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ABSTRACT

Hyperfine structure, apparently of pure guadrupolar form, has beén
' observed in the Eu ° ion in a neodymium ethylsulfate lattice. It has twice
~ the predicted magnitude and opposite sign.to that calculated on the basis of

" a pure ground electronic configuration of the type b, Arguments are

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

UJP

" rield potential, of the state SPS 6p . into the closed-shell state‘5p6 o

2

. For Eut?? ve find PlSZ = =(6.7 £ 0.5) x 1073 ca™* and for Eu*7%315h=-(8.3 * 0.7)
| % 10;5 cm-l.. The spin and parity aésignments of 2- for the 1531l-kev state in
oz and the 1400 and 1723-kev states in Gdlsu, as well as the electric dipole

. Sm™’
,  multipolarities oflthe radiations depopulating these states, are confirmed.
" The quadrupéle momenf of Eulsu.isvfound to be 3.29 = 0.37 barns.
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ANOMALOUS QUADRUPOLE COUPLING IN EUROPIUM ETHYLSULFATE

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

Lawrence Radiation Laboratory and Department of Chemistry,
Unlveralty of C alifornia, Berkeley

I. INTRODUCTION

One ©of the significaﬁt trends in chemical and atomic physics in the
I past feﬁ.years has been the increasing awareness, both experimental and theoretical,
of small hyperfino structure effects which cannot be explaineddby the very simplest
' models, inyolving only valence electrons in pure, noninteracting hydrogenlike
B orbifals. These effects are observed, for example, in some internal magnetic fields,
: in éntishielding, and in the influence on hyperfine structure of higher-order crystal-
‘field interactions and deviations from Russell-Saundors coupling.
' Ve report herein a case in which such subtle effects are clearly present:'

+3

.’namely, the existence of hyperfine structure in the ground state of Eu This ion
has,(in the usual a?proximation) the electronic configuration hf6, from which it
. follows Ey Hund's rule that the ground state is the singlet 7Fd, with no hyperfine

+3

h'-i structure possible. The optical spectrum of Eu - in an ethylsulfate lattice has

been analyzed; this state being confirmed, and others of thevmultiplet 7F assigned.

Elliott2 has shown, using second-order perturbation theory, that a

' weak elecbrlc quadrupole coupling should arise 1n Eu in an ethylsulfate

.‘:;;attlce through the V 0 term in the crySual -field pote ntial which connects the

T 2
i¢'~>"ground state YFO Wluh the Stark level characterlzed as l7 2, J = 0). He considered

the influence of other small quadrupole-like 1nteractlons (by this we mean

quadrupole and pseudoguadrupole interactions) Nltbln the usual crystal-field

- theoretical framework and found that the contributions of such interactions
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R wére_orders of magnitude smaller than this second-order VzO effect.

We have looked for this interaction experimentally in nuclear orienta-

. tion experiments Qh radicactive europium isotopes’in an ethylsulfate lattice.:
,Hyperfine structure was observed, at least predominantly quadrﬁpolar and of the

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

| In the following, the experiments and interpretation are described

-in some détai;.7'Several nuclear parameters, which are of particular importance

.;in establishing the sign~of the coupling cbnstant;vmust first themselves be

':independently established. In this process some new nuclear informatioh is

gained. Finally,'poésible»explanations of the hyperfine structure are discussed.

II. EXPERIMENTAL

Néo@ymium ethylsulfate was chosen as a lattice because of its usefulness
: in nuclear aliznment experiments. The crystal field parameters fér europium

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

:for which they are kno%ﬁ:iv- | |

The ;pparatus haé been briéfly described elsewhere.3 Care wvas taken

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

‘:AQ crystal of neodymium ethylsulfate was at an e;éentially uniform, constant

~temperature during the counting period. t the lowest temperatures the average
temperature of the crystal changed by only about 1% during a five-minute counting

period.

152 154

and Eu are -

154

The gemma-ray spectra of Eu and a mixture of Eu
‘shown, for reference, in Figure 1. Partial decay schemes showing portions
relevant to our discussion are drawn in Figure 2 and 3. In Figures & and 5

ere shown the temperature dependences of the engular distributions of the
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ok and the 1.409 Mev v-ray from Smlsz, follbwing the

'1.277 Mev~Y-ray from Gdl
 .decay of the oriented europium parents. Finally in Table 1 the anisotropies
of theAY-rays from both samples at .02°K are listed and compared with the level
schemes in Figures 2 and 3.

-III. NUCLEAR INFORMATION

The angular (directional) distribution of v-radiation following the

" decay of oriented nuclei is given by an expression of the form)1L

W(e) =1 + BzUZFQE(COS ) + vuuu (1)

.’_The dots represent higher-order terms not present in this experimeni. Thus
'f oniy the'ﬁwo terms in Eq. (1) are significaﬁt in interpreting these experiments.
tiThé firs£ term giyés the‘isotropic intenéity, normalized to unity. The term
:“2in le(cos 6), whereAG iS'the angle from the crystalline c axis, describes the
anisotropic component; The parameter B, is temperature-dependentAand is the

2

same for all radiation from a given'isdtope, being a function only of properties.

‘f f;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 & distinct F2 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 ve

5 and‘Pz from the angular distributions by

'comparing; for different v-rays, data taken at the same temperature and at

_ Tirst effectively eliminated B

- the same angle. Thus the anisotropic component of the angular distribution

of each gemma ray is proportional to Uélefor that gamma ray. Knowing cne

' U2F2 reliably from other information on the decay scheme, one can then obtain

- the other UZFz's by'direct cdmparisonvofvthe anisotropic components of angular
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‘{5distribution'(i.e, the coefficients of Pz). The problem, then, is to establish
. : . N - 152 154

-one UZFZ reliably for the decay of each isotope, Eu and Eu .

In both spectra one Y-ray stood out as_the best from which to derive

.°?é ‘}}‘ quantitative results: +the 1277-kev Y-ray of Gd154 and the 1409-kev Y-ray of Sm.l52

'(Figure l). In each case the photopeak was clearly resolved and the background
' was quite low. Moreover these Y-rays exhibited the largest anisotropies.

Unfortunately the published work was not unanimous in

‘ the multipolarity assigmments for these two Y-rays or in the spins of the

. states from which they are emitted. In each case the highvenergy Y-ray decays

h 1to the 2+ state of the ground-state rotational band, and angular correlation

5,6,7,8 In GdlSA polarization correlation

"¢ measurements have been made on both.
. measurements were also available.9 The angular correlation coefficients were

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

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

,;? ?&1 13- staté-and decaying to the 2+ first-excited state; thus we shall discuss
'Ijﬂrphem #ogefher.»
| Thé angular correlation data left only two possible combinations for
Vg£3 v:_ fhe multipolarities.of the high energy Y-rays and the spins of the states from
' which they proceed: (a) a spiﬁ of 2 and essentially pure dipole multipolarity,
H or'(b)va épin of 3 and multipolarity of 85% dipole, iS% quadrﬁpole, with relative
' bhase b < O,‘ A determination of the muitipolarities of these Y-rays from con-
version coefficients would be expécted to decicde between these two combinations,
gnd indeéi the most precise'measurements:show pure E1 multipqlarity ih both
} ;_ .>"cases,lo’ll'clearly indicating alternative (a) ebove. On the other hand.an
earlier measurement gave aK & l.7xlO-3 for the 1277~kev Y-réy,lz consistent
with alternative (b){ AExperimental anﬁ theoreticall3 éonversion coefficients are

given in Table 2.
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It is always desirable to overdetermine a set of physical gquantities
 ; by obtaining one more equation than there are parameters, for only by so doing
caﬁ one £ind errors wﬁich would otherwise go unnoticed. In this case a very
-;definite A;hoice can be made between (a) and (b) above from the sisns of the

F

. iw‘-' ' z's of the 1277- and 1409-kev Y-rays alone. The signs may easily be established
: by comparing the Fz's of these Y-rays with the Fz’s for other Y-rays, of known

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

lj ;;:calculation)-that thé Uz's are all positive, and it thus suffices to compare

.ﬁf_Lthe signs of the U2F2 products. This is done in Table 1, from which it is
" 1 “clear that the F

z's of the high energy Y-rays are negative, which is possible

" only for alternative (a) above. This then constitutes an independent confirma-

"’ tion of alternative (a).

: : . 8. . . )
Angular correlation data” but no conversion coefficlents are avallable

15k

~ - for ‘the 1600 kev Y-ray in Gd Our data (Table 1) establish F

5 < O for this

" Y-ray, leading, in a manner similar to that discussed above, to a unigue assign-

iﬁ;giiimehp’of 2- for the 1723-kev state and El multipolarity for the 1600 kev v-ray.
. | As.discussed before, the 1277- and 1409-kev Y-rays have the most reliabl&
 4interpreted‘anisoﬁropies, lying as they do high in the level scheme and in the
‘ﬁ«, f-ray spectrum. The pfeceding radiatioﬂ in each case is an allowed betaltransi—

is +0.828. .For the Y-rays themselves

“ “tion of the type 3-(L=1)2- for which U,

'£': f1 :F2 is -0.418. Thus B2‘i$ readily evaluated using the data invFigures L and 5,

v »and is found to bYe

H

'32(152)_ +(3.45 0.28)xlo'3 gt ‘ (22)

O.3h)x10—3 T-l (2v)

H+

i

,Bz(lsu) +(4.28

AT ~ temperature dependence of B2 for lov degrees of alignment character-

;/'iJ_"_j izes hyperfine structure of the quadrupole form. 'In Figures 4 end'5 we have
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fitted our déta,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 Hamiltonian has, at least predominantly, a quadrupolar

© form:.

# =P - @/ 1(141)], (3)

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

b,k

__expression for BZ'

(aM%- T(141) ] W(M) '
B =Z k) (u')
2 (1/5 I(I+l)(21-l)(21+3)]l/2

: We‘bbtain Bz‘in terms of P. On comparison with Eqs. 2 we find

P - (6.7io.5)xlo'l+ cm'l, : (5a)

152

Lo (5b)

P - (8.3i0.7)x10-b' cm

i

154
15

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

- -the mejor change being an increased magnitude for PlSh' The present value was

. obtained using a sample of pure Eu > , thus eliminating the background corrections
s : . . . N PR Y-
which were necessary in the earlier experiment because of the presence of Eu .

. The change. in PlSZ follows from improved thermometry.

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

- isotope, we can derive the ratio

‘leu/lez = 1.2k £ 0.0 . - (6)

. Alpert was given the ratios iQ | and 1Q | as 2.75 ££.17 and

152/Q151> 152/Q153
©1.08 £0.07, réspectively.16 Krebs end Winkler have recently measured QlSl and
'Q753 as +0.95%0.1 and +2.42+0.20 barns, respectively.l7‘ Combining all these

. data we find
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l5£\ = 3.24 £ 0.37 barns

It is of course the intrinsic, rather than the spectroscopic, quadrupole

/

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

! .

the félationship between these two quantities.l8 Making appropriate substitutions

. and solving thelr expression explicitly'for the inﬁrinsic quadrupole moment QO,

‘:We obtain
_oa X+l 2I+3
W= 213 (1)

The quadrupole moments derived from the above discussion are listed in
Table 3, and intrinsic quadrupole moments derived therefrom are shown in
. Figure 6. The error bars in Figure 6 give the standard de&iation for all sources
.»  of.error.. The,reiative.magnitudes of the Qo's are known with somewhat better
:accuracy; . In fact the relative Qo magnitude; are on very firm grounds, inasmuch
. 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
'A?fo an antishielding éorrection heretofore not considered.
Thus we can interprét the trend in Fig. 6 with some confidence as in-
fdicating a rather sharp break in QO between 88 and 90 neutrons, with a slower,-
:  anotcnic rise in the three heaviest isotopes. .Thisvis in good accord with
:;':other.daﬁavon cdllective nuclei in this region, and indicates both that the
T:déformation increases with neutron number for these foui'isotopes and that
" there is no significant "odd-even" effect.
t should be borne in mind that thefe are two important assumptions
'1ieading to the derivation of leu; namely (1) thét the‘hypérfine-structure

<

" Hamiltonian is adequately represented by EZg. (3),and (2) that Q is proporticnal

154

We believe these assumptions to be true, as there is good evidence,

T 15h°
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 experimental and theoretical, for them. It is always advisable, however, when

using moment values, to bear in mind the assumptions which went into their

.. derivations.

.
)
¢
i

o ‘

N
: .

f
- :
'
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IV. INTERACTIONS WITHIN Tif GROUND

MULTIPLET

UCRL-10202-Rev.

In discussing the possible hyperfine structure in europium

ethylsulfate, kBlliott examined several types of interaction in

various orders of perturbation theory, using as basis functions

- 7 i :
the states of the multiplet F. The contribution to the

' Hamiltonian that he considered is

ALY
Crja
"
<
o
.*
<
-+
<
b
1
<
.

In this expression, VC stands for the energy of in

-

-

(@)

teraction of

the electrons of ¥u'~ with the electirostatic field of the ethyl-

sulfate lattice, and possesses the leading term

where the subscript i distinguishes the electrons. The next term
( . .

g
. ¢

jguadrupole moment of the nucleus, and is given by

‘f ‘ | : - .

o fa v [1(1s1) sz

Vo o L T
Qe 2i(21-1) 3 ]‘ rf ‘ P; E
) <

SN s . . . T 2 T
- gtands for the interaction of the electrons of Eu with the

‘The quantity VN is the ordinary magnetic hyperfine interaction,

namely

PN I A

@ S F\T

i

; - . . o O : .
The symbol .<IJ1> is a concise form for (4f | r™} 4f), the mean

value of r™ for a 4f electron.  Lastly, Ve
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interaction with an external magnetic field: this is zero for
our experiment.

. - 7 '
Since the level FO possesses zero total angular momentum,

Ta

F = 0.

7*’.1 T {
CFo IV | o)

“According to Elliott, the largest contribution to the hyperfine

structure should arise through the second-order mechanism

Tr

T TR ) (e (v | TR ) /a(TE,), (@)

0

~ where E( £) is the energy of the level with designation £ eabove

the ground level. Taking a valuve of Ag { v? » deduced from the
' s 7 . . _ —4 -
crystal splitting of Fl’ Elliott found a value of +1.5Q x10 cr

for thé coupling constant P of Eq.(3), measuring 2 in barns.

This figure should be corrected to 1.28 w10~ < to allow for the

7 -3 > 19 , i ,Q-
newer values of ({r7°3% for 4f electrons, which glve,éé.ax
N 3 . s s . ,
Tor Lu rather than the value of &S7L7 used by Elliott. e also

_showed that the direct interaction of the crystal field with the
.

nuclear cuadrupole moment gives a contribution to P of the order

of 10_6_cm_l, and that the mechanism

P/ ARENAOL SR
Tl P /E(E
X’-", i O)/ ( Pl)

g

T v e (T .
B R DA R A A

pra

o . e B o -7
produces a pseudoquadrupole coupling with P' of the order of 10 ‘cm

)]

Clearly then, the second-order crystal-rield term should dominate.

3

In particular, P should have the same sign as Q, and for prolately
deformed Pu01bl, ’lth Q. >0, P sbovl, be positive.

In fact, as discussed in Seec. 3, P is clearly negative.
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Two main paths are possible in explaining this, either (1) the

154

152 .
Zu~Y" and Eu are actually negative, or

quadrupole moments of
(2) the crystal field calculation presented sbove is inadequate.
Ve cannot say that the acuadrurole moments are vositive from any
direct experimental evidence, but there is a large systematic
body of infqrmétion available for nuclei in this region which
strongly suggests that these nygclel are prolately‘deformed as

are all neighboring nuclei. Thus we reject alternative (1) above
as highly unlikely, and the discussion below is based on

alternative (2).

The obvious way to lmprove the crystal-field calculation
is to extend the range of states considered in the perturbation

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

\ 7 . A R
the states of 'F, and for that reason not explicitly contained

. A4 . o . .
in A , must be included in the calculations.

. . . . 6 .
As a first step, we consider all states of 4f , not merely
a3 . 7 . , . . ' . -

those belonging to F.  Our Hamiltonian is sugmented by the

spin-orbit interaction, VSO‘ However, it is not difficult to

show that exrressions in which VSO plays a role, such as

7 ' 5 | 5. -, 5 5
‘ ! ] | 7 4 pr
0% £ ! Do)(Dofch'L 32)<D2“ | Py)
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are smaller than expression (9) by approximately two orders of magnitude.

Such mechanisms, vhich reflect the partial breakdown of Russell-Saunders coupling,

- are thus too smell to account for the negative sign of P.

(. ° . .
! 1 There remeins the effects of excited configurations to consider.

}

/By broadening the scope of our analysis to include configurations other

S . 6 ' +3 » .
~ than b4f, all states of Eu 2 become eligible for study. Since the inter-

«

electronic Coulomb interaction, namely

B 2
123
~can couple states of different configurations, it too should now be included
in the Hamiltonian.‘ It is important to realiie, however, that by using a
form for VC that has been deduced from experiment, a certain kind of con-
figuration interactién has already been implicitly taken into account in

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

"Wong and Richman give Ag (rz) = 903 cm_l for PrClo;ZO experimentally, it 1s

o factor of 19. An effect

. . 21 ., .. . : .
ocbserved to be only 47.26, indicating a screening
of this kind is to be expected for all rare-ecarth ions, and is to be ascribed

-to the virtual cancellation of matrix elements such as
(b |y [ ous™ y)
Dby the swn of second-order terms of the type

=Ty v byt et v Lo ) /E(D),

wvhere T denotes an excited configuration. In searching for a

i
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possible explanation for the negative value of P, it would

obviously by inadmissable to include mechanisms such as

6

6 27 P £ o543 7‘( ""6 7{ 6 2 7
(4£°55% TP | VAg 4178s54d Pol(4f78s5d Pyl V| 47587 F,)
2 t Y ol nm - ) 7/
(Af 552 VP? [ vyl ae8ss® TRy)/2(4r%8s5a Tr)E(ar85s® Try),

since the first two maitrix elements, when combined with the

denominator £(4rSs5s5a 7FO), represent a correction to

6 7n R 67
(4 O{VC“Z.I_-.L ®

L

that has already been teken into account by using the experimental

N

'narametpf A Lr” %» in the evaluation of mechanism (9).

-Anotlcr class of mechanisms in which V, is employed can be
.. Pyt

' considered as representing shielding or antishielding corrections
that are. ecovivalent to those studied by Sternheimer. " Tor

example, the first ftwo matrix elements of the pr duct

By

(ar 552 "Fy | v, {4£°ss5a 5 o) (4r®ss5a Vfoi v, 4f65s2_732)

>((4f65sz'7P [ V. | ar®ss? 7FO)/E(4f 5553 TF_)E(4rCss?

2 C

when combined with the denominator £(4f

considered as a shielding correction to

6 Tm | v {406 7
g4f Fol Vo | 4f )

°

- Murekawa”"~ has suggested that the cuadry pole moments deduced from

o+ "o et

the interaction Wlbh 47 electrons should be subject to an anti-

shielding factor of about 2.5; however, the guadrupcle moment of



W

~to be those of the tyﬁe

: ) 26 , e .
above the ground level;  on the cther hand E

-1k- UCRL-10202

L ,
15 : . . , 2L
Er 7, as found from resonance experiments on an ethylsulfate crystal,

and which seems to demand a factor of about this size, has not been confirmed

. - _ . 25 . N - . .
in experiments on the double nitrate. 2 Owing to the internal nature of the

Lf electrons in rare-earth ions, we might expect corrections due to shielding

or entishielding to be very small. But even if Murakawa's antishielding

factor were accepted at its face value, we should be no nearer an explanation
for the negative sign of P.

Of the possible mechanisms that are left, the most promising appear
‘ e

5 7 7 7 PN 10)
-2 (hg {Fo y Ve 1 T 'Lz)(T’{LZ | v, | ur 7FO)/“\T). (10)

For, not only are they of only second-crder in perturbation theory, but they

42
- P

should be important only in those exceptional cases, such as BEu ,'vhere the

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

(9) is given by

7 7 - ~ 7~
G Tm L v, b Taoyer Tl v | e® Tp ) E(4® Tr)
_ O ' .C 2 2 G 0 2
o=z B T T A - (1)
(k27 7 l Vo i he” IE ) (e TF, \ Vo | hs ) E(T)

To fit the experimental results, R should bve about -3. The lowest excited

o N iy O . < s . -1
configuration of the same parity as 47  is 4{76p», and lies roughly 150000 cm
) is approximately
- 11 : 2SI Y (T the et '
1100 em . To offset the smallness of E(4f x.)/b\h), the matrix elements

2
in the numerator of the right-hand side ol Eq. (ll) have to be very much larger

than those in the denominator. Since Vc and VQ are single-particle operators,



R .= A

15 ’ . UCRL-10202-Rev.

we.céhAconfine our éttention to those configurations T that
correspbnd fo the excitation of a single electron from “he ground.
onfiguraﬁion
| '1822822p6j°;4f63°?“p
1, for a given T, the electron (n{) is excited to the orbit
charaoterized'by (n' £'), then, after extracting the angular

dependencies of the matrix elements, & can be thrown into the form

(n | r21 ' s )nt s 7% n g

)
, — . {12)
(4f |t v2 | 4r)(4f | ™2 | 27) =E(7)

The parameter A contains the angular factors, and vanishes

if the triad ( {, £', 2) does not satisfy the triangular condition.

negative contributions to both radial integrals in

For cases of interest to us, A is about unity. Estimates of the

radial integrals of Zq.(12) can be made by using the tsbulated
+3 . -

. . <
_— . . 27 R . 28 - .
‘eigenfunctions Tor Pr given by Ridley and Rajnek. We might

B 5 . \ . : o :
hope that 4f"6p, being the lowest relevant excited configuration,

"

vwould produce a significant contribution to R; however,

e

the large

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

5

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

‘.b
L]
i
o)
e}
g
AN
Vany
[1nN
h
3
s
n
}.—b
g

‘Tor both n=2 and n=-3. It seems unlikely that other configurations

4f56h, could produce any anrpreciable ceontribuition to R.

1nvolv1ng the excitation of a 4r electron, such as 47Y57 or

7 f)
-3

A more atiractive class of conficurations
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”involve the excitation of an electron from a closed shell. For

L : . . fy 9
. E(T) not to be excessively large, and for (n (|l r°| n' f') to

) o
: : . . re S N N P
compete advantageously with (4f | r“ ! 4¢¥), we need consider only -

the outer shells of the atpm, namely 552 and 5p6. At first sight,
we might expect the high density of an s electron near the nucleus
to make the radial integrals (5s [ ° [ n'd) outweigh (4f | r”zj 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

'

near the nucleus,’

3

(s

contribution to the intepgral from the regilo

“which we would hope to be very large, consists of positive and
negative parts that cancel to a large extent.

We are left with excitations of a 51 electron to consider.

-

: - . . . .
or (Sp| 272 |{n' £') to be largs, the function charact

txf

(n' 4') should follow the 5p function near the nucleus, and have
as high a density there as possible. The 6p function fulfils

T4 A3 A4S T 4. P TR N LR = : P +5 27,28
these conditions. Using the tabilated eigenfunctions for Pr “,

we Tind

)

<

(splr Yi{6p) = 18 a.u.
These are to be compared to the integrals

(4 | v° | 4f) = 1.45 a.u.,

and
(42| r™2}) 4af) = 4.35 z.u.
Prom the energies of the 5p end 6p» electrons given by Ridley and
. i,L vaf = 5r- IsYatata) -1 g » a "_8 my
Rejnak, we estimate E(5p“8p) = 200000 cm™* for Pr™“. The only
- 5 ' | 1. .
state of 5p°6p that contributes to R is ~Dg; for all others & = O.
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Summing over all L in Zo.(11), we £ind A = ¢ Sinee both 5p

0

7

and 6n electrons are essszn 1y outer electrons, we should remove

the screening factor of 19 for VC’ mentioned earli:v in this

T e =7

.doubt some allowance should be made Tfor the use of eigenfunction

section. In all,

3 (-2.5)(18)(1100) ' -

2(1.45)(«.35) (200000)

Equation (13), we feel, gives a convincing explanation for

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

o

»

. .,3 ' n 3 . . e
for Pr’“, rather than for ®u ~; however, such corrections might

well De comDMLable to errors arising through our assumption that
all effects of the cwvstal lattice can Db represented by the term

V~-1n & .+ The outer maximum of the 6p eigenfunction for a free

. 45 \ o . . .

ion Pr™° occurs.at r = 2.0 & — a distance that, for an ion in
- . . e ' - +3

.the ethylsulfate laittice, would extend from the nucleus of Pr ©

. well into the interior of the oxygen atoms of the neighboring

ater molecules. Clearly, the ceniral fields of

“would strongly perturb the 6p eigenfuncition. According to

_ °g _
Marshall and Stuart, there 1s a general tendency for free-ion

eigenfunctions to expand when the ion is cwobd ced in a crystal

lattice, d this ef prb would almost certainly increase
(3p 1 r7 ) by a greater factor than that dy which (8p {r™° /[ 6v)
_is decreased, thereby affording a possible mechanler Zor bringlng

. the number - 1.1 of Bqg. (13) closer to the sxperimenial value of - &.
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It is interesting to draw a comparison with the work of Foley, Sternheimer,

. _ .
and Tycko on the quadrupole antishielding factor for Cs .o They-find that

the effective quadrupole moment for an external observer should be not @, but

(1L + v)a, vhere ¥ = 86.8. The greatest contribution to ¥ comes from the

excitation of the 5p eleCurons to higher p orbits. If the effect is treated

Ll

,

by perturbation theory, taking the np orbitales as the basls Tunctions (a procedure
the Foley et al. d4id not follow), it is not difficult to show that this contrivution

to ¥ can be vwritten as

) _‘l_‘fl_gz \>.— ' bp ' 1“2 ]il nw ) ( np l T—D J SE) (l).L)
= , p— ) ;
o E(5p”np) .

m

Strictly, the sum should also include states in the continuum. The constituents
of the term in the sum for which n=6 all occur in Eg.(12), though the zreater

U i e e e P + .
XTENnsion Ol Tae P orvi tal in the outer rcecaches of the ion Cs ) cornpared TO
- . - +3 . . . P - 2| A ~ .
the corresponding orbital of Pr ~, indicetes that (Sp l ro op) for Cs 1is

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

4D
redial integral for Pr 2. Bven if we ignore this increase, the contribution of

-
ja

the term (np) = (6p) to the sum (14) is as large as 12, taking E(5p76p) as 130000
-1 3L ~ . TR ..
e .7 Ve may ‘herefore conclude that the special properties of the 5p and Op

cel nfunctlons, pronertles that permit the radial integrals of r
the eigenfunctions to be both large and also opposite in sisn, are responsible

Tor the negative value of P.for Eu'” and also for a substantial part of the

large antishielding factor for Cs .

_/
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" Table I. Angular distribution coefficients.

(calc). B U F (calc)

Isotope B (kev) Spin sgéuéncea _'BéUZFZ at .02°K 2 ZF2 A
P<o- P>0
w2 s 2@ o0 - ~0.045 + 0.010 “0.046° +0.023°
calss ‘955’  : 2 @2 , +0.015 £ 0.010 - ;0.010 o -o 005 .
St ::-i_“1087, 1113" 2 (@) 0, 3(Q) 2 ‘-0.038't 0.010 0.0z o +0.021
A A:;Ll§O9I_.. - z(p)2 . -0.060 £ 0.005 (-0.050)  (-0.060) ’
¢a15“» | '1é1 o -2 (Q) O. o -0.029 + 0.005 -0.038% +6.019
"o ,‘".  548 b (Q) 2 ~0.050 £ 0.016 / -0.062  40.031 |
"o s 23 . small, > 0 +0.021  -0.010 f$
" o 725, 759 2 (D)2, 3(Q)k | -0.066 * 0.017 -0.056 °+o.028
A &5 . 2 @2 >0 0023 ~0.012
o 998, 1@07 o (Q)_O 3 (Q) 2 small, <0 -0.051 . 40.026
" 1277‘ C o2 (D) 2 | “"»-0.074 + 0.006 (-0.074) (-o;o7l+)e
" 1600 2 (D) 2 '-0.057 + 0.030 '-o.o7u +0.037

a) Dipole and Quadrupole are denoted by "D" and "Q".
b) Data for Sm”% and 7% are normalized to the 1409-kev Y-ray.

¢) DNormalized as in b) but using the sequence 3(. 85D, . .15Q) 2 required for P > O (see text)
d) Similar to b) but using the 1277-kev Y-ray for GdlSjr

e) As in c), but for the 1277-kev v-ray.

*ADY-2020T-T0N



Table 2. Conversion coefficients.

UCRL-102¢2- =Rev.

'Isotope

- Ga

E 10° oy Ref.
exp. EL M1 E2
sm0? 1409 499 £ .025 .47 1.50  1.05 10
154 1277 .72 £ .07 .63 2.1 1.k8 11
Table 3. Quadrupole moments of europium
Isotope. Q Qo Ref.
£, 151 - +0.95 (10)* +2.66 (28) 17
~Eul5‘2_ 2.61 (20) 6.26 (50) 16
CEpe3 +2.42 (20) +6.78 (56) 17
'EulSA‘ 3.24% (37) 7.78 (.88) this work

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

for assigning standard deviations to derived guantities.
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.‘Figr 1. Gamma-ray spectra of (a) EulSz + EulSh, (v) Euljg. These
' spectra were taken with 3" x 3" NaI(Tl) detectors and samples
‘consisting of the europium isoctopes in single crystals of
neodymium ethylsulfate. The yY-ray peaks mey be identified in
Figures (2) and (3). :
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Fig. 2. Partial decay scheme of Eulsz, showing transitions of

interest in this research. The 2- spin and parity assxbnlent
for the 1531 kev state of Sm*52 wzs confirmed.
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Flg 4. Anuular dlstrlbuulon Lanculon for the 1277-kev Y-ray of G& 15k
following the decay of “ulS oriented in neodymium ethylsulfate,as

" a function of re01procal temperature. The function DlOuteu is the

R . Qifference between the normalized 1ntens1t1es at 90 and Oo‘from
EE . the crystalllne axis. ' '
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Fig. 6. Intrinsic quédrupole moments vs neutron number for the europium
isotopes. Only in Eul®l and Euld3 are the signs of the Q 's
for the even isotopes the Q,'s ere assumed to' be positive? (a.)
and (Qo)lsu'are known to have the same sign. The totel poss
error is indicated in each case; the relative megnitudes are known
more precisely. .



