
Lawrence Berkeley National Laboratory
Recent Work

Title
NUCLEAR MOMENTS

Permalink
https://escholarship.org/uc/item/7pc267gd

Author
Sorensen, R.A.

Publication Date
1967-08-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7pc267gd
https://escholarship.org
http://www.cdlib.org/


i '; 
'" ' 

UCRL-17729 

~.~ 

University of California 

Ernest O. 
Radiation 

lawrence 
laboratory 

NUCLEAR MOMENTS 

R. A. Sorensen 

August 1967 

TWO-WEEK LOAN COpy 

This is a librar!l Circulating Cop~ 
which ma!l be borrowed for two wee~s. 
For a personal retention cOP!I, call 

Tech. Info. Dioision, Ext. 5545 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 

o 



• 

. " 

Paper for the 'International Conference on Hyper fine , 
Interactions Detected by Nuclear Radiation, Aug. 25-30, 
1967, Asilomar, California. 

" ... -' 

. : ,~ 

. , 
" " 

UNIVERSITY OF CALIFORNIA 

Lawrence Radiation.Laboratory 
Berkeley, California 

AEC Contract No. W-7405-eng-48 

,,". 

NUCLEAR MOMENTS 
, '. '. . ' 

·i '. 

,", . <\ /' • ",. ,r1 ? 

" '''I-: ;., ...•. ~'~ 't..'. ".:' .. ~{ 
, , 

" 
~ .... 
. : ... ~. 

, .. i' 

',', . 

R .A.·· Sorensen 

. \,. 
" 

i,'-

',t . 'i~ ? . .'\ .', . 
: i- ;>1, ~ I, " .: " 

;.~',' r 

, .... 
~ -. 

August 1967 

"'. ,'" 

7~" " . 

, ' 

1 

1·, 

; .... ',":. \," 

>.,' •• ,' • 

.. ,! • 

.:" 

UCRL-17729 
Preprint 

.. .'.~.' . 

", ' 



'. 
" 

( / ., 

. ,,: 

-',', /' .. 

" ..- ' 

.', .' 

; " 

"',:'. 

, :.,:.-
.. ,..:' 

.. '. , .. ;. . ,: ~\ 

~. . . ' .. /,' 

: ~ ~. } ... ~I' ... ,.; ..••• 

. c 

, , 

.. .... , .. , '" ,::',.':,,' , '*' 
,',' "', NUCLEAR MOMENTS' 

.. \ ,~" ,''I-: ":: .. .:' .~ •. 

, R';::A.' Sor.ens,en' 
. .~'", .," " 

' .. : Lawrence Radiation Laboratory', "r: " 
,University of California.:',;:: 

':. 

.::,. 

" ,Berkeley, California 

and 

Carnegie-Mellon Univers:Lty', ,;,' 
Pittsbu:rgh, Pennsylvania"; 

" " 

, August 1967 

'r. 
'. ,. ," 

INTRODUCTION . "., ~ '.' 

, " 

' .. 

, " 

. '.~ .. ,': 

. ", 

, " 

,,-;' 

UCRL-17729 

, " .. ~ 

":" 
.;.' 

, '-.' ~ 

.',.' . 

" . , 

The,'hyperfine' i!rt'eractio~ refers ,to deviations ::frbTIl'"the Coulomb' law f~r" 
:,., 

. . .' . . 

" inter~ction between a nucleus and itssu:rrounding' electrons:orTIlu':'mesons as the', :,,~" 

case may',be.Since a POititcharg~ Yieidsthe Coulombfor~e "li~ld, the hy:perfine' 
. .' '.' . . ~ . 

, interaction measures the deviations of 'the nucleus' from a point charge character. 

<" ." 
Such deviations are ordin~ilyexpressed in terms 'Of multipole moments which are 

. , _.' . 
.1,: 

the subject of this talk. ' 

.since it is nuclear rriomeritsbeing d:i.~cussed,' the electrons or muons will " 

<',','. ," 

. ' 

.. 
, ...... :, ," 

be considered simply t.oproduce anele'ctromagneti~ field dist~ibution over, the 

nuclear volu!ue and we consider the interaction ~fthe Cha~ge"'cUrrentdistributi,o~, ' 

of'the' nucleus with that field. :, Actually, except"in the case of a classically 
, . , ~'. 

~ .. " ",' 

produced external field, the dynamic interaction between nucleus and electron 

(muon) should'pe considered and in the case of heavy'mu-atoms this, becomes a' 

"~on.:.tri vial complication of' the calculations. " ,', 

, ',Fo; the moment,' consider this interaction of the static field on the, ' 
" . ~ " 

", " 

-"- , .' ", ...... ~ . 

'.~' , \ 

,,' , ',' st~ii~ria:ry, nucleu~ (diag6n~1 matrix element). ,The field and the nuclear Charg~~ Ii 1 ..;, • 

cu:rrent, distribution are conventionally expanded: 'in mul tipoles which interact, in " 
• "."~ y " • 

pairs " . .,::" 

'.". . '.,~. - "-\ ' 

.\" ,,~.'. .. f- , "', , , 
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.. " "", ," ,"., '". "l ,", .• ". ~::". : '. "i •• . " .' ,'. r :\,'. 

: ' , ...... ', • • I ""-"~ : .' '. • • 1, 4 ,,~' , ' • ~ , ' ., • " 

• 0-. .~ " • 

.',', ,'::::,: ,,';J ,;>:'<i,::;:'::,)~;:,":"',,:, ~',~~,~: ,,"·":\';"":::Z-'i"::·~'.";'~<,::~:S,/',;y:~·, .. .-:, , ":',::.,"' 
", ,.' W. -~::(N. ,~;.Ie~ ~).;..' (FI e1d), -::,'\',f'; ;;:!!}';'" ;.', ' '( 1 ) .' : J '" J' ,'.:., 

,. , . .-r d ' :,"', : .. ::<;:~C>: ': '; :, .. ..,;:.-.\i:<','.;:';.,; ... ;;':, ":' .- " 
~'" ',:<;~.he mu1tipo1es beitl~:' Ch~~~c,teriz;~~,'bY their,·t,ef1s.or" chB.ract~r,,:under rotation and .,::. 

, .; 'reflection ·oi,'~he'CObrdin:ates.' : The :mu1ti~~ies·a~'e .. ci~sS~d"aS'~lectric(EL) i<i?:~·~,.:~r 
. ' . : '. "L" .'." '" ' ..... ' .,", ": ·r*1·'· ,'"t; ",,','.".", • 

parity) ,.if: (~~)·.and a.smagnetic~if 7T : (-i)· ,.".' t':"Since 'thenlic1ear states all':>,.,. 

·;~JhaVe de;~ni te paritY:\~~{ very'~o~~"'~P~;~Xi~~~ion,~:>~nl;" t~~\J:: ~1 'moments eXist.:;>';.': 

.' .. :for'. ste. ~1~'6,(diagOnal)~fr';:x' ~e:~ement's' .. < ,;he:' \nu1t~~oles'" t6~'~ . considered are'thu's:':: .. <.' 
~:~"' •• -4 ::- " •• ::~ <~~~ .. , .. ;""'" ", ; .. ~~~.:.'}:."~./>' .::: . .'·>r~ _:~:',:.:':,:'.> . .t.'.", ... ::' .... ~.,:. ;, .. ,.,.'.~/ .. ~: .. ,:.' .. ::,::.:.>..:-;.,,'./.~.":~~~:.: .. ~."':""., ~. ~ :.~. '~", ',' " /) ... ~,~,' 
-' 'Electri'cMoncipo1e «EOl'; Magnetib 'Dipo~e:(M1) ,'Electric" Quadrupole '(E2) "'Maghetic:';,.:,, 

/'; ' .... : .... ,' -: •• ~' ' .• '. . r. .' .. ~; ;;:.; .• ' •. ; • , 

. : . .octupo1e (M3 ),::El~ctricHexadec~p~~~ (E4) , etc.,': On~y',th6se . 1i stedhave' been 
... ~ " .... ~ ! . 

. seriousi~;;;cons~de~~a:asea~did~tes' for obs'ervat'ion, ~s·':~tatic':niomEmts. ': 
'. J. . . . . 

" " 

. .... ./ .':' . ~ .': ! ' ... : '-:,.'~ 

,;A.dozen 0; so ~~gneti.d:,qc-t~~olednoment~·'haV~b:ee!l ~eas'~;~d1)ustng ·at9mic. , .• '<' ' .. 
~'. i 

" ;,., ~ .'. • :,,: .. • • ".: ' ~'r . ' .. 

beams. . The . complicatio~' ari ses .her~that ;the • oct'upole interacti~n is. sq.sma1i'> 
,'.~. ' 

.':" 

•• , .. - <.that,the i electron· producing:, the field in 'Eq.: (i) :~ust b~ , treated in' se(:!ond orde:( ';', ' . 
. ~: ... '., ... f~; '_.J.' :;..... ..':., ": '" '. '. • >.~. '.:' "'.:"'. ,';".. .' - . -' "-', . ... .... " .. '. . . :.~" ". .''"\ ".~, , .;.. 

:",-; ~in,the' lo'Wer str(:mger'mu1ti:pole~ ~ Ther'e'has. a1s;~~e~::'~6~e discussion of E4 <,;, .:, .::,;'0 

','. " mom~nt~·.2)'" There'Wou~d' "seem 'to' b~ little prospec:'.;o~_ the 'future of measuring "":"~;'; ,., 
'. ',~,~,.'(' .. :.,' ':.1 "",:. ',~:'.:I~"" _ ..•. l_' """,' ' .. ' .. :J.'.\.'~' .. _. r~';.:.,> 

:' ~:"higher. stati'cmom~nts:a;s the'in~eractiorienergY,drOPS . offrapi.d1y .wi th:increasing.-': ~."~ 
'~~I':':. .. . .'. ::> .... '- '.: ... ' : ':' ,. '\'.' ',- " . ..... . ". '. '.~/:.:: .. '.,'- '~~{1"~'., 

;:L' fo~·. the~btainab1e' "stai±c t1,f{eids. .' ; ':""';"'~ ;:,.:.. ,'-,':;::,';-:\:;' , 
,;.'t;' .. :.' .r, 

". 'Th~:;;,';:;i th:":th~,t'Wb 'excepti6nse,bo~e ,'We are siuclc'Wi th the monOPo1es,~",<>.' ~::/:-.r-
".;i ,':,dipo1~s ,'ancl,qtiadrUPOl~~ of .. ' olden d~ys ~ .. AccOrd'i~g:'i~' conve~t'iona1 ter~in610'gy/~'t~e; "'~"i;" 

'''~:~.:', .. > ... :~~. "~'-,,:/ ....... ':: .',~ .I. ,':':"#~:,.'.\:' :~.':::'.;'\\. "'y. :,·":t.1, ~. '-:"'\:>:1 ~,'r' ..... ,~~. 2j·:~~·?' "':., .. ' '.' , . > ;"~,,,~,,~,:,;:,~,,>~~, 

.:':" :'\\EO:mbment "is, simply· the "c:har~e;,'a:":s:tngle number '(the,fon1y mu1tipo1e moment for 'Which, ,-,< 
. , ..... t.... '>i. ," •• '." '.' " . • ,.... • '.' 

:,.>~_~ .. ~~.':.:.-.; .. ~ , ';"" :., .. J •• ' !:,'..: .~' ~~, ... , ''<'f:'-~':': "->1' ,..... .:-' ..... ' .. , , __ -,." ~{.:", . 

• 

" "-', 'We have a' ful1y;satisfac't'ory,tl1eory at., presen:t);' the M1 moment is a vector, a single ';; ;, 
.' .' :;':'" ' " 'f.' , .... -. ~"", ,. .'~.. " "~ .. :~ ';";;:.', ~ " , . .' f : .,' \. ':, ~ • .., 

;, r . \':;ihterest:i.rig- numb~r ,'repr~~~~tin'g the magnitude and, tw~more representing the direc;-; /":.~,< 
.. <',. .. ~.<~.:.>;' :'. '.'.~ .. ; ":.: "":'~ '. ' .... ' .. -:. ,', .""-,l;'~' < \.'f; '.: ~t: "~' :>.. . .': ·Y·\'~ .' ::'~"~," . ". . , .. ' .. :" .. '. ,." .";;' ~- .. : <"~~';. '~":: 'I: 

,;.,;':,>, . .ti~n, aI?:d,.the E~:. mom~n:t>}s'~'setbf ;'fi:ve numbersj.t;wo,',1nteresting,ones" t3 and 'Y,and>;;'\~1 
·~~::;'t::··f;~··:<47.~~-:~ ...... .,:-,. '." , ... . 
'-the othe~tbJ:.eerepre'seritii:lg the: o:dentati'on of'the principik axes.', If the moment. is.,:" 
..f ~ . ' J • • • .' • • • • '1 ~. • • ,," \.', 

:: >,:' :,;;~: ~1rried by,aqua:~t~.'st~te o,f d~fiIli te angular ~6mentu!n ~.and P~;i ty 'IT, ~·'oniy:a., ~in~i~,: ", .:. 
, '. . '. ~ . . .,.' .. - . .' 

. '//?~umber is measurab1~ . for ea.'c~'~orrient, the other 2L numbers being gi venby the Wigner. ,: ., " ' 
.... , . 

. ;i >:,;:,Echart· t~,eore!li. .. Also as,~s 'Well knO'Wh, ,the L .po1e vanishes unless J 2: ~ ',' 

.' - . -'~" " 

" , 
' ..... " ' .. , 

' .. 
:' f 

, . ~ 
',"" . .'." 

,,' 
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Recent developments ,m~ght be classed as follows: " 
".', ".:' " 

a) developments in. measurement, o'f moments:,: 
. " 
"t', ...• 

" t' ,-.. :., 

~ .' ., , ' ", " 

b)" developments in; nuclear structure theory of moments. " 
'.' .,', " 

Topics a) and b)',~iilbe:trea.ted'inthat order l,ri the r~malnder of this paper . 

, ~, , " 

; 

:'. ' .' 

", :,'~' " 

',. 'II ~', 'DEVELOPMEJ\1rS ~N: 'MEASUREMENT ..•. 
" ,t. 

The developments in measurement, involve some new techniques and'a large 
", oJ 

u·· • 

- increase in the mi.!nber of cases measured~, but before considering these develop-' 
"';'" 

"" .rnents) let us broadE!tt the'a:iscu~sion by noting the important fact tb8.t the 
;' . ", 

. :nuclear charge and current distribution is by no means completely described bya 
" . 

. , charge)' a: magnetic dipole moment, aqua~~pole moment:, etc. Theclassifi'cation 

into mult:l.poles ~nly concerns the angular dependence, of the charge-current distri-' , 
, '," . 

. bution while for a complete description, the radial ~ependence must be given as 

~7ell. Owing to experimental developments, this radial dependence of the multipoles 

has recei vedrenewed attention recently. '/ 
r," 

. " ,.,.,' 
'! 'I' 

, •.. l 

",' .... ' 

'.'-,' 

A. Monopole Moment ',.' 
'., .. ": , 

.' ;.: 
','. , 

The radial distribution of the monopole momentlswell known under the. 

name )fini te' size effect J' volume isotope or isomer shift J "nuclear radius effect J 

etc. That . the: interaction energy between an electron .( or muon). and the nucleus 

shouid depend onth~ radial nuclear charge distribution even in the absence of 

any, ,1 1= 0tnultipoles is obvious. , For Ught nuclei, theeffeGt' can be calculated,' 
", 

':non-relativisticallY,:by perturbation theo~y assuming the charge distribution of 
1, 

" " .. ,. , t~ , 
'the nucleus to interact With/electriC potential V produced by a Coulomb'bound 

electron (or muon). For the electric, interaction, (1) becomes .. ' 

',: ' 

.. ': 
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," .; 

~." ' 
" ','.< 

, ,.:,::,' 
!: . . ~ , I " ...... , i'·· .•.. ' 

'. ,', 

.. C,,· ..... ' 
(2) 

:, 'f 

, , .... , . 
. ....... , : < . 

. Expanding if In a Taylor series aoout the <origin we 'Rave'\ 

" 

. the der:i.'vatives to.oe·e:,;aluat~d at the .... origin. For a pure monopole ,form' for 

P' ,. (2)oecomes 
Nuclear. .', 

'- .,.:., I ., 

'!; 1 .' ". "', " ... , .. '. ',2. 
W =V Jp' '.' dT','+ 7(V+ V'·,+' V. ) fp ',R d-r+ .•.• 

0' Nuclear 0 xx',' yy, zz .• Nuclear I 
", .. ~ . '. 

, . ~ 
't ." ., ...... , ,; I .. 

i <-".,' 
." -.' ",,:.' ' .. 

V ". .... 2rr ,. . ." (0)' (R2 .· ")' N 1 
- '. 0 <lNuclear7'·'Y PElectron .' ·,·CiL A~erag~ , 1,lc ear + '. ,~ . .;(4)':. 

,,',:" . <~. . ':,. j 
" 

, ~, / . 

'The Laplacian comoination of field deri va-cives in (4) vanishes' except where the' 
., , 

.. ~ c?arge producing the field is present . "There 'vie have," 
'~ , , , 

. , 

v +V +' V' xx 'yy zz 
4np . 

.. ,Electron ., 
", . 

i . 

. from v1hich the 'Hell knovIn result (4). arises. , '- '~. 

• 

.. 

'.' 
.,1; 

'. . . : 

For heav,ynuclei"much discussed relati yistic corrections must be i'ncluded , , ,6, 

" 

so that th"e energy is not 'exactly dependent on the mean-square (MS) nuclear radius; " 'V 
Particularly for mu-atoms, higher terms ,in (4) must.oe included reflecting the fact 

," 

.:,,:- ~' ,-' 

'. 
{ that the mu 'Have function is not constant over the nucleus, and for hea-try m~-ato!l1s 

, ~.( '" ' " ',' .. 
the perturoation scheme is no good at all, and it is necessE'.ry to solve the Dirac' 

'. equation for" the' mu In the monopole, potent,ial of ths;: assU!lled nuclear charge, distri'bu- ' 

tion. 
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Recent interest in the nuclear' electric, ,monopole distribution arises 

from the great~y increased;~solution' in~u-speetroscop; )dueto the develop-' 

'ment of soiid state detectors.') and from recent experiments in which thevolu.'Ue 
, . . 4) 

effect was observed in atomic x-ray spectra. Bo'-th~of, these techniques have 

the advantage over the older optical isotope and isomer shift measurements (and 

also. over the M8ssbauer measurements) that the calculation of PElectron. (or 

Pmuon) can be made with much greater precision. The reason is that the screen-

ing of the mu or of the K or L.electron is many times smaller than that of the 

optical or valence electron .. That this is a "hot" subject. is indicated by the 

fact that one recent volume ofPhys.Rev. ,Letters 18 had half"a dozen articles, 

on such experiments' including an isotope shift me~surement 'using a lazer. 

The mu and x-ray mea~urementshave by and large shown that no gross 

errors had been made in.the interpretation of the older optical and M8ssbauer 

data, and are also in agreement with electron scattering data on nuclear radii . 

. In addition, a nu.'Uber of new cases have been measured •. The 'isotope shift effect;. ' 

that nuclear radii generally gro~at a slower rate thariAl/3whe~ just neutrons 

are added has been reconfirmed, an extreme cas'e being that of the calciu.'U isotopes 
" '.. . . . 

,for which the electric charge radius actually decreases as neutrons are added. 

More.cases of 'odd-even staggering have been.observed showing· quite generally 

that odd isotopes ,have smaller charge radii than'the average of the neighboring 

evens. Also radius differences between ground and excited states have been 

observed both for predominately single particle states in odd nuclei and for 

'collective states tn even":even nuclei. 
, . ' l~' l~ 

Recent'measurements on 8m and Yb ' " 

show the first .2+ level tobe larger than the ground state. 5) As the muon 

\', ',' 

. ~ -::. . J 
.' 

.:,', 

" , ,.\. 
~ -:' .:, 

.. ' '.. ., ~',~ 

.' . 



,i.' 
t ,' •. , ; 

::,':' ".!", .''; 
" . .J ' • .' 

.," 

.. ;;". 

'I, 
., ' .... - ~." , .... 

. . ~' 
" '.' ,~,; ,~, '. ,'.~ ,: .t. ,.'~,: 

"'~ .. : <:',' ,~:,.", .. ~:>:}~+"):i::~::: .. :::;:"):,:\.':.~:':Dil?Ole, ,: .;:. '".!.' '\i'~;t'{~:.~:, 
r,,; '.' ~,", •. , '.Th~,magnetJ:cm?~~?:t,:?~'a"rlucleus: is 'of obv.~:~~~i:i~teres~;~,the recent',': .:y 

,,- .::-(.;L'::'~~~ri~ent~l:d~vel~;m~nt~·:'~ein:g '·1;he· mreas~~~e~t ":~:f'~ot-~ "cases' ';~ith ':'gr'eater " :. 

:';~.1:',·-'~~cy.rac;; ?~r:ticui~iy a,·?~ber,.~f excited states'; ., T~iShaS ~~~n possible 
'., t. . '.1'. . ..: . . :. ,~ .• " .: .. . •• ~r:~':' ., .. :.' ~.,. 

'~'9:Win~. to"';~iggerand'better 'magnet~ and imprOved, Unders'tanding"of internal" 
.".' ,:, ,: '.. ~'.'.'., J ..... ,' • ',' • '. • '.' • .' 

,., c, •... " 

", ':":,:fields .':On~of:tl1e·.more ,interesting' develop~ent{'(~'ee'severai-,contributed 
" ! .,.... , • ."' ..' .. ~.' I.: ... , ' . 

.. ~'i'~":;'" ~ .': ", .. .:-., .... ' .,'.,: I,,', '. /' '. " ' , ' .' '. . :'.- .' ~ .. "': , .. ' • ", ;:' , .,., • . . 

,,- <tpapers to', this ,meeting) bas been the, measurement ,of, a nurnberof magnetic, 

~ . ' .. '. 

-: ...... ' " 

.'; '. 
. .... 

';'.'. ," 
"," . : .. ':. '.,.' .. , .:. i' " , '. .:., .. :." :. . ' ,.' . . '. "...'., ". -. . ., ~.', ' ~'. 

. .'i.- '~. 

moments 'of2+ states' in'even, nuciei., The result,of:,tl1es,emeasurements is that ;.';:: .. ' 

. ',; ;~ .' '. • or', • ' '. I 

". ,:,: ::::'.,:,tl:le 2~'g, factors '.are: mOS~tY' not .~,o~~ far from ~he:~~oile~ti vevalue, Z/ A, not only', , .. '~ . 
'. 't 

. . . . . . 

This ,;.: , :Ear the -Well def0x.-medcnucleij'ciout;, fbrJ\those nearer ,closed shells as ~ell. 
- :./ 

•• ·'·1 ' ... 

'''is, not, t6o.,. surpri.s~ng, in" vie~of t~e large quadrupol~ moments recentlYcibSerVed,~" :;:'. ~.':, 
. ' 

'''r ':', ·.i'T:'~:!{' ,~ .. ~;"., . . . , ... .' 

',There have' also ~beeri, he~ me~:sureinents ci~ ,n~~l~i expec~'ed,to .di~:p~aya ' . ' ...... 
~, ~'.,' , .: .... 

"more' single 'pa~ticle character in order to study'.core polarization effects. ". -";~,.:, .;.!~':'" ' 
• '.' •• , .'" " ',',',:,:: • ' f '. " : _,: < \. '., I .~~ f 

.; -;. ~ .. ' . . t ~ 

,,'~r'J; " .' In addition. to this MLmoment itself,its,',radial distribution MS ': ":~,:;/,~::,, >.,.',' 
" -.' .","-

, , 

"received attention again since'.' this distribution is of paramount i.rrlportance for:!· :. ~::' 
" .. ,-_~."'<_~ ~,~., '.of -" 

",,:.- the-'magnetic hyperfine. inte~action 'in heavy m~-atoms.' 'The n:ucleus of an ordinary ;,.,,:·~:t 

j; :,~tom findS~~S~lf in"verynearlYC~nst.;m1; magnetic field due ~o~n unpairedt:>'\!, 
1 f 4 

·electron·,~hile. th~~,.f'1eid du'e ':to'a . 'muon' 'is' far· tram .con·s·t~nt~ "'j" •..• :~~ ~~";': .,: .1' 

:. ..:;', . ',;.' , " ',,,', >;: :,"" " . ." ":-(':~;:::<l" 
,> ',' " For an s-state",muon-withits spin' in the ,z 'direction, a non-relativistic'".:,·< ;.-

'.' . .t, '<'~.~ . . -~ .• ;.: ':, 

, "':: ',calculation of the magnetic field,~hich gives correctly all its qua:)..i tati ve :', '" 
" .' 

'J ' .-

• ) c ... ··':, '.-

• . -.!' • ~ '. 1'- . 

i, 

.:-I':· .... :~~ . 
r 

" , 

" ,l 

''-,'-

" ' 

'," w 

':\"' .. ' 

. ~\ . 

./': ~~ .:~;~.~ . .-~ . 
" :,~- ,­

, . ~ . 

". 
i 
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features, yields 
.~ -, 

. The first· term is a field in th~ . direction of the p.,spiX7, whose magnitude drops 

off with radius r like· the, muon chargedensi ty 
,. .' 2 

17/1 (r) 1 .. The second term 
!J. . 

, .. 

has the angular form of a field due to a dipole at the'origin;but of strength . . 

The qua:ntity 17/I!J.I!v'iS the ;oltLrne average of 17/112 out to 

the radius r in question,bei:rig, for the Is muon state, greater than or equal 
. 2 .. '. 

to 17/1 1 J the equality' holding at r = O.and out to a radius over which the . . !J. ' 

change in if; is negligible .. 
lJ· .. 

For a point nucleus the energy of magnetic· hyperfine interaction is 

given by 
", ", 

(7) 

. and only depends on the t<;:>tal nuclear. magnetic moment. For. an actual nucleus,. 

the interaction with the:'nonuniform ;§. field of Eq. (6)· depends: on ,the distribu:'" 
'. . ," 

·tion of the nuclear magnetism .. For an ordinary.atom the field is very nearly 

constant over the nucleu~ and the distributed nuclear niagnetism makes 'only a 

. very small correction to :the point result. 7) '. 'The result is a sl:i,ght, difference· 
, ... 

between the ratio of magnetic moment~ for tw~isotopes (mea~ured in a uniform 

: field) and the ratio of the magnetic hyperfine interactions for the two isotopes 

(determined in the ),nonuniform ,field due to an unpaired ~lectron). This hyper-

fine structure anomaly or Bohr. Weisshopf 
6) .. . 

effect provides about the only motiva-

tion for making precise magnetic moment measurements for complex nuclei since 
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In (9) and (10) 'l"is the. nuclear wave functi,on and Sand L gs and gJ. the 

spin and orbitaLangular moinEmtwn operators and g factors respectively. ··The: 

quantity ~ is· the nuclearmagniton. o . . 

The first term of Ws is just like that ofW
L 

except .for the replacement 
'" . . 

of g S by gL and except' that the radial weighting factor is 
s z l z ... 

I'I/J 12 
~ . 

in 

the spin case and I'I/J IA in the orbital case. Thus a nucleon spin at radius 
~ v 

r samples the mu moment just at that radius, while an orbiting proton is sensitive' 

to an average of the mu moment over a volu.1'!le inside its (the proton's) orbit. 

This is essentially because the orbital current.. loop is equivalent to a sheet· 

of dipoles within the loop. In . addition there is an extra term for the spin if 

(as is. usual) the nuclear wave function does not have spherical spatial symmetry. 

Relativistic calculations. of the mu magnetic hyperfine interaction for 

Bi209, using a configuration admixedwave.function chosen. to. give the correct 

moment, appears to disagree with the present experimental results. The test can.be 

quite sensitive as simple models yielding the same moment can differ by 50% in 

magnetic hyperfine interaction •. 
',' ,"'-' 

... : C . Quadrupole Mome~t: 

To round out the discussion of the radial distribution of moments it 

should be mentioned that there has also been·some 'iIiterest in the distribution 

of the electric quadru~o.le moment.· In the usual c;ollective picture of the nucleus, 
. \ '.' ' ... ' 

both the monopole and quadrupole radial distributions arise from a charge density 

p (r) which is more or less constant ;out to the surface region at r=c where it 

drops to zero over a thickness characterized by t. For. the usual axially 

.. 
symmetric deformed nucleus the surface region is not a sphere, but an ellipsoid" 

The conventional density is 

'. 
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. , . . ,'>:":' . 
,,' ·w'; >' ... :." ... (' ...... ; "',,':: .,...... :,~'~", . .":' 1, .. q~,:~~. 

"'For this form .of::charg·e di~tr'ibution, t'he'quadrupolemoment; is all' con"" ", .•... 
, ~:." ',,;) .'-: ' .',~ ."-:': ,. ';'" • • I~. .. • \. ,,!.' " : .... ~,', :. .'. ~ , " " ,,' 

nuclear~urfa~e"region.:' For the op 0 sit 6: extreme'uiodei, . the 
~: . .,.;' /. , .. . .. ' :' ~:":" .' \ ..' .,,:. .' . ":'1,\ 

"::, .' 

centrated in the 
''':', 

' ... ' singleparticiemo'del,' the quadrupole' moment.w·illhave.·the'.ra·dial'spread of 
,~ , ' ',' • ; '. . i,' , " ',~,' , .' ,." ,', 

·the single particle wave function in question. 
. ~',"', . 

For all but :nuclei' just at 

\' '~" 

, .; 
!" 

"r • 

ma:gic numliers,themagtiit~<l~s ·of q~adru:polem6men'ts are. several to many 
'. '.,.~ . .;: 

~ " 

' .. ,'. 'single particle, and the coilecti ve pici\.ire:Ls· pr'o~abiy more or :'less correct,-: .. ,' . 
',' \' 

:::though, of COuTS'e, a microscopic model "Wou.ldnot' yield~m.ctly the' for~ofEci>'~:\,' 
,":,' . 

. '~.~ ,.}., 

.,' 

'.. -; .. ~. 

., 
; 

. (11); "With its' implied relation between·the monopole;' quadrupole, and higher .' . 
., . 

moment distrib·uttons.·:,: 
.. 

,'~:; '. ~ , 

. : ~,~' , 

':"::. Th~ 'exper iments"Wi th ~uatOrriS are probably the most sensitive to this' " 
,. ~' , :~ -' < , , ." >, . ..: 

. : . ..--,; ~ / " 

it.in more detail~ ... In particular the experiments "Were: analyzed "W.ith a charge;. . , ~ .' 

',1/. 

: quadrupole radial distribut~on, 'and :,~n attempt, was made recently to determine . 
\': 

, . . 

'.' ,distribution in which not only c, the half radius para~eter '. ',but also t, the 

"'~'>:';.:' thi~kneS'S"paramet~r:de})endedO~ ~ngle. 9).., ", 

., ',.' ~ 

.". " ",. ',' 

,~ . ,: . 

" ,'~. ,,' 
,'1,' " 

'. " :-~'~';"'~'~"'~'.:': ':~; .. " " 

t', 

."; Inelastic ex particle 'scatteririg ,angular distributions also seem to be· , ..... , . ·,'·H·,', 

. , .-)~ '.'. .' ...,:.. :.,~. ;:,::~:~,~(,<'; .. '<:;;. ,'> 
: .. ';particlllarlysensiti ve to this radial distripution. Higher multipolemoments:.·· . :<:,~ .. 

.-: <,:,/ /: • '- " .' ,·,.1,,' , 'f' 

than quadrupole have been· included in such c~lculations, 2) ~uta, direc:t connec,-. ..~.>::.i;;; 
t-' : • "< ~.~':i., ' 

tion with the. electromagnet'ic multipole moments discussed here is not })ossible' '.-:' 
, " "'1>'" ~. ~C}, 

,~,; ;::··o"Wingto·the 'fact':t.l1at 'the ex particle ini;eracts"Withthe nuclear force form . ';",:' ", 

;:,::;;,;,::t~.~~:,\~··" ',' :: '.~ 

.:{:fa~tor and not ju'st. ~i th the eiectromagnetlc '~ne .. ,' ", 
':,', t .; , • , •. , , , ,'. .. ,:' , 

',' , ,: ". ': ~ ,"A \~ , .,.. '. ' ' " 

," •• J '~ 

-'. 
. ./:(" ~~~' .. :} j 

,,'One' of the 'most interesting recent developments,i~. the'measurement of :the , .. 

", .' 

'. , , . 

.' -
"f:", '. 

{,\' "" .' 
quadrupole moment 'of anu."llber of excited states (2+ in Particu~) by means of' . , .. ,'.. I, ~;" 

-,. ," " 

",' 
, ' 

\ , 
I ~ , .... ' 

) .. ~ j t <!~, 

" '. , .. "J .: 
, 

, . 

. .,: ~: " 
," . 

-.', .~ . 
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:'/ 

the reorientation ~ffecti~ Couiomb-excit~tion.,' ,These measurements have been 

'primarily for non deformed nuclei n~t too far fr~m_ ~losed shells and gave the 

unexpected result, that even these, nuclei often have very large quadrupole 

moments for the 2+ state, comparable; in fact, "With their 0+ --72+ transition 
• I' , ' 

matrix elements. 
., ..... ../ , 

Large 2+ quadru:pole moments are, expected for deformed nuclei described' 
",' . . ,",. . 

by the rotational model, and have been reconfirmed by mu atomic experiments "Which, 
. :, ' 

for heavy nuclei,:; involve:, real, and:v1rtual nuclear excitation and are thus sensi-
. ·,·r 

tive to the excited state quadrupole moment. The M8ssbauer teGhnique has also 
, .. ~," ", .. 

" '/_1' 

been used to determine::'such' q'uadrupole moments -of excited states. 

'." '. :~.j 
~. . ~ 

'" 

'.'., ", .. :. J." 

III.. DEVELOPMENTS' IN THEORY,,' , ::' 

Recent developments in nuciear structure theory ,of moments has not been 

so impressive) and there is still, no theory -capable of predicting moments to much 

better than one figure accuracy. 

,', ',: 

. "1'- .,', 

,' ... 
':'-' . 

'A. ' Monopole Moment Theory,' 
~ . " 

, The ,nuclear radius is closely connected "With thesaturat:i,on properties' of . --, 
. " .'. " . '., . 

.. "thenucleon-nucleon,force and thus difficult to treat from'first principles. 
, . . ' . , ' 

, Ho"Wever, -'a serrii-quantitati ve understanding of radius changes' 'from level to level 

or nucleus to nucleus is possible on the bas1sof independent particle and collec-

tive ideas. . ... " 

.. ,'. 

" ,Features to beexpiained are the follo,dng:; 1) Along the stability 'line 

'-. the charge radius g~es :like Al/3 .2) For fixed A, the radius decreases "With 
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. ~ ~:J ',' ;' '. 
_. t' ~-:.) : '.;~ ',,:; " .":'. ~.\.< ~ ~ :". 

, "" , ,::." ',:',: ';,):,:, ",;"~,:",:.,,,:;:,:,,{t", ,,' 'c:, :;"-;',:;::,J, ",::::'='~;-~'; •• , 
increasing -n~'utrbiJ.' 'num~er·~:" ,::3) :,.'<'DeVi~tions~ from'::thesmooth: d$penaences' indicated:; 

. : ;~.:~; ~. .' . 

in 1) and 2(ar~,' ge~er~il~r~~~~ll'l~i~~'s'~:'l~r ~e: 'Ghahg~i :ik~quadruPole defor!llation:;c:" 

iSinvolved,in'.whi~h:'.6~~~::;aevi~tj,O;lS ~s ',~arge :~:~"bR/H,rv_A -icanoccur. - 4) "Od~:;' '->:;'~~' 
:',' ',", . 

'."'. 

",'\ .' .... , 

',' 'riuclei aresyste!llati-cally:smallerthan' the average: of the, ~neighboring even 
.. '. . ::. :.~,.. . . ,. .' . 

.' .. ,' .: ' 

... , .... ',. 

", .-,::.:' • Poin:t l),isth~ 'sattlrati'on: ~rop~rty. - :poin:t:'~) :rtiea~~~dbythe i,sotope <,'_ 
: ~, 

,: sl:lift (~'ize increa;~s'le~s: ra;idlY .thanA1/~:~s, ~~~tr6~s ~~eadded), ~shad 6'6n~_i~-~' ' , 
;,.. ... " .. ~ .. ' '. " ;' . 

,'erable discussion over'theYears.'There'are,;two reasons -whY:,the addition of a,-" 
.' .' ' . . . , . ~ . 

,r '0; ~ , .' . ,: ',' i. ~ 

,'protqnincreases the nuclear charge ':ra:diusmore than the, addition of a neutron.' , 
-. .' . , ,. . -; ,'. . 

'"\,' -

-:'::',Thefirsi reason, is"'thltt :the,added proton,.: being, cp,arged and having a -- ,-- >, 

,'~eans'q~are (msy'orbit: ;adiu{ larger than thato~:.th~l);otons· a~eadY present "':, c:::'" "'\'\',:'~ 
""', ',', '" " -' , ' " , , ".,' ',-,' " - " • ,-- '; y, -

, _(th~~dded:prot;n:is in an outer orbit, while those alreadypr:esEmt in the core (;'.:~,. 

1-1ill include:pro'borisi~- sm~ller.inl1e;'orbits )'will dir~et~y'-c~use an in~rease}:::,:F:,:,i;:.,:' , 
- , ' " " :'. : c', ' ,-

, " 

in the m. s.charg~ radius as ':'well as an increase of Z by one ,'unit. 
.' . - \. ,,:,," '. . .'. " 

There is '-
.~ '. -, 

'. ~'. 
" 

" ,; :no' corresponcl1ngradius -increase 'on the addition ,of an uncharged neutro~,. ' 
.. '.' . . . '.. .' '."" .. ' 

" . ' '" :'., .... ". " , ' ~,.. . '. ','" .. . ;:~. {,,;' 

The second reason involves, the, monopole polari~ation of the core by the',., , " 
~'. . ...... ~ . ; 

. . . ~.- ; ~ .. '. 
'add,ed neutron or proton~' Most ,discussions have ignored,the:Jirst' effect- and,'::"'-;'~/" 

. .'., ~. 

: ~ ...... 

". " ;,.~" ::.: 

,,~tressed the second. '" The ,core s:izeincrease is-greater forB:n added proton 

'" " ,than for, an added neutron both because of the, Coulomb and' nuclear' for'ce.·": The '" 
," ." , "',, "}:;':-'::">;':'\'" 

, extra repulsive" Coulomb interaction 'with. a :pro'):.on!1dded ' gives an extra outward"':, :,l,<"";'~ 
, , - ,. " '-: ' , ,,',' ':- ' ' ,', - ' , ,'. ",' -,: "" . .", ~ . :'~~::,,~,{,' ,.-.. 

force on the core, relative to, the neutroll case. (If the entire isotope_ shift "';"'~H ;,' 

• '.' 4,'~. 'f-~.' <~>,,:;,,~::;:.;.~;,~.~ 

'., .. 

, ", 

effect is.attributed to, this one cause"an unreasonable: compressibility 
, .... 

, "(-.:: corre.,sponding 'to, avery, Bott',nuclear co~e, is, required ~') 
... .r. 

parameter, _ :,_ ~ -,;~ 
~ .. : .. ". '.; 
.' .'.' ;- ,": 

:' , . ',.,:, <' :-':' ~ .. ;, ~) . ..... 

. , 

. Finally)" the: p.uclear force. hasth~ same effect. An added' neutron makes' " . <' 

. "t_'·~l';(".'.:' .,': .(, .. ~>.fr ' ...... "J,~ ":.' i:~ 1\: t .. .,.; .~:.J"': ~.~, ~ t .. .~.'" • ':. ~:/ _ .... ~,~~ ': ~:. 
"the proton nuclear' one body potential deeper (this / is the :well known isospin-., " , 

.:' :depe'nden~~':Of: ,.~he ~~J\~d;.p~t~nt~~l); ~o ',~hat)the cor~ proton' wave, functions~:":··,~\·~:\,·> 
.:.; ~ ." l' 

. \:.' . 

- '-
~ ,\, .' 

-' are puile,d ,in a ?i t" making, ~h~: core m~ s. charge radius smaller for an added neutron 
';: : .' ',' " l 

-', than for 'an added pi-'oton. : ',' '. 

. ,'. 

.: ";' 
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,,' ,~, 1~ " 

" ':" . "':10)" ..• '.' 
In both the calculations of uher and Sorensen' ... and ,in the. theory of 

, . 
interacting qUaSi~pa.rti'cles bf,Migdal

ll
) the average exper'imental isotope shift 

" 

is used to determine ,the parameters of the theory. 
" , 

.. ' , 

Point 3), that large· increases 'in deformation yield large increases in 

. ... the m. s.' radii, is easilY·,1.illderstood if the nucleu~' is assumed to be approximately 

, 

'incompressible under deformation, . for then we have for the RMSradius 

,," ' 

, " 

" 

" " 

(12) 

Recent' experiments5) in~i~atil1g an Ot,. "2+~ isomer shift. in Sm and Yb may be 
" ,,, ,':, ' .. ' 

, interpreted as evidence of exces s deformation of.' th'e excited state. Efforts to 
-' " .'\' 

'r~lat~ thi;' in~r~a~~"';i~ de·f~·~atiOn to the' increased rotational motion have not 
, ' .... ~, 

yet been fully successful." Likewise the pecUliarly small or even nega~i ve iso­

; '.top~ shifts j'ustbelow closed shells may reflect the especially small m.'s. 
'.,' , '. , ,. ',". 

deformation 'Of the magic nuclei. 

Point. 4;, that odd nuclei are systematically smaller than the neighboring 

even ones has recently been ~xplained on the basis that the m. s. q~adT~pole., 
, -'I'i, 

"deformation of odd nuclei is smaller than that.of the neighboring evens on the 

..... ':~verage.17) Detailed calculations of ,this effect ~sing the pairing plus. 
. ',' •• ,'~ ,< • 

,quadrupole force model together with Eq. (12) q~iitatively' confirms this 
,-.:" ' 

e:icplanationas a major, cause'of the 'odd-even staggering . 

. Radius effectscanb~, computed with a microscopic model only if both . 

monopole and quadrupole core polarization effects are properly taken into 

accoUnt. ,The theory 'of Barang~ a~d Kumar,13) for 'example, can yiE'!ld isomer 

shifts only urider Bome aSBumption such as incompressibility under which Eq.(12) .. 

was derived. 

'!.- ' 

., , " 

,: I' 

,,('\ ",\ 

. t '" 
,','; , ) 

, " 

~ 1 , ' 
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,B::,.:' D~pole' Moment· Theory:{:c.'~:,;;·' 
" I .. , c"l ;~':"'" /:,,:.'\ , "i .', .; •• ' i". , ~ _ .,", ':.,': }::).~; ":;':, .. ';;;! .' ": 

", Most theorie~: of:the"dipole moment start fr.on).' a"s~ngl~ par.ticle ,model .: 
:', 

".,' :' .. , ;" ' 

. "so that· nucl~i .j~st·;, '~ne';£~ti'6ie '~J~y' fr~~rh d:o;b:l~" ~~~{6~~e feceivedspecial 
, ," ,.:.; .... '..... ," 16'" 

;, t, 

. attention •. ' Still,. only ,in the case of ° " are magneticP:r'operties known for 

~11 four n:eighbors'·· (:p a~d n,' particle. and hole),· ' Many of ~hese moments are 
; .. ~ ",':' , ; ... .'. 

near the expected ~Sc~idtvalues} but there are. some notable exceptions, in 

. ':particular Bi 209. 'wh~se' ~ciment is very far from the single' partici~ value, 

: tJ;'ies to ,Understand 'these deviations in terms of meson effects and core'pola:dzs.,,:::,:, . .. .:, .,''')., 

." ~" ,. 
tion (configuration miXing) effects. 

, , 

The me'f3on effects are 'thought to be smail' C::.o.2 magnitons), but. have, " ~" . 
. !, ~­.,' , 

, '. ,-, 

still not ',been well' calculated. ,The 
, ", ", 14)' , 

interaction," A recent attempt', to 

" .. ' 
polarization' effects de~end on the "resiciu~li;. ",. 

\ 

explain the' Bi' moment devi~tion with Hrealisti< . 

forces wasuhsuccessfu;l. >' c'onfiguration mixing calculations with phenomenologi.Cai~:. ,." 

. forces i~ the manner of Ari~a and Horie,15) and Blin-Stoyie, ~6) and inCIUd~ng :'," ;,':.' '. : 
" ""\':.' ' 

pairing' and q~adrUPOle effeets17)have be~~ reasonably successful for nuclei' ,': l' 

,. 

,not·,t.oO far from closed shells, as have. the calculations of ~igd~'ll,l)and 'COll~bo~~t~r~, 
Some magn~tic moment measurements, on odd-odd nuclei and excited states of even-even. 

, ,'. nuclei reported in contributed papers to this conference have heen inte~preted as:' . ',. '- " 

" " 

arisingfroni two 'particle or two 'qua~i-p8rt:icle configu~ations. 
.,' 

. , 
For mo~e deformed or,collective nuclei, .including, a:p:parent~y, eventhe~ .. , 

't' 

".' ,. 

" . ~ 

excited 2+ . states ,·of, nuclei near closed shells, the ,above description. is unsatis:;'··,. :',.~? 

'. fB:ctory. The odd' particl~ must be placed in a deformedpotential,,< a~d: the 'collec":~:' :,:'::.' . 
"., . :."", ," "." , ... " , ." . '.' . :,' " ' .. -"::,\,J' 

, tive rotational ~o~tributiontothe'~oment ihcl~ded~ ,If allpar~icles .. ~ontribut~.' ' 
""', : 'J, ".'. 

equaliyto' the'collective~~tatiomil mot~on,t~e rotat'ional g fa~tor is.~ = Z/A. 

basis has been tried, 

",f.:,' 
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For the everi 2+'stat~s the motion is all col'lecti ve andg =-. ~ := Z/A 

unless a microscopic calculation of the motion is' made. For deformed nuclei 

" Nilssa'n and Prior
18

) calcUlated that g < Z/A owing ,primarily ,to the fact that 

the proton pairing force ,is stronger than; tm:tof the neutrons so that the 

neutrons are free tocontrfbute,more to the rotational motion than are the 

protons. This difference, ihproton and neutron pairing deduced from the odd-' 

even mass differences gav~reducedof values in ag;eementwith, the observations~ 

For even nuclei nearer closed shells it had been hoped, until a ,few years 
• _ • • r 

ago, that the lowest few states could be described in terms of harmonic quadrupole 

vibrations about a spherical equilibrium shape by means of the random phase 

approximation (RPA). When, the expected triplet (6+, 2 +" 11+) failed to appear 

with complete regularity and was often lllore complex it:was ~till hoped that RPA 
, ',',' 

would be satisfactory for 'the lowest 2+ state. Now even tbathope is gone and 

only the ground state transition matrix element, B(E2)0+ -:7 2+, seems reasonably 

,represented by RPA. 

In particular, the magnetic moments predicted byRPA have substantial 

.' fluctuations near closed shells as seen from Fig. 1. Pd and Cd have predicted 

g > Lsince the wave function involves g~~p~ot~~i, to:'1i ,:iarge ,erlent ~ while Sn 

and Te have small predicted g factors'. ,The, experimental values, which include, 

',~' som~contributed to this ~eet:!n~., in thi~' r~'giOn~ '~~e no-B ":so' far from g2+ ==' Z/A,: 

~, ,the collective value. For the heavier 'nucle1:there' is less disagreement between' 

~ .. 

'. RPA and experiment . , Attempts toincr:ease the mixing by extending the RPAto , " 

"higher orders has not been very convincing to date~, l~)aithough lots of ,serious .. ',' ;', 

work has been done. 

A different approach is made by Baranger:and'Kumar1.3) who describe the 

'nuclear motion as completely tcollective, but use a microscollic theory of the 

.":.,. . , " 
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:, 

collective parameters. '\ TheinicroscopiC part of~ th~i~': ~~icUiation utilizes the ' 

, p~enomOnOIOgiCa~'~~irin~piul"\) (2)'f~rce Wi't~ ~~ame~~;B:~~C;s'en' to 'give the 
. , .'. - . , ',~ . . 

'best agreement 'With exPerirrient~' C~lculation~ ruive ai~o';'~~ri made in 'Which the',' 

, collective parameters 'Were sif!lply chosen to' fit ,the, data',' 
"". 

,,'f" , 

The ccillectiveparameters are a potential ener~y and inertial parameters' 

vlhich are: fUnctions o:t: f3 and 'Y,' 'Which desQri be the nuclear' shape. ,The collec~ , 
I 

,ti ve motion in~olves ch,angeS of the nuclear shape(~ and-y') and also changes of ' ' 

orientation (rotation).:Thequantum mechanical, solution of this motion leads. 
a' 

to wave functions for each state 'Whichd~scribe/distribll:tion over f3 and 'Y 

'l ." 
. ~ \ " 

values, the different states having dif;ferent average deformations and asytn."lletries. " 

A nu.rnber' of nuclei have been successfully described, this 'Way ~ . " " '. .. , ..... . 

, " 

~ . ~ , .. 
. I.' 

.. ', .::',' .. 

'-', , 
" 

,'.'" 
'.' ':. 

, C," ' Quadrupole' Moment Theorl 
~- .,,'" . " 

I" : •. ~ 

" ... / . 
" .... ,-.,:. 

" ' . " / 

'The failure of R'PAto describe "vibrat'ional fl
, 2+ states 'Was most clearly'" ',' 

l;-., , ,.'" 
, 

demonstrat~d by thel~~'ge,qu'adrUPOle moments observed by ,the' :reorientat'i'on, 

.. 

: effect, in Coulo~be~citatio~. 
>, M 

The RPA is a microscoPicdesc'/tptiohof' bar-monic:' ,'; \,~", ,::' 
• " ,'. _:. .' '~ '\ •• ". # t 

vibrations about a spherical shape; Such oscillations pass from oblate to spheri-

cal to prolate and back again, so that the purely harmonic, .collective picture,' 

"de~cribes ~h~ 2+' as'~~:i~~ p~'6:0Ae ls~' often 'as oblate and thus as baving ~+ ~O~, 
The usu~l,'RPA ':predicts"~uadr'~:p~le'~o~e~~s :'Which are not' zero ;.·;b~t 'Which are 

~. " ,. ~ ... :', "f" 

.' 

. ;, . mostly less than the single particle value; 'Whii~ the ~':observed moments are foUr ',. 
'" ";/ 'I' ,}.',,,:-. ' . , ,'V 

to eight 'times the' single :p~ticle Value and thus' in gross disagreement 'With RPA' . 

" as' seen in 'Fig."2 •. 
!', ; 

These large ~+" values,typicai for deforrp.ed nuclei,:were a surprise 
. . .' ... 

since they 'Were observed for nuclei . -With vibrational rather than rotational 

~, " 
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spectra. 
", " .,. " 

Since their.,observa.tion,' theorists. J;1a.ve',tried':yery\hard ,:to show that. 
. , . .,' '" .~! '." : , ..' ~. ~" . :;:;,~" t '" '?;; ~ " ~ • 

it was not so surprising after, alL ','\ 

., (:' , ) 

The microscopic theories ,still need to d.es~ribe,themotion as some sort 

of vibration based on RPA, but the ,vibration is c~early anharmonic. The game 

is to extend the RPA'to include anhaTInonic effects of various sorts, to determine 
, ' , .. ,."., ',' 

which are the important ones"and 'then to do a calculation including all the 

, important effects~ Lots of important effects have,been suggested. (since the 

desired result was known),'but' a convincing calculation including all important 

effects is yet to be seen. 

"The collective calcu:L8.tions of Barangerand Kumar 'pictUre the nucleus, as 

vibrating'tbroughva.rious,shape~ with the' rotation of the deformed shapes taken,' 

properly into a'6count. They find that it ,~ is indeed possible to have a'system 

whose energy spectrUll'!-,looksr~ughly harmonic,but whose 2+' wave function has 

sign r30that a large ~+ ,results. "4', " 

,' .. ' 

" ',. 

IV~ 
" ,," 

'. '., 

, '" 

...... 
:- ~ ." 

" '-'., 

.l.. 

, , 

CONCLUSIONS " 

",'I, 

, ' 
, ". 

'.' .~.; ;,'. . ,~. ' 

':I'her e, have, been a' numbe~ ': ~fex:per'imental developmen t~/over the' last few,,:: 

years which have' been ' quite, :perti~ant to the measurement of nuclear moments. ' 

In 'addition', new information concerning, excited state moments and other proper-

',." 

ties has' caused a ,large change 'in our way ,of thinking about "so' call~d" spherical 

,nuclei. 
",0"", ~ 1 

, .1: '; : 

Developments in nuclear, structtiretheory of the last few' years have bee'n 
" 

morecons'erva.tive and less spectacular. Changes in theory have been forced upon 

;, " 
, ,-

", 
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.. :, 
._t.

1 

uponus'bYthe·interest1ng new' eXperimental resUlts, and:ther'{remains much to 
',; .,' 

be done to bring· the theory::i..rito accord with the experiments~· '-':, 

At· thiS time in the· co;~tinuing 'co~test of experimentalist vs theorist,· ...... '" 

the experimentalist would seem to be in the, lead. 
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Fig: L~rPhon6n" magneti'c<dip?leg factors. Experimental points are compared 

"with:theoreticaicurves calculated using the random phase approximation for 
, , 

,the gfactorofthefirst 2+ .state of, various "sperical" nuclei. 

,',Fig. 2. "Phonon" ,quadrupole moments ~Experimental points determined by the 

, " 

',.,..'. 
reorientation effect in Coulomb ,excitation arecompared-with theoretical 

cUrves calculatedusing'the random, phase: apprddmati6n for 'the quadrupole' 

moment of the first 2+ state of various "spherical" nuclei . 
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