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Ground-state hyperfine-structure measurements of unstable Eu1 isotopes in a Paul ion trap

K. Enders,1 E. Stachowska,1,* G. Marx,1 Ch. Zölch,1 U. Georg,1 J. Dembczynski,1,* G. Werth,1

and ISOLDE Collaboration2
1Institut für Physik, Universita¨t Mainz, D-55099 Mainz, Germany

2CERN, Geneva, Switzerland
~Received 25 October 1996!

Hyperfine separations in unstable Eu1 ions of mass 148, 149, and 150 have been measured in laser-
microwave double-resonance experiments in a Paul ion trap. In spite of the small available quantities of the
isotopes, the experimental uncertainties are of the order of 1028 or below, which is of the same order as in
earlier measurements on stable isotopes of Eu1. Extensive second-order perturbation calculation is required to
obtain coupling constants for magnetic-dipole (A) and electric-quadrupole (B) interactions. The uncertainties
are a few times 1027 for A and 1023 for B. The experiments are a step in an attempt to determine the
differential hyperfine anomaly~Bohr-Weisskopf effect! in a long chain of isotopes.@S1050-2947~97!02807-2#

PACS number~s!: 32.30.Bv, 32.80.Pj, 21.10.Ma
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I. INTRODUCTION

In the central-field approximation the electronic wa
functions depend on only one property of the nucleus:
total chargeZ. Thus two isotopes of the same eleme
should have the same electronic wave functions and the
trix elements of hyperfine structure~hfs! magnetic dipole op-
erator should be identical for both isotopes. In such a c
the relationship

A~1!

A~2!
5

m I~1!I ~2!

m I~2!I ~1!
5
gI~1!

gI~2!
~1!

should hold@1#, whereA(1), m I(1), I (1) andg(1) are the
magnetic dipole hfs interaction constant, nuclear magne
dipole moment, nuclear spin, and nuclearg factor, respec-
tively, of isotope 1~and the same for isotope 2!. All the
quantities appearing in Eq.~1! can be measured. When the
measured values are applied, Eq.~1! is often found to be
incorrect because the distribution of magnetization over
extended nuclear volume has not been taken into acco
Deviations from the above simple relation are expresse
terms of a hyperfine anomaly1D2:

1D25
A~1!gI~2!

A~2!gI~1!
21. ~2!

Nuclear models could in principle predict the magnitu
of 1D2. Fujita and Arima@2# have performed calculation
considering the magnetic interaction energy as a produc
the nucleon current and the vector potential of the electr
at the nucleus. The agreement of calculated values of1D2 to
experimental values, however, is not satisfactory. Surp
ingly good agreement for the case of Hg, which is the o
case where experimental data on several isotopes are a
able, is obtained by a simple empirical rule of Moscow

*Permanent address: Instytut Fizyki, Politechnika Poznan
Poznan, Poland.
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and Lombardi@3#, that the difference between the calculat
and measured value ofA is inversely proportional to the
nuclear magnetic moment. Quite generally, however, the
tus of our understanding of the hyperfine anomaly is rat
poor. Büttgenbach@4# has reviewed the status of experime
and theory some time ago, and to our knowledge no sign
cant progress has been made on the experimental as we
on the theoretical side since then. This may be caused by
fact that reliable data exist only for the stable isotopes of
element. A renewed interest in the subject may arise w
systematic and precise data on a long chain of isotopes
available. This has motivated us to start spectroscopic
periments on a chain of isotopes.

In order to determine the hyperfine anomaly1D2, the ra-
tiosA(1)/A(2) andgI(2)/gI(1) have to be measured by tw
independent experimental methods. The experiment of la
microwave double resonance in a Paul trap allows one
measure hfsA constants with relative uncertainties o
10210 or below @5#. g-factor measurements using Penni
traps and strong superimposed magnetic fields have res
in values accurate to about 1026–1027 @5#. This is more than
adequate for the investigation of hyperfine anomalies si
the typical magnitude of1D2 is 1022–1023.

In our investigations we have chosen Eu as a candid
since it offers many isotopes of long lifetime and nonze
nuclear spin~see Table I!. The unstable isotopes are pro
duced by nuclear reactions at the CERN-ISOLDE facility
rates of 108–1010 s21 after mass separation. After collectio
on platinum or rhenium filaments there is sufficient time
perform spectroscopic experiments off the production are
our laboratory at the University of Mainz. The Eu nucl
(Z563) can be described in a frame of a single-parti
model since it has a one-proton hole in the 5d subshell. At
N582 we have a closed neutron shell. Data on isotope sh
are available from collinear laser spectroscopy@6#, which
gives data on deformation parameters of the unstable nu

Recently we have demonstrated that the hyperfine st
ture of radioactive ions can be investigated successfully
ing the ion trapping technique@7#. In our previous work on
the stable isotopes151Eu1 and 153Eu1 we have shown tha
a,
265 © 1997 The American Physical Society
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266 56K. ENDERSet al.
magnetic-dipole hfs constantsA for the ground state can b
obtained by the laser-microwave double-resonance techn
with an accuracy of about 1028. Using the ratio
gI(2)/gI(1) measured directly by Evans, Sandars, a
Woodgate@8#, we were able to determine the value of h
perfine anomaly with a high accuracy:151D1535
20.006 63(18)@9#.

In this work we report the results of laser-microwa
double-resonance experiments in a Paul trap as an impo
step towards the determination of hyperfine anomalies. It
lowed us to give the ratioA(1)/A(2) for several isotopes o
Eu. The magnetic-dipole constantsA have been corrected fo
the effect of mixing of the electronic wave functions via t
nucleus using the method described in@9#. As a by-product
we obtain accurate electric-quadrupole constantsB for the
isotopes148Eu1, 149Eu1, and 150Eu1.

II. EXPERIMENTAL SETUP

The experimental setup is nearly identical to that in R
@9# with some improvements in the optical detection syste
We used a hyperbolic-shaped Paul trap of 4 cm diame
driven by a~nominal! 400-kHz oscillator. Isotopes were co
lected in quantities of 1012 particles each on a platinum o
rhenium filament at the ISOLDE-CERN facility. The fila
ment was placed in a slot in the lower end cap of the tr
Heating of the filament for typically 10 s to temperatures
about 1200 °C produced ions by means of surface ionizat
An estimated fraction of 1026 of them was slowed down by
collisions with neutral buffer gas molecules (N2) at
1024 mbar and confined for several hours in the trap. T
buffer gas collisions served also for moderate collisio
cooling of the ions and for quenching of long-living met
stable electronic states into which laser-excited ions may
cay.

A laser of typically 2 mW power from a frequency
doubled Ti:sapphire laser passes the trap in thex-y plane
through two holes of 4 mm diameter and excites the
cloud. Laser-induced fluorescence is collected throug
mesh end-cap trap electrode, a collection optic, a pinhole

TABLE I. List of long-living Eu isotopes.

Isotope Nuclear spin Half-life

145Eu 5
2 5 d

146Eu 4 4.6 d
147Eu 5

2 24 d
148Eu 5 54 d
149Eu 5

2 93 d
150Eu 5 36 a
151Eu 5

2 stable
152Eu 3 13 a
153Eu 5

2 stable
154Eu 3 8.8 a
155Eu 5

2 5 a
156Eu 0 15.2 d
157Eu 5

2 15 h
158Eu 1 0.77 h
159Eu 5

2 0.31 h
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stray-light suppression, and a GaAs photomultiplier tub
The output of the photomultiplier is transferred for furthe
handling to a personal computer, which also provided t
timing sequence for microwave frequency steps. Typic
counting rates at resonant excitation were several 103 Hz
from a cloud of about 105 ions.

III. MEASUREMENTS

A measurement cycle contained the following steps. Af
storage the light from the laser was tuned across
9S4-

9P5 electric-dipole resonance at 382 nm. The fluore
cence spectra showed partially resolved hyperfine splittin
of this line. Figure 1 shows the isotope148Eu1 as an ex-
ample. The spectral resolution is limited by Doppler broa
ening. From the linewidth of 5 GHz~full width at half maxi-
mum! a temperature of 3800 K is derived. The resolutio
was sufficient to excite selectively several hyperfine comp
nents of the ground state and deplete them by optical pum
ing. Microwave-inducedDF561 transitions from neigh-
boring hyperfine levels are detected by the increase
fluorescence intensity. For high microwave power we o
serve three resonances according to the different polar
tions of the microwaves~Fig. 2!. For high-resolution mea-
surements we concentrated on thep component. At lower

FIG. 1. Doppler-limited laser-induced fluorescence spectrum
trapped radioactive148Eu1 ions.

FIG. 2. Low-resolution scan of theF58→F57 microwave-
induced hyperfine transition in the9S4 ground state of radioactive
148Eu1, showing theDmF50,61 components in a residual mag
netic field of about 6mT.
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56 267GROUND-STATE HYPERFINE-STRUCTURE . . .
microwave power the Zeeman substates in a residualB field
of typically 6 mT were resolved~Fig. 3!. Finally, the central
part of the Zeeman pattern was recorded with high resolu
and the center of the resonance pattern was determined
linewidth was limited to a few 100 Hz by power broadeni
and by magnetic-field inhomogeneities.

A typical time for the measurement of one hyperfine sp
ting was about 5 h including repetitive scans to improve th
signal-to-noise ratio. We have measured for each isotope
different hyperfine intervals. As a consequence, we had m
data than needed to determine the hyperfine coupling c
stants. The additional data served, however, for consiste
checks for the corrections from the complex perturbation c
culation. Table II lists the experimentally obtained splittin
between different hyperfine levels. The error bars are pu
statistical~1s! and result from the average of several me
surements. The numbers are corrected for the influence
quadratic Zeeman shift. Only in a few cases the correc
exceeded slightly the statistical uncertainty.

We note that in spite of the low number of available p
ticles the experimental uncertainties are generally sma
than those obtained in our previous experiment on the st
isotopes of Eu1 @9#. This is due to technical improvements
the apparatus, in particular in the optical detection syste

IV. DETERMINATION OF THE hfs CONSTANTS

From our earlier investigations of the hyperfine structu
in the ground state of europium isotopes151,153Eu1 as well as
150Eu1 @7,9# it is known that hfs interactions that mix elec
tronic states with differentJ quantum numbers play an im
portant role and cannot be neglected. This manifests itse
deviations from the Lande´ interval rule. To take this into
account the ‘‘repulsion effect’’ between different hfs suble
els with the same quantum numberF has been calculate
using second-order perturbation theory. In this case the
ergy shift is given by
n
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dWF~C,J!5u^C,JIFmFuHhfsuC8,J8IFmF&u2/

@E~C,JF!2E~C8,J8F !#, ~3!

where uC& denotes the real fine structureSLJ state ~wave
function in intermediate coupling! written in SL basis.
I ,F,M are good quantum numbers characterizing the real
state. The Hamiltonian aperatorHhfs can be written as

Hhfs5( TN
K(

k,k
~Tel

~kk!K1X~kk!K!, ~4!

whereTN
K is the nuclear multipole moment operator of ord

K @10#, Tel
(kk)K is the electronic one-body hfs operator@10#,

X(kk)K is the two-body hfs operator, andk and k are the
tensor rank in spin and orbit space, respectively~for more
details see@11#!. The matrix element in the numerator of E
~3! can be expressed as a function of one- and two-body
radial parametersanl

kk , bnl
kk , ai , andbi , respectively@11#. To

FIG. 3. High-resolution microwave scan of theDmF50 part of
the F58→F57 hyperfine transition in the ground state
148Eu1 in a residual field of about 6mT.
ns in
TABLE II. Experimentally obtained transition frequencies between ground-state hyperfine transitio
different Eu1 isotopes

Isotope TransitionF→F8 Frequency~Hz! Uncertainty

150Eu 8→9 5 393 263 079~9! 1.731029

7→8 4 793 088 792~14! 2.931029

6→7 4 193 240 682~23! 5.531029

5→6 3 593 677 733~12! 3.331029

4→5 2 994 358 980~26! 8.731029

149Eu 11/2→13/2 10 311 366 164~12! 1.131029

9/2→11/2 8 721 591 347~8! 1.031029

7/2→9/2 7 133 524 668~9! 1.231029

5/2→7/2 5 546 853 094~76! 1.431028

3/2→5/2 3 961 264 983~91! 2.331028

148Eu 8→9 4 657 266 064~9! 2.031029

7→8 4 139 049 973~8! 2.031029

6→7 3 621 096 128~15! 4.231029

5→6 3 103 371 426~43! 1.431028

4→5 2 585 843 300~13! 5.131029
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268 56K. ENDERSet al.
obtain preliminary values of the magnetic-dipole hfs para
eters for each isotope under study we assumed in the
step that

anl
kk~zEu1!

anl
kk~153Eu1!

5
ai~

zEu1!

ai~
153Eu1!

5
Aexpt~

zEu1!

Aexpt~
153Eu1!

, ~5!

wherez5148, 149, or 150 andAexpt(
zEu1) are the experi-

mental values of the hfs magnetic-dipole constant fr
Table III ~column 3!. The values of Aexpt(

153Eu1),
anl

kk(153Eu1), andai(
153Eu1) were taken from@9#. The pro-

cedure described here was applied for each isotope u
study. In a second step, the hfs radial parametersanl

kk , bnl
kk ,

ai , andbi were used to determine the energy shiftsdWF of
each hfs sublevel, caused by second-order hfs perturba
In the calculations, the perturbing states withJ53 and 5,
like those in@9#, were taken into account and wave functio
in intermediate coupling were used for the perturbed stat
well as for all perturbing states. Improvements in the cal
lation compared to Ref.@9# were obtained by new and accu
rate values of the hyperfine splitting of the7S3 metastable
state, which acts as the most important perturbing st
These measurements will be published separately@12#.

The nonlinear correction cannot be implemented in a
ear fitting routine used for the solution of the linear expa
sion of the hfs interaction. Therefore, the energy sh
dWF were first used to correct the measured hfs interv
Then the hfs constantsAcorr(

zEu1) andBcorr(
zEu1) were ob-

tained by fitting to the corrected hfs intervals. This allow
us to calculate the values of the one- and two-body hfs
rameters for magnetic-dipole as well as electric-quadrup
hfs interactions using the relations

anl
kk~zEu1!

anl
kk~153Eu1!

5
ai~

zEu1!

ai~
153Eu1!

5
Acorr~

zEu1!

Acorr~
153Eu1!

, ~6!

bnl
kk~zEu1!

bnl
kk~153Eu1!

5
bi~

zEu1!

bi~
153Eu1!

5
Bcorr~

zEu1!

Bcorr~
153Eu1!

. ~7!

TABLE III. Experimental and corrected values of the hfs co
stants for the magnetic-dipole (A) and electric-quadrupole (B) in-
teraction in the ground state 4f 7(8S)6s 9S4 of the unstable isotope
148,149,150Eu1. Columns 3 and 4 correspond to the values of
constants uncorrected and corrected for second-order hfs int
tions, respectively. Errors given in column 3 are purely statistic
All values are given in hertz.

Isotope
hfs

constant Uncorrected Corrected

148Eu1 A 517 302 217~5! 517 281 950~150!
B 4 579 440~85! 2292 630(1000)

149Eu1 A 1 585 640 944~10! 1 585 450 570~250!
B 9 637 340~240! 2534 850(1900)

150Eu1 A 599 037 743~12! 599 010 680~200!
B 5 698 770~430! 2839 730(3000)
-
rst

er

n.

as
-

e.

-
-
s
s.

a-
le

The values of Acorr(
153Eu1), anl

kk(153Eu1), ai(
153Eu1),

Bcorr(
153Eu1), bnl

kk(153Eu1), andbi(
153Eu1) were taken from

@9#. The values of the corrected hfs constants are given
Table III ~column 4!.

V. DISCUSSION

An analysis of the results presented in Table III and tho
in Table II in @9# leads to the conclusion that second-ord
hfs interactions influence the hyperfine structure of
ground state of all unstable isotopes under study in
same way as for the stable isotopes151,153Eu1, despite the
difference in nuclear spins:I (150Eu1)5I (148Eu1)55
and I (149Eu1)5I (151Eu1)5I (153Eu1)5 5

2. Consideration of
the hfs second-order effects did not change strongly the
ues of magnetic-dipole hfs constantA. The differences
DA5@A(zEu1)/A(z11Eu1)#uncorr2@A(zEu1)/A(z11Eu1)] corr
were about 231025 only and thus we think that an unce
tainty of our calculations cannot influence significantly t
precision of correctedA ratios necessary for the determin
tion of hyperfine structure anomalies. The ratios are given
Table IV.

The values of the hfs constantB are particularly sensitive
to the second-order hfs corrections@14#. The constantsB
have changed not only their values but also their sign a
the above corrections. The results of our present experim
and calculations allow us to determine the values of nuc
quadrupole momentsQ for all investigated isotopes usin
the conventionally assumed relation between the hfsB con-
stants and quadrupole momentsQ: B(z Eu1)/B(xEu1!
5Q(zEu)/Q(xEu) (x5151 or 153). As reference we hav
taken B(151Eu1)52690 612(70) Hz or B(153Eu1)5
21 759 520(180) Hz and the nuclear moment valu
Q(151Eu)50.903(10) b orQ(153Eu)52.412(21) b from
muonic x-ray measurements@15#. The final results are listed
in Table V.

They are in good agreement with the values published

ac-
l.

TABLE IV. ExperimentalA ratios @A(zEu1)/A(153Eu1)#corr (z
5148,149,150,151) for the ground state 4f 7(8S)6s 9S4 , necessary
for the determination of hyperfine anomalies.

z Acorr(
zEu1)/Acorr(

153Eu1)

148 0.755 634 89~23!
149 2.315 993 76~40!
150 0.875 022 55~31!
151 2.250 034 927~35!a

aReference@9#.

TABLE V. Spectroscopic nuclear electric quadrupole mome
Qs of the isotopes148,149,150Eu1 ~in barn!.

Isotope

Qs

This work Other work

148Eu1 0.392~10! 0.35~6!a

149Eu1 0.716~17! 0.75~2!a

0.74b
150Eu1 1.125~27! 1.13~5!a

aReference@6#.
bReference@13#.
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56 269GROUND-STATE HYPERFINE-STRUCTURE . . .
Ahmadet al. In the case of the isotope150Eu1 for which the
preliminary valueQ(150Eu)51.264(23) b was reported b
us earlier@7#, the present additional and more accurate m
surements and calculations indicate that the above giveQ
value should be smaller:Q(150Eu)51.125(27) b. This
more precise value confirms the result given in@6# ~see Table
V!. On account of the experimental data and accuracy of
hfs second-order corrections we were able to establish
upper limit of the magnetio-octupole interaction constantC
and electric-hexadecapole interaction constantD of the
ground state of148,149,50Eu1 to be not higher than a few
hertz.

VI. CONCLUSION

We have determined the magnetic-dipole (A) and
electric-quadrupole (B) hfs constants in the ground state
the unstable europium isotopes148,149,50Eu1. For the
magnetic-dipole hfs constantsA our results are about two
orders of magnitude more accurate than required for the
termination of hyperfine structure anomalies at the 1% le

The present values of electric-quadrupole momentsQ ob-
tained fromB values are more accurate than those giv
before@6,7,13#. Moreover, the upper limit of the magnetic
octupole (C) and electric-hexadecapole (D) interaction con-
stants has been evaluated. Determination of values of
t-

G
e

o

-

e
he

e-
l.

n

he

magnetic-octupole and electric-hexadecapole nuclear
ments should be possible if optical microwave doub
resonance experiments can be performed with the same
cision for more levels and the uncertainty of hfs secon
order correction calculations can be reduced by m
accurate wave functions. Improved wave functions could
obtained in a fine-structure analysis if new fine-structure
perimental data are available.

Our experiment demonstrates that precise experime
data on hyperfine-structure separations can be obtaine
the ion storage technique even in cases where only very
particles are available and the electronic level structure of
ions is rather complex. We consider our results as an imp
tant step towards the systematic investigation of hyperfi
structure anomalies. Complimentary experiments to de
mine the nuclearg factors for the same isotopes of Eu1

using the Penning trap technique are under preparation in
laboratory.

ACKNOWLEDGMENTS

Our experiments are supported by the Deutsche F
chungsgemeinschaft. E.S. wishes to thank the Alexander
Humboldt Foundation for financial support. Part of this wo
was supported by the KBN, Poland, under Project No.
302 182 06.
ys.

ys.

d

V.
@1# L. Armstrong,Theory of the Hyperfine Structure of Free A
oms~Wiley-Interscience, New York, 1971!.

@2# T. Fujita and A. Arima, Nucl. Phys. A254, 519 ~1975!.
@3# P. A. Moscowitz and M. Lombardi, Phys. Lett.46B, 334B

~1973!.
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