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INTRODUCTION 

In this paper we report the results of a. contin.uing investigation of 

the properties of nuclear ground etates in the rare earth region. Interest 

in this region sterna from the fact that a transition occurs from spherical 

to . ellipsoidal nuclear cores. Therefore, the properties of rare e~rth 

nuclides can serve as tests for the various models of nuclear sttructure. 

The method employed in this work is the atomic beam magnetic res .. 

onance method. For the application of this method to radioactive species 
. '~.~-

, . " ..... , ... , i 
the reader is referred to the many review articles •..... The nuclear prop-

erties I (nuclear spin), ~ (magnetic moment), and Q (quadrupole moment) 

are inferred quantities. The directly measured quantities are gF. the 

splitting fa.ctor arising from the coupling of 1 and Ji the magnetiC dipole 

hyperfine constant (A), and the electric quadrupole hyperfine constant (B). 

These are related by 

F(F+1.) + J(J+1) ... 1(1+:1) 
SF = gJ ' 

2F(F+i} 

A = .. -ri-. f.Lx < Hz) ~J=J' 
B :... e 2 < qS> Q f 

where (HJ mJ:J is the magnetic field at the lUucleus p < qJ> is the electric· 

field gradient param.eter, and J and gJ are the electronic angular mo­

mentum and the associated splitting factol". In order to infer nuclear prop-

erties t it is therefore necessary to know a considerable smount about the 

electronic state. For rare earth elementso this ie a much investigated 

subject. One knows by now the values of J for almost all rare earth 

ground states and to within a. f.ew pel"cent the values of SJ and (Hz) m =J' 2 
J . 

..... 



. ..., 

'.' ,r '" 

-2- UCRL .. 1. 1345 

Uniortunatelyp thel"e is still considel."able uncertainty in the proper value 

of < CJ.J). No reliable information exists on the values of the quadrupo1.e 

shleldingandantiahleldingfactors.' although they are believed to be qui.te 

''large!'. 3,4 ; Therefore it is impossible to ~btain reliableqUadrtipole moments 

'. fromthe'hypai'finecon6tants~" 

1 I: ,', 1 

,'. BEAl\.1 .. PROpUCTION, OBSERVAT~QNS • ..A..ND DATA ANALYSIS 

':, . : ·Pr1.43 . . !" 

:' ';tlieelectroruc structure of the low-lying statea of Pa- were ,found in 

eat:'lier'inveatigations. 5 Schuurmanns and Meggers suggested that the 

ground state of Pr I was probably £3 6 2, 419/ 2, 6 Lew confirmed this level 

a.asign.~ent and esta.blished the gJ valueaa - 0.731(2) in his work on the 

lUsand nuclea.r momenta of Pr i41.. 7 . The hfs constants and nuclear moments 

of Pr i42( i 9h) have also been measured. a 

The only stable isotope of praseodymium has mass number 14i, so 
143 . '..' . 

that the production of Pr proceeds through a double neutron capture on 
!' ',. 141· .'. .' . . '. . ' 

Pr • Two successive high cross sections make this method feasible. 

. ',' . 

. . '. . . 

Stable .PI' was bombarded at the MTR in Areo, Idaho. for three weeks at a 
, . '. '. . 1.4 . 2 . . . .. ' . '" 
flux o£5.X 10 neutrons/em .. sec. Two weeks were allowed to ela.pse 
. ", .... . . . . 142 
from Ule time of removal to permit the Pr to decay. A decay of a full 
. . .... '.' .' . '. i43 . 
beam foil showed that during the experlment P.I:' was the dominant com-

ponent. in the bea.m. '1\1\10 groups had reported half .. life determinations of 

13~76(5) and' 13.59(4) days, respectively. 9 
. , . . , 

Five flop-in tl·an:~. L:::;,~'ls are observable. Thli:'ee v, G~e seen at 2.818 G, 

. two at 5.5670, and one traced out at 10.865 G. They all correspond to a 
{ : . , 

spin of 7/Z. Some of the data are illustrated in Fig. i . 
. ; 
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Nd149 

The half.:.1ife and f3 spectrum of the neodymium isotope of mass 

number 149 h.ad pl'evioualy been measured. 10 The half life was found to 
. . . 4 Z 

be .1.8 hours. Schuur manns suggested the f"'s configuration and the 

Rund' s rule ground term, 514, 6 Smiih and Spalding established the ground­

level assignment and measured a gJ of -0.6032(1). 11 The even-Z 'char­

acter of this element implies that J is integral and the transitions are 

therefore of the multiple-quantum type. ' 

A -i-hour neutron fa-ra.diation of natural Nd was used to. produce Nd 149 . 

. The beam characteristics were complicated by the simultaneous production 

of Pmi49.pm15i. and Nd147• At. ~he inception of an experiment the count-

ing rates of the 2 .. h component and. of aU the longer-lived components were 

approximately equal. 

Transitions were observed in three J states at ~wo settings of the 

magnetic field. All the data were consistent with a nuclea.r spin of 5/2. 

Sample results are shown in Fig. 2 and tabulated in Table t. It was impor~ant 

to eef:ablieh thai; the resonances had a i.8 .. h half life, since Nd 147 also has 

a spin of 5/2.. Fortunately. the latter has a much longer half life a.nd is 

easily distinguished. 

This radioactive isotope was produced'by neutron bombardment on Gd 

metal at the MTR at Arco, Idaho. The reaction is 

Gd 160(n. '1)G~ 161 3.7 ;ni'lll) Tb 161 ( " = 6.8 d).:12 A 10-day bombardment 

161 . . 
enhances the rati? of the 6.S-day Tb to the longer-lived radioactive Gd 

isotopes, and performing the experiment Z to 3 days after removal from the 

pile allowedt.ime for the i8 .. )1 Odi59 to decay_ A satisfactory beam was 
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produced by electron-bombardment heating of a tantalum oven in which the 

Gd metal containing the radioactive isotope Tbi6i was placed •.. 

, With'the J and gJ' 'values found at Heidelooll'gfor : TbiS9, 13, 14 a. spin 
.. 

, search wa.a performed s.~ two magnetic fields.' Figure 3 shows the data at 

5.566 ga,uss~: Only q;he transitions in the J :; '! i/2and 13/2. we'r:ci 'cleady seen, 

The resulti?dicates 1=3/2. Adecaj6fone,oftheresonance.buttons shows that the 

halflife agrees with, the reported value; 

Ho16i 

The PU1'pose oiinvestigating Ho i6i"was_ to determine both the nuclear 
. . -~.~. : . 

.' . - '-'- ... 
a.nd electronic a.ngular momenta. The v,alue of SJ= -1.19516(10) wasmeas-. 

ured in conjunction with the spin of Ho166. 15 This is close to the Russell-

,. Saundel"svalue ';"1.20 £or 11 f electrons co~pling to a 41'15/2 gtol.ind state. 

:::, 'i' However, 'experiments on Ho 166 could not establish the;J value," and the 

, I;, poasi bility eXisted that the configuration was 4£105d• In Russell-Saunders ' 

'couplirig this configuration gives rise to a 6LZ1/
2 

ground state. 

'Even with J established af3i5/Z~ th~ {10d configuration cannot be 

ruled out because one need not asswne R-S coupling'between shella. The 

sheUs may be 'j ... j coupled toone another,e. g •• (51S '2. D3/ 2)1.5/2 • ' However, 

~his coupling gives rise to a value of gJ that is far {rom. the experimental 

1'., ., value and is not plausible. Inthe light of these considElrations the J = i5/2 

measured in this experiment, 'together with the previously measured 

gJ=-1.19516(1.0) lends strong support to the configuration assignment 4£U'6s 2• 

• Nablral dysprosiurfl~ in the form of pellets, was bombarded in the 

60 00 inch Crocker cyclotron. Protons at 12 MeV a.nd 30 jJ.A IJl"oduced the 

I' " ' "purest 2.5 .. h activity. at a level sufficiently intense for the ell::periment. The 
, . ,. , '. 16 . 
half lile had been measui:ed elsewhere.· In the early stages of the work 

the activity was observed in x .. :ray counters D the x rays accompanying the 
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electron.capture mode of deca.y. Subsequentiyp it proved bOtll feasible ':;,t:.d 
. . . 

convenient to c;ount the Auger electt'ons thatal"e also emitted 10"'1 the excited 

atom. 

Figu:i'El4 shows the resul-e:s ox a sea.rch at 5.567 gauss. Five of the 

· eight flop-in t:r:ansitions weI'e, observed at thb field and three more we:t"e 
" . ,';. ., , . , " " ' , . , 

aeen at 8.246 gauss. They allcorreapond to a spin of 7/Zwith J =15/2. 
· .,.: ~. . " " ' ~: . .:: ' '. ; . , : .. : \ " ';; 

, :,1\65 . El·~ . 

The electronic structure oi erbium is discussed below in connection. 
. ..' 171 ... :-, . . 165 .,', .. ' :.. 165·:' . r 

Wlth Er . To produce Er • 100%-abundant Ho wa.s bombarded in the 

60-in:ch Cr'ocker cyclotron. Theprod~cts of the HOi65(p.n)Eri65 reaction 

. decayed with So pure 9.Shhal£ life . 
.. ',' :., .. .. ., 17 

half life that had been assigned previously. Holmium was in the form of 
';.. :' 

discs and the el"biu.."1l beam was produced by boiling directly out of the hol~ium. 

Figure 5 shows data take~ 'at Z.818 gauss •. Another four fiop-intransi" 
" .1 ,J •• 

tiona corresponding to J = 6, I = s/Z were observed at 6.919 ga.uss. 

Er171 

By bombardment with 99.9o/~ pure Er metal with thermal neutrons at 

· the General Electric reactor at Vallecitos, California, for periods of 1.0 ~o 

12 h p approximately 1 Ci of radioactive Er111 was produced. The reaction 

170 i71 . is Er· (n,y)Er • The haUlife of this isotope (1' = 7.52 h) was reported 

in :1958. is The gJ value was determined initially by Smithi1 using stable 

6SEri66 'while a more accura~e value was obtained i'ecently from the radio­

active E~ i69 [gJ= .... i. 1.6381(5)]. i9 The last value coincides very well with 

the prediction of Judd and LindgrenZO using the configuration (4£)12(6s)2. and· 

third-order spin-orbit correction6~ The electronic ground state is then 3H6* 

,_.a6 predicted by Rundle rule .. The nuclear spin of Er171 (I = 5/2) was 
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mea.sured by Ca.bezas; using the atomic-beam n'lagneHc resonance technique:4 

A beam of the radioactive Er i 71 was ol:/,ained by ele.ctron-bombardment 

heating of a. tantalum oven containing the metal. The possible radioactive con ... 

tamiriants in the b~am 'included Er 163 (7 = 75 mil'l)g Er 1.65 (T c: 10 h). Eri69 

( . n. 4 d) d VI' i 71 I 4 9 ~. Th r.· ;. E 163 d T· 1 7 i . l' = 7. .• an Am . \1' = ...yr: j. e quan,"ty OI r an rn loS 

negligible owing to their very ehoJ:t and very long half lives, respectively; the 

his onE~i69 is known, and so it caused no trouble in the data analysis. 19 

165 , 17i . 
Er .' however. has the same spin (I = 5/2) as Er and therefoloe the sarne 

gF factors. The half lives a.re similar. and although calculations predict the 

Er 165 intensity to ·be i/25 or leas than Er 171, resonances attributa.ble to it 

were seen. Their amplif!;udes were 1/10 or less of those of Ell:" 1. 71 t and they 

"decayed slightly differently. In this way they were separated from the Eri71 

data. 

A total of :13 resonances were recorded. These were analyzed by the 

hyperfine computer program .and values of A and B were obtained. The lise 

of resonances with the corresponding ma.gnetic fields (expressed in gauss a.s 

well as K39 resonance frequencies) is in Table II. and a hyperfine level diagram 

is shown in Fig. 6. A sample resonance is shown in Fig. 7. The results are: 

IAI = 197.0(2.9) Me, 

IBI = 3646(106) Me. 

B/A> O. 

Since'tne xl resulting from as·swning a positive eX in the hyperfine 

p:i."ogram is vexy similar to that l'esulting fron'). a negative gr the average of 

the two convergences is quoted together with an uncertainty which includes 

both pbs 6i bilities : 
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Measurements O~ El" 169 have de~eI!'%,tlu'led directly the nuclear magnetic 

moment and the :,hyperfine constam.:s. By use of theae values and the Fermi .. 

Seg1"e ;t."elation~ ~he nuclear magnet~c moment was determined to be 

iJ-I :: :.t 0,70(5) run. If we as~ume Ula~tthe' elec:t1"ic field gl'ad~ent:< qj), arises 

only from tIle coupUng of the £ elecltl"o1;ls to tl'1El Hund'G :t'Ule' term. we In£er 

'for the quadl'upol~ moment a 'value of 0 = 2..4(2) barns. However, it is well, 
, , 

established tha.t shielding and antisnieldingfaetors are quite large in the rare 
. \ . . 

• "00 ,', 

earth region and that this value may be inert-or by as lnuch as So factor of 
3' 4 " • " ,,' ,," " , ", 

two.' The value for the nuclear moment includes ~he cOl'rections for dia. .. 

magnetic shielding. 

Figure 8 Shows the his level ordering at :;:;131"0 magnetic field as a 

function-of E{:;;·B/A).21 The experimental value of €, implies some inver ... ' 

sion, a.s shown in ,Fig. 6. 

Ii' 

, 171 Tm 

A 3 .. week irradiation at the MTR at Arco~ l(la..~o. on Er metal prcduced 

a. SU£fi~ient quanHty cf radicactive Tmi 71 tc permit the measurement of its 

h f o ' , Th to ° 22. 23 yper loe structur~. e reac len 18 

. A few months were all~wed to elapse befor~ running to aUow the 9-day Er 169 

to decay. identificaticn cf the isotope was made by collecting the atoms IOn a 

platinum feil and taking a 'V spectrum with a. ZOO-channel Pancc analyzer with 

a Thlcrystal. 

Using the Same experimental technique as for Er17i. a tct,a! of nine 

resonances were found and served te give reasonable values of A, gJ' and 

Sr Table'Ill gives a Hato! the resenances and a xZ fit. 
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The results of these measurements are 

A. = :I: 372.1.(5.9) Me,' 

gJ = - 1.i41i6(iO) • 
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When published data24 are used on Tm i69, the nuclear moment of 

Tm 171 becomes 

""1(cor1") = :I: 0.227(5) run. 

The Fermi .. Sagre relation wa.s used to obtain the above values. 

Figure 9 shows a typical reaonance. Because off the long half life, 

the isotope Vias identified by e"amining a y spectrum of a pla.tinum button 

'- ,". 

on which the beam was deposited. Figure 10 sllowa the 'Y spectrum of Tm 171, 

Tbe 2Z.5-keV peak represen~s the iodine escape peak of the K x rays of Yb
17i

• 

i. e., the 67-keV level is highly convertedg giving ~ 53-keV x rays (671teV 

minustb:e binding energy of K electrona in Ybi 7i). These ~ 53-keV x rays 

sometimes knock out the K electro:n.a of 1 in the ThI crystal, yielding elec­

trons with energy s::: 25 keY and x rays of iodine with 38 keV. The K x rays 

of iodine are not detected (escape), while the energy of the ~ 25-keV electrons 

is recorded. Thus, within the limite of the experiment. we see that the 

22.5-keV peak corresponds to those electxons. The:::: 84-keV peal.;: is stl"ange, 

and may either represent a con.taminan~ of tlle 99.90/0 pure Er or a. real. rota­

tionallevel unreported by oi;her resea.rchers.22, 23 
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DISCUSSION 

Nuclear SphA Values 

" i43 
The last odd nucleon in Pr is ilia 59tp.proton. Two shell-mode! 

./ 

states, d
S

/ 2 and g7/Z.; axe available. Evi((.6lr"ACe from other nucle1. indlcates 

that these levels are close ~oget:heZ' and that the actual ordering depends on . 

. the nucleus. For instance, the spin of Pr141 is 5/1.. indicating that the s-,/Z 

level lies lower. However" the spins of Pm 147 and Pm 149 are both 7/2~ 
iA~ 25 

implying that d S/ l Hes lower. For!>r, _.ii, MarUn et, al. argue in favor of a 

,dS/ 2 aSSignment, since the bet.a decay i~omthe h9!2 level of Ce 1.43 to the 

ground state of Pr 143 is not observed, and'.AI ::: 3 would make this transition 
" , 26 " , ""', ", 

I-forbidden~, , Kondaiah predicts a spino! 1/2 on the basis of x-ray multi-

polarities, it values, and the, spin-orbit coupling model. The measured spin 

,of 7/2 indicates that the additional two nUde01l19 to Pri4i is sufficient to 

depressthe d S/ Z shell below ~e g7/2 •• 

NeQdymium-i49 lies right in the transition region between single-

particle and. collecUve motions~ ,A sharp change in nuclea.r structure is known 
. .. . 

, .to occur in going from 88 to 90 neutrons., 21 , The lll'leasured ap~n ~f 5/2 reflects 

th~ a.bruptness of this tranaiUon. No shell-model state with j = 5/2 is a.vailable 

in this region. On the other hand, an energy-level diagra.m for neutron numbers 

82 < N < 126 shows that a [523] 5/2~6tate i~ availabl~ for small deformations. ta, 
Th~ remaining isotopes are well within the collective region, with values 

of the deforma.tion pa.rameter 6:;::: 0.3. Their resultant nuclear angula.r mo-

menta are due to the coupling of the last odd nucleon to the' deformed nuclear 

core. In all cases their measured spins agree with those pl"edicted. 27 The 

results are summarized in Table IV.' 
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Magnetic IV!oments 

Erbium-i?! is far enough .from closed e;hells that it ca.n bemeely 

described by the strong-coupling appro,dmations of the collective model.Vvith 

a deformation::a 0.'3" which is about theaame as other ra.re ear~ha. the odd­

pa.rticle state assignrAent is [512.] 5/2-. Using Ili:es ~rucl(;lon, g fa.ctors. we 
" ' .' \ 

have calculated the moment for various deformations. .The results are not 

,very ~ensitive to the deformation, a.nd yield 

lJ-I = - 0.95 nm, 

1-11 = -o. 91 run. 

{) G':I O. 3, 

o c::: O. 2. 

, These are somewhat larger inn1agmtude than the measured value 

'P-I = :to O. 70(5) nm~ Although no determination of the sign was made in this 

experiment, ~ecan infer it in the fol1o~ing way. Ouadl"UPOlE~ moments in 

the rai"e ea.rth region are usually positive. Using the positive sign for ·0 

and the , measur~d positive sign for' B/ A. we find that the magnetic moment 

is negative. 

'The magnetic moment of thulium: can be determi.ned'in the same way. 

We mua~,' however, know the dec'oupling parameter (a) as w'ellas the de£or­

mation~ 'since' 1 = 1/2. The valueoi a has been found fromthe rotational 

27 
6pec~ra to' b3 a = - 0.86. Using free nucleon g factors and assuming the 

state assignment to be [4H.] 1/2+, we find 

tJ. :: - 0.300, 

J.l. :: - O. i32, 

6 r.::: O. 3, 

01::: 0.2. 

This is in good agreement with the measured value. 

,,',' .. ' 



" 

; 

i 
~ 

j 
.~ . 
1 

" 

'.( ",' 

. '~ 

'Il' 

UCRL .. i 1345 

REFERENCES 

Commie sion. 

, t Present addret!ls:' .Department of Phyoics g ColUL-nbia Uzll.versit.y. 

, New Ycd, 27, New York. 

i. See. for instance, VI. A. Nierenberg~ Ann. Rev. Nuclea.r Sci. 1. 349 

(1957). 

2.. Fol" til. summary, see ilie article. On Atomic Beam~. R. Marrus and 

W~ A. NierenooJ:g. in Proceedings of the Internaticmal Sohool of Physics, 

.,. ... "F' • 

.t!.nrlCO, • erml1, Course 17 (Academic Prese, New York, i962.), 1'p.118 .. 

156. 

,3. A.J. Freeman and R. E. Watson, Phys. Rev. lli,. 2.566 (1963). 

4. S.DeBenedetU, G. Lang. and R. Ingalls. :?bye. Rev. Letters §.. 60 

(1.961) • 
. :'; . 

5. N. Rosen. G. R. Har riel on, a.nd J. R. Mac Nally. PhYfiI. Rev. ,60, 72.2 

(194i). 

6. P. Schuurmanns, Physica 'i2, 589 (1946); W. F. Meggers, Science i05, 
!. .' 

,514 (1.947). 

7. Hin Lew, Phys •. Rev • .2!. 61,9 (1953). 

8. A. Y. Cabeza.s, 1. R. K. Lindgrenp ~. Marrue, ,and W. A. Nierenberg. 

Phys. Rev. i26. 1004 ('1962). 

9. ' .R. W.Wright. E. I. Wyat(;;. S. A. Reyn.olds. W. S. Lyson, and 

T. H.HandleYi Nuclear Sci. Eng. ~. 427 ('1957); D. F. peppard, G. W. 

Mason, a.nd S. VI. Moline. J. Inorg. Nucl.Chem. i. 141 (i957). 

10. W. C. Rutledge, J. M. Cork. and S. B. Burson, Phys. Rev. 86. 775 

(1952').' 

·1i. K. F. Smith and I. J. Spalding. Proc.Roy. Soc. (London) A265. 133 -
(1961). 

f· 



',,< ' 

.: " 

12. P. Gregers Hal."lsen, O. Nathzni, O. B. Nie16el"l~ and R. K. Shelble, 

. Nucl. Phys. ~.' 630 (1958) •. 

. i3. S. Penaelin and K. SchlUpmann (UniveJ:sity of Heidelberg) private 

communicationto A. Cabezas (La.wrence Radiation Laboratory). 

14. A. Y. Cabezas. I. P. K. Lindgren. and R. Mar l"US , Phys. Rev. 122, 

i 796 (196i). 

15. L. S. Goodmang W. J. Childs, R. Marrua, I. P. K. Lindgren, and 

A. Y. Cabezas, Bull. Am. Phys. Soc. Il§'t 344 (1960); W. J. Childs 

and L. S. Goodman. Phys. Rev. 122, 591. (1961) • 

. 16. T. H. Handley and E. L. Ole on, Phys. Rev .. ,21. 524 (1954). 

17. F. D. S. Bute me nt, Proe. Phys. S~S'. (London) 63A, 775 (1950). 

i8. . F. P. Cranston, Jr., M. E. BunkerQ and J. W. Starner, Phys. Rev. 

iiO.1427 (1958). 

i9. W. __ M. Doyle and R. Marrus, Phys. Rev. 131, 1586 (1963). 

20. B. R. Judd and I. P. K. Lindgren, Phys. Rev~ i22, 1802 (196i). 

21. F. M. Baker, Graphs and Tables of Zero Field HFS Level Ordering in 

Free Atoms. Lawrence Radiation Laboratory Report UC~-9364,August 1960. 

22. W. G. Smith, R. L. Robinson, J. H. Hamilton. and L. M.Langer, 

Phys. Rev. 107. 1.314 (1957). 

23. B. L. Sharma., Nucl. Phys. ~; 175 (1961). 

24. G. J. Ritter, Phys. Rev. 128. 2238 (i962). 

25. P. W. Martin, M. K. Brice, J. M. Cork, and S. B. Bui'son, Phys. Rev. 

101, i82 (i956) • 

26. E. Kondaiah, Phys .. Rev. 8~. 471 (1951). 

27~ B. R. Mottelson and S. G. Nilsson, Kgl. Danske Videnskab. Selskab. 

Mat. -Fys. Skrifter 1- !'io. 8 (i959). 

28. S. G. Nilsson, Kgl. Danskce Videnakab. Selskab. Mat ... Fys. Medd. 29, 

No. 16 (1960). 





, '~". : 

... 14- ·\iCRL .. ii345 

Tab"1c X (col':'~tinu.ad). 
ti;: )J! ; . ; ====. ;;;ii .. j ..... -...::-.~.; ; =: / :: tL ·1 100= me 

H Observed Calculated 
Z Eleme1'l.t A I J F' (4?au'" e) til WI, £requer..cy frequ.ency 

67 " :Ho '.161 . 7/Z" 15/2. H. '··5.567 6.400(70) 6.352. " 

. , 
'.l , ': 7/2 ' i5/2 ',10 '5.567 6.740(90) 6.691 

~ ; " 'i; ,'j , 7/2. 15/2 " <] 5.567 (. 7.150{SO) 7.i43 " -, ' " 

7/l 15/2 8 '5.567 7.870(100) , 7.760 

7/2 15/2 '7 5.561 8.765(120) 8.800 

• j'. ' 

7/2. 15/2. 11 8.2'~6 9.315(50) 9.4H . 

" , ' , . ,; 
" 7/2. .15/2 ' 10 8.246 " 9.910 9.913 

7/2 i5/2 9 ,8.246 10.580 iO.582. 
, , , , 

.. l··. . ' 

68 I, .. Er ,.165 5/Z 6 17/2 2.8i8' , ' 3.24i 3.242 

'\;' I .,' 5/2 6 i5/2 2.81.8 3A93 3.494 

";:: 5/2. 0 13/2. Z.SiS 3.862 3.862 

, " S/Z 6 11/2 2.8i8 4.431 4.430 

"\.: .: 5/2 6 17/2. 6.919 7.958 7.953 

5/2 ' , 6 15/2. 6.919 8.577 8.572 .. 

, ' 5/2 " 6 i3/2 6.919 9.481 9.475 

, , , 5/2 6 11/2 6.919 10.879 10.870 

t e .. 1:'==*0$ r E ,rc.,. :; == 

'. ..... "" .. '.~,,~ 



<,,"", 

I 
; 

'" '<; I 

'1 J 

j 

,I 
) 

gl 
-J"906itive. 

negatiVG 

a. i(!v.tC) Aa. (:Mc) 
196;300 2.16-3. 

1.97.608 2.2'13 

b (!vIc) Ab(Mc) 
362'2 .. 173. ,80.456 

Residual (Iv£) 
, -

H(O) S!:> 0 . ""')~I < 0 Transition. Machine 

20.000(40) 

140.000(100) 

25.383(45) 

i i 7 .684(58) 272.300(140) 0.137 

310.700(140) -().048 

0.004 

0.i24 

... 0.060 

215.000(140) i57.1 i8(68) 364. iOO( 140) C.Oi6 0.007 

249.900(140) 113.694'(65)402.900{14:0) 0.064 .' 0.058 

4:10.000(150)" 242.716(61.) 564.300(200) :-0.149 .. 0. i35 

80.000(100) 79.132(73) 197.500(160) 0.041, 

H.O.OOO(100) 99.549(64) 248.940{lOO) 0.048 

140.000'(iOO) U. 7 .684(58) 294.900(200) 0.13t 

1.70.000(150) 134.251(80) ~36.900(2.~O) 0.040 

:1.40.000(100) '111.684(58) 330.S50(ZOO) .. 0.02.2. 

170.025(150) ,134.270(80) 380~OOO(300) -0.'119 

iaiO.07S(i50) 154.708(74) 442..400(2.50) 0.060 

Transitions 0. F = 17/Z 

i3 Ii' =15/2 

'V F = 13/2. 

;: 

0.036 

. 0.047 

• O. 135 

0.050 

~O.017 

-0.i15 

0.054 

l'nF :: - 3/i - - 7/2 

m F :: .. 1/2- .. 5/2 

m F :: 1./2- .. 3/2 

A 

B 

B 

B 

B 

,B 

B 

B 

B 

B 

B 

B 

B 
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Ta.ble III. Thulium. ... 171 resonances and 2 fit. a 
'. , , X 

a= ~ 1'$ t=";' :! :- =~:IJ''' =:'.1:;::' -;::t i~_"!1.1 ! is ~ = I : ;~:: i;C ~ 

, a. (Me} Sj .6. a AgJ 
l. 

-.j' " X , .. 
;;',. . : " 

, ~" 

" 
;'", .;Y; 372.0110 ... 1.14115$ 5.9403 O.GOOO97 1.25 

"K ,(Me) H (0) v (Me) Residual Transiti-on 
O:iJ:P 

., 139.980(40) 117.6-12(23) 164.C)50{50) , .0.039 a. 

1.60.000(50) 128.875(27) ., 180.750(50) -0.019 a. 
: "I 

310.000($0) 2.00.654(35) 282.230(1.00) -0.051 ' a. 

350.000~ 1(0) 21. 7~a08(42) , , '306.700(50) , , O~049' ! 

. , 

" a. 
, , , 

80.030(50) 79. i54(37) i~2.360(SO) 0.01:1. ~ 
. ;: 

", 120. 140( 1(0) 105.890(61) , 190.4S()(iOO) '. . 0.003 . ' ' }3 

, , 
" :140.000(40) i17.684(23) " ZH .• 650(SO) .. 0.011 ~ 

, ,: 209.950(50) 154.646(25) " 278.125(50) 0.009 ~ 

3tO.OOO(SO) 200.654(35) 360.750(50) 0.020 ~ 

Residual := vexp .. vtheo' 

Transitions -a. F = 4-, ""'~. » 

, a Datao taken on Machine B. 

! 
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Table XV. C?mpadaon of meaEH.i.red and theoretical spin values. 
@! 'M tt t ===ti:-~e=~...........h ref ..... . * N \ "#,-. , ' =~~9~n ~t;[te or ~lie=rr:= 

re" 

model state 
Z Element A Measured Old Odd 

S9 

60 

65 

67 

68 

pz-

Nd 

Tb 

Ho 

Er 

spin - • t. 

1.43 7/2. 

:149 5/2 

i61 3/2-

i61 '1/Z 

165 5/2. 

S t! 

O''''o~'on .JL! __ ~ neutron 

·f;;g7/2 

3 [411.]2'+ 
7 [523J2' -

e ; === 



'. 

m.g. i. 

• Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. t:; 
-'a 

Fig • 6. 
.. 

Fig. 70 

Fig. S. 

, 
,. 

Fig. 9. 

Fig. iO. 

'iii' . 
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FiGURE CAPTIONS· 

~ : 

, . . 

Ob~erved transitions in Nd 149 • 

. 161 
Spin search £01" Tb . at VK =: 4.0 l\{c (H:.; 5.566 G). 

o bs ervatiolllS in HQi 6 i. 

Foul" tl"aitlsitioll'ls observed in Er 165. 

Hyperfine structure diagram {parCia.! schem.atic) for Er 17i. 

Resonance due to an alpha transition at 'VK = 2i5.00 Me (H~ 157 Q). 
:[ .... J 

Zel .. o-field hIs level ordering for ~) = 5/Z, (r) = 6. as a function 

B 
of ~(=A). 

Alpha transition at vK= 350.000 M~(H=2i7.808 G. F= 4; m F = 0- - 1). 

Ciamma. spectra of Tmi7i produced t'l'om E~i70(n, ,,)Er17i 7.5 h~ Tmi71. 
{3-

"., ,~~ 
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ratus, method, or process disclosed in this report 
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or for damages resulting from the use of any infor~ 
mation, apparatus, method, or process disclosed in 
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