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ABSTRACT 

The atomic-beam magnetic-resonance. "flop-in" technique has ., . 

. ,. been used to. determine. the hyperfine-structure separations of the isotopes· 
' '' ' 186 1.88. ' . . . 

. Re , and Re • The magnetic-dipole interaction constant a and the 

electric-quadrupole ·interaction constant b have been measured for these · ·,. ·· 
· · . . i I 

two radioactive isotopes in the J = 5/Z ground state. · Beams were produ¢ed 
• ! ~ \ ' 

t. '. '~ •• ;. . i• ,'·by electron bombardment of irradiated rhenium wires .... The spins ·o£ both·' 

·:~:<.:isotopes had been determi.ned previously to be. 1. Fo:r;, .the interaction con- . 
.;. . ·, 

.:,•, i.t:~r :: / . . stante·~£ R~iS
6

' ~e 0 :::e~ ± 7 8.3 0 58(Z4) Me/ sec ' . ' 

·.:·: . ::: .:. '.I ' 
·.:.. . .. ! b186 =+ 8.3601(50) Me/ sec. 

'·:."'r·. 
."'• . '.·\ .... :. :; :::'·; 

··. 
:: These.~give valU:e~: o£ the two hyperfine-structure 

• ... ' ' ·,' : ~·I ' ~· . • ' ' ' ' .•• . • ' • 

. • ~ r .. ··,. ·._: 

'\·' 
' . . . .. ~··. '\ 

•• '! .. 

. ' •. . . . 

.Av.
186

(7/2, 5/2) = :1:: 265.292(14) Mc/ser:;. 
•.',•. 

· . .Av 1.86(5/2, 3/2) ·= :1:: 208.305(14) Me/ s:~c •. 
. '· . ,. :: ~ ~...-

•'' 
'·, 

. ·';.'.:::·:.: .. For the interaction constants o£ Re 188 we o'Pt;ained· 
~' ' , . ; . . .: ; . . 

';,·. ·:::· ~- r .. ··I., ,·· .. ' . 

.:;-,:a. iss·~ ::~:::ao.4320(32{:Mc; sec. 

' ,>biBS ~· ;::.:;.·.:Z~7455{60) ·M~/s~c:,. 
•. '. ', ',__ !' ··•• ,." \:.~-'·:.·' ··::.;. -;~~~·.' -~· 

' ' ... :;~ :i\\~'11':,::,' 
~. ;, .-.~· .··· ·~·.:· x"~:\.+,/:' .· 

. . i ~; };-·;.: -~, ~:· . : . r'. ·' 

';... 
_,.,. 

. ' . ~ '~ 

.··. ·. 

;, 

. ' ', ''· • '\ ·;.''. '/·,_ ·,,; '., , 'I\ ·-: :·.:·.;··., :: 

.-.....-==-=......, ........ ...,..;;.;.;;;;;··- _ .. ----c·--=----. · .. ~~-.. ;,~---~~:~-~-,..~~~~::.~~~·~·,-..~~~'~'""~~-.~:.·:. '< ··~-~--..... ~+,;_,~ 
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These give values of the two hyperfine~structure separations of 

~v 188(7/2,. 5/2) = :!: 273.379(13) Me/sec 

~v188(5/2, 3/2) =:!: 212.698(17) Me/sec. 

'. 

The nuclear moments of botP isotopes were determined to be positive~ 

'· ., 

·, . 

-: ...... .. 

...... .... '· . 
.. . •. 

·., 
I' :~ .' 

. . .,· 
.·.· 

. ~.. : . \ -~. ' 

~, , . ·.c 

.. ·.·. ·' 
: • -~·.· ., 'lr ' .. : ~ ',' 

Also obtained was an improved value for the electronic Land~ g-factor\:' ·.<~; .·· 
for rhenium 
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. :·.: ... ··,i.-~· .·~ ··_.,. higher order multipole-moment terms have been neglected. In the absence . · · 
. ~· .. '. 

I • ·' 

. of an external magnetic field,· the term energies resulting from this Ham-. 

iltonian are given by 

(, ~ ' 
' .... 

._·,. 

(2) 

:··where: 

C = F(F +· i) J(J + 1) - I (I+ i) -~ ( 3) 

,·.· :·: 

; ,_: 
'(4) ... F ~ ·r + J. ·- - -

'The·hyperfine~structur,e separation· between two levels · F ·and F' ·is given: 
. . .· .~ . ,•'.::.-· 

•. ·: . ' ·-~- ·. ~ .. : ·: . , .:,:· 

. r { by I , ~' 

-:.· 

Av (F, F') = WF- WF' 
c.· 

where .a, b, and Av. are· in ther. same units. 

T.he qualitative features of the energy-level diagram· for this Ham­

il~onian when. I= i and J = 5/2 are given in Fig. i. Also indicated are the,. 

iive transitions that can be observed in each isotope with an atomic-beam, 

machine with flop-in· magnet geometry. Since a closed-form solution of the 

:·:~~-·.:~; .. ·.;~:·.:· · ....... secular equation tq the above Hamiltonian is, in general, nOt possible, a 
',.'r. ·.:j;:.:·::\..r., , 
·:.';A}-,::.\):;·.;:\',.:':_: .. complete routine called · HYPERFINE-3 (for, the IBM 7090) was used to fit 

the experimental data to theory. 
':···:·· 

~:l~.'r(,:·;;:::;-
The HYPERFINE routine is able to fit any.· 

... :, ·. ~ .~:~ :· ~ 

:.·. ··:~··,·.·.~·.':.';·,·,···.·._,;~, :·: ', ·~~ 

c.ombination of the five var'iables gJ, gl'. a, b, __ and c -(the magnetic-octupole.: 

:. -~} _·;:·, ·~ 
' . ' . . interaction constant) to the experimenta'l data ... 'Since this routine. is 

··. . ( 8 9 ... . : . . : 
, . elsewhere, '. ' . -1t 1s. not reviewed here •. 

.... 
'. 

•, . 

. . ~~ ·:. ' .. 
• . ,! ';~ 

"i·:).): ·.~ .: :. -~ .. ; .· .• ·:: ' ... 
: -~ . ,:; . . . ' ' . ,• .... ' 

~:::~··?.i-. ,·. . ~. ,.,, . 

,. ·· .... •. 

. . -~ ·:'; !• . ' .. 

.. .. :~~:; 
' -~\ 

•1. <r' > 
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III. · EXPERIMENTAL METHOD .. 
.. . \ : :::·~/ ~ . ' .. ' 

';' 

·Since the atomic-beam machine used in the course of this exper-. ' ·. 'i 
'' ' 

':'.(?:(.'):·/{;, iment was fully described elsewhere, 10 we will discuss only the essential .· ;>:}'c: , ! 
: ·.·:>::;t.· .,,,.. ·· features for this experiment •. The isotopes· Re 186 and Re 188 w~re . >··. l 

·~~:/,~.\':;.~·;:· •. ::o::::d :u::::;::;; s::.O -:~e ni:t:::e::~i: :;e ;:::8a h:::t:::f~:es .. '~\· : ... ·: 
., 

. ':';.·'.~of 90 hours and i 7 hours, respectively, and could therefore be distinguished · 

:;·~.:·>:~':\,::·~:·.': .. <:::-~·::·._in a decay plot •.. The Re 186 isotope was produced by bombarding the samples.;.: i' · ... . . 

. "·'-·.for 72 hours and then allowing them to decay for 5 t6 9 days. The amount 
{,1 .~.r 

of Re 188 activity in the be~m was less that So/o, as shown by dec~y plots of.· 

samples of the full beam and resonances. The ReiSS isotope was prefer-'_:_·,: 
. ~ ll .. ': 

1,1 \''' 

· ······ :·.·entially produced by bombarding the samples for 3 to 4 hours. As deter-:',·:', 
.. ' ~ ·, : ·~· .... ·:.. • ' j - ~ • • : 

.... mine·d from decay plots, approximately 20o/o of the activity in the samples ·· ·· 
'·. 

~: · ·was. Re 186• The beams were procl.uced by heating the wires by electron 

.:·~_;·.:·:~:;:,::·:_,.(~-: ::: :·bombardment The atoms were collected on·i-mil fired-platinum foils ·~·i:j 
•.·, ' .. ::.:·,. ·,. .. .,.._. , • , .. . . I 
.. ··'.·' .. " . ·':! 
··· ·. i· .:.·. ·:. ·which were then placed in a continuous-flow methane beta counter to measure -~. ! 

• ;. .... ' . ', ·' ( • • • •• ·, f l 
' f l 1 , ' • I ' ' , ' • , ' < • .: '. :.; •• ·.·,· • .;;__,, ·,,', ·.·~·,· ..... ,:, ·_', <' J 

. ··.~ ~ ': :.'·: ..... 
,·:~~- : : ' their a~tivity~ .·A full-beam counting rate of from 600 to· 1200 counts/min ~or.··>:?::':;,(( ·· ··: 

·'· ~·. • ' . . . • J • ·. ,' : '.'=~~· .. ~·:~,!~{:~~}':./',.< <··:; 

.'.' ,:{<;::.::,;: ".a 1-minute exposure was determined to be the m~st convenient. The. magni::,?·.~·n:/;;?;:;/·,· 
· >. \·.··.': . .tude of the homogenous magnetic field H was determined by observation of>:':\·:!.!!'::.:.,.: 

the Zeeman transiti~n frequency in K39. 
0 

·' . . ('";~;;;;~t'·;'\ 
··_, ... 

·I lV •. RESULTS 

·~· . !!'· 

... . . I 
,. '•· .. ·:. ,, 

~· . '\ ,. ; ··. .,/' . .''·.' 
·· ... ' "';,'• 

.. 
.·.··.'. 

'\ > _,; . ; . : '· -
. ••• ! '. ·. 

_. -·-· --· ·--· 
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···,. 

' ~ :,., . In the 'Yeak-field case, .!, and if. remain coupled and precess about !,.' 

:: · · ' .. The interaction energy due to the external field is then given by 
:_ t. 

~ . '•' ..... 

•: ,~ ' 
.. ~ . . . ' -~ 

.. ·, ·,..:~ . ·;: 
f ~ :. 

'··.·. . "' ...... '· . 

·. ·~; •.:~:~:' .'· ·< ;. • .. ;,:_ 
•· .• •; .~. •. ' , . " 1 ( I ' , I, 

.... wext = -
where:· 

g = g F(F+i) + J(J +1)-1(1+1) 
. F J : · 2 F( F + 1) + g1 

F(F +i) - J(J +i) + I{I +1.) 
ZF(F + 1) 

.· (7) .. ·. 

: (8) :. '._/.· 

'z. ~ -"; '• -~ :. '.· :~-_-:· ·' 
... ,. 

-:. 

Therefore in the low-field approximation the transition frequ~ncie,.s for the 
. 

a., (3, and '( transitions indicated in Fig. 1 (.6. F = 0, A,mF = :t:. 1)" ·are. : :· 

((> given by 
. : ··:. · .. -.;·:· .. :· ; :, 

.l::. 

.. ; . 
'. ·; 

:: (9.)' 
, \I· 

·I ' . 
· .. ·:' :' ' ' .. ' ~ ·. ·:' . . 

'· 
.·•·· ...... .. _, Neglecting the nuclear terme~, we have the so-called Zeeman transition 

. -~ ) ' 
.'• 

: ·{ \,'.' 

I •'' •., ... 

l. . . ~. '·. ,·' 

' . i .... ,·- ~:_ ... .. ·:· .. :·! i·: ... 
"' 

; .. :'· 
,.. ,·; ~ ... ~- ·' . •' . 

<t • •• ~ • {·· 

· ... :··_ ... ·· 
. ' 

frequency 

y. = F(F + 1) + J(J + 1)- I(I+1) 
ZF(F + 1) 

:.•. 

.... 
'.'~ 

:· ... 

•, · .. ... '.;; 

-~-<·1; 
. ,. Then the .magnetic field was increased until these frequencies began to de .. 

.. 1:: ·' 

.•. viate from the Zeeman transition frequencies. Deviations were first seen 
··~ L.· . ..·. '· 

•~.:.~:?t;:(;/.,'.';·:· .. ;·_ ,:;·.·_: ... at about 10 gauss. 
, .::I. . • • 

: .. ·.: '•;'.' ··.; ''· ;·predict the transition frequencies at higher fieldso When enough points has 
' ... '·.:··~··;.;:: \: ':.:..: . .-... . '·' ' 

.~:·:-: .:, ::,:..: '· . been observed, the HYPERFINE-3 program was used to determine initial·.· . ' . . . ·.,:;-~··· .. 

;.·~,<{::.· '.' : · .. ·;:.~values of a and b. An IBM. 650 comput~r program called J0-9 was then~ _: · 
, ·~··:_,~,,~t~;, t •: ~~'· ,· ·,'I ',, •' ' • .~. 

·:'.f:.::~·i:_.~;>"'. >. ·:· • \.used to predict the transition frequencies at evenhigher.fields, using the 

·;,;:;f't.\·>;'·;:.~ •. :in::: u:t:::: ::1:~~:;•: :n:.y::::N:::n ::: ::f:::i:::•a:::r:::-tha:",.),?• 

A third-order perturbation procedure was then used to· 

. '• 

.:·.:_.~1<· ', ': . ::. ; : i ' ··••·. ,·. : . ...• ,'• '; •. < ';'.: < . 

. r<:• 
•. ~ . ,. . .. ;,:,. ~-

- ).::::;: ; ·,. /.,' ! .... ' ; ·'· ... . ~ " ·:, ~ .. 
. ·· . .- ... -

. - .. _____ .. ______________ . ---·- ~-~·----~ ...... -· .. ·-~--'---
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we could begin searching for the direct transitions (F=?/2, mF=· -1/2)- . 

(F =5/2, mF= -1/2) and (F=5/2, rriF = i/2).-. (F= 3/2, mF= 1/2). 

' ., 

Note that both direct transitions are u transitions (Am.F = 0)~ whereas ·'.·> . 
·,··. 

· the a., (3, and 'Y transitions are 11' transitions (.t.mF = ± i). The 11'-hairpin '· .. ' ~ :· . 
.... :• 

. . : .:~. ·,, ( .... ;, .. , 
that was used to produce the a., (3, an·d 'Y transitions was also used to produce'··:_: 

·the direct transitions. The ·part of this hairpin that carried the rf current.,. 
.,. 

·.·: 
•••• ·, # 

::. \.> :: ,:_ consisted of a strip of metal whose plane was perpendicular to the external l"'l" 
· .. :· 

~ .:/; /' 

. ':' 

.::· .;·;:;, .:; < .. ' .. ~ ;:~. : .. ..:: 
; ~·;:k+ :<>. ·:·.:· 'f 

.'- J .• ' •• ,. 

' ' ·~ , 
•; ' /:-+ ~ .·.'r ,~:· ;·~' I 

. magnetic field. Therefore the only places where the radio-frequency mag-
. / '··· 
. .1 ~· 

. '• .~ ." > :· : ~~ 

'!t ~ :·. '' • .. :• . 'i .. · ... 

netic field was parallel to the external magnetic fiel.d were at the edges of the~ . .: 

'' 
strip •. In this way separated oscillating fields, necessary for. one to observe ·-: .: ·, 

a Ramsey pattern, were prod~ced. 'This type of hairpin construction was . 

descr~bed by Schlecht and McColm. 
11 

Ramsey patterns were observed i6r 

.·.' . ~ : 

. . . ,• ~ . . 
~ '~. ·~ •. ~·: ·. . 

··::.' ·i. 
~ ·] : '. 

~ 

. both direct transitions in both isotopes • It was determined· that the transition .:: :·> ... 
' ... ; .. ;''' . ;, ·:.. . -~ .•· ; 

··;(::, :;,·,~· .. ·;·~·.· ·: · (F = 5/2, mF = 1/2) ..._ (F = 3/2, mF =· i/2) attained a minimum transition :)-::·,·(:~ ::··~: 
.. : ~ ' '· . ..: .. 

:' . : ~ ( .. ·. ;·. . . . 
·.'. •; . 

: :. . 
frequency·at approximately 12 gauss. Both direct transitions were observed :./. 

for each isotope at this field in order to reduce the effect of the field error in ' 

the above trC!-nsition. \ 

·:· ( .· .· :•' 
. '• 

:. ,\ 

shown in Fig~. ;,;.,::;::.;; · 

:·.·//:)::·:-'~ 
Resonance curves representative of those obtained are 

2 and 3. A 11'-transition is shown in Fig. 2 and (1. u-transition in Fig. 3.. _ · 

; . :: ;:.:·:<> · Since the oscillating fields are. 180• out of phase, the Ramsay. pattern in Fig·. i{::;~:>·i.>;; 
:: i:'.-.1:·_.:'.' .. :;_'.::·.:·· .. · ·.shows, a dif at the transition. frequency rather than a peak. , . 

/_\?~:::;:::/· ·.-:.:.: Tables· I and II give the final HYPERFINE-3 output for the isotopes· ·'· 
• ~. ~. .~ +~· 1 •• • •• ·.\ •·• 

.>;;.··:_ ... , ·: ' ' 186 188 ' 
· )·',,;: .. : :_:.':': ,. ·., · Re . . and Re , respe·ctively. A measure of how well the experimental 

' . 

;;J:i~k,' .· .··.·. ·point~ fit theoretical predictions based on the 

.. ·('·~.;: ),< .. ·· .. :; is the .value of the goodness-of-fit parameter 

a and b: ~values already obtained .. 

x2• . Since, ~z· should have the ',: , 
,.., . 

. • .· .;;1 ' r';'. ·:. 

value. N- N', 

·. ,· 

; . 
' ',· 

' . '·. ~ 

. . . ' . .~ ·.·. ' ' . . ·~.~. ' ,\ ·~ 

where.· N is the number of observatit;Jns. and .N1 is the. numb~r .·. • 
1 
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x2 
should be 6 and for the 

~---~-- ~-?: . 
. ~ .. ~: ;_ 

;.-- .·:·,··: 

·,, and i.3, which were obtained ·. ,-)' 186 2 Re . X shold be 5. ·.The values of 0.4 
. 1' 

I 
;~- ·.· '.: '/~~~~-:::~·: respectively, indicate that ··by. HYPERFINE-3 for Re 

188 
and Re 186, 

. i. 
~ .. •. '. 
·: __ .·, •,: 

· ... ~ · .. ~ . . 
~. : ''j. . :·; .•. '. -: _· •. ~: • . • 

~· .· ·.'. ·~ ~ . . '. •' .. ' ·~··, .. -.. 
. >.: : :_.· ' . ~~:;'>:::i· 

pessimistic values of the frequency errors were used. ~hus the frequency.:; •• <· •. 

~>:-·.::F:<'·.~·::~:,. .. ~.: .. , er~ors as given by the HYPERFINE-3 program are also pes.sirrlistic. ·:<. ; ... ·.· ..... : ... . ,,,·;··:·.:.:.~;.;_~.-;.:,< 
•:':: .> · . ·.However, for security, twice these values have been used ~s the exp~r.; ., . 

. ~.. ~: ~! • . .•· " . -\. ·. :· 1 
... .. 186 - . 
;: ... -..·~·rimental errors.: Therefore we obtain for Re the values 

. ·.··-

~ ,··~ ·~ / ' .·, ':' ' I . 

,-·~,-~:; :.-~-~_ . .:·:!:~ 

:. ,·/: . ::;·;·::·.··. 
·' ,- .· :; . : . ~-~ ·. ..... ;·~. ~- ... 

'· ; ~ 

a=± 78.3058{24) Me/sec 

.-·. b=+ 8.3601(50) Me/sec 
-~: ·. 

. an<f. :g1 ·> o. 

. ' .· . 188 . . . ' . . . . 

. For: .Re we .obtain the values 

. ' ·-·;· 

·>.-

.. · "{ 

a= :l: 80.4320(32.) Me/sec 
. '· 

·.-, 

:_ .·. '•:.. 

-~-" . '. 
. ' . ' :· . ·'' -~' .. 

. \ 
• .:• I' 

' , ... b=+ 7. 7455(60) Me/ sec .~. · 
~ · .. ' 

·,· 
·.'····· 

. ,·,, c·•. 

. . . 

' .. ~ ~.: .. -. . . ··. ' 
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<·: 

·, ' 
.. ·. 
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tj, 

'I 

.... _ .· 

. .: ~ ~;. ' 

l\ --t 

·.-~­.. 

I 

·: '· I 

~ .. 

·:· Taking the weighted average of the two values for' gJ,··we~ obtai~ th~ 
',; -. . ., :'' . ,'· 

:. '. ···value: .. ·· ·,. 

. ~-' ( ' :,: · ... :. . . ' . 
; . -·-' ~· ·. 

·--~>< <··-
- •· - ~· ' i-

. -~ _:, : ' 

\'_i---: 
;'I~ ... :,..,'·. 

' ~ f 

. ·, /. 
: :· -~ ... . : . -~ 

. . i2 · .. : ·' 
For pure Rus.sell-Saunders. coupling, the gJ.factor is g1venby · ;~~ ·: · 

,. ~- :' -· 

g = 1 + ( .; 1 )· J(J + 1) + S(S + 1) - L(L + i) .· .··• 
J . . gs · : . zJ(J + 1) . . .. : .· ... ' . 

. ' 

. where g
5 

is the g-factor' of the electron •.. Therefor.e, .the gJ value ·for 
-~--: .. ,._ 

to·"' 

' . · .. 
,; .. .. ~~ ; .. · .. ; t • •• ··_ ; :-: {' •-'· 

,, ~- '·, ·· .. ,. . _,· 
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:. ' 
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the spin-orbit and configuration interactions. J -~ .. 

From equations (2) and (5) we obtain, for the two hyper fine -structu~e 

separations in, rhenium, 

tl.v(7 /2, 

tl.v{5/2, 
·:··:' -> 

5/2) 

3/2) 

= 7/2 a 

= 5/2 a 

+ 21/20 b 

3/2 b. 

·· . .-._. '··' 
·._,, 

'···. 
,; ! 

'' 
'• 

.•; 
·>. 

· From this we obtain for the hyperfine-structure 
. . · · is6' ;·· : 
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FIGURE CAPTIONS 

Breit-Rabi diagram for Re 
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This report was prepared as an acc~unt 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 of 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. 






