data. were ll!ad.e 

with the computer p:rogramo Since the ratio b/a lTaB found to be 12.3, the 

level ordering :1n this electronic state has been inverted to J!' = 6, 51 11 

4; 2, and 3 (see Fig. 5). 

In order to increase the accuracy of the interaction constants, an 

attempt was next made to obsel'V'e the !:iF = ±1 transitions at low magnetic 

field$. These observations reduced the uncertainties in a and b to a few 

hundred kc/sec. With these values, Routine J0..9 vas used to predict tran­

sition frequencies as a function of the magnetic field. Table VI ehowa 

'Where these tranoitions are least field-dependent. Since the resonance 

line width is narrowest at these points, tuture 'fOrk was concentrated in 

this area. Figuxes 52 through 56 are examples of resonances observed, 

where possible, at their least f'ield ... dependent points. Again, double ... 

' peaked a transitions ot the type discussecl in Sec. IV.B were obeel'V'ed. 

With the aid ot Ritter0s hfe interaction constants tor Lul75 (~T 
Go, unpublished data) 1 the 2n5; 2 interaction constants were used to est:J. .. 

mate the interaction constants 1n the 2D
3
/ 2 electronic state. These value& 

predicted the ratio b/a to be 7.5, which resulted in the level ordering 

F = 5, 2, 4,. and 3 (see Fig. 4). The accuracy ot the estimate made possible 

a direct search for the IS = :tl transitions. Examples ot resonances 
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RUN 5081 
' 

Lu177, 6.8 d, 2o512 
(6,-3 .._.... 5,-3) 

H = 4.9 gauss 

1811.0 
MC/SEC 

1811.5 

MU-22026 

Fig. 52. Resonance corres~onding to the transition F, 
m=6, -3- 5, -3 in the DS/Z state of Lu 177. 
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RUN 5271 
177 d 20 · LU , 6.8 , 512 

(5,-2++4,-2) 

H = 244.1 gauss 

MU-21915 

Fig. 53. Resonance corresPfnding to the tranfition F, 
m=5, -2- 4, -2 in the DS/Z state of Lu 7 7. 
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RUN 5231 
177 2 LU I 6.8 d, 05/2 

(5,-2 ...... 4,-1) 

H = 226.6 gauss 

410.475 

410.45 410.50 
MC/SEC 

MU-21914 

Fig. 54. Resonance correspz:mding to the traDfitfon F, 
rn=5, -2- 4, -1 in the n 5; 2 state of Lu . 
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RUN 5082 
. 177 2 LU , 6.8 d, D512 

(4, 2++3, 3) 

H = 4.9 gauss 

176.950 

176.5 

MU-22017 

Fig. 55. Resonance corrzsponding to the tl1llsition F, 
rn=4, 2- 3, 3 in the n

5
/

2 
state of Lu . 
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172.880 

RUN 4231 
177 2 

LU , 6.8 d, 05/2 

(1,1 ..... 2,2) 

H = 3 7.6 gauss 

100 KC/SEC 

MU-21916 

Fig. 56. Resonance .. corre~onding to the tr<y7'1tion F, 
m=I, 1-2, 2 1n the n 5; 2 state of Lu . 
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correspondir~ to these transitions are aho'llm in Figs.· 57 through 61. 

The o~ transition for which "dv/OH is 0 in thia electronic state 

for magnetic fields less tha."l 1000 gauss is shmm iti Fig. 61 ("dv/OH = 0 

at approx. 62 gauss). The field-independent advantage of this transition 

"ms :partially lost because of interference with the t:mnsition F 1m = 

4,3 ~ 3.1'3• GQod. resolution~ however, was finally obt!lined at about 

60 gauss. 

The final. results 1 in 'Which all experimen-tal data have been fitted· 

by Routine Hy:pe~ine III, are shown in Tables VII and VIII. Both positive. · 

and negative starting values tor g1 were used. It should be noted that 

gi converges to' the same positive value tor both cases in each electronic 

state. 

The value of' s1 calculated in this manner provides an independent 

Qheok on the values oalcu.lated fran E<J.• (II .. 9a) and the a•s tor both 

electronic states. Uncertainty in the 2n
3
/ 2 measurement is very larse 

because the observed field-independent 7f transition occurs at on~ 60 

gauss, The F1m = 51"'2 +-+ 4,-1 field-independent transition in the 2n5/ 2 

state occurr:Lns at 22!( gauss :rrOvid.ed. tbe beat directly' measured value 

ot gi' 
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RUN 5071 

Lul77, 6.8 d, 2o3/2 

(5,-3++4,-3) 

H = 9.9 gauss 

' 2018.0 2018.5 
MC/SEC 

MU-22024 

Fig. 57. Resonance corres~onding to the transition F, 
m=5, -3- 4, -3 in the· n

3
/

2 
state of Lu 177. 
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RUN 5072 

LUI77, 6.8 d, 2o3/2 

(5,-3 ..... 4,-2) 

H = 9.9 ·gauss 

250 KC/SEC 

MU-22019 

Fig. 58. Resonance corres~onding to the traiJ.¥7ion F, 
rn=5, -3-4, -2 in the o

312 
state of Lu • 
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RUN 5281 

Lu177~ 6.8 d, 2o3/2 

(4,3++3,3) 

H = 58.0 gauss 

407.0 408.0 409.0 
MC/SEC 

MU-22023 

Fig. 59. Resonance correz;ponding to the trfflition F, 
· rn=4, 3- .3, 3 in the D 3/ 2 state of Lu . 
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RUN 5042 

Lul77, 6.8 d, 2o3/2 

(4,4+-+3,3) 

H = 58.1 gauss 

850 KC/SEC 

415.0 
MC/SEC 

416.200 

MU-22018 

Fig. 60. Resonance corrzsponding to the tp7~sition F, 
rn=4, 4 ...._. 3, 3 in the n

312 
state of Lu . 
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RUN 5272 

Lu177, 6.8 d, 2o3/2 

(2,2+-+3,3) 

H = 60.0 gauss 

410.566 

410.6 
MC/SEC 

MU-22020 

Fig. 61. Resonance corre2ponding to the trfnsition F, 
m=Z, 2-... 3, 3 in the n

3
/

2 
state of Lu 77. 
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Table VI 

The most f'ield-in<lcpend.ent :positions of the observable Ni' = ±1 transitions 

in the 2n
5
; 2 electronic state of w177. The calculations '\'Tere perfor:t'lled 

for a = 147.167 and b = 1805.928. 

Transition (ovfoH)min H . v(gi +) v(gi -) 

(Fl~~ ~ F2"~) (Mc/sec ... gauss) (gauss) b'lc/sec) (Me/sec) 

6~-3 +-+ 5,-3 0 8o5.2 1230·572 1230.572 
5,-2 ....... 4, .. 2 0 243 .. 9 358-595 358.595 
5,-2 +-+ 4~-l 0 226.5 410.476 410.279 
4, 2 ........... 3, 3 0.042 0 175-885 175·885 
4, 4 +-+ 3, 3 1.134 0 175·885 175.885 
4, 3 ......... 3, 3 0.588 0 175.885 175·885 
l, 1 +-+ 2, 2 0 37·2 172.868 172.835 
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Table VII 

lTI -2 ,_ 
s~ ot' In data for the ~/2 e~ctronic state. 

COn.:pa.rlng isotope 

r.l15, 2n3/2! !=7/2 
e.r = -0 .. 19911 

-4 8r = 3 .. 1 X 1.0 

a = 194.3317 Me/sec 

Iteration a oa 
No .. (Me/sec) (Me/sec) 

1 ]94.,84-o o ... ooo 
2 l.S/4 • .842 0 .. 010 

3 194 .. 842 0.010 

l. 194.840 o.ooo 
2 l$4 .. 842 0.010 

3 194~842 o.m.o 

Calibrattng; isotopes 

Ifu8t) 1 
2s

112
, I o:: 5/2 F?bfr7, 2s

112
, I = 3/2 

gJ = -2~00238 gJ = -2.00238 
.... l. -4 -4 

gi = 2 .. 937V'1- X 10 ~ = 9.95359 X 10 . 

Av = 30?5,.735 P.r:/sec 4v = 6831~.685 J:'!c/sGc 

b Bb 
lj. 

gi X 10 
---:=4 

og
1 

x 10 x2 
h·Ic/sec) (l.k!/sec) 
-

llt66 .. 725 o .. ooo 3·ll o .. oo 2.93 
1.166 .. 713 0.058 4.15 2.86 2.8$ 

11!66 ... 713 0.058 4.15 2 .. 86 . 2.85 

1466 .. 725 o.ooo -3 .. 11 o.oo 6~70 

1466 .. 713 0.058 4.20 2.88 2.26 

1466.713 0 .. 058 4.14 2 .. €6 2.e6 

1-' 
LU 
V1 



Calib-

rating "c aye H on. 
Run isotope (~~/sec) (~~/sec) {gauss) (gauss) Fl -~ 

4631 RB85 3-460 o.o40 1·311 O~o85 5 -3 
1!651 EB85 28.660 o •. crro 58.653 0.137 5 -3 
~1 RB85 1<:6.545 0 .. 110 195-126 o.rn 5 -3 
1!632 RB8; 3.1463 o.o4o 7-377 Ooo85 4 ·3 
lo652 RB85 28.652 0.070 58.637 0.1.37 4 3 
3261 RB85 50.618 0.030 100.211 0.055 4 ~ ., 

5071 RB85 4.66y . 0.030 9-922 o.oS3 5 -3 
5072 RB85 4.668 0.030 9·924 o.c63 5 -3 
5o51 RB85 4.688 0.030 9-966 o.o63 5 -3 
5281 RB85 28.340 0.035 58.027 o.o68 4 3 
4741 RB87 20.234 0.100 28.666 0.14<> 4 4 
5042 RB85 28.364 0.030 58~074 0.059 4 4 
4742 RB85 1.403 0.040 2-999 o.o85 2 2 
5041 RB85 28.364 0.030 58.074 0.059 2 2 
5021 RB85 29G356 0 .. 040 60.013 0.078 2 2 

5272 RB85 29·371 0.030 60.042 0.058 2 2 

5lll RB85 30.883 0.030 62.986 0.058 2 2 

5101 RB85 30.932 0.030 63 .079 . 0.058 2 2 

" ov 
F2 ~ (He/see) (Vc/sec) 

5 -4 2 .. 470 0.050 

5 -4 20.000 o.o;o 
5 -4 69-3o8 0.075 

4· .2 1 .. 600 0.050 

4 2 l.J . .ll-00 0.200 
-· 

4 2 74.600 0.200 
4 -3 2018.450 Oa200 

4 -2 2016.150 0.120 

4 -2 2016~050 0.150 

3: 3 407.125 0.350 
3' 3 387.200 0.300 

3 3 416.200 0 .. 300 

3 3 459.000 0.750 

3 3 411.030 0.120 

3 3 410.550 o.o8o 
3 3 410.566 0.080 

3 3 410 .. 510 0.100 

3 3 410.525 0.100 

Residual 

(!VIe/sec) 

-o.ooS 
-0.007 
-0.024 
0.005 
0.039 

-0.186 
0.02! 

0.032 
-0.043 
-0.()90 

0.227 

0.004 

-o.8co 
-0.029 

-0.027 
-o.oc6 

O.Ol4 

0.018 

·" .; 

Weisht 

Factor 

301.5 

209.8 
101.2 

355-1 
21.2 

20.7 
24.7 
63.1 
41.8 

1·9 
9.2 

10.7 
1.8 

67-7 
152.2 
154.0 

99·6 

99·5 

1-' w 
G\ 
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Table VIII 

St.nmnary of lllrn da:ta for the ~5/2 electronic state. 

Comparing isoto~ Calibrating isotopes 

Iul75, 2 
D5/2' I = 7/2 85 a I Rb , s112, I = 5 2 87 2 I Rb , s112, I = 3 2 

gJ = -l.20035 gJ = -2.00238 gJ = ~2.00238 
-4 4 -4 -4 

gi = 3.1 X 10 ST = 2.9370 X 10 gi = 9·95359 X 10 
a = 146.779 1~/sec ~v = 3035.735 ~~/sec Av = 6834.685 Mt:./sec 

Iteration oa b 5b 
4 4 

a gi X 10 5gi X 10 
No. (Me/sec) (Me/sec) (Me/sec) {flit:;/sec) 

1 147.166 o.ooo J.805.909 o.ooo 3.11 0.00 
2 147.167 0.005 18o5.928 0.0'(2 3.01 0.51 

3 147.167 0.005 18o;.928 0.072 3.01 o.5l 

l 147 .. 166 o.ooo 1805.909 o.ooo -3.ll 0.00 

2 l47.166 0.005 18o5-9ll 0.072 3.19 0.52 

3 147.167 0.005 1&>5.928 0.072 3.ll 0.51 

4 147 .. 167 0.005 18o5.928 0.0'{2 3·01 0.51 

,. 

x2 

25.1 
25.0 
25.0 

942.0 
25.1 
25.0 
25.0 

1-' 
w 
-J 



Callh-

rating 'II ov, H 5H 
c "C 

Run isotope (Me/s~) {Me/see) {gauss) {ge.uss) F
1 

3221 RB85 11.5d5 0.()25 24.193 0.052 6 

3223 RB85 22-070 0.025 45.633 0 .. 050 6 

3262 Im85 50~625 0.030 100 .. 224 0 .. 055 6 

3271 RB87 173-599 0.070 230.907 o.o87 6 
3222 RB85 . ll.520 0.025 21+.222 0.052 5 

3224 RB85 22.o82 0.020 45..656 o.o4o 5 
3341 RB87 94.650 0.070 129-941 0.092 5 
3351 RB87 129-137 0.030 174.817 O..C38 5 

3352 RB87 156-all 0 .. 030 210.0J.7 o .. oJ8 5 

4<>51 RB85 2 .. 327 o .. o4o 4 .. 966 0.085 4 

3851 BB85 5.045 0.030 10.719 0.~3 4 

39ll RB85 7-077 0.030 14.987 o .. o53 4 

402J. RB85 7-111 o.o4o 15.058 0.084 4 

4022 RB85 7·588 o .. o40 16 .. 056 o .. o84. 4 

1:031 RB85 8.7J.8 o.o4o ~8.413 0..083 4 

5o81 RB85 2.282 o .. olio 4.871 o.Q85 6 
5241 RB85 J.38 .. 837 0 .. 0'{0 244 .. 001 0.102 5 

5131 RB85 138.869 O .. CY(O 244 .. 048. OoJ.02 5 

~ 

~ F 2 m.a 

-3 6 -4 
-3 6 -4 
.. 3 6 -4 
-3 6 -4 
-2 5 -3 
-2 5 -3 
-2 . 5 -3 
-2 5 -3 
-2 5 -3 

2 4 1 
2 4-. 1 
2 4 1 

2 4 1 
2 4 l 

2 4 1 

-3 5 -3 
-2 4 -2 

-2 4 -2 

v ev 
{~~/sec) (Me/see) 

1'(.150 0.075 

32 .. 445 0.050 

72-560 0.200 

174.480 0.250 

:US .. 2~ 0-075 

31..400 0 .. 100 

99·250 0 .. 300 
].l:Ji-.150 0.300 
187!1'500 o.6oo 

2 .. 700 0 .. 100 
5·230 0 .. 100 
6.640 0.100 
6 .. 690 0 .. 075 
7 .. 000 0.075 

7-630 0.100 

1810.730 0.150 
358.610 0 .. ()50 

358.600 o·o050 

Residual. 

(»!/sec) 

O .. Ci{9 

. O.C09 

-0.008 

-0.248 

0.11;6 
0 • .219 

~0 .. 263 
-0.013 
-0 .. 276 

0.129 

0.128 

0.058 
o .. oas 
0 .. 099 
o.o86 

-0.183 
0.014 

··o .. 004 

.. 

Weight 

Factor 

143.4 
263.:2 
24.0 
14.8 

145.1~ 

92·3 
10 .. 3 
10 .. 9 

2" .. 8 

85 .. 4 

94 .. 3 
96.4 

159·2 
161.0 

95·6 
44.0 

400.0 
4oo.o 

' 

1-' 
w 
CP 



.. 

Cal.ib-

:rating "c ave H 5H v 8v Residual Weight 

Run isotope (Me/sec) (t:~Ic/see) (gauss) (gauss} F1 ~ F2 ~ (~/see) (Me/see) (He/sec) Factor 

5271 RB85 138~877 0.0"[0 244.059 0.102 5 -2 4 -2 358 .. 6oo 0.050 o.oo4 4oo.o 
5141 RB85 138.924 0.090 244.128 0.131 5 -2 4 -2 358.61.0 o.o4o·· 0.014. 624.9 
5112 BB85 139.052 0.310 244.314 0.451 5 -2 4 -2 358 .. 625 0.075 0 .. 028 177.4 
4241 RB85 1.654 0.030 3..534 o.QS4 5 -2 4 -l. 797·150 0.400 -0.289 6.1 
4372 RB85 lZ(.008 0.050 226.54o 0 .. 075 5 -2 4 -1 410.473 0 .. 010 -0.001 9999-7 
5231 RB85 127-024 o.C6o 226.564 0.090 5 -2 4 -1 410.475 0.015 0.001 4444.4 
4371 RB85 J27.4s6 o ... J.Bo 221·ZTO 0.269 ,5. -2 4 -1 410;.480 0.010 0.001 8844.2 
4C61 RB85' 1.592 0.030 3-402 0.064 4 4 3 3 180.()50 0.300 0 .. 171 10.4 
5082 RB85 2.274 0.040 4.854 o.o85 - 4 2 3 3 176.950 0.100 0.085 91.4 
4221 RB85 16.420 0.050 34·255 0 .. 102 1 1 2 2 173.100 0.150 -0.219 42.7 
5213 RB85 17-763 0.030 36-978 o.a>1 1 1 2 2 172.875 0.050 0.005 399-6 
5212 RB85 17·873 0.050 37·200 0 .. 101 1 1 2 2 172.890 0.040 0.023 625 .. 0 
5201 RB85 17.911 o.o6o 37·277 0.121 1 1 2 2 172·975 0.100 0.1o8 100.0 
5211 RB85 18.045 0 .. 030 37.548 . 0 .. 0'51 1 l 2 2 172-960 0.()90 0.088 123.4 
4231 RB85 18-053 0.040 37·564 o.o81 1 1 2 2 172.880 0.025 0.007 1579·9 

1-' 

~ 



90 2 Jw with Y 1 the sr:.~all V"d.lue of the X reflects the conservative 

errors placed. on the ex:p9ril;'lental resonance frequencies. Since ·~he com-

puter uncertainty in each parameter is the standard deviation of that 

ps.ramater, there should be a 95% probability (for a normal distribution) 

that the true value lies within two standard o.eviations of the measured 

va.lue. With this uncertainty., then, the measured values of the in·teraa-

tion constants and Sr. are: 

. 2n3; 2 state: a = 194.84(2) Me/sec, 

b = 1~.71(12) Me/sec, 

gi = 4(6) X 10•4; 

2n5/ 2 etate: a = 147.17(1) Me/see, 

b = 1805.93(14) MC/aec1 

gi = 3(1) X 10·4• 

From these values for a and b, the zero"field hyperfine-structure 

separations are: 

2n3/ 2 state: Av5 ... 2 = 1919.04(24) Mc/sec1 

Av2M 4 = 102.82(18) , 

Av4-3 = 360.31(9~; 

2n5/?.. state: Av6 .. 5 = 1811.76(10) Me/sec, 

Av
5
_1 = 615.60(18); 

Av1_4 = 184.74(15), 



Av11_ 2 = 36 .91(11) > 

Av.
2

_
3 

= 138~~98(6). 

Figures 62 and 63 sho1r the energy-level clia.grnms for both electronic states 

in the region 0 to 1000 g~uss. 

The ratios 61" the experi~ntal interaction conatants are 

bi 1805.928 
-- = = 1.2313. 
b" 11166.713 

Theoret1caJ..4r ~ one would expect 

b' lO R' 
- = - - ;= 1·2907'' 
b" .7 Rt' ' 

where '\ore have taken the effeotive nucleru:- charge o.s z1 = 51.0 (MUR 55). 

The very large deviation in th~ :ratio of tne a' a again Bpggests a configura .. 

tion-ndxing effect of the type already discusoed., Tbe electronic configure. .... 

tion that meets the requirements :f'or an effect of this kind is the 5d6s7s 

conf'igu.rat;f.on. 

As vith 'Y?0 
1 the rela.t1ons that pe1-mit a ca.lculntion of the extent 

Of this effect axe 
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Fig. 62. ~nergy level diagram of the lJ_~erfine structure 
in the n 3 / 2 electronic state of Lu • 
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b= 1805.93 Me/sec 
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Fig. 63. Ef.ergy level diagram of the hfffrfine structure 
in the 0 5 / 2 electronic state of Lu . 



a• "" a • + 6 1 
0 1 

].u I C" 2 
e t$ --- --- • 

F' ci 

For lack of be·l.;ter information, we shall assume lc"/c• 12 = l [ (Eq.( I!•72)] • 

Thus; 9 = 1.0320 and 

a0• = 100.354 Me/sec, 

ao" = a41.655 lJlc/aec. 

From Ritter's unpublished results for ru175,. we have (RIT 60) 

2n
3
/ 2 statez a = 194.3317(4) ~~/sea, 

b = l5ll.4ol2(30) MC/sec)J 

2n5/ 2 state: a ~ 146.T790(10) Mc/sec, 

b = 1850.64"{(10) Hc/aec.. 

As with w177; the corrected nuclear .magnetic dipole interaction 

constants become 

and 
ao •• 100.091 liic/aec, 

ao" = 241.020 Me/sec. 
. . .... ~.. ... . .. ···-~ ····--··· .. ·--····~· (',>······· ··-· ··-··-- . .. . . . . '~ 

From Ritter'e data (STE 58) and ui(In75) = 2.0(2) ~we obtain_, "tlith 



the aid ot the Fermi Seg~ tormula, 

From Eq. (II-98) we obtain, with Murakawa*s value tor the eff'ectiYe 

nuclear charge 1 

BOth these values ae;ree Within the uncertainty with the value direct~ 

measured in the 2Dt;/2 electron:J,c state, 

We shall taka 

gi • 3.1(3) X 10•4 

145 

e.a the best value tor the nuclear g factor of m177. In units of nuclear 

magnetons, this quantity corresponds to 

Since.:/'the principal uncertainty in the previous caleulationA; could be 

greatly reduced it a more accurate value tor the magnetic moment ot 1».175 

wre known, a direct measurement of this quantity seems highly desirable. 

The uncorrected nuclear electric qu.a.d:rupole moment can be obtained 

2 trom :sq. (II-20). For the n3/a electronic state, 

~( 2n3/2) = 5.1(5) barns. 

For the 
2Dr;/2 electronic state, 

Q( 2D5/2) ~ 4.9(5) barns. 
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Those values are the same as those Which one obtains by using Eq. (li-19) 

and Muraka:\m' a value for z
1

• The discrepancy bet·'lleen the results for the 

two electronic states reflects that the experiL~ntal ratio of the b 1a is 

not equal to theoretical ratio. Representing this discrepancy in the 

uncertainty,. we take the best value of the uncorrected nuclear electric 

qua.drl.lpole moment to ba 

The simple single-particle ~hell model does not predict the spin of 

IA11T7 in a atraightf'o:rwa.rd manner. Consequently., we attempt to compare the 

eXperimental results With the collective model. 

Mo·litelson and Nilsson (MOT 59) have calculated the equilibriutll sbe.pe 

deformation para.meter e to be 0.26 for ulTI. From the "Nilsson diagram" 

(M<Y.r 591 p.21) 1 the 71st :proton should be in a level corresponding to I = 

7/2 with even pari-ty, in a.greeraent with cx_perimcnt. The observed f3 decay 

is aJ.so in agreement vith this aesigruncnt. 

If we assume the.t j ie a. good quantum nu.mbcr in the limit of strong 

coupling of the nucleon to t~ core, then Eq. (II-85) predicts 

This value should be compared to the corrected experimental nuclear mag .. 

netic: moment fo1· w177. From Ko:pferraa.nn (tcOP 58, p.4;o), the diamagnetic 

correction; ~~ is 1.00827 and 

1-i (Lul77)corr 101 ltl.t (wl77)uncorr .., 2 o(") nm. 
I expt I expt • ~ • 



._. 

... 

The rather large diacrqpancy ia of the se.m.e order of magnitude and 1n the 

same direotion as ~e discrepancy in the case ot r.u175 (M<Yl' 59, P• 80), 

The theoretical intrinsic quadrupole moment can be calculated from 

Eq. (II•87) and the estimated value for o.. Assumillg Ito = (1.2 x 10""13) x 

Al/3, ve have·· 

In the l1mit ot strong coupling of the nucleon to the core, the measured 

quadrupole moment ia related to the intrinsic quadrupole moll'.Lent by 

~ theor..:: I . 
2
I..; 

1 ~theor = ~% theor. 
I + 1 2I + 3 30 

theor . 
Thus,.~ = 3o5 barns. Because of the large uncertainties, the dif' ... 

terence between theoretical and uncorrected experimental values should 

probably not be considered serioua • 
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Nuclear Spin, Hyperfine-Structure Separation, and Magnetic Moment 
of 22-Hour Potassium-43* 
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AND HowARD A. SHUGART 
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With the atomic-beam magnetic-resonance method, the nuclear spin and hyperfine-structure separation 
have been measured for 22-hour K". The results are I= J, D.v(1St) = 192.64±0.05 Me/sec. The nuclear 
magnetic moment calculated from these measurements is !PI =0.163±0.002 nuclear magneton. 

L INTRODUCTION 

T HE atomic-beam flop-in technique has been used 
to measure the nuclear spin and hyperfine­

structure separation of 22-hr potassium-43 in the 2S; 
electronic state.1 Since the apparatus and procedure 
employed in making measurements of these quantities 
with radionuclides has been described in detail else­
where,2 only a brief summary of the method is included 
here. The convenient 22-hr half-life of K43 and its ($"" 
decay made beams of this isotope suitable for radio­
active detection with high efficiency. The experimental 
results extend the evidence for a general trend in the 
magnetic moments of the odd-mass-number isotopes 
of potassium. 

II. THEORY OF THE EXPERIMENT 

A free atom of potassium in the 2S; electronic ground 
state may be represented in an external magnetic field 
H by tlie Hamiltonian, 

htlv 
X=-l-loCJJ·H-1-'ogri·H+-I·J (1) 

I+! ' 

where 1-'o is the absolute value of the Bohr magneton, 
I and J are the nuclear and electronic angular momenta 
in units of -A, gr is the nuclear g factor [w/(l'ol)], gJ is 
the electronic g f11-ctor [1-'J/(1-'o.l)], and A• is the 
zero-field hyperfine-structure separation between the 
F=I+! and F=I-! levels, in cycles per second. The 
energy levels of this Hamiltonian are given by the 
Breit-Rabi formula, a 

hAv 

hAv( 4mx )' ±- 1+--+x2 
2 21+1 , 

(2) 

• This research was supported in part by the U. S. Air Force 
Office of Scientific Research and the U. S. Atomic Energy 
Commission. · 

1 Petersen, Ehlers, Ewbank, Marino, and Shugart, Bull. Am. 
Phys. Soc. Ser. II, 3, 415 (1958). 

2 Hobson, Hubbs, Nierenberg, Silsbee, and Sunderland, Phys. 
Rev. 104, 101 (1956). 

8 G. Breit and I. I. Rabi, Phys. Rev. 38, 2082 (1931), as ex­
tended by Millman, Rabi, and Zacharias, Phys. Rev. 53, 384 
(1938). I 

where 

The positive sign is taken with the F=l+! levels and 
the negative sign with the F=I -!levels. The qualit)l.­
tive variation of the hyperfine energy levels for the case 
of J=!, I=! and a positive nuclear moment is shown 
in Fig. 1. 

In principle, the deflecting fields (A and B) of the 
flop-in apparatus focus on the detector only those atoms 
which change the signs of their effective magnetic 
moments while the atoms traverse the region between 
the A and B magnets. At high A and B fields (x>>O.S 
for the case in Fig. 1), the refocusing condition is 
satisfied for the transitions, AmJ= ± 1. As shown in the 
figure, nine allowed (Amp=± 1, 0) transitions are 
readily observable. 

To second order in H, the transition labeled i has a 
frequency dependence of 

( -gJ-2Igr) 1-1oH ( -gJ+gr)2 ~Lo2 H2 

•= +2I -+·. ·. (3) 
21+1 h (21+1)2 h2 Av 

In the "linear" Zeeman region, where the magnetic field 

-I 

-z 

X z 

m"'l 
' !12 

112 1/Z 

112 •1/2 
112 

-312 
112 

-112 
-312 

-112 
-112 

-v2 
-112 112 

!12 

FIG. 1. The Breit-Rabi diagram for potassium-43 with an 
assumed positive nuclear magnetic moment. 

Appendix A. 
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is low, the first term of this expression is dominant and 
the higher-order terms may be neglected. Similarly, 
since g1 is about 1/2000 of gJ, its effect in the equation 
is small. Therefore, the transition frequency is de­
pendent essentially upon H, I, and the known constants 
gJ, p.o, and h. Observation of this transition at given 
low fields and frequencies thus establishes the nuclear 
spin I. 

Initial estimates of the hyperfine-structure separation 
dv result when transition i is followed to higher fields 
where the second and higher order terms in Eq. (3) 
contribute. For this transition, the .hyperfine-structure 
separation may be calculated exactly from the equation 

(4) 

where v is the resonant frequency of transition i and 
other symbols have been defined previously. In this 
equation, gr is an unknown but may be estimated with 
the aid of the Fermi-Segre formula, 4 

dv lg'I(2I+1) 
dv1

"' gr' 2!'+1 ' 
(5) 

where the primed and unprimed quantities refer to two 
isotopes of the same element. Equations (4) and (5) 
may be solved simultaneously for dv and gr by assuming 
first a positive and then a negative sign for gr. Although 
the Fermi-Segre formula involves certain simplifying 
assumptions, moments calculated from it are normally 
in error by less than 1%. 

As seen in Fig. 1, eight of the observable transition 
frequencies approach dv as the external field approaches 
zero. The field dependence of these transitions may be 
computed from the Breit-Rabi equation. With the 
apparatus used in this work, the transitions b and c, as 
well as e and f, form unresolved doublets. The transition 
d exhibits only small-field dependence at low fields. 
The resulting resonance is narrow and therefore provides 
the best measurements of the zero-field hyperfine-
structure separation. 

III. ISOTOPE PRODUCTION AND IDENTIFICATION 

K43 was produced on the Berkeley 60-inch Crocker 
cyclotron by the reaction A4°(a,p)K43• The natura] 
argon gas at 2 atmos absolute pressure was contained 
in a water-cooled aluminum cylinder of cross section 
1! X 5 inches and of length 19 inches. One end of this 
container was provided with a "window assembly" to 
admit the bombarding particles. After a bombardment; 
potassium atoms were recovered from the walls of the 
target container by solution in distilled water containing 

• E. Fermi and E. Segre, Z. Physik 82, 729 (1933). 

about 30 mg of potassium chloride carrier. Three 
washings, each approximately 200 ml in volume, were 
adequate to remove the major portion of the activity. 
Then the solution was reduced in volume, pipetted into 
the atomic-beam oven, and evaporated to dryness. An 
excess ,of finely divided calcium metal was added to 
~ause reduction of the potassium ions when the oven 
was later heated in the atomic-beam apparatus. 

Since K42 (12.5-hr) is also produced by the reaction 
A4°(a,pn)K42 during a bombardment, this isotope forms 
an unwanted background in these experiments. For 
bombardments with 40-Mev alpha particles, continuous­
flow proportional counters showed the initial activity 
of K42 to be 60 times that of K43• As a result, an experi­
ment was conducted to determine roughly the relative 
yield of K43 to K42 as a function of the beam energy. At 
about 20 Mev, the activity ratio K42/K43 was reduced 
to 4. Subsequently, the preferential decay of K42 further 
decreased this ratio before use of the sample. At 20 Mev, 
100 to 140 microampere-hours of bombardment pro­
duced adequate K43 activity for 15 hours of running 
time, with resonance signals of 3 to 30 counts per 
minute (10-minute collecting time) above a 2-count/min 
counter background. 

Samples of the transmitted potassium beam were 
collected on sulfur surfaces and counted in continuous­
flow proportional counters. Because the samples were 
inserted directly into the sensitive volume of the 
counters, radiation into 21r steradians of solid angle was 
counted. Each resonance exposure was decayed for 3 or 
4 days to verify the presence of 22-hour K43• The half­
life and identity .of this isotope have been well estab­
lished by previous investigators.o-7 

lV. EXPERIMENTAL PROCEDURE 

For the work on K43, the resistance-heated oven was 
inserted into the atomic-beam apparatus by means of 
an oven-loader assembly. This assembly, containing 
electrical, thermocouple, and water-cooling connections, 
could be introduced into the apparatus without disturb­
ing the high vacuum within. 

The easily detected potassium carrier, which was 
added during the chemistry, facilitated initial align­
ment of the oven. Also, observation of the low-field 
flop-in resonance (F, mF= 2, -1 ~ 2, - 2) of stable 
potassium before and after each radioactive exposure 
served to calibrate the transition magnetic field (C field) 
and to indicate the beam intensity for normalization. 

Radiofrequencies for the <1F= 0 transitions were 
generated by a Tektronix Type 190 oscillator. For the 
<1F= ± 1 transitions, a Hewlett~Packard Model 608 A 
oscillator and two Instruments For Industries wide­
band amplifiers were used. All frequencies were moni­
tored with a Hewlett-Packard Model 524B frequency 
counter, whose 100-kc/sec internal-reference frequency 

• Overstreet, Jacobson, and Stout, Phys. Rev. 75, 231 (1949). 
6 G. Anderson, Phil. Mag. 45, 621 (1954). 
7 T. Lindqvist and A. C. G. Mitchell, Phys. Rev. 95, 444 (1954). 
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TABLE I. Values of Av predicted from low-frequency resonances. 

K .. 
(Me/sec) 

10.89±0.05 
15.36±0.05 
24.30±0.05 
39.25±0.30 

K" 
(Me/sec) 

12.15±0.50 
17.70±0.75 
29.90±0.50 
52.60±0.50 

Hfs separation (for either 
positive or negative 
magnetic moment) 

(Me/sec) 

177±41 
184±33 
186±9 
188±6 

was compared weekly with an Atomichron. 

V. RESULTS 

From Eq. (3), the spins and frequencies of two 
detectable low-frequency resonances at a given tield 
are related approximately by 

where the subscripts 1 and 2 may refer to radioactive 
K43 and stable K39 , respectively. When a search was 
made at frequencies corresponding to spins of t 2, t 
and~. the buttons corresponding to I= 2 and I=! gave 
definite indications of resonances. Subsequent decay of 
the activity collected on the I= 2 button confirmed its 
identity as K42, which has a known spin of two. 8 

Similarly, the decay of the I=! sample showed an en­
richment of K43 over the normal composition of the 
beam. Because these resonances were quite broad, a 
portion of the tail of the spin-2 resonance contributed to 
the I=! signal. However, decay analysis distinguished 
the contribution of each isotope to the resonance. 

On a subsequent run, four resonances of K43 were re­
solved at progressively higher values of the C field. 
These confirmed the spin (I=!) and roughly deter­
mined the hyperfine-structure separation, .:lv, of K43 • 

A summary of these results appears in Table I. The 
relatively large uncertainties in the frequencies of these 

;;[1000 
~ 

e 
i 
.! BOO 
w 
!.i a: 

R\11'1 1821 
K4 3..zzl'l 
12,0-1,0 

o·L-~~±.~s-~~~~~~.e~~.s~~±3.~o__J 
Me/sec 

FIG. 2. A bell­
shaped curve fitted 
to a field-independ­
ent resonance by a 
least-squares pro­
cedure. 

8 E. H. Bellamy and K. F. Smith, Phil. Mag. 44, 33 (1953). 

resonances resulted from broad-resonance lines. It 
should be noted that the usual consistency argument9 

for determining the sign of the moment cannot be used 
for K43 in this experiment. Owing to a small magnetic 
moment, the hyperfine-structure separations calculated 
for a positive magnetic moment and for a negative 
magnetic moment, respectively, lie well within the 
errors of the measurements. As a result, the data pre­
sented here cannot determine the sign of the moment. 

After the wide line width was reduced by changing 
the radio-frequency hairpin and by repositioning it in 
the C field, a search for the direct transitions (.1F= ± 1) 
was begun. Table II summarizes the results. The field­
independent line (F, mF= 2, 0 <-> 1, 0, transition d in 
Fig. 1) was observed seven times in fields from ~2.3 
to ~s gauss. Proper dependence of this line upon the 
magnetic field established its identity. The two un­
resolved doublet frequencies which occur above and 
below that of the field-independent line were also 
measured. 

For each resonance, all data were corrected for 
counter background, for fluctuations in beam intensity, 

193.0 

.9 

. e 

.7 

.6 

192.5 

··l!tFT ----+-----l- ___ l_ ___ 

RESONANCES IN ARBITRARY ORDER 

FIG. 3. A plot of 
the calculated hyper­
fine-structuresepara­
tions obtained from 
AF = ± 1 resonances . 
The heavy line indi­
cates the weighted 
average of all obser­
vations, while the 
dashed lines indicate 
the quoted uncer­
tainty in the final 
value. 

and for radioactive decay. Each resonance-peak button 
was also decayed to establish the enrichment of K43 • 

Next, a bell-shaped curve was fitted to the data of each 
resonance by a least-squares procedure. An example 
of a fitted curve of one of the field-independent reso­
nances is shown in Fig. 2. From the curve-fitting pro­
cedure, the peak frequency, the width at half-maximum, 
and the uncertainty in peak frequency due to the un­
certainties of input points were obtained. The un­
certainty of the peak frequency was taken as a 
combination of one-eight of the full width at half­
maximum and of the uncertainty of the peak due to the 
statistical uncertainty of input data points. The 
uncertainty in the calibration frequency was estimated 
from consideration of the reproducibility of the calibra­
tion resonance. 

The final value of .:lv is taken as the weighted average 
of all hyperfine-structure separation measurements 
listed in Table II. The measurements are plotted in 
Fig. 3, which also shows the weighted average and 

9 J. R. Zacharias, Phys. Rev. 61, 270 (1942). 

··, 
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TABLE II. Results of ~F=±1 transitions. ~v+ and ~v- are hyperfine-structure separations predicted by the 
Breit-Rabi equation by assuming a positive and a negative magnetic moment, respectively. 

l'aal 
F,m, .... F'.mr• (Me/sec) 

2, o-1,0 5.845±0.020 
2,0 ... 1,0 4.650±0.020 
2,0 ... 1,0 4.290±0.020 
2,0 ... 1,0 3.515±0.020 
2,0 ... 1,0 2.550±0.020 
2,0-1,0 2.040±0.020 
2,0 ... 1,0 1.595±0.020 

Unresolvedr- 0 
<-+

1
, -

1
} 

doublet 2, _ 1 ... I, 0 
2.580±0.020 

unresoivedr·
0

-
1
• 

1
} 

doublet 2, 1 ... 1, 0 
2.575±0.020 

stated uncertainty by the full and dashed lines, re­
spectively. The best value of .l:lv, with estimated un­
certainty, is therefore 

.l:lv= 192.64±0.05 l\[c/sec. 

In conjunction with the known constants of K 39 or 
K'l, the Fermi-Serge formula was used to obtain the 
absolute value of the nuclear magnetic dipole moment 
of K43 to within about 1%. The result is 

1~1 =0.163±0.002 nuclear magneton. 

Some of the ground-state properties of three odd 
isotopes of potassium are now known (K39, K41 , and 
K43). The nuclear spins of all are I.=! which, on the 

.". A•• and&.--
(Me/sec) (Me/sec) 

193.995±0.049 192.681±0.050 
193.515±0.038 192.670±0.038 
193.335±0.036 192.613±0.037 
193.120±0.059 192.630±0.060 
192.897±0.018 192.636±0.01 I! 
192.787±0.020 192.618±0.021 
192.764±0.020 192.661 ±0.020 

190.407 ±0.068 192. 709±0.070 

195.364±0.057 192.600±0.062 

Weighted average with estimated uncertainty 192.64±0.05. 

basis of the simple shell model, arises from one missing 
proton in the d1 shell. The nuclear magnetic moments of 
this series show a monotonic decrease, with values of 
+0.391 nm for K39, +0.215 nm for K41

, and ±0.163 nm 
for K 43• Although the resolution in this experiment was 
insufficient to establish the sign of K'", it should be 
noted that the positive-sign choice would make the 
measurement lie within the lower Schmidt limit of 
+0.124 nm. 
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APPENDIX B 

Fundamental and Atomic Constants 

These fundamental constants (COR 57) have been used. 1n the 

calculations ~the text and are collected here tar reference: 

a
0 

= 5·29172(2) x 10 .. 9 cm..t 

c = 2·997930(3) x 1al0 em/sea, 

¢ = 4.60086(9) x 10"'10 esu, 

h = 6.62517(23) x 10 .. 27 erg•sec1 

)11/m = 1836.12 (2 )1 

J-1
0 

= 0.92731(2) x 1o-20 ers/go.uss. 

Atomic consta.tns that have been usef\tl tor ~tic field 

measurements, lllcunent ca.l.culations1 lilllA other ptll"pOaed are listed 

below. ~ values ot' a.U moments are uncon-ected tor dielectric and 

Sternheimer effects. 

l ill 3/2, 

A'f = 461.719690 ( 30) MD/ sec 

J.ll = o.39o873(13) nm, 

gJ = ·2.00228(2)J 

(MIL 341 MIL 35 ) 

(BLO 6o) 

(BRU 54) 

(RAM 56) 

I = 3/2, (MAN 36) 

Av = 254.013870(35) Mt:/seo1 (BLO 6o) 

IJ.I = 0.21453(3) nm, (BRU 54) 

gJ = •2,00228(2)J (RAM 56) 
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Rb85 

P.b87 ·-

y89 ·-

r.,al39 

I = 5/2; (KOP 33aJ KOP 33b) 

All = 3035 • 735 (2) Me/sec; (BED 52) 

~I = 1·34819(3) run, (YJ\S 51) 

gJ ~ -2.00238(4); .(RAM 56) 

I= 3/2; (KOP 33aJ KOP 33b} 

Av = 6834.685(2) Me/sea, (DAL 53) 

J.ti = 2. ~140(5) nm, (XAS 51) 

gJ = -2.00238(4)J . (MM 56) 

l :r:a l/2, (OM 49; KUll 50) 

a(2n
3
; 2 ) ~ ~57•217(15)MC/see1 (FRI 59) 

a(2n
5
; 2) = •28.749(30)MC/sec1 " 

111 = -0.136825 (4) 1'lm1 (BRU 54) 

g
1
en312 ) • .. o.79927(U), {PEN 59) 

gJ(
2

D5/2) 1111 -1.20028(19); II 

I • 7/2; (AND 34) 

a.(2n3; 2 ) = l41.1959(16)Mc/sec(TIN 57) 

b(2n3/2) • 44o78l.(l.4)Mc/sec1 
11 

o (2D3/2 ) • 0.15 (44) krJ/aeo1 '
1 

a(2n5; 2 ) • 182.17o6(6) Mo/eeo, " 

b(
2n5; 2 ) a ~.213(14) Me/sec, " 

o(2n5; 2 > • ... o.6(1 .. o) ko/aec, " 
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~I = 2.7614(2) nm, (SHE 51) .. 
Q = 0.230(10) barns, (TIN 57) 

gJ(
2n

3; 2 ) • .. o. 7988(5 ), " 
2 

gJ( n
5; 2) = -l.20l(2)J " 

U1175 

I = 7/21 (SOH 35) 
2 

a.( n3; 2 ) = 194·3317(4) 1-fc/occ, (RIT 6o) 

b(~3;2 ) = l5ll.4Q1.2(30)lllc/sec, II 

2 a.( n
5
; 2 ) = 146. 7790(10) JlJc/scc1 

If 

2 
b( D5; 2 ) = 1860.64.7(10) Me/sec, It 

~I = 2.0(2) nm, (S'l'E 57J STE 58) 

Q = 5.6(5) barns, .. " 
8J(

2n3; 2 ) • ·0·79911(10)1 (RIT 60) 

s3(
2n5; 2 ) • •1.20035(20). " 
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