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Hyperfine structure, apparently of pure QUadrupolar form, has been 
. +'"'~ . 

observed in the Eu ~ ion in a neodymium ethylsulfate lattice. It has twice 

the ~redicted magnitude and opposite sign.to that calculated on the basis of 

a pure ground electronic configuration of the type 4fn. Arguments are 

presented for ascribing the anomaly to the admixing, through the crystal- ' 

field. potential, of the state 5p5 6p ~2 into the closed-shell state· 5P
6 1

30 . 

152 (I"' ) -3 -1 154 (8 ) For Eu we find P
152 

= - o.7 ± 0.5 x 10 em and for Eu ,P154=- · ·3 ± 0.7 

x 10-3 cm-1 . The spin and parity assignments of 2- for the 1531-kev state in 

Sm152 and the 1400 and 1723-kev states in Gd
1

54, as well as the electric dipole 

multipolarities of the radiations depopulating these states, are confirmed. 

The ~uadrupole moment of Eu154 is found to be 3.29 ± 0.37 barns. 
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ANOY.IALOUS QUADRUPOLE COUPLING IN EUROPIUM ETHYLSULFATE 

B. R. Judd, C .. A. Lovejoy and D. A. Shirley 

.Lawrence Radiation Laboratory and Department of Chemistry, 
University ofC alifornia, Berkeley 

I. INTRODUCTION 

One ·of the significant trends in chemical and atomic physics in the 

past few. years has been the increasing awareness, both experimental and theoretical, 

of small hyp.erfine structure effects -vrhich cannot be explained by the very simplest 

models, involving only valence electrons in pure, noninteracting hydrogenlike 

orbitals. These effects are observed, for example, in some internal magnetic fi'elds, 

in antishielding, and in the influence on hyperfine structure of higher-order crystal-

.·field interac.tions and deviations from Russell-Saunders coupling. 

He report herein a case in which such subtle effects are clearly present: 

namely, the existence of hyperfine structure in the ground state of Eu. +3 . This ion 

has. (in the usual approximation) the electronic configuration 4f6 , from -vrhich it 

follows by Hund 1 s rule that the ground state is the singlet 7F0 , with no hyperfine 

structure possible. The optical spectrum of Eu+3 in an ethylsulfate lattice has 

been analyzed; this state being confirmed, and others of the multiplet 7F assigned.
1 

2 . 
Elliott has shown, using second-order perturbation theory, that a 

+..., 
weak ,electric q_uadrupole coupling should arise in Eu .) in an ethylsulfate 

.lattice through the v2° term in the crystal-field potential, which connects the 

ground state 7F
0 

with the Stark level characterized as 1
7F2 , Jz = 0). He considered 

the influence of other small q_uadrul)Ole-like interactions (by .this we mean 

q_uadrupole and pseudoq_uadrupole interactions) I.J"ithin the usual crystal-field 

theoretical framework ~~d found that the contributions of such interactions 
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0 
were.orders of magnitude smaller than this second-order v2 effect. 

We have looked for this interaction experimentally in nuclear orienta-

tion experiments on radioactive europium isotopes in an ethylsulfate lattice. 

Hyperfine structure was observed, at least predominantly ~uadrupolar and of the 

expected order of magnitude, but of different magnitude and sign. 

In the following, the experiments and interpretation are described 

in some detail. · Several nuclear parameters, which are of particular importance 

in establishing the sign.of the coupling constant, must first themselves be 

independently established. In this process some new nuclear information is 

gained. Finally, possible explanations of the hyperfine structure are discussed. 

II. EXPERJY.LE:NTAL 

Neodymium ethylsulfate was chosen as a lattice because of its usefulness 

in nuclear alig~~ent experiments. The crystal field par~~eters for europium 

are expected to be nearly the same in this lattice as in europium ethysulfate, 
... 

l for which they are knmm. 

The apparatus has been briefly described elsewhere. 3 Care vlas taken 

to minimize the heat leak into the sample and to insure that the entire single 

crystal of neodymium ethylsulfate was at an essentially uniform, constant 

temperature during the counting period. At the lowest temperatures the average 

temperature of the crystal changed by only about 1% during a five-minute counting 

period. 

154 . 152 154 The g~~~a-ray spectra of Eu and a m~xture of Eu and Eu are 

shovrn; for reference, in Figure 1. Partial decay schemes shovling portions 

relevant to our discussion are dravm in Figure 2 and 3· In Figures 4 ~~d 5 

·are shown the temperature dependences of the angular distributions of the 

. i 
\ ., 
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. 154 152 
1.277 Mev Y-ray from Gd and the 1.409 Mev Y-ray from Sm , following the 

.decay of the oriented europium parents. Finally in Table 1 the anisotropies 

0 of the Y-rays from both samples at .02 K are listed and compared with the level 

schemes in Figures 2 and 3· 

III. NUCLEAR INFOWlATION 

., . The angular (directional) distribution of Y-radiation following the 

.. 

4 
decay of oriented nuclei is given by an expression of the form 

( 1) 

The dots represent higher-order terms not present in this experiment. Thus 

only the two terms in Eq. (1) are significant in interpreting these experiments. 

. . The first term gives the isotropic intensity, normalized to unity. The term 
'· .' .. 

. ·~. 

in p2 (cos e), where e is the angle from the crystalline c axis, describes the 

anisotropic component .. The parameter B2 is temperature-dependent and is the 

same for all radiation from a given isotope, being a function only of properties 

of the parent nucleus. The reorientation parameter u2 describes the effect 

of preceeding (usually unobserved) transitions on the orientation. With each 

Y-ray is associated a distinct F
2 

which is a function only of the initial and 

final spins and of the multipolarity of the transition . 

In treating the data to study the level schemes of the daughters we 

first effectively eliminated B
2 

and P
2 

from the angular distributions by 

comparing, for different Y-rays, data taken at the same temperature and at 

the saT-e angle. Thus the anisotropic component of the an3ular distribution 

of each grumr~ ray is proportional to u
2

F2 for that garrma ray. K~owing one 

u2F
2 

reliably from other information on the decay scheme, one can then obtain 

the other u2F2 's by direct comparison of the anisotropic components of a~gular 
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' distribution (i.e. the coefficients of P2). The problem, then, is to establish 

one U
2

F
2 

reliably for the decay of each isotope, Eu152 and Eu154 • 

In both spectra one r-ray stood out as the best from which to derive 

~uantitative results: 154 152 the 1277-kev Y-ray of Gd and the 1409-kev y-ray of Sm 

(Figure 1). In each case the photopeak was clearly resolved and the background 

was ~uite low. Moreover these Y-rays exhibited the largest anisotropies. 

Unfortunately the published work was not unanimous in 

the multipolarity assignments for these two y-rays or in the spins of the 

states from which they are emitted. In each case the high energy y-ray decays 

to the 2+ state of the ground-state rotational band, and angular correlation 

measurements have been made on both. 5 ' 6' 7 ' 8 In Gd154 polarization correlation 

measurements were. also available.9 The angular correlation coefficients were 

identical within experimental error, and the other features of the transitions 

are very similar, each being populated by allowed beta decay from a parent 

. 3- state and decaying to the 2+ first-excited state; thus we shall discuss 

.them together. 

The angular correlation data left only two possible combinations for 

· ,. the multipolarities of the high energy y-rays and the spins of the states from 

which they proceed: (a) a spin of 2 and essentially pure dipole multipolarity, 

· or (b) a spin of 3 and multipolarity of 85'% dipole, 15% ~uadrupole, vrith relative 

phase o < 0. A determination of the multipolarities of these r-rays from con-

version coefficients would be expected to decide between these two combinaiions, 

and indeed the most precise measurements show pure El multipolarity in both 

10 11 
.s · cases, ' clearly indicating alternative (a) above. On the other hand~~ 

earlier measurement gave CXK ~ 1. 7xl0-3 for the 1277 -}:ev Y-ray, 12 consistent 

with alternative (b). Experimental and theoretical13 conversion coefficients are 

given in Table 2. 



.-

... . ~ 

./. 

. j: 
' 

. /' 
_/ 

-5- UCRL-10202-Rev. 

It is always desirable to overdetermine a set of physical ~uantities 

by obtaining one more e~uation than there are parameters,. for only by so doing· 

can one find errors which would otherwise go unnoticed. In this case a very 

-definite .choice can be made between (a) and (b) above from the si~ns of the 

F2 's of the 1277- and 1409-kev Y-rays alone. The signs may easily be established 

by comparing the F2 's of these Y-rays with the F2
1 s for other y-rays, of known 

multipolarity, in the daughter nuclei. In fact it is easily shovm (by direct 

' calculation) that the U2 's are all positive, and it thus suffices to compare 

.... the signs of the U
2
F2 products. This is done in Table 1, from which it is 

clear that the F2 's of the high energy y-rays are negative, which is possible 

only for alternative (a) above. This then constitutes an independent confirrr~-

.tion of alternative (a). 

Angular correlation data8 but no conversion ~oefficients are available 

154 for the 1600 kev Y-ray in Gd . Our data (Table 1) establish F2 < 0 for this 

Y-ray, leading, in a manner similar to that discussed above, to a uni~ue assign-

ment of 2- for the 1723-kev state and El multipolarity for the 1600 kev Y-ray, 

As discussed before, the 1277- and 14()9-kev Y-rays have the most reliably 

. interpreted anisotropies, lying as they do high in the level scheme and in the 

Y-ray spectrum. The preceding radiation in each case ;Ls an allowed beta transi-

tion of the type 3-(L=l)2- for which u
2 

is +0.828 ... For the Y-rays themselves 

• F
2 

is ...,Q.418. Thus B
2 

is readily evaluated using the data in Figures 4 and 5, 

and is found to be 

(2a) 

(2b) 

. . -1 
A T temperature dependence of B

2 
for lo\·i degrees of a.ligr-.. .. 'T:ent character-

izes hyperfine structure of the ~uadrupole form. In Figures 4 and 5 vle have 
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fitted our data.with curves of this form (straight lines as plotted). The fit, 

which is quite good, though not excellent, constitutes the chief evidence that 

the hyperfine structure Ha~iltonian has, at least predominantly, a quadrupolar 

form:. 

where M is the nuclear-spin magnetic quantum number. Combining this with the 

f B ,4,14 expression or 2 . 

we obtain B2 in terms 

-I: ()M
2

- I(I+l)] vJ(M) 

B2 - [l/5 I(I+l)(2I-1)(2I+3)]1 / 2 1 (4) 

of P. On comparison with Eqs. 2 we find 

pl52 (6.7±0.5)x10-4 -1 
= em (5a) 

(5b) 

We note that these values are slightly different from those reported earlier, 15 

the major change being an increased magnitude for P
154

. The present value was 

obtained using a sample of pure Eu154 , thus eliminating the background corrections 

h . h . h l . b f h .P E 152 w ~c were necessary ~n t e ear ier exper~ment ecause o t e presence o... u . 

The change in P
152 

follows from improved thermometry . 

If we assume that the quadrupole moment is proportional to P for each 

· isotope, we can derive the ratio 

(6) 

Alpert was given the ratios IQ152 /Q1511 and IQ
152

/Q
153

1 as 2.75 ±0.17 and 

1 o8 + o. o· 7 · · t · 1 16 Kr b d w kl ' .... 1 d Q -• - • 1 respec ~ve y. e s an ~n er nave recenv y measure 
151 

anQ 

Q1 _
3 

as +0.95±0.1 and +2.42±0.20 barns, respectively. 17 Combining all these 
~) 

data "'e find 
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It is of course the intrinsic) rather than the spectroscopic) quadrupole 
' I 

moments which are of interest in nuclear theory. Bohr and Mottelson have given 
i 

the ~~lationship between these two quantities. 18 l'l;:aking appropriate substitutions 

and solving their expression explicitly for the intrinsic ClUadrupole moment Q ) 
0 

we obtain 

Q = Q I+l 
o I 

21+3 
21-1 (7) 

The quadrupole moments derived frrnn the above discussion are listed in 

Table 3) and intrinsic quadrupole moments derived therefrom are sho1m in 

Figure 6. The error bars in Figure 6 give the standard deviation for all sources 

of error. The relative. magnitudes of the Q 's are known with somewhat better 
0 

accuracy. In fact the relative Q magnitudes are on very firm grounds) inasmuch 
0 

as they depend only on ratios of hyperfine structure constants. Thus the 

relative magnitudes would not be subject to change if) for example) one of the 

sets of measurements (Refs. 16) 17) or this work) should be found to be subject 

to an antishielding correction heretofore not considered. 

Thus we can interpret the trend in Fig. 6 with some confidence as in-

dicating a rather sharp break in Q between 88 and 90 neutrons) with a slower, 
0 

monotonic rise in the three heaviest isotopes. This is in good accord with 

other data on collective nuclei in this region) and indicates both that the 

defonnation increases with neutron nurriller for these four isotopes and that 

·. there is no significant "odd-even" effect. 

It should be borne in mind that there are tvio important assumptions 

. leading to the derivation of Q
154

; namely (1) that the .hyperfine-structure 

Hamiltonian is adequately represented by Eq. (3),and (2} that Q
154 

is proportional 

·to P
154

. We believe these assumptions to be true, as there is good evidence, 
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experimental and theoretical, for them. It is always advisable, hovrever, when 
. . . 

using moment values, to bear in mind the assumptions "vlhich v1ent int'o their 

.· ... derivations . 

'• ... 

.., > 
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IV. INTERACTIONS WITHIN' THE GROUND h1UL'L'I?LET 

In discussing the :possi1)le hy:!;)erfine structure in europiu."Tl 

ethylsulfate, .J:!;lliott examined several types of interaction in 

various orders of perturbation theoi'Y, using as basis functions 

the states of the multiplet 7F. The contribution to the 

Hamiltonian that he considered i~ 

= (8) 

I ~--1 +'n;s · n v .... .._ express1o ., . C st,:.nds for t!1e energy of interaction of 

the electrons of electrostatic field of the ethyl-

sulfate lattice, and possesses the leading term 

0 
A ) 2 ..... 

i 

where the subscript i distinguishes the electrons. The next terrn 
\~ 

·. ¢tands for the inter·action of tne electrons of J1'u +3 with the 

iJ.uadrupole moment of the nucleus, and is given by 

2 
ti(I+l) 2 -~ e Q ) 3(1"-;•l) 

v = L !• ----~ '·"' j 
Q 2I(2I-l) L r3 , .. 5 ~ 

i -. ~ i ~ ~ 

The Quantity VN is the ordinary magnetic h~rperfine interaction, 

n&."TTely 

N. • -1-
~ . . -.... ~ 

i 
'fhe symbol · ( rn 1 

.,... 
is a concise for·m for (4f l r-·~ i tbf), the r:1ean 

value of rn for a 4f electron. Lastly, VH re~resents the 
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interaction with an external magnetic field: this is zero for 

our experiment. 

Since the level 
7

P
0 

possesses zero total angular momentum, 

( 7~, l u 1 7 n ) 
~o ~Nl 1'o == o. 

According to Elliott, the largest contrHmtion to the hyperfine 

structure should ar-ise through the second-order mechanism 

(9) 

v.rhere E( I) is the energy of the level with designation J. above 

the ground level. Taking a value of A~ ( r 2 ) deduced from the 
7 

crystal splitting of F1 , Elliott found a value of -r-1. 5Q >' 10-4 

forth~ coupling constant P of Eq.(3), measuring Q in barns. 
-L! 

This fi&::ure snould be col..,rected to 1. 2Q "){ 10 "' to allow for the 

-1 
em 

newer values of fo~J. 4f· 1 ~ 19 _ e ect-rons, which give 44.ex-3 

for Eu+
3 

rather than the value of 57i-3 used by Elliott. Ee also 

showed that the direct interaction of the crystal field with the 

nuclear quadrU])ole moment gives a contr•i but ion to .i? of the order 

of 10~6 cm-1 , and that the mechanism 

i 
7F I v l 7F ) ( 7F I ""7 ! 7F \ ( 7

..-:t I v l 7w )/"i1~(?F ) 2 
' '0 .. N 1 '1 1 ~ C 1 1 ~ 1 l N ' • 0 ~ .1 

pr-ocluces a ])Se:udoquadrupole coupling vvi th P' of' the order of 10-7 cm-1 • 

Clearly then, the second-order cryste.l-fiel_d term should domirlate. 

In particular, P should have the same sign as Q, and for prolately 

defor·med nuclei, -.vith. r~ :> 0~ P should be positive. 

Iri fact, as discussed in Sec. 3, D is clearly negative. 
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Two main paths are possible i~ explaining this, eit~er ll) the 

quadrupole moments "n 152 of .DU E 154 snd u are actually negative, or 

(:?.) the cry:::.tal field calculation :presented above is inadequate. 

Yle cannot say that the quadrupole morr:ents are positive from any 

direct experimental evidence, but there is a large systematic 

body of infopmation available for nuclei in this region which 

strongly suggests that these n~clei are prolately deformed as 

are all neighboring nuclei. Thus \VG l."e ject alternative (1) above 

as highly unlikely, an~ the discussion below is based on 

alternative (?). 

Y,. CONFIGURATION INTERACTION 
I 
I 

The ob_vious way to inmrove the crystal-field calculation 

is to extend the ranr,e of states considel."ed in the perturbation 

mechanism: at the same time, operators diagonal with respect to 

.the st<1tes of 7 F, and for that reason not explicitly contained 

in 11- , must be included in the calculations. 

As a first step, we consider all states of 4f6 , not merely 

those belonging to 7F. Our Hamiltonian is augmented by the 
•. 

spin-Ol"bi t interaction, v so· Hov.rever, it is not difficult to 

show that expressions in which v80 plays a role, such as 

5 5 7 
D ) ( D l ~ r 1 c- ) 
I 2 :?. J so I ,L<'2 
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are smaller than expression ( 9) oy approximately t'.vo orders of magnitude. 

Such mechanisms) \·lhich reflect the partial breakclovm of Russell-Saunde1·s couplins;, 

. are thus .too small to account for the nee;ative sign of P. 

There remains the effects of excited configurations to consi:ier. 

/ 
i:By broadening the scope of our analysis to include configurations other 
. . 6 +~ 

·than 4f ) all states of Eu J become eligible for study. Since the .inter-

electronic Coulomb interaction, n~~ely 

~ 

2 
VA L 

e /r .. 
J.J, 

i> j 

can couple states of different configurations) it too should nmr be included 

in the Hal'riiltonian. It is important to realize, however, that by using a 

form for V C that has been ded.uced from experiir:ent, a certain kind. of con-

figuration interaction has already been linplicitly taken into acco~~t in 

the calculations. On the basis of a detailed crystal-field calculation, 

Hong and Richman give A
2
° (r

2
) = 903 cm-l for PrCL);

20 
experlinentally, it is 

' .) 

observed to be only 47.26, 
21 

indicating a screenin;~ factor of 19. An effect 

of this kind is to be e)~ected for all rare-earth ions, and is to be ~scribed 

to the vir.tual cancellation of matrix elements such as 

by the swn of second-order terms of the type 

1-1here T denotes an excited configuration. In searching for a 
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possible explanation for the negative value of P, it would 

obviously by inadmissable to incluce mechaniPms such as 

'
6 (~f6 5s2 7F l '! l' ~f 6 ~a2 7~ )/?'4I~65o5d 7 F· )~~~~65s2 ~~ ) /\ ::;: 2 ;l Q I' :r VC> - 0 "':' \ O 0 '"'"\ -:;.J.. . - 2 ' 

since the first two rr.c.trix elements, v;hen combined with the 

denominator ~(4f65s5d 7F
0
), represent a correction to 

that has already been tal:::en into accotmt b~l using the experimental 
. 0 l) 

parametel"' A
2 

<.r' ) in the ev2luation of mechanism ( 9) • 

\ . 4.nother class of mechBnisms in 'trhich VA is employed can be 

! considered as r~presenting shielding or 
i 

antishielding corrections 
22 

that aPe eouivalent to those studied by Sternheimep. 

example, the first t'>vo ·mat Pix elen:ents of the product 

For 

(4f65s2 7F 0 i VA ~ 4f6 5s5d 
7 

F 0 ) (4f65s5d 7F 
0 

l V Q l 4f65s2 7F 2 ) 

)((4f6 5s2 7F 2 ! v0 [; 4f65s2 7F
0

)/.S(4f
65s5d 7r-1

0
)E(4f 6 5s2 7F 2 ), 

when combined with the denominator .t:(4f65s5d 7F 0 ), can be 

considered as a shielding correction to 

I ' 1 9 3 1 . t d t' _,_ ..;.. ' iJUra,<:awa 1as sugges e nnv ~,ne Ol1e.drUT)Ole moments dec'-ucecl :f:::."'om 

the interaction with <1-f electrons shoulc1 "be subject to +. an E~n~,:t-

shieldine: :Lac tor of about 2. 5; hmvever, the quadr·trpole r;;orr:ent of 
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167 24 
Er , as found. from resonance ex1)eri1Eents ·on an ethylsulfate crystal, 

and. vlhich seems to demand a factor of about this size) has not been confirmed 

2-
in e}.'}?eriments on the double nit:tate. ) O·ding to the internal nature of the 

· 4f electrons in rare-earth ions, we might expect corrections due to shielding 

or anti shielding to be very small. But even if Hurakm1a' s antishield.ipg 

factor viere accepted.· at its face value, >le should. be no nearer an explanation 

for the negative sign of P. 

Of the possible mechanisms that are left) the most promising appear 

to be those of the type 

J,.r;.6 
--i·.L 

(10) 

For, not only are they of only second-order in per"cu1·bation theory, but they 

-!-':/ 

should be important only in those exceptional cases, such as Eu' J, ·vihere the 

first-order contribution to Q vanishes. The ratio of mechanisms (10) and. 

(9) is given by 

R = 

6 '7 
(!+f- IF 

0 
7L ) (T 7--T L2 2 
/" 

7 Ti' ) ( )+·"6 u-"o ,J_ 
J. 2 .L 

\ v: ... 
\."{, 

7v 
-2 

4.f6 '7 ,-
7F ) \ IF ) E( 4-f0 

0 2 
' 6 7 

VQ )L ,"'=' 'F0 ). E(..T) ., ~ 

( ll) 

To fit the experimental results J R should be about -3. The lo' .. ;rest excited 

. /' c:: -1 
configuration of the same parity as 4f

0 
i:3 J!f)6l), and. lies roughly 150000 em 

/' ~ 

b - ""'(' ·~) (., ) .ana J~ Ll-f .l:' 
2 

is approximately 
26 

above the ground level; · on the other 

-1 l 
1100 em . To offset the smallness of 

6 7 . 
E(l!f F') /E(T), the matrix elements 

in the nu.merator of the right-hand. side of Eg_. (il) have to be very much larger 

than those in the denominator. Since VC and. V are single-particle operators, 
Q 
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we can confine oul"" attention to those configurations T that 

correspond to the excitation of a single electron from ~he sround 

configura 'Cion 

.ls22s22p6 :·~4f65s2 5p6 . 

.. lf, for a given T, the electron (n l) is excited to the orbit 

b .L.. • ~ 0 ( f f I ) ""b .(>, ..~- + . "-} 1 c .arac~er~zea y ,n ~ , ~Aen, ai~er ex~racv~ng ~1e angu ar 

.' . dependencies of the matrix elements, i.~ can be thPown into the fopm 

(n .e 1"2 j n' /:., 1) (n, / f 1 -31 n [)E(4f6 7K' ) ... ~ I r ' "'?. 
P. A (12) _, =· 

(4f r2 l ·1f) (4f ! -3 ' 4f) E(T) 1" ! 

The paPameter A contains the an,sular factoPs, and vanishes 

if the triad ( [, i', 2) does ~ot satisfy the triangulaP condition. 

For cases of interest to us, A is a'bout unity. Estimates of the 

radial integrals of Eq. (12) can be made by using the tabulated 

' .(> Jo.. f D +3 . - -. "'1 27 - R . 1 28 e~geniunc~lons ·or 1r g1ven oy ~1u ey ana 'aJnaK. Y.Je might 

hope that 4f56p, being the loweG.t r·elevant excited confif:Ul"'ation, 

'!!Ould produce a significant c~:mtri but ion to H; hovrever, ·the large 

number of nodes in the 6p function gives rise to positive and 

negative contri'butions to both radial integrals in the numerator 

of the right-hand-side of Eq. (12), and in fact 

( 
\ 

... 
/for both n=2 and n=-3. It seen::s unlikely that other conr"'ic;ur·ations 

involving the excitation of a 4-f eJ.ectron .• such 2.s 4f55f or 

4f56h, could .produce any appreciable contribution to R. 

_n_ more attractive class of' confif::\ii'ntions T arc ti.1ose that 
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involve the excitation of an electPon from a closed shell. For 

E(T) not ~o be excessively large, and for (n t I r 2 j n' L') to 
,..., 

compete advantageously with (4f' i rr. l ~"±f), we need consider only. 

the outer shells of the atom, namely 5s2 and 5p6 • At first sight, 

we might expect the high density of an s electron near· the nucleus 

( / -3 to make the radial integrals 5s l r n' d) outvJeigh (4f i r-3 / 4f'). 

However, for n'> 4, the first node of the n'd function almost 

exactly coincides with the third node of the 5s function, and the 

contribution to the integral from the :L'egion near the nucleus, 

which we would hope to be very large, c.onsists of.positive and 

negative parts that cancel to a large extent. 

We are left with excitations of a 5p electron to consider. 

For (5p I r-3 In' t') to be large, the function characterized by 

(n' .£') should follmv the Sp f'ur:.ction near the nucleus, and have 

as high a density there as DOssible. The 6p function fulfils 

these conditions. Using the tab~lated eigenfunctions for Pr+3 , 27 , 28 

we find 

(5p l r 2 i 6p) = - 2.5 a.u., 

and 
\. 

(sp I r-3 I 6p) = 18 a. Uo 

Th~se are to be compared to the integrals 

( 4f I r 2 1 4f ) = l. 45 a. u. , 

and 

(4f l r--3 l 4f) 

'Wrom the energies of the 5p end 6p electrnris given by Ridley Rnd 

~ajnak, we estimate The or:.ly 

state of 5p56p that contributes to R is 
i 

~D0· for all others A= 0. 
r..., ' 
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Summing over. all L in Eo_. ( 11), we find .~: ... = ~- Since both 5p 

and 6p electr·ons are ess:~ntiaJ ly outer electrons, we should remove 

the screening factor of 19 for VC' mentioned earli:~ in this 

section. ·In all, 

3 (-2.5)(18)(1100) 
p _, = 19 = - 1.1 (13) 

2(1.45)(4.35)(200000) 

VI. DISCU:3SION 

...., .J.. • ( l ~ \ 
l!..q_ua~...lon .\-OJ, we feel~ f,i ves a convincing e:xplanation :for 

the observed negative value of P. As for the magnitude of R, no 

doubt some allowarl'ce should. be made :Lor the use of eigenfunctions 

.C> +3 

.1. or Pr · , . h ...._1 f.> ··~ +3 h h .!.. • • •• rat. ... er "1an I or J~U ; owever, :::uc correc :.,lons mlgnt. 

vrell be comparalJle to ePrors arisinrr through our· assumption that 

all effects of the crystal lattice ~an be represented by the term 

"'J . ')f 
'C ln ..rr 'l'he outer maximum of the 6p eigenfunction for· a free 

ion u-.-.+3 
.J...L occur·s at r = 2.0 ~ - a distance that 1 :for an ion in 

the ethylsulfate lattice, would extend fr·om the nucleus 
+~ of Pr v 

\Yell into the interj.or- of the oxygen atoms of the neighboPing 

water molecules. Clearly, the central fields of these atoms 

vrould strongl::.r per·turo_ the 6p eir;enfunction. Accor·clin_s to 
29 

· .Mar·shall and Stuart, there is a genc:l'•al tendency for fr·ee-ion 

eigenfunctions to expand when the ion is embedC.ed. in a crystal 

lattice, and this effect would almost certainly increase 

(5p l r? f 6p) by a greater factor tho.n th0.t 1Jy which (5p l r·-3/ 6p) 

'the nul·n'~er "'1. 1 o· .... --. '"o ("'J. 17
) c"'J.o .... ~·, ... +o t'•··~. ~~--,· .. -_!· ..... Jer-.i.·l·,·j,.~--.:.;~·.:·-·.1 ~ra'.t.U·.e o-:-· - 3. • ~ I:_,-· - • .J.. .U k• <) '"''::!.. '-' ~H:; ~ '·;.~"-· v -



·-
·' ,-

' 

! 
) 

._/ 

-18- UCRL-10202-Rev. 

It is interestinc.; to drav a co;nparison vli th the uork of Foley, Sternheimer, 
'.)0 

and Tycko on the quadrupole antishielding factor for Cs+.J They find that 

the effective o.uadrupole moment for an external obsel·ver should be not Q, but 

( 1 + Y )Q, 1-.rhere Y = 86.8. The greatest contrj_bution to ·r co:nes from the 

excitation of the 5J? electro::1s to higher p orbits. If the effect is treated. 

by :perturbation theory, taking the np orbitals as the basis :;:~unctions (a procedure 

the Foley et al. did not follm-r), it is not difficult to shm-r that this contri-cution 

to Y can be 1-Iri tten as 

2 '\ 2 I 
") 

4e ( 5p r I nD) ( np r-.) ')p) (14) l.J 
I 

25 ' c: 

ri::-5 
E\5p.)np) 

Strictly, the swn should also include states in the continuurn. The constituents 

of the term in the smr, for which n=6 all occur in Eq. ( 12), though the greater 

extension of the 5P orbital in the outer reaches of the ion Cs+, cm:pared to 

the cor:cesponding orbital of Pl·+3 , indicates that (5p l l'2 I 6p) ·?oc· Cs+ is 

larger in magnitude, possibly by an appreciable factor, than the corresponding 

..L.J 

radial intee;ral for Pr · .J. Even if' ,,:e ignore this increase, the contrHmtion of 

the term ( np) = ( 6p) to the su..rn ( ll:-) is as large as 12, taking E( 5p5 6p) as 130000 

-l 31 
em . \'!e n--,ay therefm·e conclude that the special propel·ties of "che 5P and 6p 

eigenfurlctions, properties that permit the radial intec;rals of r·-:3 and. r:2 
linking 

the eigenf\.LilCtions to be both large and. also opposite in sign, a:ce responsible 
' .. "': 

for the negative value of P. for Eu'-.) and. aJ.so for a substantial pal·t of "c:C1e 

..L. 

large antishielding factor for Cs'. 
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Isotope 

152 Sm 

.II 

II 

II 

II 

II 

II 

II 

11 

II 

·Table I. Angular distribution coefficients. 

E (kev) · 
y 

1087, 1113 

1409 

121 

248 

593 

725, 759 

875 

998, 1007 

1277 

1600 

a Spin sequence 

2 (Q.) 0 

2 ( Q.) 2 

2 (Q.). o, 3 (Q.) 2 

2 (D) 2 

2 (Q.) 0 

4 (Q.) 2 

2 (D) 3 

2 (D) 2, 3 (Q.) 4 

2 (Q) 2 

2 (Q) o, 3 (Q) 2 

2 (D) 2 

2 (n) 2 

-0.045 ± 0.010 

+0.015 ± 0.010 

-0.038 ± 0.010 

-0.060 ± o. 005 

-0.029 ± 0.005 

-0.050 ± 0.016 

small, > 0 

.,-0.066 ± 0.017 

> 0 

small, < 0 

-0.074 ± 0.006 

-0.057 ± 0.030 

a) Dipole and Quadrupole are denoted by 11D" and 11Q.". 

b) Data for Sm152 and Gdl5Z are normalized to the 11~09-kev Y-ray. 

B
2
U

2
F2 (calc) 

P<O 

-o.o46b 

+0.010 

-O.o42 

(-0.060) 

-0.038d 

-0.062 

+0.021 

-0.056 

+0.023 

-0.051 

(-0.074) 

-0.074 

( . 
~ . . ) "'-. ....___ 

----~--

.B
2
U

2
F

2 
(calc) 

p > 0 

-0.005 

+0.021 

(-0.060) ' 

+0.019 

+0.031 

-0.010 

+0.028 

-0.012 

+0.026 

+0.037 

' I :[\) 
[\) 

I 

c:: 
0 

c) Nonnalized as in b) , but using the sequence 3 ( . 85D, .. 15Q) 2 required for P > 0 (see text) . ~ 
I 

1-' 
0 
[\) d) Similar to b), but using the 1277-kev y-ray for Gd15

1
+. 

e) As in c), but for the 1277-kev y-ray. 
0 
[\) 
I 
~ 
(\) 

< 

~-~-~-.. · . 
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Isotope 

152 Sm 

Gdl54 

Isotope 

Eul51 

Eu152 

Eu153 

Eu154· 

-23-

Table 2. Conversion coefficients. 

E 103 a K 
exp . El Ml 

1409 .499 ± .025 .47 1.50 

1277 .72 ± .07 .63 2.1 

Table 3· Quadrupole moments of europium 

Q. Q.o 

· +0.95 (lO)·a +2.66 (28) 

2.61 (20) 6.26 (50) 

+2.42 (20) +6.78 (56) 

3.24 (37) 7·78 (.88) 

UCRL-1WC)2/ -Rev. 

Ref. 

E2 

1.05 10 

1.48 11 

Ref. 

17 

16 

17 

this work 

a) Standard deviations are given in parentheses. We are responsible 

for assigning standard deviations to derived ~uantities. 
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(a) 

(b) 

500 1000 
Energy ( kev) 

1500 

l 
J 

~ 

MU-26716· 

152 154 ,5h 
.·Fig. l. Gamma-ray spectra of (a) Eu · + Eu , (b) Eu.J.. ·. These 

spectra were taken with 3" x 3" Hai(Tl) detectors a:r1d samples 
·consisting of the europium isotopes in single crystals of 
neodymium ethylsulfate. The y-ray peaks may be identified in 
Figures (2) and (3). 
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Fig. 2. Partial decay scheme of Eu
152, shoi·Ting transitions of 

interest in'this research. The 2- spin and parity assiglli~ent 
for the 1531 kev state of sml52 was confirmed. 
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Fig. 3· Partial decay scheme of Eu15
4

. The spin assigu~ents of the 
states at 1400 and 1723 kev in Gdl54 were confirmed. in this "YTork. 
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Fig. 4 ... Angular distribution function for the 1277-kev Y-ray of Gd154 

foll01-1ing the decay of Eu154 oriented in neodymiwn ethylsulfate, as 
a function of reciprocal temperature. The function plotted. is the 
difference between the normalized intensities at 90° and 0° ·from 
the crystalline axis. 
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c 152 Fig. 5· Angular distribution function for the 1409-kev y-ray of um 
following the decay of oriented Eul5 2, as in Fig. 4 . 
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Fig. 6. Intrinsic quadrupole moments .Y§_ neutron nu.rr:ber :~or t}:e e-c.::'o)iur:: 

isotopes. Only in Eul5l and. Eul53 are the signs of the Q 's lmoun; 
:J 

for the even isotopes the Q
0

1 s are assumed. to•be positive. (Q ),_
2 . 0 .L) 

and ( Q
0

)
154 

are known to have the same sign~ The total 1jossible 

error is indicated in each case; the relative magnitudes a:ce 1-::..YlO'.·T.C! 

more precisely. 


