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ABSTRACT 

142. 
The hyperflne etructure of 19-hr Pr 	in the electronic ground. 

• 	atate 19,4f  has been etudied by the atomic-beam magneticrceonance rnethqd. 

• The foflowing reaulte have been obtained: electronic splitting factor 

• g(4I9,4) 	0.7311(3). nuclear  spin I 2, manctidipó1e ity nine,. 

etuçturo . contarit IAI .67.5(5) Mc/nec. e1ectn&cquadrupolo.hyporfi3. 

con3tant 113F 7.0(2.0) Mc/80c. and }3/A > 0. From the hrperftno-atructure 

conetaAtø. and aeeumptiona made concerning the electronic 1iIde• at .  the 

• nucleus, the nuclear momenta are calculated to be 	0.297(15) nz. 

and IQI 0.035(15) barns, with Q/ > 0. 	• 	 .. . 
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INTRODUCTION 

Precieion investigatione of liyperfino etructure by the method of 

atomIc beams can yo1d informat.on abQUt the electronic etructure of the 

low4ying atomic etatee, and the etructure of the nuclear ground state. 

Some •fxture s of the electronic ground etate of praseodymium (Pr) have 

already been established by the atomic-beam work of Low. 1 In particular, 

this work showed that the ground configuration of Pr is (4f) 9, and that 

coupling among the olectrona to the flund' a Rule state I9/2 givee good 

agreement with the measured electronic angular momontm (3) and electronic 

p1itting factor (g j.). This coupling echeme seemis to be characterietic of 

all the elomente in the lantha.nide eerie s that contain 4f electrons only. 2 

Corrections to the g  values of systems containing 4f electrons artee from 

the breakdown of Russell-Saunders coupling and relativtstc and diamagnetic 

effects. Thee have been recently calcu1ated and have yielded, for Pr, the 

value g .T 	0.7307. As a check of this theory it seemed to usdesirablo to 

obtain a more accurate experimental value for the g 3  value than that given 

by Low. 

Praseodymium14Z has 59 protons and 83 neutrons, and therefore 

lies In the region of the tablø of isotopes that should be well described by 

the shell model.  On the basis of the stnglc .-particle ohell model, the 

ground..state properties are determined by the states of the last proton 
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and neutron. The ehell model predicts that the 59th proton should lie 

in the d5,2  state. This is supported by the observed spin of Pr' 41 46 The 

state of the 83rd neutron is very probably f711, as inlerted from the level-

ordering scheme for neutrons and.tho measured spin of 7/2 for 60Nd 143 . 

U the proton and neutron states given above are correct assignments, then 

142 
Nordhctm' s weak rule should apply, and the ground state spin of Pr 

should lie within the limita 2 1< 6. 
142 

A naive value of the magnetic moment () of Pr 	can be obtained 

by asaumig Schmidt values for the moments of the last odd particles, and 

pure 3-3 coupling between them. This procedure yields p. 	1.5 nm. 

Evidonce concerning the moment has been obtained by Grace et al. from 

142 
nuclear polarization experiments on Pr • Their experiments yiolci values 

for the moment tha.t.deprid on the angular momentum (i)  accompanying the 

p transition in the electron decay of Fr14 . They obtain 

or 

1 00 17(2)nmUi 1 •  

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

BXPERIMENTAL METHOD 

The 19-hr isotope Pr142  can be produced by bombarding stable Pr 142 . 

with thermal neutrons. About 100 mg of pure (>990/6)  pra300dymium. metal 

• is encap3ulated under vacuum in quartz, then irradiated for 43 hr at a flux ;  

of 9< io13 neutrons/cm2 -sec. This producee several hundred millicuries 

• of activity,, which te sulflcier4 for several hours of running time. 

Alter irradiationb the sample is placed in a small, sharp-lipped. 

tantalum crucible, which Is contained in turn.by  a tantalum oven. The oven 

• is placed in an oven-loader that has provision for o1ectronborrbardmen± 

heating and can be introduced into the apparatus with rninimuxn dicturbance 
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to the apparatus vacuum. The apparatus is of conventional design, and 

5 
employs flop-In magnet geometry according to the proposal of Zacharias. 

Details of the oven, oven-loader, and apparatus are given elsewhere. 6 

Detection of the radioactive praseodymium beam is accomplished 

by collection on freshly-flamed platinum foils. After exposure the foils 

are placodin methane beta counters andthe deposition measured. It is 

estimated that the collection efficiency of pltInurn for praseodymium is 

> 5076, and very probably 100 116. The result is typical of the suitability 

of plathiurn as a collector of elerients throughout the lanthanido and 

actinide regions. 

The rr&othod of taking data concistS of V'aryinfy the frequency at a 

given magnetic field. 'or a particular setting of the rI. a foil is exposed 

for 5 mlxi. At the end of this time a now foil is placed in position and the 

frequency varid. The stability of the magnetic field is checked with a 
39 beam of 19  K that issues froman auxiliary oven In the buffer chamber. 

The frequency of the AP 0 resonance in pbtassiuin serves to calibrate the 

field. The tntensity of the radioactive beam is calibrated between 5-mm 

resonance exposures. 

OBSflVATION3 

At low magnetic fields, the nuclear and electronic angular momenta 

are tightly coupled togothoi, and the transition frequency between magnetic 

ubtates belonging, to the same hyperfine level is given by 

g 

where 

ziT1) - 

and a tàrrn in the nucIeathoisnt has' been riog1ected 'Siüce 3 and g 3  had 

been determined fren the work of Low, the procedure for determining the 
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nuclear epin (I) coxAeiitdof expoing foils at the frequencies predicted 

by qs, (1) for possible value of I. The reiltn of such a search are 

shown inFig. 1 #  and clearly indicate a nuclear spin of Z. 

The hyporfino structure of a ayteth with I 2 and J 9/2 is indicated 

schematically in Fig. 2. It 16 seen that there are five transitions satisfying 

the øelection rules \F = 0, 	tb1 that are observable with a flop-in 

apparatus. Those transitions In the itghest three F States 
(. 

P, and y. 

respectively) were followed up in field to about 100 gauøs. Sonc of the 

obeervodresonances are illustrated in Fig. 3 0  and the data are tabulated 

• 	lriTablI.: 

At higher £icldó the approxirnationoI tight coupling in Eqs. (1) 

is no longer valid, and the transition frequency must be determined from 

the Fiamiltoziian for the system. Within the accuracy of this experiment, 

the energy levels can be described by the Etarniltonian 

. ' + 	
t 3 ;3 _WI)J(J -  1 	- 930('14 	(2) 

The Iirst term Is the magnetic-diple interaction, the second is the electric-

quadrupole interaction, and the third term gives the interaction of the 

electronic-dipole moment with the externally applied field (n). A Lit 

to the data is made by treating A. B. and g 3  as paramtere and obtaining 

the set of values which minimize the rms error between the observed 

• 	frequencies calculated with (2). The calculation of the but Lit is extremely 

complex The solution for the energy of a given level involves the diag-

onalization of a matrix of high order. This can only be done; numerically, 

and the task is most easily perfo med by means of a program for the 

IBM 704. This program is described elsewhere. The results of this 

treatment are 

gj 	0.7311(3) 	IAI = 65.5(5) Mc/eec 	j13 	7.0(2.0) i4c/aec, 
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The stated errors for A and B represent standard deviations for the data. 

The error in g .T  in chosen to be about 1 part in 2000 to allow for the 

possibility of systematic errors in the apparatus proportional to the 

magnetic field. The theoretical transition frequencies calculated with 

tbee values are compared with the experimental ones in Table I. 

NUCLEAR MOMENTS 

in order to infer the nuclear momenta from the measured hyporfine-

structure constants, the magnetic field (Hi)  and the electric-quadrupolo 

field (q3) at the nucleus must be calculated. Such calculations can be 

performed using general expressions for the fields of n oquivalont electrons 

coupled to the Hund' a Rule ground term. The expression for the magnetic 

field has been given olowhero, and yields 

(19,2 H  1 19/2) -2 (T)41 
714 

A similar expreüion can be derived for the quadrupole field at the 

nucleuo. Here we state the resu1.t the. derivation in sItched in the appendix. 

x9n L(2i zt+1), .1, m3 J I13cos 2O_1)  

-n+ 1), 	.ZnfJ) 
[iz 	43r1. 

(3) 

where  

FQr less than a half-filled shell, n is the nunber of electrons and 

the negativ-e sign is used; for more than a ha1f-fihld oliall. a is the number 

of rrliaoing olectrna and th'a  positive sign Is used. Using this ezpression, 

we obtain for the qundruole field in the 	state sf tr: 

- 	 f1 
qj 

- 	 r~i •. 



U.L-9i9.I 

The ruJ.t :&r fl aT 	l:!t with pr:w; calculatio 	of Lew. 

We employ the value (4) 3.63 a 03  that has recently been obtained 

by Judd and Lindgren, 3 and which is oettm.atod by them to be in error by 

not more than 5%. This value differs by over 257o from a value obtained 

by Low from eorxiicmptrical estimates. Corrections to theo values for 

the field will arto from the breakdown of Russell-Saunders coupling due 

to the spin-orbit interaction. We have calculated this effect on the fields 

3 
using parameters given by Judd and Lindgron and find that it to less than 

1% According3y. we ignore this correction as small compared with the 

tmcortainty in 

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

momenta from the meaured hyperuine structure from the relations: 

and 
	

(4) 

2 
B.eq3Q. 

For the moments of Pr 142  we obtain: 

O.Z97(15)nm 	 0.035(15) barns 

and for the momenta of Pr 141 , using Low' is values 1  for the hyporfine 

conøtant1, 

5.09(25) urn 	 0.070(4) barns 	<0. 

DISCUSSION 

• From the viewpoint of the extreme single-particle model, the 

properties of Pr 
142 can be discussed in terms of the state assignments of 

the last proton and neutron. The state of the 59th proton has been inferred, 

from the measured spin of Pr 1 , to be d 51 2 . The Schmidt limit for 

the d51 2  state is 4 .79 nxn so that with the assumptions for the magnetic 

field at the nucleus as stated tn the previous section, the moment of Pr 141  

lies outside the Schmidt lines for spin 5/2. 
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.Evldexice for the state of the 83rd neutron can be obtained from the 

spitis and parities of 56 a 1  and 53 e. 	inferred from the beta-decay 

stadles. These meaeurernents yield (7/2 -) as the ground state. of these 

nuciti.. In addition, the spin and rianet1c .rnomnt have been measured 

• 13 	 . 

for Nd . All of these data are conistcnt with the asimnent of 

7/2 for the 63rd neutron. We noto that thó .thcared spin of 2 is consistent 

with Nordhaix& s weak rule and the state a inrncnt for the odd particles. 

If pure 3-J coupling Is assumed between the. proton and nexron, 

then the ratio of,the quadrupole moments 0142/Q141  can be predicted: 

Q, 	3G(C1)-43(J+l)IVt+1) •. : 

I21TnTZP3 	-.•.. 

where GI(I+l)+J (3 +l).J (J+fl and J and 3 are, respectively, the 

angulat momenta of the proton and neutron, and I is the Cifl of Pr 142. 

With the Indicated state aigicuts. this yields: 

..J•49•  . 	 . 

which is very close to the measured absolute value of 0.0. 

Similarly, we can employ the assurnpUó of 3-3 coupling and va1ue 

141 
for the troton and neutron g factors inferred from the rnoraleatp of  Pr 

143 
and Nd 	respectively. Thia prcc.cdure yields the value -1.0 thn for 

the moment of Pr 1 . This is substantially greater than th measured moment. 

ANDX PP  

In t1ald sectIon we indicate the derivation of sq., (3) used In the tent 

for the matriz elezen''bnts of 	3cos 2O-1)1  in the XIund' 07 flule term of 

maydmum spin S) and meimum orbta1 angular riaonientuixi (L) eoneiitcnt 

with the Pauli principle. The state Is cc.r i4ercd to be formed by the 

couIh € 	 th Ce 	ur~ e 	, vere n 

than a 	i2-ld hci, it . C. , a 2 (?J 1). !Yweve, the uie re tLt 
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holds for more than a half-filled shell, if the sign of the matrix element 

is changed, and if it is reinterpreted as the number of missing electrons. 

We derive: 

( 3coe9l) a(siL4(zn+l). 310 mJ :IZ(cos20_1)IslpL(21_n+1).:.m J 1s)e 

(Al) 

The Wigner.Eckart Theorem may be employed to remove the 

dependence: 

1• 	 l/z. 

( 	
3cos8. 	L_

3(21-1) 	j 	L5 JE3coe2o_1  Ilt.s.) 
(2Y+3)(3+l)(ZJ+l) 

(AZ) 

	

Since 	(3coe8.1) commutes with S. the 3 dependence can be 

removed according to the relation 

(' .s. J IIZ (3co.20-1) IIi.s, 	
[Z;4. 1 1 I/  2(3K(K1)4s(3+I)L(L.4,!)1 C(S. 1), 

(A3) 

where CS, 14 depends only on S and L. and K3(3+ 1)+L(L+1)uS(S+l). 

We can determine C(S, 14 by combining (AZ) and (A3), andevaluAting 

(3cos20-1) for the state of maximum J and maximum rn 7. 

Expressed in single-particle coordinateø o  the wave fur ction for the state of 

maximum .1 and maximum mj  can be written as 

s4,L4(z*.n+l). Jam j  UL+SH1+.(I-I)+. .Yftn+l) 

where the notation is that of Condon and Shortley. In this way we find 

.(3cos2O-1) Ii +.(1t)+ (n+l)+ ) 

ZL(ZL..n2) 	 (A4) 
n(Z1uil)(21+3) 
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Table I. 	Summary of observations in Pr 142 . 

Data 	H Observed Obs. freq. Traneition* 
No. (gaue.) frequency -caic. freq, 

(Mc/sec) (Mc/eec) 

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 p 
5 29.836(54) 21.300(50) +0.006 a 

6 29.836(54) 23.460(30) +0.025 

7 53.423(44) 38.375(50) +0.016 a 

8 S3423(44.) 42.260(25) +0.020 

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 p 
12 149.713(50) 110.525(50) +0.040 a 

13 149.713(50)' 142.630(50) : -0.003 

14 279,798(29) 	, 214.360(20) -0.001 CL 

15 90.364(34) 83,240(60) +0.004 

aa,g (F = 13/2.m a- 3/2)'-. (F z13/2,rn 	- 5/2) 

: (F = 11/Z,m =.- 1/2) 	(F 	11/2.m - 3/2) 

'yz (F 	9/2.m 	1/2) .-' (F 9/2m 	- 1/2) 
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Eigure Captions 

142 • 

Fig. 1. Results of a search at 4.2 gauss to determino the spin of Pr 

The "off" points are exposures taken with the rf turned off. The 

oth'r pointø are exposuies taken at the lower frequencies in each 

of the hyperuine states of I 2 3 9/2 with g3  -0.7311. 

Fig. 2. Hyperfine structure of the system 12. 39/2 in an external 

magnetic field. The Greek letters denote the observable traneitiona 

in an apparatus with flop-in magnet geometry.. 

Fig. 3, Resonances observed in each of the three highest F states. 
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