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THE SPIN'· OF NEPTUNit;fM- Z3S ·' 
'· 

'(" :' 

R. d. ·Albrid~~, J. C. Hubbs,. and R. Marru~! :-·-. 
R.adiation Laborator~ and pepartment of Physics and Chemi~try 
,· : · · ~niversi~y of·c?-lifornia, Berkeley. ·california :·, 

'-· March 1.8, ·t9S8 _ .. 

. ABSTRACT. ., 
.... 

'.·. 

'I, 

' ' ,'1 ~. • • "" 

The atomi<:~beam: ~agnetic-resonance·method: has been..use-d;to investi-
. ' 238 ' ' .. · . ,, ' •, ' ' ., ' .· . ' 

gate 2~.10-day Np · i~-the low-field .or Zeeman region of hyperfine st:ructure. 
' ' :~ . . . . 

' ' 

''· 

The spin of this nuclide is found to be 2. . . 
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. .. ~ . 

lNTRODUC TION .. , . 

The research rep~rted h·~re is part of· a contin~i~g program leadi'ng ,tb 
. ·.- • . •. 1 . . ' ·. 

nuclear spins ~nd moni~nts, and to. the prope~tie s. of .low-lying electr'onic states . 

in the_ heavy;.,elem:e.~t r·~·gion. ·.r_he. sf>in of this m.:.,~Ude is partjcularly inter:~sting, 
' ' ' 238 ·,· .· ' . . . ' . •' ~· . . ,· '. . . ' ' 

for Np . is an odd-odd isotope for which th_e st!3-tes of th~last proton_ and. . 
' ' . ' ; . . . ' . . '. . . ' . ' 2 3 9. . ' ' 2 3 9 ' ' ' . :' 1 . . ' . . ' 

neutron a~e presumably known. from .Np and~l?u.. re.sl>ectlvely•. Therefore 
' '. . . ' ~ ' 

the observed' spin is expected t:() yiel1 i_nfor:ma:tion regar~ing the coupling of 
• ' ' i • • • • • . 

neutroris .. and p.rotons i~ defor~ed nuclei~-.. · . . . , . . : : ... · .,.. . . 

. Previoci·s r2s~arch2·. on Np239 .ha~· disclosed ~.ri electronic eq.crgy level. . ~. . ' . . . . . ' . '· .. . . 

·with J = il/2, ·gJ = .655_1 ± .,~6 ~ppare~tly arising from .. the c~lifi.gur~tion 
(5£)4 (6d)1·;· the m~a.sure~ent~ reported her~ are· ~ade in thls .. leve.1. . 

: • • ', • ', 0 0 ' • ' 0 0 ' ~· .. •' H < • : 0 • ~ 

TARGET PREPARATlON,',MATERlAL PRODUCTION, 
. '· ~· AND BEAM DETECTION · .. . . ·. · . 

ThEi sample is mad.e by neutron ·acti,:ation· of a mixture o{ 3 milligr~tns 
o£ .. Np237 and. 10 mg.of u23 foxides]o_r.7z hr ~fa flux of:2 X io 13'nehtron~/cm 2/sec. 
The: targetis prep~redby co~precipitatiotl o~ ne~tuni_~rrl-and .u~ani~ hyd~oxi~es . 

. . ' . . •.. ' . ' . ··.· .. ' . . . · .... 238 .· . . . . 
and subseqU:e~t decomposition to·the o:icides by heating. The U ··is. added for 
. .· . ' . ' . . .. . ... ' .. . . . . ' . . ' .. ' · .. '; . 3' ·. ·. 238 . 239 
carrier purposes only; the thermal-activatlon cross sections . of U · and Np 

are such that th.e product-activity. is about ·9s% 2.1-da~ Np
238 ~ndso/ti · z.36-day. 

N
. 239.. . . ' . 
p '. . . . . . .: ' :. ' ' . ,· ' : :. ' ' '' ' ·, . ' ' . . '.. ; ' 

The ·neptunium is dete·cted by_ a~lowing the at~mic beam to fall on small . · 
. -

'flamed platinum foils which are then c'ounted·in £low propor,tiori'al counters With 

high dete(:tion· effiCiency for b~ta particles. above 2$ kev:· 'counter backgrot1nd is 
typically 6 cbunts· per minhte. ' .· . . . . · · . . · .. ', ' · . . 

- ' - . 
•' , .. 

'. 
.',·' 

'. ~ 

"· ·.-
... ·. 

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

twork done under the ·a~spices. p:f th~ ti. s~ 'Atomic Energy-Com~ission. 
'.· 

. .t. ·, ' - ~- . ~ ' '.. : ~ . -
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•• ~ ,J: ; '·. ~ 
' •.. -r-

. "" ' _..,·• 

,· .' .\'l' . :f,"''' ... -t·" . 

~;~-:f-~<-<--:~.::~ .. }. 
'!""I 

• c 

• \:.~ ;, j E: F};.0!.·y~.F~:: -~··'_'. ·. '., . ~<:;RL:8Zl6 :: 
. ~. . . '· ~ 

•. . . ~- cl ; : ,, :-··~-~,'~e~::r-~~:-)'._~.'.2_;)_:.::~'·.> ·: .. ···:·.>'''·,c .... 
_ __ .·--Tli~_ spiri1 ~~_of a nucleus int~~~ct_ing Wi,th ·a,:_?,, electronic. s-rE!t~·:p:l c:-£ knowri -!-

' .:~· .•.. J and gJ'· c_~n be_ -~~tat,li's~ed i.n. the low~fi-~.ld or 'Zeem~ri.'region of~,fs P~?V:iding: ·. 
·,_that:th_e ·g_.:value.~,: cgF,: or'th~ va~i.ous:~tatee; of total :a~gul~r mome_~tu~~. ·,·F =I:+ J, 

: c can· be· measured~-to sufficient ·.precisi,;n. in the low•'field''li~i~ ·F is a good quantum 

· nu~b~;_ ~nd, ·ti. c~~trib~tio·~; ;f~brnc·the~-:~uciear ~~gnetic·_ino~~nt :ar~- ign<?;ed., the.se 

. g ~alues are giv~n:by·the- produ~t ottlu~ ~l~c~ro_nic"g~al~~~~~_g_J; . -~ri~ in~:·re~etive c 

projection o(the ·electronic angular·njomen.tum o'n,the d,irection -of t'o_tal·t:l:ngular 
•• • - .. • • j ... • '. " • .. •• 

--momentum,_ 

'· 

J .... , 

-~:: :. .... 

J • F, F(F+l)·+·JtJ+l) -·l(i+l) 
g~ ::_gJ ·:: F_.2,_~ -·~ gJ_ _ .. ,;ZF(F+I). . . 

<~ ~ : ... i: . • ~. ~- • 

....... · .. ... -~<.' 

(1) 

. ' ~... . ~ 

Thus the observe~ 't'~a~s1tion freque~cies,•. g~ .~o~·· ~h-.:b~ ~~-f~ncti'o~· ?f but one 
uilkno~n, <.· I-... i .: __ . ~· ·· i: · · • '"/"l ": ~-· · -.- .! . ._. · ·. ~._.; -·~ · :~ -~ :;:4 ~-- - , ·_ · 

. Dep.irtures' fro~ this ~im,pl~- s~herne _ari~~- fr·o~·: mi~fng ~y:th~;-e;tern~l. 
magnetic .neid ~(,~ta~es·-~f _diff~;e~t'F:·~ut·t~~: sa~~-~P;~jec~-ion·MF -~n the n~id .. 

· directioh. · T~e iern_{ ~~adratic in ·th~'.field which is, in ge~e!al·, :. _the hrst t? · 

.· appea:r i_s in·'-thi~':ca~~-·about, 0.01 (gJ~b~)~/~. :_where_·A i·s th~'dipo~~ hfs c~nstant 
defin.ed.by . _ i =A 1-~. ·_.r_.- :.he-.'J' .a~d·gi·~~-~er,ved in n~P~r:t~~n:i ~ugge_~t t}lat the.· 

electronic ~nergy level utider·cons'id~ratio·n··arises froni.the corifiguration··(5f.)4 (6d)1; 
'.. .. .· .·.. ·, ··. .... ··~, ~ ...... ~ .-~ -~- ..... ~ -;·, _'- .. · . .., · ... 

with the Sf_· a-nd·6d,·el~ctrons iridepe~dently coupling #o ~he several :HutJ.d 1<s _rule ,. 

-g~ound_states. _51~ ~.nd 2D3j 2; _s~ch.a:_situ~tioh,~ouidb~ t~~ ·_t~-~~_qtience of a:·:.~utual. 
electrostatic 'interaction :.smaller· than either fine:.:.structui-·e intei·a'ction. On-·the· 

~ ·- ' • ; ~ • to : . ' . ·•• ~ • . • -¥ • • - • • - :: • ' -~ • ~ ·: " ..... ' • ~ • 

assuni.ption'that this is the ca·se,-. a calculation, has been made of :A· by Using a simple 
w • • ·.·-- -f .. f'- . . . ' . • .... :' .. ·.• --~',". : .• 4 ' .. ' ~ . . . . .• , 

· extension of -m<eth.6d.~ pr~:vious.ly enunier~ted, , .and 5£ ~nd 6d ·elet~on--wave,,.f~nction~ 
. · · obtai;e~ £;~~. ~)ia~t~~e ~elat~~i"s.~i~ ~aJ~ul~~ion:; fo~.- ur~n~um_·~ ~ .: ·Th.e · r~ s~~~ ~-or-.: ... _ 

. : .t~e·-( .14 .'". :·.:·D3j 2)'n/2 ste3te ,h\A''~_,4:70 gl ·M_~/_eie~.: :Th.~refo:t;_~ :~th._ifn ~a~par~t~~ 
reso,lutiott ,of 20··kc/ s_ec. one: expects· tp~ ·Zeeman region o~ :hfe .to exte.nrl1'to at le_~st· 

·_3o~a~ss(g~ ~o.i'):. ·: -~,. ·._-.:. · .. _··.: --::_~_~· -'.:{:·.·.··· : .. ~·_'·.-··::·· .. :· :.,: ~.-.~~-
·' •.' '• EXPEltlb4ENTAL,PROCEbURE ·.· .. . ., 

-._,. 

- ·' 
'. 

•:0.: ~·; •• ·.; • •• _,,· ·.'~ •• '· ., •f ·~ ·.~" '·. '~ c(. ·," '",-~._.· .. ·.··.~ . ~ .',,~ \...,~·. ~ ~··:-···, •. ··~.; !~: ... . ' •.· ,·.J~.· ,. 

·_- .• , , . ~The ~iaroic~bea·m.:-apparatti-~; ,.wh_ith; has .. beeti _d.esc~u.;e·d e.t.:s~-wh~re,;6·.usea··_ . 
.... , •. ~ :', • ' '·:7 ··.·~ .· .. ,· .. ""·.'·.:"·_:..... ·:~ ,·· '·:· . .. ~:>.·. ·>:•• o ' : J- ~ •• / '·.~ '~ •. ' ')'" • ' ' .;,_A;,t• • I~ 

· the Zacharias ~ or flpp..:il1 'r~s~jia~ce: s,Y,sfem~,: .r.equ~rilig for.?.- ·refoc.use<( t:?'eam a· ·. , .. . _ . 

· · tt~n-~ition betwe~en, ma.gn~tic sub:st·a~~-s. h<i~i~g- e~uafand opposft~.lii~h~ft~ld.-~agnetic · .... 
1, • . .'1 ' ~ : • ' " 

0 
'. • ' • ,, ; ••• ~ •• • !. 

.. 

mome!it~,-·i. e.·. :a .transition: 'betwe'en :inagneti•c' ~u~~itat¢~''di~racteti£ed. hy ·the·.: ... '. . . ' . 
~ •,' .. ~~- .• .•• ~··· ' ' ' •.•. _,!. -~; }.-·····-·· •.• -:-~_ .. ""-.1. .. 9-· :~:·~,!-·;'·' .~ ~ ""'·'· · .• 

-·-

. •. 
'i_ ~ • 

; . . ··; '.! ·;, 

'~ ' + I 1 , I,_ • ·, f ~ ·-~ ,- : · "'i-: .·, ~. ~ 

~' ' ~,. . ,.·.· . , . 
'·-

... 
·· ..... ' .. - .. ·.,. 

' . 

........ . ' . ~. ' 

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

-.... 
.... . . ~· ' 

. ' -~ 

.. ·· 



. ,. 
. ' . ,• 

.. ; ~ . ' 
it.' .• .... • 

.... ' • • ~ • ,. • ~ -fo~ ~ • 1 

• ; ~ ) • "" • • • , - ... ' • ...... • > ~. ~ • - • ~- • : ~ • ·"" .. • • It' ·: . 

' high..;fi,e~d quantum .numbers mi and -~J; al.l sue~ transition~·for which, 1:i F is 0 ... 

'ar.e allowe·d. in the Zeeman. limit·; B ;:oti t.he :other': hancf the de"flecticin in the' magnet '·· 
~ ' I ' • • 0 t • • I • • • ~ > 0 ' • ' •• " • • t~ • c • •• ' • '• 

. :-··,·. 

··,, . .·~ystem ·is. prop·~.r~i~_?al. to .. ~J~.-~n~·tp.e. n~.Pt~?iuni. !>~azy. .~~inper~t-ll:t~ and.:gj .v~lue: 
~i v~ rathe ~· sn\alie:r::defle<:tion.s: t}ia~··th~se fbf ,yv4it:h.;: ~h:~ .appai'Et;tu~rwas de signed . 

\. . '" ' 

.... 

.· 

'· 

. - ..• ',. ~;t•. - ;, :_. .. · ... ~ - ... _.· . /,:· ~-- ·' . . ""'' ··''-:-:."·' • ··,·~: \~·,: _' ~ <.:..·.-... : -;_ ,' . . ; : 
~ T.h:erefore transition intensities generally d,ecr~ase· as. th~ m~ximurri value of· · · 

. • ·- It: - . 1 '+-. I \ ~ • .• .... ~ .,. . ,. ~ 't' .. L • • ..... • •• ~ • - ' • ~ 

'AmJ dec:r~cises, or. in' .. this ·~~ule.!asi .F:'·~~ctea~es. ~fig. :JiY .. ·· ~. · .·~.. .. , ..... 
• • - . . . -~ 1.; -,.~ ... ·.~ ~111· 'f'- .~ -~ \.. ~-- ...... •• ~- .. •• ' - ·, ~· ... ,· 

. . . .· . ·A beam .of nept\miurn atoms is ·ma·d~ by .the ~·san'U!. proce.s's. as is ~s~d .. 
. . . ' . ~ ' '..: '~ .' '·"' ~· ... -. ~ ..... :'\.-- .·.- -~ ~. r ~·r- i -~ -~ , .... -- .'!= ' .' .• • • • - • ' .. • . .. 

· ·· for Npf3.9; the' n~ptunitim and .ur<infunf'ri.xide~ ~r(.{:~ixed .with·.a· iargEn!~xcess 'of. 
·t~. /···. t· ......... ·_·' -·.'. ·.: ·-~·_.'",_'· ·.·~ '-·._.;_-•• ~ .... ~ .-· .. ~ · .• 

g rap~ite :pO~der. 'placed in :a ~mall :tantalum·. oven; : a.nd -heat~-~ in: tht;l apparatus. I 

• • • • .. ~ - • • • • ,J. • ~ ~, 0 ... 
The oxides· are first reduced to carbides at a temperature of about J300 C and~. 

; . . .._. ~ .., , .. . : . ~ ~ . .. ·.· ~: ..... . . ..... _·. , ~ 0, r -~· _ .. ,.{ ·-~ 4, • • .,_ , .. ' • -.~ 

then the oven temperature is raiSed to about' 2000 c,. at::Which temperature a' 
.b~arn··"f.n~pt~~ittm.\l~ad~-b~-de~oi:np~s~ti~{o£ t~e 'ca~:~t4~~~ ,-.· > .··:.·, .·. . .. 

• , ·~ •. ;, : ,, . I " , 0 • ' 1 '\ ,· •. ~. • • ~ •. ' ' 't ·' , , ·• · .·· • ·• I • ~ ; 

. An initial search was·niat?-e at·a field .of 0.70 g?-u~s·~t ·~iiesrete freqn:encies • 
. ..,. . • . . ' . ,, . . . ; . ~~·· .•. ! . . . . . . 238 : .· . . . . . ·: ;: . . . . . . . 

_ given by·· Eq. (1.); it inC!icated. tha~. t~e spin, of't'l'p .. . .J·s. z •. . This. .assignj:n.ent .. has 

. bee~ ~erified hy th~ ob's.ervati.Of?, ~£ .. ~t.least four,:9f.th~ fi:ve' F~si~'te~· at_,a.· field of 
I , • . . . - · •• ' 1' .. •' - ~ · . > " ,' .- • • .. ', :•: •, ' ' ') ' ' • • , :

1
.: , : , . ' ' . • , , . ' ' ' ~ ' •. 

l3..4,gaus.s _(~ig •. 2), ·where·. t~e .. feso,lutio.r>:·in gF is about··· O.Zo/o. : Ea~h<state~o£ . 

total angula~ ~omentum h~~. be~.~ ob':~e:l-ved·at'thishighe~·.f~M4 a•m'i~imu~·of .-. 
··.three: time~.-··_·Th"' ~e~onance:effe~t i;r:theF =:7/2 'sta~~· i~·~r:o ~br~.tha·n ·p .. l%. 
· Obs~rved·~nd pr~di~ted re'so~nce'":f;eq~e-nc'te's· ·a~e giv'~·n.· i~ Table :l. . 

· · · · . · .. :.The :beam ~~teri~i· i·s: ide~tified' ~s e·ss~n~~al1Y :·p~re. .Np2.~8 by ~alf~life 
. .t, ; • ' . ... . . ~ ~ ~/'' • .. .... ~ • • l • • 

analysis· .. The half-~ife of the~gr'oss sample. (d~rect b.ea~) is foun~:f1'to l?e 2."16. ·± ·O.l5 
' • . '-' ", '"'' ' • . ~ ~ ~ I • • ' ' • 

.. day'a arici:th.~t?o£ th.e Jf ~ lS/2 state .i~ !oti~d t~··.be 2. L':t:··o.4 days .. ; . t 
~ • :, ...... : . • '-· •• 1.~- •• ~- ··::-••. -~ • ....... • ·' >; ;~/ • ' ' • :.i~~ ,· ··. ·.:·. ~.-.··, . ,, 

l "o 0 ~ ' ' "< .-~ • '- ' • • •" ' \. " .. ·, ' L " ... ' •"' 

.. "'. t "; ,· -

- ··-'!... , 
· ···. · · · · · ·· • · .. rz38 · · ·. :·'" ·· · ., · '<: :·."' · · · '·· .• '. · ·, . . · · .· . · 

'l'he ·~eaa'?-red. spi~· o£ ~P, .... is .i~ ag.~ee·~e~t with'all .b'eta ~nd;gam.~a · 
.· . '. ·.· ... 9.~12 .. ·· ·, · ........ '.·:· .. . 

spectros~op.ic s~ud1e s . that.- favor spms 2 or 3. ·'' ·· ·' · , . :, ·. 

. : .. ·Th~ last od'd·rmcleo'ns.in Np23~:'\V·6uld;rno~t·re~s~~ab.~y.he ~~pected'to 

. ' 
·DISC tJSSlON. · ' : . ~ : 

.. ·, 

. '· 

. be in t~e states (642+) ·• 5/ t+ fair the;proton1 :afri~ Np239 a.n(((6·3·l- ).1/2-fi.fo; the 
... ·n~ut~on 1 a~· in Pu239.' MoskoW.~kf•l~~te~~·io'n of ;h~· No~dh~iM 1:4.rules\vould .': 

· . · . . · . ·•· .. :· .. Z38 ·,,' ..... · .. ,.',·.~... :. ' 
.th~n pr.edid 2+ for the groun4 state of Np. .. • _Ther~ .a.;re~ ·bo'~ve.r,. alternative· 

' 

0 

•• ' - , • ; • • • '-'. 

0

" •' '' • .' • .,. ' •• , • •' • 
0 

• t. • • 
0 

• • •,, ' ,·\.-. , , • • 
0 
~', • ,. ~· ·' I " • • f': , '~ : • '• , .. , 

assign~~nts fo'r both the. neutron .. and th~ pz-oton states .w~ich.are not unr~ason- · 
!-.. . . , . ·· .· · · • ' .· · . ·. · · .. ' ' .. ·.· · .. · . · · ' ·• · r·15 · .. ' .. '"''' · ' ' · 
·· able, namely the proton sta~e (523-) .5/2·. which appears· only 60 kev above the 

·, .' . '237 ' . . . . . . . ' ' . ' . 16 . .. ... 
groub.d:st~te in Np · .• , and the ·neutron_-state. (501-) ·1/?"'{ observed _as· the : . 

ground st~t~ .of b23?:. Thete' i~.· th~n. .. ·:corisiderable i.mc~rt.ii~t; 'as··~.:O th~ ~a'dty 
.. ·ofNp23 ~; ,in ~iddition,- th·~- r·~ason~bl~'.·2+ a~~ign~ent i~·in toti£li~t wi~h-. one. 
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beta-spectroscopic study.· 11 .A··measure~ent of the: rr,~.,agnetic mo~ent would be of 

little· assistanc~ in .regard .to the parity, for in th~ li~it of large deformation, which 

• ... is a reasonable appro~h~ation in the" neighborh~~d ~f N~ 238, ~ither neutron st~te in 
' • o ' 0 < rl ' 

combination with a given proton 'state: give's the same magnetic moment .. 
. · .. ·. . ' ' . . . - 238 ., 

· Byuse of the.observed resonance"frequendes in Np . a r·ecomputation of the 

8J values ·of the o~served levels ~an. be', made, yieldin~ gJ ~ 0.6553 z~O.OOJO, .in 

good agreeme-~i with the value obtained from =the Np239 resear-ch;,· No change in 
~ ·_ ' '. . - •. . . 

· th~ best v~h1e of _gJ is _indicated~. .. ·, .·· · 

- 'rhe authors wish to express their indebtedness to Jack M. Hollander for 
-? • ' • ' ~;> • • , • ~ ~ -

stimulating ~discussion, particularly,~n regard to state .measurements in:the vicinity 
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Fig~ Energy-level. diagra~ for th;;·system_:· J - 11/2.·. nb'rm_a4 
·Flop-in ir.ansitions are. indi-

I = ·2. assu~ing 
. . • ... -•.. ••·• '· f . 

) 

cated by, arrows. . ' ,, -

Fig" 2 •. (?bs~r:ved tran:sitionfii in Np738 at .. 13.4.gau~s. 
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