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· M'a g n e t i c · Mom e n t s · _o £ R he n i u m .. 1 8 6 a n d R h e 11 i u m ;., 1 8 8 

and Analysis of the_ Rhenium Hyper£ine Structure 

Lloyd Armstrong, Jr., and Richard Marrus 

Lawr~nce Radiation Laboratory and Department o£ Physics 
University of California, Berkeley, California 

November 4, 1964 

I . 

. ABSTRACT 

.The nuclear moments of rhenium-186 and rhenium-188 have been 

measured l:)y the method of tr'iple resonance in an atomic beam.· They are 

found to be ~-'-I(186).= + 1.728(.003) nm and ~I(188) = + 1-.777(.005) nm, in-

cluding the correction for diamagnetic shielding. With these values, an i! 

analysis based on the wave function of Trees has been undertaken of the 

hyperfine structure {hfs) in the 
6s5; 2 ground state arising fro~ the half­

filled 5d shell. Calculations are made of contributions' arising from 'the 

breakdo~n of Russell-Saunders coupling within. the configuration {5d)5 (6s)2 

and configuration mixing by (5d)6 (6s). It is shown that the principa.l contri-

' 

··. . I . , 

.; bution to the magnetic dipole hfs comes from relativistic ·effects in 6s
512

• 
.. ~ .· 

.. ' -~ 

" .. · · This is consistent with the small value obtained for the hyperfine anomaly 

186zs188 = 0.1(0.4)%. It is found that if the radial wave functions of Cohen 

.· for 5d electrons are used to calculate relativistic corrections, then good 

,agreement is obtained with the measur~d A constant. The correction · 

·:: factors of Casimir are shown to be too small by a factor of four. 

The quadrupole hyperfine structure is found to arise primarily from 

.·.the cancellation of two off•diagonal matrix elements: . a nonrelativistic . 

··.element (
4

P 5; 2 jqJ j4n5jz)'.and. a·rela.tivistic. elem,ent (
6_s512 jq;'j

4
P 5; 2) •. · 

"},_.· 

~ ... 

. ~ ... 

i'• .. 

·. 

' ·' 

·. ·: 



UCRL-11750 

-iv-

Unfortunately, the accuracy is insufficient to permit a reliable determination 

of even the sign of the quadrupole moment. 

The measured nuclear motnents are compared with the predictions of 

the Nilsson model. Good agreetnent is found if free-nucleon g factors are 

used, and excellent agreement is obtaine~ with quenched g factors. 
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INTRODUCTION 

The research reported herein was undertaken for several reasons. 

First, we hoped to demonstrate that the triple resonance method could 

be applied to radioactive nuclei with sufficient signal-to-noise ratio so 

that it can be regarded as a generally applicable technique for the direct 

determination of magnetic moments. .Second, the source of hyperfine 

structure in systems with half-filled close4 electronic shells is a subject 

of considerable interest. It is therefore important to extend our experi­

•-. mental knowledge to the case of rhenium, for which the ground state is 

-'· 6s5; 2 arising ~rom (5d);; (6s) 2 . Third, the rhenium nuclei lie in a region 

of intermediate deformation on the basis ofthe Nilsson model and it is." 

desirable to know if th~ model is still useful in understanding the prop-

erties of these nuclei. 

Prior to this research, ~uch work had been done to clarify t};le 

electronic and nuclear structure of the ground state. Optical spectroscopy 

showed the gro~nd state to be 
6s5; 2 , arising from (5d)

5
(6s)

2
, with a 

. .· I . 1 . 
.. measured gJ factor of - 1. 950. The entire optical spectrum of Rei was, 

\i 
l: 

\ 

subjected to theoretical analysis by Trees. 2 This analysis includes effects 
•• ,l 

due to the breakdown of Russell-Saunders coupling within the configuration-

. -(5d) 5(6s) 2 and admixing of the configuration (Sd)6 (6s). The Trees analysis 

reproduces the energy-level speCtrum to within 1 o/o. We will show that it 

can also predict both the magnetic dipole and electric quadrupole hfs 

provided relativistic effects are included. Subsequent atomic beams work 

showed that the nuclear spins were I::::: 1,3 in agreement with dete~minations· 
· • by nuclear spectroscopists from the beta decay. ·Recently the h)rperfine~ 

.-· - . . . . 4 
.. structure constants ofthes,e isotopes wer~ ~lso measured. _ · 

;, .. 

.· ... ~ 

.. ·,. ' 

·i 
,_· 

't 

.' '·-

..._.,. 

·.' i 
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Relevant measurements have also been made on one of the stable 

isotopes, rhenium-185. The :p.uclear moment of this isotope has been 

determined by NMR to be ~I(185) = + 3.144 nm. 
5 

An optical spectros~opic 

measurement of the hfs ·in this isotope has recently been reported, and· 

shows that A{185) = - 72(24) Me. 6 With these measurements the sign of 

the magnetic moment unambiguously determines the sign of the magnetic 

dipole constant for any other rhenium isotope. 

METHOD, OBSERVATIONS, AND DATA FITTING 

The basic m~thod employed is the atomic -beam flop-in method of . 

Zacharias. For details of the application to radioactive atoms the reader li 
" ' 7 ' 

is referred to t4e many review articles on the subject. The method of 

beam production is the wire-bombardment technique reported previously. 3 · 

Rhenium wires of 20-mil diameter were ir.radiated at the GETR at Vallecitos 

and at the MTR in Idaho. Bombardment times were 4 hours for the 17 -hour 

isotope and 3 days for the 90-hour: isotope. Under these conditions stable 
i 

beams are obtainable which last for many hours of running. Detection of. 

the radioactive rhenium is by collection on freshly flamed platinum surfaces 

and subsequent counting in low-background beta counters (about 1 cpm). 

The triple resonance method· has been described previously. 8 For 

·application to the rhenium isotopes, three shorted coaxial hal.rpins were 

placed in the C-magnet region. The hairpins are about 0.5 in. long, and 
~~ 

the spacing between them is about ~;5 in. The C.o.magnet pole tips are • 

parallel hypernom plates with 0.$ in. separation. ·A schematic of the hairpin 
. ' . ~ 

arrangement is shown in Fig. ··1: · ,. 
.·, 

:· f 

.\ 
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The following procedure was used in searching for resonances .. The 

... A haj,rpin was set on a flop ... in transition of the type £\F = 0, 6mF = :1: 1, and the . , , , 
i 

;singl.~h hairpin signal maximized. A signal-to-noise ratio of about 10:1 

could be obtained. The B hairpin was then set for resonance on the same 

transition and the flop-in signal was minimized. The reduced signal was 

generally not much above machine background. With fixed frequencies in 

the A and B hairpins 1 the frequency in the C.hairpin was varied. In this 

way we searched for resonances in transitions which in high field are de-
.. 

scribable by £\mJ = 0, £\m1 = :1: 1. Resonance is indicated by an increased . ~- ; \ .. 

signal at the detector and signal-to-noise ratios as high as the single -loop 
. . 

ratio could be obtained. At the highest fields (500 gauss) line widths for 

·the A and B resonances were about 400 kc, whereas the triple-resonance. 
I . 

1\. ., 
; 

' 
· ,, line was only abou~ 25 kc wide. Some of the observed triple-resonance 

,.,_ lines are shown in Fig. z. 

In Fig. 3 we give a schematic of the hyperfine structure of both 
. ,. . . \· 

rhenium isotopes. The flop-in transitions observed in the A and B hairpins 

...... are la.beled by q., j3~ and 'I, and the C hairpin transitions are denoted by . 

numbers. In Table I all the observations are tabulated. 
·,,,. 

. . . . Data fitting was done in the following way .. Our data were combined 

, ,;:..:,·:,with those. of Schlecht et al. 4 and all the observations fitted to a Hamiltonian·.:. 
. __ , ... ; .. 

. . . .. ~ . 

. ... ' . .' ~ 
· ... . . ~-- . 

~- ·,. 

' ·'·' . 

: ;l 

of the form 
·, ':. 

. . . .·. B . Z . ·. . ·. . . ' 
. JC::: AI·J +,2IJ(ZI-1)(2J-1) [3{!· :1) + 3/2{!~ J)_- I(l+1)~(J+1)~ .· 

• 't. 

.. gJ· ._.,,.j. B - g ._., T· H 
. o · · . I o . . · 

Thi.s fit was accomplished by means·. of an IBM 7090 program in_which .A; . 
. ' ' .... ' . . 

. . . . . 
B., gJ' 'and.g1 are tr_eated as free: pararne~er_s .. The final results are,.·· , 

' i,, 
·, .' 

\ . 

·,··. 
:. 



h. 

._,. 

for Re 186: A= - 78.3060(10) Me/sec, 

_B = + 8.3595(16} Me/sec, 

gJ = - i. 951988(39), 

g
1 

= 9.34(2).X 10-4 ; 

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

..... 

for Re188:· A~.- 80.4326(8) Me/sec, ··r :- ·. 

gJj' :: .;. 1. 952072(60), 

gi' = 9.p1(3) ~- 10-_4 • ~ 
. ~ . . 

'-. 

,; .. '• . 
• , • 1, 

. ·._ '·. 

~ .... : 

.. ' 
.rt·· 

.. The sign of A is determined from the measured sign of gi and W.inkler's 

results 6 on stf-ble Re 185 , which sho~ that for positive gl negative-~ obtains·. ·. 

The sign of B is determined from the sign of A and the measured B/ A: ratio,· 

'· 
<·· 

. •· 

::~ . 

-. ·,-

... ·.~ . -

.. :~ . . , 

{"" -~ . : 

' .. 

which is negative. From these results the hyperfine anomaly can be ob .. 

tained directly. We find 

'·. 

186 a 188 _ ;;:::~~~
8 

.• 
1 

; G.1(0,4)%. :, ': " •(\'·~-- ,: '; : 

The values obtained fo'r gi must be co.rre_cted for the diamagn~ti~ 1,- ·, .· _; · ·'' • 

- 9 • ' t '" ' • ',':: •• 

shielding effect .. We write, in the usual way, .,.,; . .. ·: .· · ~~ ., 
.. · r . ·,.;. 

screened ·1 . ' ., . 
g I = gi -ir---a=-

.: -::. 
''~ I 

and use for C1 the value 1.00714 appropriate to Z ;= 64. This. gives . )': · '·, .· ·· •' · ·· , · 
! ' . ..: ..... ,, ' . ~ ... 

. . -4 . -4 ·' . . ' . . .... ' ,;, . ~ --~ .. 
g1(186) = 9.41(2) X 10 and g1(188) = 9.68(3) X 10 , and for the m1clee3,~ ·.· -·~- _::,. i 

., • . ., .. • • ...... \ ~~- .,,I' ~ ' . 

· ;· .. "· .::•. moments' 1-11(186) = 1. 728(3) nm and tJ.I(188) = 1.. 777(5).n~. - . . ,; · ·' ' ... 

' , . ~ ... 

.... ' . ~ . 

.~· . . . 

. , 
Since the gJ values obtained for the two isotopes shouldbe th~' ·?. -·: • .. ··•• -' • 

same, a weighted mean may be tak~n. We get gJ(
6s512) = -:1.'95~0.21(.:B)_~ " 

This value can be compared with the value predicted by Tr_ees' wave­

function of - 1. 946. The disc_repancy \s of the right order and sign, so ... 
. t ._, .'. 

, .. · 
. that it is probably due to relativistic effects. 

The comparison between our- results and the theoretical values ob .. 

tained w.ith this· fit i·s given .in Table !." .It shoUld be mentioned ·that it is·_ ,,_ 
· .. · . , ., 

. ' ... 

' .. 

-' 
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the data of Schlecht et al. that essentially fix A, B, and gJ. The triple .. 
. ·J.' . 

. · resonance results cause only minor variations in these values but serve to . 

.. · 
.• ,·, i. 

fix g1 precisely . 

Since the g1 term in the Harr;tiltonian is smaller by several orders 

of magnitude than the other terms, it is important to ask if there are 

systematic eff~cts which contribute to gl' We may write this term as 

':·; ~- g
1

(1 + n)!1
0
T· H, where g

1 
is the "true" nuclear g factor and a arises from 

::systematic ef.fects. There are two possible mechanisms we have considered •. 
' -~ 

(a) Electronic perturbations: Such effects arise from mixing into . ,. 

'. 
. . ' . . . 

•· . the ground state of other electronic states in such a way as to introduce 
. . ···· ,'.-•, 

:/ .. '· 

.:·.;::a pseudo T· 11 term. A perturbation calculation shows that the order of 

magnitude is less than 10-4 ; 

(b) Effects proportional to the magnetic field: This would occur, 

for example, if the magnetic field seen by the radioactive beam is different. 

from the field at the calibrating beam. This particular mechanism is also 

found to be less than 10-4 . Further evidence that these effects are small 

.comes from the gJ value. If the particular mechanism were different in 

the two isotopes we would expect it to give rise to different gJ for the two 

isotopes. The ag~eement of the two gJ values to within 10-5 suggests.that 

.. these effects are small. 

· Finally:, .a term which cannot be written in the above form would 

show up ·in the ·:x2 reflecting the goodness of fit .. Fol" our experiment, ~ 
·. · is small enough ·to suggest that the assigned errors are conservative .. · 

. ,. I·. 

..· .. : 

.. ·:. 

.• .· 

. .. 

., 

I 

tl: 
•' I 

.. :, 

. . 
;,.· 

,. ,, . 

. ' 
' .. 
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. ' 
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··.~ .· ~ ·.• t • .t. . .. -

. ·. ·. 
. HYPERFlNE FIELDS 

., . ., ' 

_.. ~:"". ·, ·~ 
........ ..;' 

• ~~ !. . ' . 
. '-" ·.· .. ; ... 

~ "'"'\ 

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

We now ~Xa.mine the p~s sible' mechanisms by which ·the hype~f1ne~: · · · ' ·: ·' 
' . . .·. _· . . ( ;:7 ./ : ·• :'. :. -:1..:;:·: -~:~ ~ . ·< 1' .: 

·fields ~n the rhenium atom c()uld·be established. The magnetic·fi~ld·~t·~e .. ~~-- ·· .: .. 

· · nucleu~ \(1-!z) is uniquely determined from this .experimen~-~u;cord~ng.~~-··_:,~::;:/ .. 
' ;.:·, ........ , : ._ .. , .J ; .. . 

. ·=~· 

. :· ·. 

the relation 
. : .·· .. 

If, . '~ 

However, the ele_ctric quadrupol_e field qj can be gotten from B accor.ding 

to the relation· B = - e~\30; wh_ere Q _is the spectroscopiC qtt,adrupole: · 

. -.~ , •. ; 
-~···; .. ;,.<~: . 

{ . 

_.,,. ~ '' 

.~. -

.· . . ' ' 2 
.s · moment, andqJ = (3·cos 8 : 1) J ;mJ=J (1/t3

) ·. Sinc.e.Q is ·u~n?\V~·th~··. -~-·-:·~--;,:,~::·· .· ... 

~-~ .j • 

experiments give no informatio~ about q
3

• ' · · ··· ··. • -i{ '· 
It is well known that for a halfO::filled closed shell c'ouplh\g to .~e:··~ ~~-:)\.'·-~,: : .: .. ; 

• ' • '. •• ' ., - :< • ~ ~ :' : .~' 

.' Hund' s -rule state, both (Hz): and qJ are zero if relativity is ~egl~cte~;::~-\:· · ·· ~ -~;~·, · 
. '. . ·:·~ ' .. . ., · .. ~ --~--~: ·: .. 

·We have examined in detail three sources which could contribute to the J. :;· ' · ' 
' . - . . . . . -~, . ; ' ~ -

fields. (1) Breakdown of L-S coupling within the configura.tio~ (5d)5·(6~·)2 ;",: ·. , 
4 • ;) 

' . . . .. ... .· 6 ,.. . ' . ,· ·._. .' .'··: .•. 
(2) Admixture of the configuration (Sd) (6s) into the ground s~ate.: 

,. 
... ,· ( . ' . 

(3) Relativistic effects. ··In order to calculate these effects,. a reliab~e ·:. 
'~ "; . . .... ·.,'l·. • • ' .:· • ·:· .. 2 .. : ~. 

wave function is needed for the ground state. Fortunately Tr.~es ,has :: 

!'· . analyzed the optical spectrum of rhenium and has expressedth~ ,e~e~~--/. 
1 

.. · .. 

:. 
' .... · . .. · levels in terms of the L-S eigeristates ofthe ~onfigurati6~ (Sd) 5(6s)2 ,a~d::·. >;: .. :.{;.-_·,: 

· ( 5 d) 6 ( 6 s ) • The wave funCtion of the ground state expressed ~;, t<: rm~· q; . : .. . .. • ;:,:~i;::;;; 
[ , .. ~ -.. ~·,. these eigenstates is 

,;. 

·.) ._·.: . : . <-~ ·~ .. __ ). 

~.-. . ' ~ ..... 
J ••• 

.•. 

I.~ ~.. ;·· 

i-- ,· 

. ~<. .; f. ' 

·~ t 1-
. ~-~ .~ .··, . . . . . 

,• ~. 

. ~ ~ :..--

'li(J = %>. = t../o.B74j 6s) .. _. ~o._1os J4P) + ~o.oo6j4n) + ~o~oo3j(43 .. P,·)~P~~;s) _., ___ ., 

- t../o.oos js2n) - --~o:oo3 j12n) + t../o.oo1j32F). ·~.~~~~ , ...... '..-·-- _ _' .'~- . 
.• ; 

The calculation of the field~ at the _nucleus may be. pe:formed· by, 
. I 
,··,.,. .. . f 

!irs~ expanding the wave fun,ct~o~·.into single-particl_e coordinate~ a~cording,_, ·: .. ; 
. . < , •. 

.... 
'·, 

: ~ . 't• 

·. ·· .. · 
·' t' 

. 'L· •. 
"·. ~, ... 

,·: ,·. 
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to the notation of Condon and Shortley. 
10 

I!ru this notation the 6s
512 

·level 

· · · .., + 1+ o+ · + z+ £ · 1 ·r· · ·1 t' f " f' ld · 1e wr1tten as C4 . -'i - ; or examp c. .~:lle eva ua 1on o the 1e s . 

at the nucleus then proceeds in a manner similar to that i::lhown previously 

for Am241 , and the l'eader is referred to the Am paper f~r details. 11 .It 

is ·essential in this calculation to assure that our notation for the states is 

consistent with the phases of Trees; To do this we :,~.ave used firstc..order 

perturbation theory to t:alculate the phases of the acimixin~ coefficients 

·' (see referemce 11· for d!C'k~id.ls) and have chosen the phases so that agreetnent 
.. 

with 1~rees is obtained. This procsd\:1:."\j) is. reliable, since the coefficients 

are quite small. 

There are two parameters rel&dng to the radial wave functions 

that require evaluation.. One neo&ds to know (1/r
3

) Sd a~d jw(O) ~~s· ~Ve 

have evaluated these quantities in the following way. Cohen has produced 

Hartree -Fock solutions to the Dirac equation for the ground states of 

tungsten (Z = 74} and of platinum (Z = 78). 12 The radial £~~~·ions are.·· 

II 
'I; 

\. 
I 

. . . I . . 

available for 5d3/Z and have been used to· evaluat~ the eli pole arid quadrupol~ .. 

.i. 

( 1/r3 )' s from 
1
the :.·elations . . 

«! . 
. Z · Jr FG · . 

= a.a (1 + l) ---z- dr, . 
o o r . ,.· 

< 
.. ;· 3 )quadrupole =.1· .co F 2 -+ a 2· 

. ' . . ~.' 

;~. . r . 5d . \o 3 dr . 
. . . . r 

These values art:i given in Table II. To L:id th~ values appropriate to 

rhenium, we :~ave performed a linear int~:':"-':o:i.ation. Ar:.. a:tJprox£~f1.c. ~.,.;ly' 
'·. 

linear interpola~:ion has recently be~i.;n ·us~:;;d with much -"uccess in predicting 

many of the properties o£ rare ~a.rth atoms ~nd iono;. 13 . The value of 

lw(O) ~~s was determine~ f~om thE optical C::::itaof Schuler·~nd Korsching.
14 

\.J 
•'·(' ·' .. ' 

\ • I 

)"'· ~' .. 
··.'" 

.. '·' . ,, 
... ; ~ ..... ~ . 

. ~ ... ··.1\' : .·,~. ·' .. 

•• ~. • • ..;!!. 

,·, 

( < 

\ 
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. l ) • . 1 ;.- ~-:_:.~ :" •· 
.... _ • . ! ,it":~·_:.·,~r:~-~~- ;:;;~ ·: '-

_;;,;~t·~:-.1"\-::! \' ·.~· .• 
• ~· { • • •. • 1 ... 8 .. . :' : ·, .. _' . .">. . .;,,'. ~ "I 

• I ; . '·, ,,: :. ' • • • .. ~ "t -~: ... I ~ : . • :_: 

·, ' 

·.-These 'workers measu!'ed tile hyped~ne etru_et~;. ln,' the states 8P7j 2 ~n~_';,:~~- .. -
8P 5;i- ar.lslng from the eoallg\il'-ation (d§ep) ot Ret81. _ The :value• obt~lned . :. : 

·'. are .A(8P7 ;zLa t t3.46 mK and ~(8P5;a) lit 1.09.96 mit.· To determine a68 _,_ :- ·:-_ · 

we .have used a model for the coupling in whleh d , couples .to s5; 2 and, · _ . ;-~~,~.,~;~~:;:-~;, 
-6 ' 7 . '' -_; ·(''o:;-'j,.: -;-';) 

__ s5;z couple~ with 6e to· s3 ~ ., :t'hle then couple·a with Pt/Z ln J~J coupling._. __ :: :<~~:·:t{:\\::~~ 

.. ··-:,:::;: :,~::~ :7.: .. ::.::::~: ::::::ap::~et~lh~s~ this '·•·-~ ct' .. <;~~·!$£,~ 
..· _modella admittedly naive we have tr~ed ~ther asournptlone fol" the coupli~~:~;:_-::)/~~d~~tf·:-1 
< ·_. ·_. . , . · · _ ·. ..' . · ·' . . .~ ~::'_~·~;:_:,t~·-.~~;v;~f··j:~Y-t\ 

always obtaining about the eanie. reeult •. We b_elleve the value_ for a 68,to,: : >- '··>:}l}~~1~~;~,:~~ 
. . ' . ' •'.. .· ' . . . . .. ' . ' ' . :' ... . -:· ' ,._ ... : ; . ~.--;·~~·;_~:: -~'~i);:;.-:f.~~· -~~ 

·. be relatively independent ot the coupling •. In addition we have calculatE»~ .. :,:.-,:.,.-.:,,_:;;;_.;:;'"';,'':~!: 
- • . . • . . . . . . . . . . . . • : . .. . -~ ,_._ ·:~:~-1-~~ •• ~:· ... ::~.~:Jn~·:·:_; ~ 

a 68 from Cohen's. lntegrala for 6ai/Z' • uei.ng :the' ~xpreaelon .. ,_ ~ · .. , :·<.{~~.-~~ ·~t::+~:r;:·~ 
)· • 11 ~ • 1 ~ · 11;: 

Th~ •• va~~~. :re abo, ~h~~
0

:nl ~::1: =~! :i~·~:!.D~ ~x~~~~~lona L: ' , ;~;·i1cltl!{~;~ 
I i81 1 

.'. ····'· •. ,., -.:.-'. ·'' 

used along with the known nuclear moment ot Re we obtain a6 • 0~7 m.K. \·:t;-<.:.s:r;' :~,0; 
' .. . . ' • ' ' . :;\::/··.·::·:.'t-:11/ii 

This la ln good agreement with the value ob~l:ned from Schuler and Korsching~ _-';·· 'i::>·•:-·~:~:~ 
'· . , ,: . . ' . . . 1; :. . :- ) . : t /~; ~.'_~- ;~~~.t·.?!~ .. f 

.. The large val':'e of I ;t(O) J':. relative to. (t/~3 )sd· ehould be noted. 'Thls ::·,u :;;~~-\n: 

Ia typical, aDd lo oonlbmatlon. of the 4~t that ~mallamowtta of eontlsu· . ',:;}:-}!#~~ 
ration mixing lnvolvlog unpaired • electr~u can. alve la~sO c:Ont~lb>itioi.8 •· · _'o':::{j~,,~~ 

·to the hyperflne atrueture. Themaaultude of the contributions to the hyper- ·:it-, 
.-:·:·-·. ,1 •

1 
I : .· .. : : ~·-~-~1,'.;.-.~- '. '"• :. , ... ·.:. .-;. 

line structure la shown ln Table lU. •!', 

' ' 

,c /-'~-~> + 
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In order to calculate relativistic effects in a complex atom the . 

following relativistic matrix elements are needed: 

x[ 
0 

FG 

2 
r 

where H is the magnetic field operator, and 
.•. z 

. . 2 1 1 2 2 
2 1 3m - . (1 -z-)(1 +-z) 1 oo F _ + G _ 

+ C [ -'>r ] · dr 
2 ~ (1 - ~ )(1 +i) o · r 3 

1 
. 1 1 . ]2 .. 

12m[(1+z-+m)(1+-z-m_) _

1
oo F+F- + G+. G_ 

( Zl -1 )( 2l + 1 )( Zl + 3) . . · . dr • 
· o r . 

I 
... Here C 1 p.nd c2 are the Clebsch-Gor?an coefficients in the expansion 

- ;·,; 

I 

'\ . ' 
I 

. :;· 

~ s ~1 ms) = c 1 j.t, s,j~.t+i,m=m1 +m8 ) + c 2 j1, s,j=1-f,m=m1 +ms) .. ::. 

The charge on the electron is - e, and F ::t: are the small and G::t: the large 

1 
components of the Dirac equation for j = 1 ::1: z• . The phase convention ot 
. . 15 

Edmonds has been used . 

In Table III we tabulate the most important contributions to the hfs. 

Interestingly; there is a larg~ contribution to the dipole effect coming from· 

6s5/ 2, although it is still zero for the quadrupole interactio:n. ··This occurs 
~ . ' ' 

because the dipole interaction mixes the. large and small ~omponents 1 whereas. 
. . ' ;... . . . . . . . 

•:·. 

' \ 
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the quadrupole interaction operates on the larg~ and small co~ponents 

separately. Accordingly, the largest relativistic . contribution to the. 

quadrupole field comes from the off-diagonal element (
6s5; 2 lqJ j 4P5;2/~, 

In evaluating the radial integrals entering the relativistic calculation we 

were handicapped by the fact tha~ there are no calculations of the SdS/Z 

wave functions for tungsten. This was compensated for by scaling down 

We have made calculations to see if these results are consistent 

with the apparently small value for the hyperfine anomaly. To determine 

this, we have used the model of Bohr and Weisskop£ to estimate the nuclear 

size effect. 
16 

These authors give an expression for the size of the anomal~\, 
i' 

. in terms of the orbital and spin g factors and thefractions of the magnetic .I 

moment arising from 'spin and orbital motion. Using values for these 

quantities obtained from the Nilsson wave functions (see next section), we 

find 
186 

6.
188 

:: 0.18o/o. This is consistent in sign and magnitude with our 

result. 
i 

The total contribution to the hyperfine structure is given in Table III. 

It' is seen that good agreement with the measured A value is obtained. The 

quadrupole field arises from a c~ncellation of the nonrelativistic and rela-..-· 

~ tivistic parts. A value of Q = 1. 7 barns would be obtained for the quadrupole. 

moment. From the collective model this would imply an .intrinsic quadrupole 

moment Q = 10 Q = 17 barns. This is considerably larger than would be 
0 

predicted by assuming a deformation parameter o ::::: 0.2 and using .. ,. -, 

Q, = .;zoR 2 = 6.0 barns. A;Sternheimer anti-shielding £actor 17 R = - 0. 51 
0 ~ 0 . 

'4 . . •. 
has been calculated for (5d) in tungsten and might apply here, or perhaps 

inaccuracies in the matrix. elements might explain the discrepan·cy. 
. . .. ' . . . . ( 
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·.· .. /' 
•. 

. , . 
·' -:·- -.. ~:· :_ . ·., 

'' 

The excellent agreement of our theoretical results with the measured . 
' !\ 

·., 

:·. ·:. '.,.computed in this way is too small by a factor of four to explain the effect.:·· 
. ~ . ~' ~ __ ,_ .' . . ' ' . 

. ·:: · · ., Schwartz 19 showed that although the Casimir factors agreed with results 

,., '· ~ ;.\ :':~: fo~ p electrons based on a T~omas -Fermi potential, the agreement ~as 
; '~ . ~-~: ' 

·, .. 
r. probably fortuitous. Recently; the relativistic corrections in europium ' .ll·: .' 

·. J>'.' were calculated for 4f electrons clnd the results of Casimir were shown to··. · \' 
-~ .. 

·,.·:/;.::.~~~be too small by an order of niagnit~de~ ZO Our result is, therefore, not· ,. i 

f .j; ~ ~ 

: ··· .. ;,·~~ . surprising. arid we feel ju~:Jtified in concluding that the·. Casimi~ c:orrectio:O:· 
. ·' 

--~-

•.: 

.·._.-r 

:. . , 

~,:._:~:.:;, : ... factors are to() small fo~ 5d electrons to give reliable results. ',' . ? 
-t'' .. , . 

'.' ';·).: ·f ·. 

. ·, ~~·.· .. . . ;· 

_ .... ' '· ·, 

... ._·.•·; '1:..' 
.. ~ "1- . ;.: 

'-.)-· ..... 

• j,• ~ ~ -~ . .:.·. 
: " ~ ·. . . : . 

\',' ~ • ~ • . _J• • . • ' 
·. \·.·(.' 

NUCLEAR STRUCTURE 
-~ . ~ -

:y:- ~ _· ' •' , "~·- ~ \ 
-~ .. 

. .1.'. .;, •. ._· ·'...; ~-. ~-

Mottelson and Nilsson21 .have calculated equilibrium values of the' ·.~'-'. 
.' 

'~ ... 

deformation parameter 6 for odd-A nuclei in the region 151 <A< 195, , ·: ; : ... 

' ·.~ r;;•:. ;,·~: using the' collective model with a harmonic oscillator single -particle' po- . :· :> 
.. . . ... :' . . 

'>>'.''.:.: .':~· tential. ~Experimental values of 6 were then obtained fromvalues o£0
0 

: .< ·. :.: 
' . . . 

'' ~ '·'. 
li'" ... ·~ . . . 

,, .• · . . . ·. . .· ·':. · ••. ,: . .,r-"' '· 

·:,, bas.ed on observed EZ transit~on probabilities·,· Agreement between calcu.;;;'. :" ·; ~ .. · ,. ~.~· 
' ,. . .. . .• ' . . . . , ·.. . . . . . ... ,v ... ~· . . . 

· lated and measured 6's.fo:r:'both odd:-A and even-even nuclei is good. over ; ~·: 
•, , '. ' .' , ' ' • • • r • .,,; ~ ' • • 1 • '· .' • · ·,r .' , · " ·' . ; . ·, '. , · 'l ~ ,• , , • :"': ' • · ; 

. , . ·:i ~ost··of the. region~; partic~~,rly_}or '·7
4

W and j 6os·: , ,;\ .~ ·'< .... :· ., ,, 
' ' • . -.~~. · .• ·: \ '\ ·-- :"::. ' ·. ' -~ • ·:·;. .... · . . •. • .'· ., -~ .. ~;·:_· .•• ' ,·-~. _;._. ".:" : • •'. ' ~ ~ ... ~ .. - \f' .. 

,. ' •·• ' ,~ 'l ' " ':_ .. -~ ... ' •. 

I •. ~- \ 
•••. l 

,'· .. '· 

. '.:· -~· 
·'. 

.. -' ; . ~- 1 
_1, :· ·• 

. •' 4 ' • ' " "• t•,., \ . ~ ,. ,o • 0- • '. ; I _' ' ' ' ~ • "> 

·····­·. ··. 
. •· 

~ _:. '·' :. 
,~ . ' . 

' 
,,;.· ·.· . 

; .. ,. 
~: ~ j· ' ; ._' . 

_·, .. · 

_.'], 

"'·.. ,! ..... -·:·· 

,I: 
'' . ;-·· ..... 

. : .' ~ ;. ' 

. 1' .. 

.•- .. ::.", ·:,_, 
l .. 

'.· .. .·., . 

{, 

..:·~ -: 
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The predicted value of 6 for 75Re is 0.19, which agrees favorably 

with the value 0. 22 obtained from the measured quadrupole moment of .Re 
185

. 

This 6 and the measured ground-state spins of 5/2+ for both Re 
185 

and 

187 . . 
Re led to the assignment of [402]5/2 to the 75th proton. 

186 . f88 . 
Because both Re andRe have I= 1-, the 111th and 113th 

·neutrons have been assigned to the [512] 3/2 state. This assignment fits 

the Mottelson-Nilsson energy leve.l diagram exactly if 6 186 > 0.22, 

0.19 < o 188 < 0.22. The ordering 6188 < 6 186 is supported by the results 

·of our experiment. The quadrupole constants B are a ~easure of the 
... 

. deformation, and B 1~8 < B 186 implies that 6188 < 6186. For the proposed 

state assignments, an increasing nuclear moment implies smaller defor-

•. mation (see Table IV).· Therefore, the results fJ.I{i88) ~ tJ.
1

(186) supports · 
' . 

. · the conclusion 6 188 < 6 186. 

The magnetic moment fJ.I has been calculated with these state as sign­

menta and the wave functions of Nilsson and Mottelson. The calculation 

was done for various positive values of 6.; using both free-nucleon g -

·· factors and the quenched g factors (g = 4.0, g = - 2.4) suggested by 
i sp sn 

Chiao and Rasmussen. 
22 

The results are shown in Tabl~ IV. The value 

Z/ A was used for the core g factor, gR. Chiao has suggested, on the basis.· 

of different pairing energies for neutrons and protons, that gR for odd-:-odd · . · 

nuclei should be gR = (3/4)Z/A. If this were done, each of the results 

in Table IV would be lowered by 0.05 nm. 

It is seen from Table IV that with quenched g factors~. iJ.I(188) is " 

predicted very well by a deformation of 0.2, and iJ.I(186) by a deformatio'n 
... 0 • ' • 1..- • 

of slightly less than 0.3. • This is ·in good agreement with the deformations 
~ . ' 

assumed. 
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Table I 

Re 
186 

Data Fit 

A= - 78.3060(.0010) Me gJ = - 1.951988(39) 

B = + 8.3595(16) Me 
4 

g
1 
x 10 = 9.341(23) 

Transition 

H Frequency Residual 
F F' I (gauss) (Me/sec) (Me/sec) mF mF 

7/2 1/2 5/2 -1/2 199.9229 24. 735(5) 0. 0002 

3/2 -3/2 5/2 -1/2 299.8773 16.647(6) 0.002 

3/2 -1/2 5/2 1/2 299.9612 59.380(5) 0.008 

7/2 1/2 5/2 -1/2 299.8598 3.169(4) - 0.003 

3/2 -1/2 5/2 1/2 399.7824 54.343(4) - 0. 001 

3/2 -3/2 5/2 -1/2 399.7974 22.334(4) - 0. 004 

7/2 1/2 5/2 -1/2 399.8003 6.936(4) - 0.003 

3/2 -1/2 5/2 1/2 499.8241 51.064(3) - 0. 002 

3/2 -3/2 5/2 -1/2 499.8241 26.026(3) 0. 001 

Re 188 Data Fit 

A= - 80.4326(8) Me gJ = - 1.952072(60) 

B = + 7.7463(11) Me gr = 9.607(.029) 

Transition 

H Frequency Residual 
F mF F' mF (gauss) (Me/sec) (Me/sec) 

7/2 1/2 5/2 -1/2 99.9675 92.755(3) - 0. 0004 

3/2 -1/2 5/2 1/2 299.8889 61.835(1) 0.0003 

3/2 -3/2 5/2 -1/2 299.8819 15.895(2) 0.001 

7/2 1/2 5/2 -1/2 299.8714 3.938(1) 0.00008 

3/2 -3/2 5/2 -1/2 399.7780 21.837(2) 0.0002 

Fit to the observed triple resonances according to the Hamiltonian 

AT J + B 2IJ( 21 _\)( 2J _1 )[3(I· J)
2 

+ 3/2(I· J) - I(I+i)J(J+i)] - gJf!oJ· H- grf!l H. 
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Table II. Numerical parameters (in units of a - 3); 
. . 0 

w 

( 1/ r 3 ) ~![>ole 4.7 

«/r3 )g~adrupole 5.1 

jw{O) I ~s 19.7 

ef«) F G 
dr ··.) 14.0 IJ. 2 . 0 

0 . r 

.. . .: 

·1~ F+G+ .. 

t.2 
dr 

-. ... . 
.t -·. 

.· .. I 

·.•. , ... I 

" ~ ' ' ' 

' ... ·' ...... 

dr .· .. · ;··_/ . 5.1 

'\:-.. ·· 

Pt . ; 

10.0 

11.1 

24.7 

' 29.7 IJ.o . 

..-16.0 IJ. . 
. 0 . 

. . 

" 8.6 IJ.. 
0 . 

. '. 
~.:. . .. 

. .r ·. 

'. 

. . 

Re 

6.0 

6.6 

20.9 

., 
17.9 IJ.o 

.. 9.6 IJ. . 0 
.· li 

'.'!1 

I' • 

. . 5.2 iJ. 
. ·o.• 

.11.1' 'i . '. :~ 6.6 

... •• ! 

... 

. . . ·.· .. jo'«) 
... :~ ,,: •· ., ' 

• •• ·.c 
' .... 

. 8.3 5.0 
) ' . 

. .' .... ' 

. • :. ;~ l • • :·~ . •·• ··:._. . ' . : ' ; J ~ F + F _ + G + G_ dr 

. 0 1."·· 
9.0 . 5.4 

. /·.·: These are evaluated from Cohen's wave functions in the case of W and Pt . 
.. 

'The values for Re are obtained ~y· lb:1ear interpolation. 

·_.:/ ·-~- .: 

. '· . 

-~ . \., 
. . .. 

. ' . . . 
. -~ \ . 

. . ~. 

. .~ .. 

'· $! ' ~ • • 

·. . ' . ~·-
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Table III. Contribution to the hyperfine constants 

Source 

Breakdown of L•S coupling 

within (5d) 5(6s)2 

Configuration mixing 
6 . 

(Sd)· (6s) 

Relativistic corrections 

Total calculated 

Total experimental 

a . 'tll 1n nm. 

b a· in bar.ns. 

.. . 

·, ..... 

,,··. 
. : . 

..... •.:· 
-; 

.. ,.. 

A and B in rhenium. 

·: .:_ · ..... 

'· . 

-~ . 

Magnitude 

A (Me/sec)· B (Me/sec) 

33.6 'tlt + 33.0 Qb 

r. ~ 

11. 2 'tll . 0. 3 Q 

-~·· .. . .. 

' . 

.. ;<.' 

. : _, . .• 

,·.,· .. · 

' ... ·· 

:. : 

> _;.· 

- 28.00 

_4.7 Q 

8.0 

· .. 

, .. ~ ·:, : . . 

.. \,.'. 

.:. 

It ;• 

... 
.,' ,., ·. 

., 
" 

:• . 

't: 

. . 
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Table IV• Nuclear moments calculated with Nilsson wave functions. 
·~ 

' 

, 
z 4 6 . . 

Free nucleon g factors 2.11 1.92 1.84 

Quenched nucleon g factors 1.89 1. 77. . 1. 72 

Proton state [402tJ (5/2+). Neutron state [512~] (3/2-). .. 

.I 

•/ 

~. . 
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FIGURE CAPTIONS . 

Schematic· representation of the hairpin arrangement for .· 

triple resonance experiment. 

Some observed triple resonance lines. 
186 . . 

(a) Re ; H = 500 g; (5/2 1/2) - (3/i. 3/2) 
0 ' ' 

186 . ' . 
(b) Re . ; H

0 
= 300g; (5/2 -1/2) - (3/2, 1/Z) 

(c) Re 188; H
0 

= 300g; (7/2 -1/2) ...._ (5/i 1/2) .. 
. 

Breit-Rabi diagram for I = 1, J = 5/2. . . ' . \ ~-

. ' 

. :: 
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' . ' '." ~ . ' 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use df any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






