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' October 12, 1961

- Aﬁa’I‘RACT . R

. The hyperfine atructure of 19-hr Pr“" in the electronic ground
A ctate 19 /z has been studled by the atornic-beam magnetic-remonance methqd. |

' \The fonowing results. have been obtained. electronic aplicting factor : I
s g J( 19 /2) = -0.7311(3). ‘nuclear spin I = 2, magncticadipole hyparfine«r o
| atructura constant IAI =, 6?.5(5) Mc/ sac, elactric-quadrupo).o hypﬂrﬁna« g
' conatant l"‘l = 7 0(2 0) Mc/ sec, and B/A > 0. From the hyperfine-atructufe
constamﬁa. and aasumntlona made concexning the eluctronic fiekle m the | C |

nucleua. the nuclear moments are ca).culated to bo Ip.l | = 0. 97(35) am.

and m: = 0.035(15) barne. with Q/Fx > 0.
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Amado Y, C%bezas.flngva‘r PR Lmdpren.?
Richard Marxrus, and William A. Nierenberg3

Lawrence Radiation Laborator;r. and Department of Fhysics

 University of California
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October 12, 1961

INTRODUCTION

Preéiﬂion investiga-ti_onq of hypmrﬁhe structure by the method éf
. éto‘mic beams can yield informétion about the electronic structure of the

| lowdying atomic states, and the etructure of the nuclcear ground mate. |
Some features of tha electronic gxound ﬁxtata of praseodymium (Pr) have |
. already beem establisshed by tha atemic-beam work of Lew. 1 In parﬁicular,
- this work showed that the ground conﬁguration of Pr 1@ (IM) R a.nd that
“cowﬁifw nmong the electronu to the Hund' 8 Rule state 419 /2 gives good
_vagreemen‘t with the mveazaur‘_e_:d‘_ electro_nic angular momen%;m {J) and electronic
spliﬁting fac&&r (o J)" Thim coupling scheme @eemé" to.._bea clﬁracteristic of
all the elements in the lé.nthénide seriea that contain 4f electrons only. 2
Cdrrecﬂoxia to the g 3 values of aystet;is containing 4f elecérohs arigse from
tha bfeakdom of Russell-Saunders coupling and relativistic and dlamagnetic
h effects. Thea'a have been recently calculated3 and have yielded. for Prx, the
"value gs w -0. 7307. Aa a check of this theory it eeo‘med to ug desirable to
obta_in a more gccur&te expefrimental value for the g 3 value than that given
4 by Low, _ R ’ |
| Pramo&ymiumd%z hiw 59 pmtams and 83 neutrons, ‘and thewfore
3.1@6 m tha regimu of the tubl@ of irsotcma that eahould ba well dmcrib@d by
the mhon mod@l. "On the baniu of the single «-particla eﬂwn model, the

grounduatate propertiea are deterrmined by the states of the last proton
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and neutron. "I'hez shell model predicts that the 5%9th proton should lie

in the d,./z state. This is aupported by the observed spin of P'rl l.. 'I‘he

state of the 83rd neutron 1s vory probably £7/2.’ as inferred from the level- -
ordering scheme for neutrons and the meaaured spin of 7/2 for 60 N’dm‘3

VM the proton and neutron vétatés., given abéira are correct assignments, then |
Nordheim's weak rule .ahou]:d apply, and the ground state epin of Pr142
'should le within the limits 2L1K6.

A naive s)alue of thgév i‘riagnetic' moment (pi) of Per can be obtained‘
by assuming Schmidt values for the momém_ﬂ of the last ocid pérticles. and
pure J-J coupling'betv)een them. This procedure yields M = ~1.5 nm,
Evidence concei-ning the moment has been obtained by Grace et al. 4 frc"m‘

_ nuclear polariza..ion experiments on Prlﬂz. Their e:':pe'rir;xénﬁs; yﬁéld i'alueé
for the momcnt that depend on the angular momentum (iﬁ) nccompanymg tho

ES

transition 1n thﬂ electran decay of Pr“m'. They obtain
Y .

. ) P-I“O.lllv-(l)nm. lif{ipﬂ(').

et S ‘

by = O 17(2) nm if i@

which is in sharp disagrcement with tho value of the single-particle theory.

==1. 

E.XPLRIMLNTAL METIIOD
s The l9-hr motope Prlég can be produced by bombarding. stable Pr“?‘ _
. with thermal neutrons, About lOO mig of pure (> 99%) praseodymium metal
' is encapsulated under vacuwm in qu.artz. th«u». irradiated for 48 hr at a {lux.

of 95( 1013

neutrons/ cmz-aec. This produces gove ral hundred millicuries

- of activity,. which ia aufﬁgiergt for 'aevé:al héur_a of ru.xming time, -

| | Aitcr irradiation. the aamole ia placed in'a .z’amall. sharp-lipped.

| tantaium crucible. which is contained in turn by a tantalum oven. The oven

19 placed in an oven-loadcr that hazs proviaion for olectron~bombardment

- heating and can»be introduced into the apparatus with minimum diaturbanca
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to the apparatus vacuum. The apparatua is oflconventional design, and
employs ﬂop-iﬁ magnsat geametry' a;cordirxg to thévproposa;l of Zacharias, >
Details of itbhe. oven, oven-lo#der. and apparatus are given elsewhere. 6

| Detection of the radicactive ?raveeodymium bteam is accemplished
by collection on freshly-flamed platinun foiié.. Aﬂ:er,-exposuré the foils
aré placed in methane beta counters and the deposition measured. It is
' eatimated that the collection efficiency of platinurxi for prasecodymium is
* > 50%, 2nd very probably 100%. - ’Z‘h¢ result is typical of ihe‘ 'a‘ua‘!xtabilityj‘
" of platinun as a collector of éler;xcntm throughout the I_anthanidé and
' 'ace_inidg ragioné.' |
The method of takiz‘zg~'éata consists of varying the frequency at a
giver‘ymagnetic field.: For a pmrticular setting of thé'rf.- a foil 'ia expoaed-
for 5 min. - At the end of this ﬁime a new foil is placed in positiou and the
ireq{u&n«:y varied. The stability of the magnetic ﬁeld is ch@cked with a

y»g

beam of 195 that issues from sm :m_.'ilmry oven in the buffer chamber.

 The frequency of the A’ﬁ“: 0 reaon&nne in pokasmium serves to calibrate tho o

ﬁeld. T&m int@ngi‘ty oi‘ the raﬂioacﬂvm bcam is calibr».u‘;ed between S-min
R raaonance expomures. B | |
oaé‘mwwm\rs‘
At low mafvnetic fielda. the nuclear and clecwonic zmgula.r momenta
are tightly coupled together and thea tramit!on frequ@ncy between raagnatic

: auhmates belonging to the aame hyperfim level is given by

V"gz.*}’"om'
where '
S F(J +1)+ J(JH)-I(IH) .
- Ry TR, I b

and a term in f‘hg&@iual’éar'fuoxhenﬁ: hae been neglected, - Since J and gy had

' been determined f:‘dni‘the work of 'Lcs'iv. ! the procedure for determining the
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nuclear spin (I) consisted of exposzing foils at the frequencies predicvtcd
by Eqa. (1) for poasible valuas of 1. - The reasults of tmch a search are
slmwn in Fig. 1, and clearly indicate a nuclear ﬂym of 2.

The hyperfine structure Qf a system with I= Z smd I=9/ Z fg indicated
schematically in Fig., 2. It is seen that there are five transitione satisfymg
E‘mbl that are observable with a ﬂopdn‘ .
apparatus. - Those transitions in the highest three ¥ states (q. Pe and y.

the selection rules AF =0, Am

respectively) vége‘re followed up in f@eid to about 100 gausa. Soma of tha
_6bs.erv5ed’ramonancea are illustrated ix’i‘I“ig(' 3, and the d'ata' are tabulated
" in Table I.: | | | | ‘ |

| At -highér fields the -approxﬂxﬁatioh'of tight co‘ﬁpﬁng in Eqé.. (1)

n is no longer valid, and the transitfioxfi frequency must bo determined from
the Hamiltonian for the system. Within the 'acc‘uracy of this exporinuénf. :
the enaxgy leVels can bo described by the Hamilto'nialn ' |

B3E N2 3/2@ N AW DI, G, @)
ﬂ ‘“I ?“ 2B N{E-T) - g-?*,‘o,“ ;mf | '(?)7"

The fu'et tcrm is the mag;m,tic -disole intcraction. the eecond is the electric~
- quadrupole interaction, and the third term givea tha intera.ction of tlw ‘

' elcctronic-dipole moment with the exte-rnally applied field #H. A fit
~_to the data {e made by treating A, B, and gy ag parametera and obtaining .

thu set of values which mlnimize the rms error betw\een the obmerved

a

’ ,frequenciea calculated with (2) l‘he calculation of tha baat ht is extremely

| jcomplex. The solution !or tha energy of a given level involvea the diag-
'Ionalization of a matrix of high order. This can only be done: numerically,
and the task ia most eaaily p@rforn‘wd by meang of a program for the 4 "
IBM 704. This program is deacribed elsewhere. 7 The results of t.hia

- treatment are

gy * -0.7311(3) Al = 65.5(5) Mc/sec Bl = 7.0{2.0) Mc/sec.
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The stated errors for A and B represent standard aeviatidns for the data.
The error in gJ is chosen to be about 1 part in 2000 to allow for the
possibility of systematic errors in the apparatus proportional to the

magnetic fleld. The theoretical transition frequencies calculated thh

these values are compared with the e:iperimentgl ones in Table 1.
NUCLEAR MOMENTS
In order to infér the»-nuclear moments from the meanured hyperfine-
‘struc-ture conmtants. the magnetic field (H ) and the electric-quadrupole
field {q J) at the nucleus must bo calculatad. Such calculationa can be
porformed uming g@neral expressions for the fields of n equivalent electrona
coupled to the Hund' 8 Rule ground term,  The expression for the magnetic

field has been given elsewhere, 8 and yielda

< x9/z|H |4 9/z>'” 21 <"’3‘>4f 75'.4

A mimilar expresasion can bad@rived for the quadrupole field at the .

nucleuw. Here wo state the mmum the aerivation io mketched 1n the appendix,

, VqJ <-.g><(z).sw2.. an(u.mx). J.m le Zéacoa 0- 1)|m . saz—

3K (K-1)-4L(L+1)I(J+1) ( (2Len®
'm)’llfﬂﬂﬂ?i)'“"f“ -ln -} {eT+

(3)

L=3 (22-nt1), b2 ianx)» %<i.3>

where I{sJ(J+1)+L(L+1)-S(S\+1).

| For less than a half-filled shell, n is the number of electrons and
the negative sign is used; for more thin a haH-ﬁlled_éhéll. n iz the number
of migsing electrons and the positive: sign is used. Using this expression,

we obtain for the quadrepole ficld in the »‘@19 /2 state of v

(! . / 1 . 45 28 |
AT &";3) S v
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These resulia axe in agrmmwmt with pravious calculationas of Lew.
We empley the value <«~3»> = 3,63 a 0 that has mccntly been obtained
,by Judd and Lindgxen. 3 and which is eatimated by them to be in error by
not more than 5%. Thia value differs -by ovexr 25% from a valxm obtained
by Lew? from semiempirical estimates. Corrections to those values for
tho field will axise fxom the bmakdown of Ruaaell-saundera coupling due
. to the apin-orbtt interaction. We have calculated this effect on the fields
 using parameters given by Judd and Lindgreu3 and find that it 1o less than
1%. Accordingly. wa ignore thia correction as small compared with the

certminty in <-—-3—->M

With the stated agsumptiona for the fields, we obtain the nuclear

moments from the vmeasured hyperfine structure from the relationsr
A= -y
and ' | ' | - o (4)
| - B = '-.’eZqJ'Q.“. |
For the moments o£ }?rm"z wae obtain:

[r] = 0.297018) nm la!e 6.035(15) barns ‘%i- >0,

and for the moments of _Prm _*. using Lew's values'.l for the hyperfine
constants,
|'t+~11\ = 5,09(25) nm ‘Qxﬂ 0.070(4) barns %f <0.

DISC USSION

From the viewpoint of the extremé single-particle model, the
properties of ‘Prmz can be discussed in terms of the state assignments of
the last proton and neutron. The state of the 5%th proton has Abeen inferred,
from the measured spin of Per. to be dB/Z’ Tha Schinidt limit for
the ‘cl5 /‘£ atate is 4&,79 nm, 80 that with the asswumptions 'fc.xr the magn@tic
field at the nucleus as stated in the previoua section, the moment of Prml

lise outside the Schmidt lines for spin 5/2.
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Fvidence for the state of the "83rdl nautfon'can bé”obﬁained —£rom tho

141

' 139 '
spins and paritics of 5652 and ,.,,be mferrec} ;rom £h<~ b:ta—dmcay

studics. These measurements yxeld (?/2 -) a..n tuﬂ g;ounu at&tc. of those

nuclei, In adchtz.on. h spi xi and marfnmic mc:mcnt have bm.n. measured

2 . ‘1 3 ' .
for 6oMe . All of tnesc da ta arﬂ consis icm. vntn ﬂm asmgnnwnt of -

£

with 'Awordheim.' 8 wéak _-ru'lr«::' and th‘«@; s‘mtc,,aissia'nmu nt for the odm particlos,

“h

'/2 foxr tho 83xd n_cutrqz:. Ve nmc tlmf: tha nwaaurcd spin of 2 is consistent

I "mro J=J ceuyhnf;f is asaumed bt vecn tnc proton ami nettron,

then the ratio of the quadrupole mome m‘.s fml 42/ Q. ) 41 can be prrdxct

(C 1)- 4.)‘ (.s +1)I€31L2)
g }a P—E; ’L i)(L,L %3

whez'- ' I(u-l)n? {3 ﬂ) -J. (J 4-1) eﬁnﬁ J and J arc. respnctively. %:iw ,
mngular memcma of the proton anu nem:ran. a"&d I is tma ap o of P:rl‘l_z.

With .&hm indxcaced mm:e‘ assigmnemts,. ﬁni_s w.ealms-:

which is very closge to the measured abgsolute value of 0,50,
Sim'ﬂé.rly. we can emﬁlﬁy the &mamny&;iﬁn-of-.’f ?-J coupling and values

141
§0r the mo‘w"on :md um..t*‘on e fe..rctor:a m.zc,rrud fmm tha morz enm of ':’r

and dems. respectively. | This precedare yielc"a.zs tha valu@_ «1.0 h.m for

the momem of :’r’rl *“. This is substantially greater than the measured moment.

A?PENDE{ |
In thin mcti(m e ixmicatc, the ﬁeriwxu on cx’ ;,q‘. (.’3) mmd ta the toxt
f@r thc mmx-m aham@nm oﬁ z {(3cos é? R}i in the ¥ Lmd' e Rulo term of
mvmmum mpm M wl'.‘tfi:i e :;saimum orbi tal arwvle.xf movm,mmvm {L} consistent

with the I:"m,uli principle, The state i 'c@ gide qu tc;tvbea formed by the

¥
. L4 .
i slecirons of the Lo f"{i J’YM.A LIJ’“ : éf ‘3‘ VRS TS YR R

less than & half-flled ahell, foeo, n < 220+ 1), ;e‘.%ie::rﬂ,ﬂ.-'m‘vex, the gavas result
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holds for more than a half-filled nhell. i£ the oign of the matrix element

48 changed. and if n is reinterpreted as the ‘number of miulng electronn. :

- We derlvm

<zacoa 0-> <= Lﬂz (Zl-nﬂ)..‘l.m =J‘

Lei (Zl .n"'l’. J. m ‘J>

| m)
The Wigner-Eckart 'l‘heorem may be employed to remove the m '3
depandencee ’

. <Z 3005?6-> = [ J(2J-1) J . L.S.‘J"Z(koaza-l) "L.S. J> .
i/ eH)EnEI)) 0 | 4

- (az)
8ince % (3«:(),»?‘0--1)i commutes with 8, the J dependence can'be

removed according to the relation

< LS, J ||§ (3con®6-1)

L"s.b,[ém]‘/z z[sx(x-x) 4J(J+l)L(L+l)] 6 L)k
[ (z.r-z)z.r(z:+z)(z:+3)}

| | - oy
where C(S, L) depends only on 8 and L.' and K=J(J+ 1)+ L(L+ l),g(sﬂ),

We can determine C(S, L) by combining (AZ) and (A3), and: ovaluating
Z (Scoaze 1) ior the atate o! maximum J and ma:dmum mg.

Expreaaed in aingle-particle coordinaten. the wave function for the state of

maximum J and maximum m y can b@ written anv N

|87 s Leg (24-nt1), ’Jch'j':L+8>vu ];*, -1t eee, .,,+,,f> :
' where the notation is that of Condon and Shortley. I tlﬂ. way we find
<‘+o @-1)", 000, (t-n+1)*| 51: (3cos?0-1) |27, (1.1‘*,..,..'. (‘.n+”+'>

2L(2L-n%) )
n{22-1)(22+3)

B -

(Ad)
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where we have used the relation =

Equating exprenion (M) to expreulon(ﬂ’load- to the result
L ‘,.1‘/(3,1.‘,1')‘_(2‘...?)(21‘,:”_;: LT
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83.240(60)

Table I. Summary of observations in Pr“z.‘
Data  H Observed ‘Obs. freq. v. - Transition"
No. (gauss) frequency -calc. freq. :
' (Mc/sec) (Mc/sec) -
1 8.248(66) 5,837 (25) © -0.018 a
2 8.248(66) 6.450(25)° . - +0.005 P
3 15.920(62) 11.320(30) <0.002 a
4 15.920(62) 12.450(50) -0.012 B
5 29.836(54) - 21.300(50) +0.006 a
6 | 29.836(54)  23.460(30) . +0.025 o
7 ' B3,423(44) 38,375(50) .. +0.016 a
8 53,423(44)  42.260(25) +0,020 P
9 53,423(44) 48,412(30) - =0.052 v
10 90.364(34)  65.475(50) -0.063 a
11 90.364(34)  72.360(50) +0.035 . 8
12 149.713(50)  110.525(50) +0.040 a
13 149.713(50)°  142.630(50) ° -0.003 Y
14 279.798(29) = 214.360(20) -=0.001 e
15 90.364(34) +0,004 v

84 (F = 13/2,m . - 3/2) == (F =13/2,m = - 5/2)
Bt (F =11/2,m = - 1/2) = (F=11/2,m = - 3/2)

v (F=9/2,m=1/2) = (F=9/2,m=-1/2)
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li‘_ﬂure Ca.ptiona

’ Fig. 1.’ ‘Résults of a search at 4. Z gauna to determine the apin of Pr“z.

The "off'" pointa arc exposurea taken with th» rf turned. off The
othar points are equsurea taken at the,lower £ra_3qu9p¢ias in each
of the hyperfine states of I = 2, J = 9/2 with g = -0.7311.

Fig. 2. Hyperfine structure of the system I'-*Z. J=9/ 2 {n an external

| magnetic field. The Greek letters denote the obaervable transitionn"u o

in arivappla.ratua with ﬂop~in magnot geometry. .

Flg. 3. Resonances observed in aach;of'fhe? three highest 'I-‘ states,
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~ implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report,. or that the use of any information, appa-
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“or for damages resulting from the use of any infor-
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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 Commlsslon,,or his employment with such contractor. -





