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Hyperfine anomaly in the z 'P„, level of the 4f '6s6p configuration of europium 1
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The hyperfine interaction constants of the z P7/2 and z 'P7/2 levels of the configuration 4f '6s6p of the isotopes
'"Eu and '"Eu have been remeasured with the laser —atomic-beam technique. The analysis yields values of
—6.80(26)% and —1.00(3)%, respectively, for the hyperfine anomalies. The anomaly in the z 'P7/2 level is the

largest so far observed and deviates considerably from the ground-state hyperfine anomaly. The experimental

values of the hyperfine anomaly are compared with a calculation based on Nilsson-type nuclear wave functions.

Possibly the electronic-state dependence of the hyperfine anomaly is due to core polarization.

INTRODUCTION EXPERIMENTAL SETUP AND PROCEDURE

The study of hyperfine structure in an optical
transition has long been an important tool for the
determination of nuclear ground- state multipole
moments. Precise measurements enable one to
probe, for example, variations in the distribution
of nuclear magnetization between various isotopes.
The development of narrow-bandwidth lightsources,
i. e. , tunable cw dye lasers, has considerably en-
larged the possibility and accuracy of such hyper-
fine studies.

The hyperfine splittings in the levels of the even-
parity configuration (4f) 6s6p of neutral europium
have been the subject of numerous investigations,
the major part being limited to the isotope 151.
Interferometric techniques have been used by
Mullez et al. , Kruger and Lange, and Kuhl;
Lange and Champeau used the level-crossing
technique. Recently a laser-atomic-beam high-
resolution study has been performed by us yield-
ing accurate hyperfine-interaction constants for
8 levels of this configuration for both Eu and

Eu. For the z I'z, 2 level we obtained hyperfine-
interaction constants that differed significantly
from the values obtained by Lange. This dis-
crepancy together with a possibly large hyper-
fine anomaly stimulated a more accurate study of
this level.

In this paper we report accurate measurements
of the hyperfine-interaction constants in the ex-
cited states z I'&,2 and z I'7/2 using an atomic
beam and a cw dye laser. The importance of cor-
recting the experimental results for second-or-
der hyperfine interactions is demonstrated. The
hyperfine anomaly in these levels, as calculated
from the corrected hyperfine-interaction con-
stants, is compared with the result of a calcula-
tion based on Nilsson-type wave functions for the
nucleus.

In the experimental setup the beam of a narrow-
bandwidth laser orthogonally intersects a highly
collimated atomic beam. The laser, a tunable
cw dye ring laser, pumped by a cm Ar' laser
(Spectra Physics 880A and 171, respectively) is,
in order to reduce the effective laser-bandwidth,
frequency locked on a wing of a transmission peak
of a highly stable confocal Fabry-Perot interfero-
meter (Burleigh CF 125). The frequency stabiliza-
tion circuit consists of two feedback loops. The er-
ror signal —the difference between a signal propor-
tional to the power output and a signal proportional to
the power transmitted by the etalon —is, after
amplification, applied directly to a piezoelectric
crystal. This piezoelectric crystal serves as a
mirror mount for one of the laser mirrors, which
has been thinned down to increase the high-fre-
quency response. In the second loop the error
signal is integrated and fed back to the galvo of
the ring laser, taking care of the large drift and
low-frequency jitter. In this way we have been
able to reduce the laser bandwidth to &2 MHz; the
limiting factor is the frequency cutoff (50 kHz) of
the high-voltage amplifier for the piezoceramic.

The atomic beam, produced by heating a tantal-
um oven using electron bombardment to a tem-
perature of about 1000 K, is strongly collimated,
resulting in a Doppler width of &1 MHz. The
laser beam perpendicularly intersects the atomic
beam and the fluorescent light is collected and
focused on a photomultiplier (EMI 9789QA). Care
has been taken to minimize stray light from the
laser beam and from the oven. The laser fre-
quency is adjusted to within 1 GHz at the atomic
transition frequency with the help of a Michelson
interferometer-type wavelength meter. A fre-
quency scan (maximum 5 GHz) is made by varying
the length of the locking etalon. To calibrate the
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scan a set of frequency markers is recorded
simultaneously with the atomic absorption spec-
trum. These markers are produced by recording
the transmission of a highly stable confocal Fabry-
Perot interferometer (Burleigh CF1500), which
has a free spectral range of -150 MH2'. The
photomultiplier signal is fed to a photon counter
and is transferred, together with the calibration
signal, to a minicomputer, enabling storage and
further data handling.

We have studied the transitions at X = 576.520
nm to the z P~~ level and at &= 626.696 nm to the
z P&,2 level, the former level being of great in-
terest for the study of the hyperfine anomaly. The
z P&,2 level has been included as a reference as
it exhibits a less complicated hyyerfine spectrum.
In the 576.520-nm transition of Eu the spectra of
the two isotop8s are completely separated, each
isotope spanning only 300 MHz approximately,
while their separation is -3.3 GHz. Spectra of the
two isotopes (natural abundancies 47.8/& and 52.2%
for 151 and 153, respectively) consisting of 16
hyperfine components each are shown in Fig. 1.
The necessity of a small instrumental linewidth

is obvious. The experimental linewidth of -3 MHz,
still larger than the natural linewidth (1.2 MHz
FWHM), is, in addition to this natural width,
composed of laser bandwidth, Zeeman broadening
due to stray magnetic fields, and residual Doppler
width. To minimize the latter, care has been
taken that laser beam and atomic beam intersect
perpendicularly by searching for the smallest
experimental linewidth while changing the relative
angle slightly. The Zeeman contribution, whose
presence is clearly visible in the splitting of the
E=1-E'=1 transitions in Fig. 1, has been re-
duced in later experiments with the help of three
mutually orthogonal sets of Helmholtz coils.

The experimental data have been analyzed as
follows. The spectrum was linearized by fitting
a polynomial of order (4 to the calibration peak
separations. A computer analysis of the linear-
ized experimental spectrum allowed for the ac-
curate determination of the frequency intervals
between the variouq- peaks and the separation of
some badly resolved peaks. The line shape was
assumed to be Gaussian. Sixteen different experi-
mental spectra, recorded on three separate oc-
casions, have been used in the analysis. The
theoretical intensity distribution reproduces accu-
rately the experimental intensities, corroborating
the assignment of the peaks. From the positions
of the peaks in each spectrum both the ground-
and excited-state magnetic-dipole and electric-
quadrupole hyperfine interaction constants A and
8 have been determined. The ground-state values
are within experimental error in accordance with
the results of atomic beam magnetic resonance
(ABMR) measurements. A determination of the
excited-state interaction constants, with the
ground-state interaction constants fixed on the
ABMR values, results in a fit between experi-
mental and calculated hyperfine splittings of equal
quality. This corroborates the calibration of the
interferometer, which is based upon experiments
on Na, Tm, and Dy.

The resulting excited-state interaction constants
A and & (typical errors are 20 and 450 kHz, re-
spectively) have been averaged and the final re-
sults are displayed in Table I. The errors cor-
respond to three times the statistical error. No

TABLE I. The magnetic-dipole and electric-quadru-
pole interaction constants of the 4f 6s6p z P7 i2 level.
The errors correspond to 3 times the statistical error.

V(MHz)

FIG. 1. The transition at 576.520 nm of Eu~. The
hyper6ne components are indicated by the values of the
total angular momentum of ground and excited state.
The upper number belongs to the excited state.

Isotope

isiEu
i53Eu

A
(MHz)

-6.196(8)
-2.986(6)

B
(MHE)

133.43 (13)
322.00 (28)
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systematic differences have been found between
the results of the three different runs although the
laser linewidth and the 'Zeeman broadening dif-
fered slightly from run to run.

THEORY

The hyperfine splitting of atomic energy levels
is caused by the interaction of the electrons with
the nuclear magnetization and the nonspherical
nuclear charge distribution. For all but the most
accurate measur ements the hyperfine interaction
can be described very well by the magnetic-dipole
and electric-quadrupole interaction, and the re-
sults expressed in terms of nuclear magnetic-
dipole and electric-quadrupole moments. The
finite electron probability density within the di-
mensions of the nucleus enables one to probe dif-
ferences in the nuclear magnetization distribution

between two isotopes, the measurable effect
whereof is, if the nuclear moments are known,
commonly expressed by the hyperfine anomaly
parameter.

Neglecting this small effect the Hamiltonian
describing the hyperfine interaction can be writ-
ten in the form

k
&e ' ~n

where T, , T„are tensors of rank k acting on
electronic and nuclear coordinates, respectively.
The hyperfine interaction couples the electronic
angular momentum J with the nuclear spin I to a
total angular momentum F. Using first-order
perturbation theory the perturbation energy due to
the hyperfine interaction equals

&»&I M. tH„. I
»~I M.& =( 1)"'-2

J

=(-1)' ' QA0, J k J~ I k

~-J 0 J, g-I 0 I,
where the Ak factors are related to the well-known multipole-coupling constants

IJ 1[J(J'+1)(2J+1}]''

J(2J- 1)
=4A2 =2s@l,(2J+ 2}(2J+])(J+1)

c =&s

D =24,

where p& and Q are the nuclear magnetic-dipole and electric-quadrupole moments, respectively.
An accurate description of the hyperfine interaction requires the use of relativistic electronic wave func-

tions. Sandars and Beck have shown that the use of an effective hyperfine Hamiltonian supersedes the
necessity of relativistic wave functions and enables one to use ~S-coupled nonrelativistic wave functions
as basis functions. The effective Hamiltonian has the same form as Eq. (1). The electronic part of the
magnetic-dipole and electric-quadrupole operators can be written in the form

f [s,(r, ')~p —410(s,c ) (r ) g+l (r )pg],
7f

(4)

7, '= —C»' «oa + s C l&
' « ~3+ s l&

4&+n I.a

where the summation extends over. all electrons
outside the closed shells, p& is the Bohr magne-
ton, and the quantities &r &0, are relativistic radial
integrals. I„s„and (s,&, ')' ' are the one-elec-
tron orbital-, spin-, and spin-dipole operators,

respectively. In the nonrelativistic limit

&0'1 )12 = &2'I &01=&2'$ )02

&2'1 &12= &2'i'&22 =o,
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o22, (i)= —pgr23)», hi=01, 10, 12,
4m I

bz2(i)= &r2 )» 2 kl =02, 13, 11.
4rap

(6)

&~, &„=4v«(~)),

where 6(r) is the Dirac delta function.
The evaluation of the radial integrals requires

the knowledge of the radial part of the wave func-
tions. Lindgren and Rosen have calculated these
radial integrals for all the rare-earth atoms with
various Hartree-Fock methods. A different ap-
proach is to consider the radial integrals as free
parameters, to be determined from a fit to the
experimental data. In that approach, in the case
of europium, experimental values of at least 5 A

factors and 2 B factors are required for the con-
figuration (4f) 6s6p. A reduction of the number
of unknown radial integrals is necessary if less

data are available and is made by mutually relating
some radial integrals using relativistic correction
factors or the ratios of calculated radial inte-
grals. The free-parameter approach implicitly
incorporates such effects as configuration inter-
action and core polarization. For convenience one
defines the so-called one-electron hyperfine pa-
rameters

The experimental hyperfine-interaction constants
A and & can then be expressed as a linear combin-
ation of these one-electron hyperfine parameters,
the coefficients in the expansion being the matrix
elements of the tensor operators in Eq. (4) be-
tween the angular parts of the wave functions.

Equation (3) implies that the ratio of the hyper-
fine-interaction constants A for two isotopes
equals the ratio of the nuclear gyromagnetic ratios
g&

——g~/I. This equality, however, is not exactly
fulfilled since the finite extension of the nucleus
and the distribution of nuclear magnetization have
been neglected in this simple treatment. The
deviation from the simple result is expressed in
the hyperfine anomaly 4, where

A(1)g~(2)
~(2)g, (1)

(6)

Hyperfine anomalies are generally small, at most
a few percent. To our knowledge no unambiguous
quadrupole anomaly has been found.

Before calculating the hyperf inc anomaly
from the experimental A values and gyromagnetic
ratios it is necessary to correct the A values for
second-order effects, i. e. , to calculate the hyper-
fine energy up to second order in perturbation
theory. The second-order hyperfine energy equals

d"—Q (-],) ' ' Q (-1)"""'"(2k+1)~
rt I J k JJJ' I I I

where the summation extends over all electronic levels except M and we assume that the hyperfine inter-
action does not mix the nuclear levels. The k =1 and k =2 terms can be written in a form that shows di-
rectly the correction to the hyperfine-interaction constants A&.'

q kq I k I' g ~
kkk. k ., (2k+k) fk q

k}{k
q k}g-J k O' -I OI, ~~~~ '}I I I J J' jq

x&~l IT."I I
o zg&o z

I
IT". I lo4&I I

11'„"
I I@&II IT".

'
I II) (6}

A calculation of these corrections requires the knowledge of the one-electron hyperfine parameters ~r and
&~r.

The effects on the hyperfine interaction of an extended nucleus relative to a point nucleus are, as stated
above, expressed by the hyperfine anomaly parameter. The finite extension of the nucleus, to which only
penetrating electrons (s and p2&q) are sensitive, results in a correction to the hyperfine-interaction param-
eters for a point nucleus. The relative effect of the distributed nuclear magnetization is known as the
Bohr-Weisskopf anomaly a». ' An extended nuclear charge with a pointlike magnetization also intro-
duces a correction to the hyperfine interaction parameters, known as the Breit-Rosenthal-Crawford-
Schawlow correction EgR. ' The corrected result is

A =A ~„(1+cog(1+ ce„).
The extended-charge correction has been calculated for a diffuse (Hofstadter) nuclear charge distribution
by Rosenberg and Stroke. The calcuh. tion of the Bohr-Weisskopf anomaly requires the knowledge of the
nuclear wave function. Describing the nuclear ground state by a superposition of Nilsson wave functions
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Iq& =2 & IN&i»,

one can write (A II —,')

1 I &~ j 1 j"
I g-(- )'' i&i 2 g. ().)a j I )

j' +g.(gJa, j s —
~

j')
&I I+1 t gg' & I 0 I t g ttRp& Roj

(10)

2t 2

+g.(b, h, (j (l)'"(sc ')'" —"( j' +g~Z {) )i ), ()I)
Roi - t 1

Nl I

' INl
(12)

where o = (Ra) '(Nl
l
2 lNl), and are calculated in

a straightforward manner using harmonic oscilla-
tor wave functions and standard angular-momen-. '

tum theory. The total hyperfine anomaly for a
single electron can now be written as

b - fev(1) —EBB(2)+E (1B)R—t R(2B),

where, generally,

(13)

~Bw(1) —~BW(2)» ~BR (1)—~BR(2)

DISCUSSION

where pl is the nuclear magnetic moment expres-
sed in nuclear magnetons, I is the nuclear spin,
and gL, , g„andg~ are the orbital, spin, and ro-
tational g factors, respectively. The atomic
parameters (b )B2lj(bg 2gj adn(bn)2, are defined
by Stroke et al. and can be extracted from their
tables for s and p~,2 electrons. The parameter v~

has been introduced by Reiner to account for the
influence of the collective nuclear rotation on the
radial distribution of the nuclear current density.
The equivalent parameter v2 is taken to be 0.8v~.
The reduced matrix elements in Eq. (11) can be
written as

(NljIIM(B(r/Ra) 'IINl'j')

crossing experiment requires the knowledge of the

g& factor of which no experimental value is known.
Lange has used g& ——1.798, calculated from the
intermediate coupling functions of Bordarier et al. '
The use of Smith's wave functions results in g&
=1.775. It might be suggested that the level-
crossing data together with our new hyperfine-
interaction constants can lead to an experimental
value of gJ . However, the 2.65 Gauss level cross-
ing l4, 3) x l5, 5) in "Eu cannot be reproduced by
varying the g& factor within reasonable limits.

For the calculation of the second-order correc-
tions the one-electron hyperfine parameters a&,

and b» are required [Eq. (5)], which have been
calculated as follows. With the intermediate-
coupling, electronic wave functions calculated by
Smith the matrix elements of the tensor opera-
tors in Eq. (4) have been evaluated. The Smith
functions, which take into account configuration
interaction, are mixtures of the configurations
(4f) 6s6p, (4f) (6s) 5d, and (4f) 5d6p, the (4f) 6s6p
contribution being dominant. We have restricted
the analysis of the hyperfine interaction constants
to those levels which have only a.slight amount of

151
Eu )I = 576.520 nm

50MHz

The results for the z ~I'»2 level, as shown in

Table I, are a factor of 10 more accurate than

previously published values. ' However, they
markedly differ from the results obtained by
Lange in a level-crossing experiment. We have

calculated the line positions for the 576.520 nm

transition with his values "'A =-6.51(6) MHz, ' B
=131.2(1.0) MHzj A=-2.64(3) MHzj B
= 327.5(1.5) MHz, and the result is compared with

our data in Fig. 2 using theoretical intensity ra-
tios. The differences are most pronounced in the
F=5-F'=4, F=5-F'=6 doublet and the F=4
-F'=5, F=3-F'=3, F=2-F'=2 triplet.
Lange's level crossing data for the isotope 151
are however reproduced better with A. =-6.3isi

MHz, B=132 MHz. The analysis of a level

(a)

III M gMAlg- g N M g IO ICIIA

(b)

V( h4Hz)

FIG. 2. The transition at 576.520 nm of ' 'Eu. Peak
positions calculated with Lange's (Ref. 9) results (upper
picture) and with present results gower picture). Peak
identification as in Fig. l.
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configuration interaction and are almost purely
(4f) 6s6p. In the appropriate coupling scheme
the 7 f electrons are coupled to an S core, the s
and p electrons tosP or P resulting in P, P,
and P multiplets. In this coupling scheme the
f electrons exhibit only a contactlike magnetic-di-
pole interaction and do not contribute to the elec-
tric-quadrupole interaction at all. This greatly
simplifies the analysis.

The magnetic- dipole hyperf inc interaction in
configurations with an unpaired s electron is com-
monly dominated by the contact interaction of the
s electron. This is also the case for europium.
The small value for A(z &7/2) is caused by the very
small value of the "angular" coefficient of the
aqua(6s) parameter, a result of accidental cancella-
tion of diagonal and off-diagonal matrix elements
in the intermediate coupling calculation. This
cancellation reduces the pure I-S coupling value by
a factor of 200.

The ~, one-electron hyperfine parameters have
been extracted from the expression"

&,~ = pbbs f(6p) + vbpm(6p); (16)

For the isotope 151 the ~, parameters have been
determined from a least-squares fit to the experi-
mental & factors of seven levels which are al-
most purely (4f) ~6s6p (see Table 11). The param-
eter aqua(6P) has been discarded by relating its
value to the value of soq(6p) using Kopfermann's
relativistic correction factor -0.096 (Z« ——Z —4).
For the other isotope two alternative procedures
are possible. The same procedure as for the 151
isotope can be followed. In this case only 5 ex-
perimental A factors are available to evaluate 4
parameters. Alternatively, neglecting the hyper-
fine anomaly the one-electron hyperfine param-
eters ~, and @& can be related using the ra-
tio of the gyromagnetic ratios ~&/ ~& —— gq/'

g&. Both approaches have been followed, result-
ing in only slightly different one-electron hyper-
fine parameters for the isotope 153. In Table II
the results are given for the first procedure.

The 5» parameters have been extracted from the
expression

A,~ = nag(4f) + Pa&p(6s) + yahoo(6p)

+ bao~(6p) + t aq2 (6p) . (14)
7 and 5 experimental values are available for the
isotopes 151 and 153, respectively. The direct

TABLE II. Analysis of the hyperfine-interaction constants. The table gives experimental hyperfine-interaction con-
stants, second-order corrections, corrected hyperfine-interaction constants, and the results of the effective-operator
formalism calculation (all in MHz). The errors in the experimental values correspond to the statistical error. Exper-
imental data for thez PS/2, z Pg/2, ands PS/2 are from Ref. 6; for the z P levels from Ref. 1.

iSiEu
Level

z PS/2
8

z Pv/2
8

z Pg/2
8

z PS/2
6

z Pv/2
6

z PV/2
ip

2 Pg/2
ip

iSiA

-606.8 (4)
-236.12(1)

664.9(5)
-590.7(5)

-6.096 (2)
968.6(6)

1023.1(3)

0.0104(1)
0.0175(2)
0.0924(9)
O.3226(32)
0.3329(33)
0.0548 (5)
0.0613(6)

-606.8 (4)
-236.14(1)

664.9(5)
-591.0 (5)

-6.429 (4)
968.6(6)

1023.0 (3)

iSiLaic

-600.3
-236.3

675.1
-602.7

-7.0
962.6

1023.6

iSi
+expt

6s(4)
-2O2.1(2)

296 (7)
-354(4)

133.43 (6)
157.3(6.0)

-503.2 (3.0)

iSigg

-1.48(2)
-4.28(4)

5.47(6)
-4.09(4)

7.84(8)
2.S1(2)
2.91(3)

66.5(4.0)
-197.8 (2)

291(7)
-350(4)

125.59(7)
1548(6.0)

-506.2 (3.0)

iSf&c~c

66.9
-192.7

289.4
-372.4

138.3
160.2

-493.2
afp(4f) = -78.3(3.3) MHz
afp(6s) = 10065(48) MHz

apf (6p) = 442(22) MHz

ai2 (6P)= 862(31) MHz

b«(6p)= -70(16) MHz

bp2 (6p) = 1071(20) MHz

Level

z PS/2
8

z P~/2
8

z Pg/2
z PS/2
z 6PV /2

iSS~

-268.6 (3)
-105.30(1)

294.9(2)
-263.3(3)

-2.986(2)

0.0109(3)
0.0036(6)
0.0115(1)
0.0855(2)
o.os87(2)

fSS&c~

-268.6(3)
-105.31(1)

294.9(2)
-263.2(3)

-3.045 (2)

iSS~

-268.4
-106.2

294.2
-264.4

-2.49

iSS

166(3)
-505.2 (2)

72S(3)
-919(3)

322.O(1)

iSSgg

-0.17 (1)
-0.78 (1)
1.20 (1)
0.63 (1)
1&3(2)

166(3)
-504.4(2)

724(3)
-920(3)

32O.2(1)

iSS&cue

167.6
M80.4

714.1
-932.1

327.1,
afp(4f)= -38.0(8) MHz

aip(6s) = 4375(21) MHz

apf (6p) = 208.3(4.1) MHz
ai2(6p) ~ 361.8(6&) MHz

b«(6p) = -147(26) MHz
bp2(6p)= 2653(41) MHz
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analysis for both isotopes yields one- electron
hyperfine parameters bn(6P) and bN(6p) whose
isotopic ratios are, within the limits of error, in
accordance with the ratio of the Sq,2 ground-state
electric-quadrupole hyperfine-interaction con-
stants. '

Once the one-electron hyperfine parameters are
known the second-order corrections can be eval-
uated, again using Smith's wave functions. In the
calculation, made with the computer program
SWORD, only the nearby levels of the (4f) 6s6p
configuration, i.e. , the z P, z P, z 'P, andy P
multiplets, have been taken into account. Only
the dipole-dipole, dipole-quadrupole, and quad-
rupole-quadrupole contributions to &A& are of
importance and have been evaluated. Due to the
large value of asap(6s) the dipole-dipole contribution
is by far the most important. The corrections,
shown in Table II, have been evaluated only for the
(4f) 6s6p part of the wave function. This is a good
approximation since all the zP terms are at least
96.2% pure (4f) 6s6P, and the contribution of the
remaining two configurations is, in the absence
of an unpaired s electron, expected to be small,
even in levels with a relatively large amount of
configuration interaction. As the second-order
corrections are of the order of a MHz and most
pronounced in the z Pqi2 level, the extraction of
the one-electron hyyerfine parameters has been
repeated, now from the corrected hyyerfine-inter-
action constants. This second set of hyperfine
yarameters has been used to recalculate the sec-
ond-order corrections. The difference between
the first and second set of corrections is of the
order of 1 kHz only. Inclusion of higher multiyole
moments does not modify the final values of the A
and B factors.

In Table II we list the experimental A and 8 fac-
tors, the second-order corrections (second set),
the corrected A and & factors, and the values
calculated from the resultant one-electron hyper-
fine parameters. The experimental results for the
z P5,2, z P9,2, and z P5~ levels are from Ref. 6.
The results for the z P7,2 and z P9/2 levels of

' Eu have been taken from Ref. 1, whereas the
z'P&, 2 and z P„2 levels have been remeasured in
the present experiment. The agreement between
the calculated and corrected experimental i5i

factors (rms deviation= 17 MHz} has improved
compared to Lange's analysis (rms deviation=25
MHz). An equal improvement is observed in the
analysis of the ' & factors compared to the ana-
lysis of Champeau et al.' (rms deviations 29 iiHz
and 37 MHz, respectively}. This improvement
can be traced back to the exclusion of the y P
levels, with a considerable contribution of the
(4f) 5d6P configuration, from the present analysis.
The values of the ~, and b» parameters, however,
do not differ appreciably from Lange's and Cham-
yeau's values. The errors in the values of 5A

15i

and 5B reflect directly the 0.5/0 error in the
value of asap(6s). The errors in the values of 5A
and ' &~ are a measure of the difference between
the results of the two approaches mentioned be-
fore. The values themselves are equal to the
arithmetic mean of the two results.

Table III lists the ratios of the corrected A and
8 factors of Fu and Eu together with the ra-
tios of nuclear magnetic-dipole moments and
ground-state electric-quadrupole interaction con-
stants and the derived hyperfine anomalies (HFA)
for the z P&12 and z Pq~ levels. The ratio of the
corrected & factors agrees very well with the
ground-state ratio and no quadrupole anomaly is
observed. The magnetic- dipole hyperfine anomaly
in the z P7,2 level belongs to the largest so far
observed and deviates considerably from the
ground-state hyperfine anomaly (-0).

The calculation of the hyperfine anomaly pro-
ceeds as follows. The Breit-Rosenthal-Crawford-
Schawlow correction &» for a Hofstadtez-type
nuclear charge distribution has been extracted
from the table of Rosenberg and Stroke, sea(151)
—&ea(153}=+ 0.012%. The Bohr-Weisskopf anom-
aly has been calculated with the help of Eq. (11).
For Eu (I= ,') we used the N—ilsson wave func-
tion for the —', I 402] orbital ' with a deformation
parameter p = 0.14 ' and the known value of

TABLZ QI. The ratios of the corrected magnetic-dipole and electric-quadrupole hyper-
fine-interaction constants for the z 6P712 and z Pv i2 level, together with the ratio of the mag-
netic moments (Ref. 29) and ground-state electric-quadrupole hyperfine-interac, ;ion constants
(Ref. 8). The last column gives the differential hyperfine anomaly. Errors are calculated
using three times statistical errors in the experimental data.

Level

z Py)2

z Pz/2
8

151~/LN~

2.111(6)

2.242(7)

151~/ISSUE

2.265 05 (42)

151'/1 58~

0.3922(34)

0.3918(13)

iSic/i5S g

0.3928 (20)

i SigiSS

-6.80 (26)%

-1.00(3) k
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the nuclear magnetic dipole moment p,~
= 3.463 60(6)P&. For Eu(I= 5) the 5'[413] orbi
tai, with P =0.21 and p1 = 1.5292(8)p&, has been
used. We took' =1, g, =0.6g", "=3.35, g„

0 4y &) ~ and P~ 0 56 With these
functions and gyromagnetic ratios the nuclear
magnetic moments are reproduced satisfactorily.
The electronic parameters bL, , b„and b~ have
been obtained by interpolation between the 2 =60
and Z =65 values in the table of Stroke et al. as-
suming mass independence for ~=2. This cal-
culation yields

$,„(151),=0.79%%u,

$,„(153},=0.73%,

zzv(151)~, =0.12%,

zsv(153)$1,$ = 0.11%%ua ~

Reiner gives 5» (153),=0.6'%%uo using the shell-

model state g5a,' Crecelius calculates $&v(151),
=1.3% for the Nilsson state —,

' [402]. A calcula-
tion based on the shell-model state d5,$ yields
$»(151),=1.7% using g, =g", ", and &»(151),
=1.3% using g, =0.6g'," . The simple empirical
formula of Moskowitz and Lombardi$ 5= &/p (I,
= l + —,', l is the odd-particle orbital angular mo-
mentum}, which has proved to be in good agree-
ment with experimental results on Hg, Au, and
Ir, is not applicable to the case of europium.
The Breit-Rosenthal correction is seen to be a
factor 5 smaller than the calculated differential
Bohr-Weisskopf anomaly of the s electron and
will be omitted in the remaining discussion. The
contribution of the s and pq/2 differential anoma-
lies to the total HFA is proportional to the re-
spective contactlike contributions to the hyperfine-
interaction constant A, which can be extracted
from the parametric expressions

A ('P5a }=0.824 54a1${4f)—0.000 49a1$ (6s) —0.039 99a„(6p}+ 0.203 83a$1 (6p) —0.033 89a1$(6p},

A{P5a) =0.926 54a1$(4f) —0 033 1.3a1${6s)- 0.024 56a1$(6p) + 0 11906a$1(6p) +0.134 56a1$(6p),

resulting in n:{P5a) = 0.76&$sw and & {Pvn)
=1.416&~„where the small p~/2 contribution to the
HFA has been neglected and &$5„=&$„(151}
—ez„(153). The aforementioned tzv values yield
values for ' n ' {P5,$) between 0.05% and 0.84/o
and d, ' {P5a) between 0.08% and 1.6%%u~. It is
seen that the result of the calculation of the Bohr-
Weisskopf anomaly does not reproduce the experi-
mental results for the z P7/2 level, i.e. , the nu-
clear wave functions and parameters are unable
to explain the experimental HFA.

The hyperfine anomaly of a pure 6s electron
can be extracted from the experimental

anomaly, using
151+15$ (A /Ag151n15$ (16)

A, is the contribution to the A factor arising from
the contact interaction of the unpaired 6s electron.
Neglecting core polarization A, is given by the
product of a1$(6s) with the angular coefficient p
[E11. (14)]. Substituting the values of n and
A, , from Tables II. and III as well as the value
of Ag = 0.033 13a1$(6s)] for the level. z P7/5 re-
sults in a,' =-0.71{4)%. This value agrees
within experimental error with the average over
the three levels z P~/2, z P&/2, and z Ps/2

[—0.7(1)%], with the values for the z P$a
[-0.64(14)%] and the z 'P5a[- 0.64(10)%] levels 5

and Baker and William's value for the 87/2 ground
state of Eu [-0.65(11)%]." However, for the
level z P5a a value ' n,' =-8.8{4)%is obtained
[with A, =-0.00049a1$(6s)], which does not add to

I

this consistent picture. This level is character-
ized by a very small contact hyperfine interaction
due to canceling diagonal and off-diagonal matrix
elements (P =-0.00049}which, however, accounts
almost completely for A„, indicating that the con-
tributions of the p and f electrons cancel almost
exactly. Alternatively, the anomalies can be
made consistent with a value of P =-0.0062 for
the z P7/2 level. A very slight change in the wave
function can easily account for this change in P.
However, to retain the satisfying correspondence
between calculated and experimental hyperfine-
interaction constants {see Table H) one has to mod-
ify the values of the remaining angular constants
much more drastically. Thus in order to improve
the consistency of '"4',"one has either to give up
the consistency of the calculated and experiment-
al A factor or one has to assume that the electronic
wave function for this level is seriously in error.
There is, however, no further indication that this
wave function, as calculated by Smith, is less re-
liable than the others. The absence of a quadru-
pole anomaly after addition of the second-order
corrections gives considerable support to this
statement. The anomalous value of '51k™(zP&~$),
which clearly is not of nuclear origin, is conjec-
tured to be at least partially due to core polariza-
tion, but remains unexplained.
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