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Ground-st~te nuclear spins of 236-d Gdi53, 134-d Dy159, and 

5.3~d Pm 148 have been me.asured by the atomic-beam m~gnetic-reso-. 
11 

nance method. They are found to be I(Gdi53) :: 3/Z, I(Dy159) = 3/2, and 1,
1. 

I(Pm 148) = 1. 

The spi~s of Gd153 ~nd Dy159 are found to be consi.st.ent ~ith 

collective-model s.tate assignn).ents for the odd neutrons; 3/2+[651] and 

3/2-[521] respectively. The spin of Pm 148 'is found to be consistent with 

shell.-modellstate assignmen~s g7 /2 for the odd pr~ton and (£7/z>sJz ..for 
~ . ~ 'I . ' ' 

the odd neutrons. . ··.·.' .. · '·: • .. 
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1. Introduction 

The rare earths (57 ~ Z ~·.~f) occur in a transition region between 

spherical and highly deformed nuClear cores. Measurements of the nuclear 

spins of neutron-enriched isotopes of the rare earths are useful in the de-

termination of the neutron numbers N for which collective effects become 

. ' 

'· 

important in these elements. The spins further serve as a test of nuclear- ···· 

model predictions -- shell model 'or collective model; knd the spins of ·de-· 
.( 

formed nuclei may serve as a test of the deformations'. calculated by Nilsson •. 

It is necessary for .one to know the electronic angular momen~um 

. (J) and the ele.ctronic splitting factor (gJ) to infer the nuclear spin (I) from 

the measured Zeeman splitting of t~e hyperfine structure levels; i.e., 

the quantity measured by the atomi'c-beam magnetic-resonance method i's\ 

,.., F(F + f) + J (J + f) - I (I + f) 
gF,.., gJ ZF(F + 1) . 

where ·a term in the nuclear g1 has been neglected. Values of J and gJ ·are 

available for the ground s·tates of almost all the rare earthsi). 

2. Experimental.Method and Results 

The radioactive materials used in this research .were produced in. 

the Materials Testing ·Reactor at ARGO, Idaho, where the. maximum flux is 

1.4 . 2 
SX 10 . neutrons/em /sec. Generally, following irradiation, the sample. 

is placed in. a sharp-lipJ>ed tantalum crucible and then sealed in a tantalum 

oven; the oven is then inserted into the beams machine and heated by 

electron bombardment to produce a beam of atoms. The beams machine is 

a conventional flop-in design; details of the apparatus are given.in refer-. . . . 

ences i and 2. The atoms are detected by deposition on. freshly flamed 

platinum foil~~ which aft~r exposure are plae;ed ~r:" methane. beta counters . 
. , .. - . ' •' 
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... 

. ... 
to determine tpe collected activity. Platinum has a rel~~tvely high and 

·T. 

reproducible collection efficiC:mcy for the rare earths. 

Tran.sitions may be observed betwee'n energy. levels of the Hamiltonian 

., 

. . ~ .. 
' 

' 

.. 

Je =.A I ~ J + B 3(! · ;!,}
2 + 3/2{! ~ ~ - 1(1 + 1)J(J + 1) ·-g fi. IJ. H) -· g JJ.. II ~ .H) . :· .. -. 

- - . · '2IJ(21 - 1) (2J - i) J Ol.: "": I 0~ - • · 

by means of the atomic..;beam magnetic-resonance method. Occurrence of 

a flop-in transition (m, .. ,. --m1) is·indicated by .an increfse in intensity at · 
. . J tl . . 

j - J 

·.the detector. ·,.· ·. 

Experiments in which nuclear spins are measy~ed usually ar·~. con- .. ·.· · 
. . . . ·. . -~·-,;- . ~. ': 

ducted at low magnetic fieids where I and J couple st~~ngly to .a total angular· 

...,.._: ...... 

momentum F, and the transition frequency between magnetic sub states of th . .:: 
'I 

same hyperfine structure level is v = gF JJ.oH/h. .By exposing the beam to ' 

discrete Zeem~n frequencies, which are calculated by ass.uming reasonab~e 

values fo·r the nuclear spin,· and noting the particular frequencies for which 
' .. 

resonance occurs, we· can determine the c'orrect value of the spin. The 
\ 

. . 

magnetic field is measured by observation o.f resonances in a calibrating •. 

isotope, K391• • 

.. 
2. 1 GADOLINIUM-.153 

, Optical spectrosc:opic results indicate a ground electronic configu-. ' . 

. . ·.\ation of 4f7 5d1 for gadolini\un3). The Russell-Saunders gJ values for a 
. . . . 

9o ground term agree with those measured i~ an at~mic-beam experiment 
.... 

I , 

on stable Gd158 and confirmed by Cabezas for. the J = 2, 3, 4, 5 levels4). . :. 
Gadolinium-153 was produced by neutron irradiation of the natural · 

metal (0.2o/o abundant in GCJ.i52). Two-hundred-milligram quantities of the • · ·· 
. . . ' . . 

. metal were irradiated for 6.weeks, after which sample~ were:allowed to. · 
. ~ . . . . . . . 

decay ·for 3 weeks in order that the sh~rt-lived isotopes, i8-h Gdi6i ~nd .. 
. . • ' • ':I -'·• •,. '··. "'... . ,''. ,-:. .• • • :' • ·• 

. 7 -d Tb t'6i, would be eliminated. ·~. ·. -~ .'· '· . . <: !;· "<:':, .' .·::· · :-:~ ·:,~~ :~ .: ·:. 

·. 
_;.,.•·1 

... 
· ... ' 

,, .. :'\ ,.....,., . . ·. 
II _i . -: • 
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At beam temperatures of ~pproxizri.ately 2000°K~'\;'the J = 2, 3, 4, 5 

levels were sufficiently populated to allow a satisfactory ·spin search for each 

level .. The data taken at H = 2 .. 81. G and H = 5.56 G indicate a spin I ~ 3/2 £or 

Gd153• (See Figs. 1 and 2.) Decay of an I= 3/2 resonance exposure i11di."' 

cated that the isotope was 236.:.d Gdi53 (Ref. 5). 

2. 2 DYSPROSIUM-159 

Cabezas inferred a ground electronic co¢igura;.~ion of 4£106s2 for 
:·) 

' ' J;' 

dysprosium and determined th<3;t the electrons are Ru~'eell.-Sau.nders coupled 

to a 5r8 ground state4·, 6). F~r the 5r8 state, he meas~red gJ .:::: -1.241.66(7) . 
. ,. 

Dysprosium-159 was produced by neutron irradiation of 40 rng of 

dysprosium oxide (7 to 14% enriched in Dy158) for? weeks. (The oxide was 

used in preference to the natural dysprosium 1netal because the metal con­

tains ~0.1.S:)Dy158 .) Each 40-mg sample was allowed to decay for 6 weeks' 

in order that the short-lived isotopes .. - Dy165(23 -h), Dy166(80-h), and 

Ho166(27 .2-h) --would be eliminated. A reducing agent, misch metal --

primarily a mixture of lanthanum and cerium --was added to the oven in. 
I . 

order to obtain a beam of atoms from the oxide. 

The first few experiments were complicated by the pr·esence of Th 

·in the beam. In a spin search at H = 2.81 G, many resonances were ob-

served, which gave the appearance. of a broad (2-Mc-wide) resonance curve; 

most of these were attributed to Tb ·upon .discovery that the 3o/o-enriched. 

dxide contained >1% Tb {and z 2o/o Ho). The results of a repeat spin. search . 

at H = 2.81 G, with the 14,o/o-enriched oxide (0.05% Tb; 0.1% Ho) used. are 

shown in Fig. 3. These results indicate the spin to be I = 1/2 or 3/2. 

However, at this fi~ld the I = 1/2. and I ::: 3/2 resonance frequencies a1·e 

··within a line width of each other. To remove the ambiguity it was necessary.-

..... ; 

.. \. 
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I 

to go to higher fields, where these frequencies are separ<ited by more than ' •. 
ZOO kc/sec. Data from the s~in searches at H = 5.56 G·l~nd H = 10.86 G . 

indicate the spfn I = 3/Z £or Dy159 (Figs. '4 and 5).) Decay of an I := 3/2 · 

resonance exposure identified the isotope as 134-d Dy159((Ref. 7). 

2. 3 PROMETHIUM-1.48 

Promethium has a ground electronic configuration of 4f56s 2 and a 

Russell-Saunders ground-state term of 6H. 6 At beam/emperatures 
r;J) 

(:::::1000°C) both the J = 5/2 and J = 7/Z levels are relatf~ely well populated. 
. 'J I ' 

However; the J = ~/2 level was not observed because its gJ value, 0.293 

(Ref. 8), is too low to be deflected around the stopwire of our atomic-beam 

machine. For the J = 7/2 level, the gJ has b.een measured and found to b~ 
• • 1\ 

-0.8279(4) (Ref. 9). 

C'l,l.rie amounts of 2. 7 -y>.· Pm~47 in chloride solution were obtained··· 

from the Union Carbide Nuclear Company at Oak Ridge, Tennessee. An 

excess of nitric acid was added to the solution to convert it to nitrate. 

The nitrate solution was then heated to dryness, and app1~ox:i.mately 1 mg 
l 

of the nitrate powder was irradiated for 3 weeks to produce a sample· of 

Pm 148. After irradiation the powder was dissolved in a weak solution of 

nitric acid, transferred to the oven crucible. and heated in air to 700° F to 

conver.t the nitrate to oxide. The ra~ioc.hemist:ty~"was.:p~rformed.lriJa:-). 

shielded glove box with manipulators. A reducing agen~ -- misch m.etal --

' ., 

i\ 

•• 

• was added to the crucible. 

Spin searches at H = 2.81 G and H = 5.56 G clearly indicate the spin 

I= 1 for Pm 148. (See Figs. 6 and .7.) The isotope was identified as .5.3-d 

Pm 148 (Ref; 10) by dec~y of ~he resonaric~. exposures\: . 
· .. 

..... • \o ~ '. 

i '.··." r ·,. 

'. .. 
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, On the basis of its beta decay, the ground state ~£1P:rn 148 was 

assigned spin I = 2- :B). From the results of low-temperature. nuclear-

1-, alignment exp~rin:~.ents, <?rant and Shirley assigned the spin I= 1 .. 12}. 

Our result (I = 1) agrees with that of Grant and Shirley. 

3. · Discussion 

The shell-model state assignment for. the 89th neutron is 5£7 ; 2 or 

6h9;2 
13). · The measured spin of Gd1.53 {I = 3/2) disa~rees with the shell-

• . 
model prediction and indicates that the Gd153 nucleus ~-s probably deformed. 

;f. 
·~ 

For mass number A= 153 the deform.ation is expected 1to be relatively small. 

The collective.-model orbital assigned to the odd neutron by Mottelson and 

Nilsson 
14

) with the provision that 6 be small (3/2 + [651]) agrees with the 
. I 

measured spin. In Table I the:spin of Gd:153 is listed with the spin a.nd 

neutron state assignments of three other gadolinium isotopes. The spin 

of Gd.159 only is in disagreem:ent with collective-model orbital assignments. 

The measured spin of Dy159 (I = 3/2) is consistent with the Nilsson 

orbital 3/Z-[521.] for the 93rd neut~on. The ·sp1.ns and neutron state 

assi~nm~ntsiof six dysprosium isotopes, inciuding Dy159 9 are listed in. 

Table II. The empirical energy-level structu1·e of t~e 89th through 99th 

neutrons obtained fro~ these :resv.lts is in good. agreement with that calcu..:. 

lated by Mottelson and Nilsson:14). The spin of Dy165 suggests that the 

Nilsson state 7/2 + .[633] lies below the 1/.2 - [521.] state. It is also 

interesting that the orbital of the 95th neutron of Dy161 di:ffe1·s from that 

'~£the 95th neutron of Gd159, 

The resUlts indicate that Pmi48 is best described by the shell 

model. The nucleon configuration .is probably g7 /2 fo:r the odd p1·oton and . 

(£7/ZlsJz for the odd neutrons 15). Thes.e assignments ar~ consistent with 

the measured spin .I = 1. 

.I 

··"-.·:... 
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Nuclei 

64Gd1'53 

Gd155 

· Gd157 

·cd159 

Table I. 'Spins, moments, and nuCleon-state assignments 
for some odd-A gadolinium isotopes. 

Neutron Magnetic . Quadrupole :i: '' ·state moment (nm) moment (barn1s}). 

3/2 3/2+[651] 

3/2 3/2-[521] 0.28{4)a +. 1.1 b 

3/2 3/2-[52'1] 0.38(5)a 
l1~ 

+ 1.ob 

3/2 3/2-[521]' r --- c 

a. B. Bleaney, Nuclear Moments of the Lanthanons, in Proceedings o£ 
'· 
\ 
'the International Symposium on Quantum Electronics 3d, Paris, 

February 1963 {Columbia University Press, New .York, 1964). · 

',·; 

I' I. 

b.' D. Strominger-~ J, M. Hollander• and G .. T. Seaberg, Rev. Mod.· Phys. · 

30, 585 ( 1958}. ·, 

c. Referenc~ 6. 
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Table ll. Spins, moments, and nucleon state assignJnents 
for. some odd-A dysprosium isotopes. 

Neutron· Magnetic Quadrupole 

., .... -
Nuclei I state moment (nm} moment (barn!"l)') 

D 155 
66 y 3/2 3/2+[651.] ·(-} 0.21(5)a 

Dy1.57 .3/2 3/2-[521] (-) 0.32(2)a 

Dy159 3/2 3/2-[521] ---
·' 

Dy16·1 5/2 
I 

+ 1.35(30)b 5/2+[642] 0.455(10) ' < 

Dyi63 5/2 5/2-[523] + 0.635(1.4) + 1.62(4o)b 

Dy165 7/2 i1 /2+[633] c 

a. Q. o. Navarro and D .. A. Shirley. Phys. Rev. 123, 186 (1961). 

b. B. Bleaney,, Nuclear Moments of the Lanthanons, in Proceedings of 

the Inter.national Symposium on Oua,nturn Electronics 3d, Paris, 

February 1963 (Columbia University Press, New York, 1.964). 

c. Refe'rence· 6. 

,! 
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FIGURES 

Fig. 1.. Gd153 spin search at H :: 2.81 G. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Gd153 spin search at H = 5.56 G. 

Dy159 spin search at .H .::: '2.81 G. 

Dy159 spin search at H = 5.56 G. ·. 

Dy159 spin search at H = 10.86 G. 

Pm·1~8 spin search at~R = 2.81 G •. The high point corresponding to 

I = 3 and F = 13/2 is attributed to Pm 141. The (fequency 1. 7 5.9 Me/sec 

lies wi~i.n a line width of the Pm147 .{I = 7/2,· Jt~ 7/2) Zeeman ~requency .· 
',? 

at this field. :A 
~· 
\! 

·Fig. 7. Pm148 ·spin search at H =·5.56 G. 1 . .• 
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This report was prepared a~ an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on beha]f 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 iuse of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any l"iabilities 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 beha 1 f 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. 






