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

K. Enders! E. Stachowska* G. Marx! Ch. Zdch,! U. Georg! J. Dembczynskt* G. Werth!
and ISOLDE Collaboratioh
Unstitut fur Physik, Universita Mainz, D-55099 Mainz, Germany
2CERN, Geneva, Switzerland
(Received 25 October 1996

Hyperfine separations in unstable 'Eions 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 ©® below, which is of the same order as in
earlier measurements on stable isotopes of. EExtensive second-order perturbation calculation is required to
obtain coupling constants for magnetic-dipoke) (and electric-quadrupoleB) interactions. The uncertainties
are a few times 107 for A and 102 for B. The experiments are a step in an attempt to determine the
differential hyperfine anomal{Bohr-Weisskopf effegtin a long chain of isotope$S1050-2947@7)02807-3

PACS numbg(s): 32.30.Bv, 32.80.Pj, 21.10.Ma

I. INTRODUCTION and Lombardi 3], that the difference between the calculated
) N . and measured value @& is inversely proportional to the
In.the central-field approximation the electronic Wave nclear magnetic moment. Quite generally, however, the sta-
functions depend on only one property of the nucleus: it§,q o our understanding of the hyperfine anomaly is rather
total chargeZ. Thus two isotopes of the same element,,qr BijtgenbacH4] has reviewed the status of experiment
should have the same electronic wave functions and the may,q theory some time ago, and to our knowledge no signifi-
trix elements of hyperfine structufifs) magnetic dipole op-  cant progress has been made on the experimental as well as
erator should be identical for both isotopes. In such a casgp the theoretical side since then. This may be caused by the

the relationship fact that reliable data exist only for the stable isotopes of an
element. A renewed interest in the subject may arise when
A(1) _ m(DI(2) _ 9(1) (1) systematic and precise data on a long chain of isotopes are
A(2)  w(2)I(1) 9i(2) available. This has motivated us to start spectroscopic ex-
periments on a chain of isotopes.
should hold[1], whereA(1), (1), (1) andg(1) are the In order to determine the hyperfine anomaly?, the ra-

magnetic dipole hfs interaction constant, nuclear magnetictios A(1)/A(2) andg,(2)/g,(1) have to be measured by two
dipole moment, nuclear spin, and nucleafactor, respec- independent experimental methods. The experiment of laser-
tively, of isotope 1(and the same for isotope).2All the  microwave double resonance in a Paul trap allows one to
quantities appearing in E¢l) can be measured. When these measure hfsA constants with relative uncertainties of
measured values are applied, Ed) is often found to be 1071° or below [5]. g-factor measurements using Penning
incorrect because the distribution of magnetization over théraps and strong superimposed magnetic fields have resulted
extended nuclear volume has not been taken into accountk values accurate to about 19-10"7 [5]. This is more than
Deviations from the above simple relation are expressed iadequate for the investigation of hyperfine anomalies since

terms of a hyperfine anomafsA®: the typical magnitude ofA? is 10 2-102.
In our investigations we have chosen Eu as a candidate
1A2:A(1)g|(2)_ @) since it offers many isotopes of long lifetime and nonzero
A(2)g,(1) nuclear spin(see Table )l The unstable isotopes are pro-

duced by nuclear reactions at the CERN-ISOLDE facility at
Nuclear models could in principle predict the magnituderates of 16—10'° s~ after mass separation. After collection
of A2 Fujita and Arima[2] have performed calculations on platinum or rhenium filaments there is sufficient time to
considering the magnetic interaction energy as a product gferform spectroscopic experiments off the production area at
the nucleon current and the vector potential of the electronsur laboratory at the University of Mainz. The Eu nuclei
at the nucleus. The agreement of calculated valué\éfto  (Z=63) can be described in a frame of a single-particle
experimental values, however, is not satisfactory. Surprismodel since it has a one-proton hole in the Subshell. At
ingly good agreement for the case of Hg, which is the onlyN=82 we have a closed neutron shell. Data on isotope shifts
case where experimental data on several isotopes are availre available from collinear laser spectroscdgy, which
able, is obtained by a simple empirical rule of Moscowitz gives data on deformation parameters of the unstable nuclei.
Recently we have demonstrated that the hyperfine struc-
ture of radioactive ions can be investigated successfully us-
*Permanent address: Instytut Fizyki, Politechnika Poznanskang the ion trapping techniquig’]. In our previous work on
Poznan, Poland. the stable isotope$®Eut and *Eu" we have shown that
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TABLE I. List of long-living Eu isotopes. __ 20000 —
g Ell+
Isotope Nuclear spin Half-life 5 ’S, - 6p,,(I=15)
“Eu 4 46 d Z
W, 5 24 d § 10000
L8y 5 54 d &
a9y 3 93 d g
150, 5 36a g °
151, 3 stable S
1552, 3 13a = . L m : s TR 30
5%y 3 stable laser detuning (GHz)
1S4y 3 8.8a
SR 2 5a FIG. 1. Doppler-limi i
15 . 1. Doppler-limited laser-induced fluorescence spectrum of
Eu 0 152 d trapped radioactivé*®Eu* ions.
157y 3 15 h
ESEU : 0.77 h stray-light suppression, and a GaAs photomultiplier tube.
*Eu 2 031 h The output of the photomultiplier is transferred for further

handling to a personal computer, which also provided the
o timing sequence for microwave frequency steps. Typical
magnetic-dipole hfs constantsfor the ground state can be counting rates at resonant excitation were severdlHD
obtained by the laser-microwave double-resonance technidygsm a cloud of about 1ions.

with an accuracy of about 1I6. Using the ratio
0,(2)/9,(1) measured directly by Evans, Sandars, and
Woodgate[8], we were able to determine the value of hy-

perfine anomaly with a high accuracy*'A**= A measurement cycle contained the following steps. After
—0.006 63(18)[9]. storage the light from the laser was tuned across the

In this work we report the results of laser-microwave 95,-9P; electric-dipole resonance at 382 nm. The fluores-
double-resonance experiments in a Paul trap as an importagince spectra showed partially resolved hyperfine splittings
step towards the determination of hyperfine anomalies. It alyf this line. Figure 1 shows the isotopé®Eu* as an ex-
lowed us to give the ratié\(1)/A(2) for several isotopes of gmple. The spectral resolution is limited by Doppler broad-
Eu. The magnetic-dipole consta{have been corrected for ening. From the linewidth of 5 GH(ull width at half maxi-
the effect of mixing of the electronic wave functions via the mum) a temperature of 3800 K is derived. The resolution
nucleus using the method described@}. As a by-product  \yas sufficient to excite selectively several hyperfine compo-
we 0bta|n accurate eleCtnC'qUadrUpOle Constéhtﬁ)r the nents Of the ground state and dep'ete them by optica' pump_
isotopes'*Eu*, *Eu, and *EU". ing. Microwave-inducedAF=+1 transitions from neigh-
boring hyperfine levels are detected by the increase in
fluorescence intensity. For high microwave power we ob-
serve three resonances according to the different polariza-

The experimental setup is nearly identical to that in Reftions of the microwavesFig. 2). For high-resolution mea-
[9] with some improvements in the optical detection systemsurements we concentrated on thecomponent. At lower
We used a hyperbolic-shaped Paul trap of 4 cm diameter,
driven by a(nomina) 400-kHz oscillator. Isotopes were col- 7000
lected in quantities of T8 particles each on a platinum or
rhenium filament at the ISOLDE-CERN facility. The fila-
ment was placed in a slot in the lower end cap of the trap
Heating of the filament for typically 10 s to temperatures of
about 1200 °C produced ions by means of surface ionizatior
An estimated fraction of 1 of them was slowed down by
collisions with neutral buffer gas molecules AN at
10 * mbar and confined for several hours in the trap. The
buffer gas collisions served also for moderate collisional
cooling of the ions and for quenching of long-living meta-
stable electronic states into which laser-excited ions may de 4500, o 200 200 200 500
cay. frequency + 4 138 800 (kHz)

A laser of typically 2 mW power from a frequency-
doubled Ti:sapphire laser passes the trap inxhe plane FIG. 2. Low-resolution scan of thE=8—F=7 microwave-
through two holes of 4 mm diameter and excites the ioninduced hyperfine transition in th&s, ground state of radioactive
cloud. Laser-induced fluorescence is collected through &*gu*, showing theA,,-=0,=1 components in a residual mag-
mesh end-cap trap electrode, a collection optic, a pinhole foretic field of about GuT.

Ill. MEASUREMENTS

Il. EXPERIMENTAL SETUP
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microwave power the Zeeman substates in a resifiuald

of typically 6 uT were resolvedFig. 3. Finally, the central
part of the Zeeman pattern was recorded with high resolutior
and the center of the resonance pattern was determined. Tl
linewidth was limited to a few 100 Hz by power broadening
and by magnetic-field inhomogeneities.

A typical time for the measurement of one hyperfine split-
ting was abotl5 h including repetitive scans to improve the
signal-to-noise ratio. We have measured for each isotope fiv
different hyperfine intervals. As a consequence, we had mor
data than needed to determine the hyperfine coupling cor
stants. The additional data served, however, for consistenc
checks for the corrections from the complex perturbation cal- frequency + 4 138 800 (kHz)
culation. Table Il lists the experimentally obtained splittings
between different hyperfine levels. The error bars are purely FIG. 3. High-resolution microwave scan of thenz=0 part of
statistical(1o) and result from the average of several mea-the F=8—F=7 hyperfine transition in the ground state of
surements. The numbers are corrected for the influence of #Eu" in a residual field of about &T.
guadratic Zeeman shift. Only in a few cases the correction
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exceeded slightly the statistical uncertainty. SWe(W,3)= (¥, JIFM|Hpd U7, 3" IFmE) |
We note that in spite of the low number of available par-
ticles the experimental uncertainties are generally smaller [E(V,JF)—E(¥',J'F)], ©)

than those obtained in our previous experiment on the stable

isotopes of Eii [9]. This is due to technical improvements in where |¥) denotes the real fine structuiLJ state (wave

the apparatus, in particular in the optical detection system. function in intermediate couplingwritten in SL basis.
I,F,M are good quantum numbers characterizing the real hfs
state. The Hamiltonian aperathli: can be written as

IV. DETERMINATION OF THE hfs CONSTANTS

From our earlier investigations of the hyperfine structure Hp= >, TR, (TURK 4 X (6K (4
in the ground state of europium isotop$5Eut as well as K

150y [7,9] it is known that hfs interactions that mix elec- . .

tronic states with differend quantum numbers play an im- whereTy is the nuclear multipole moment operator of order
portant role and cannot be neglected. This manifests itself it [10], T is the electronic one-body hfs operafdo],
deviations from the Landénterval rule. To take this into XK is the two-body hfs operator, and and k are the
account the “repulsion effect” between different hfs sublev-tensor rank in spin and orbit space, respecti@y more

els with the same quantum numbErhas been calculated details se¢11]). The matrix element in the numerator of Eq.
using second-order perturbation theory. In this case the en3) can be expressed as a function of one- and two-body hfs

ergy shift is given by radial parametera’¥, b, a;, andb;, respectivelf11]. To

TABLE II. Experimentally obtained transition frequencies between ground-state hyperfine transitions in
different Eu isotopes

Isotope TransitiorF —F’ Frequency(Hz) Uncertainty
150ey 8-9 5393 263 07®) 1.7x10°°
78 4793 088 79¢14) 2.9x10°°
67 4 193 240 68@23) 5.5x107°
5-6 3593677 7332 3.3x107°
45 2 994 358 98(26) 8.7x10°°
19y 11/2-13/2 10 311 366 1642 1.1x10°°
9/2—11/2 8721591 34B) 1.0x10°°
7/2—9/2 7 133 524 66Q®) 1.2x107°
5/2—7/2 5 546 853 094/6) 1.4x10°8
3/2-5/2 3961 264 98®1) 2.3x10°8
M8y 8-9 4 657 266 06() 2.0x107°
78 4 139 049 97®) 2.0x10°°
67 3621 096 128L5) 4.2x107°
56 3103 371 42613 1.4x10°8

4—5 2585 843 303 5.1x107°
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TABLE IlIl. Experimental and corrected values of the hfs con-  TABLE IV. ExperimentalA ratios[ ACCEu")/A(**Eu") leon (2
stants for the magnetic-dipolé\] and electric-quadrupoleB( in- =148,149,150,151) for the ground statt’ #S)6s °S,, necessary

teraction in the ground statef 48S)6s °S, of the unstable isotopes for the determination of hyperfine anomalies.
148,149,15¢* Columns 3 and 4 correspond to the values of hfs

constants uncorrected and corrected for second-order hfs interac- z AcornCEUN Ao FP3EUT)
tions, respectively. Errors given in column 3 are purely statistical.
All values are given in hertz. 143 2'255 ggg Sgg
14 315 7
hfs 150 0.875 022 5831)
Isotope constant Uncorrected Corrected 151 2.250 034 92852
laggyt A 517 302 217) 517 281 95(150 4Reference9].
B 4579 44085) —292 630(1000) 15 K
The values of A Euh), a(PEU), a(PEU,
La9g A 158564094410) 1585 450 57(250) B (5., bk fs"a'éw) ar)1db-(n1|5(3E - Vaere Lgken frgm
B 9 637 340240 —534 850(1900) cor ' N ’ ! . .
150g + A 599 037 74812) 599 010 68(200) [9]. The values of the corrected hfs constants are given in
Table Il (column 4.
B 5698 770430 —839 730(3000)

V. DISCUSSION

An analysis of the results presented in Table Il and those
Table Il in [9] leads to the conclusion that second-order
s interactions influence the hyperfine structure of the

obtain preliminary values of the magnetic-dipole hfs param-
eters for each isotope under study we assumed in the fir%ﬂ

step that ground state of all unstable isotopes under study in the
same way as for the stable isoto;l);gr’émﬁu*, lc‘i“(ieEspite the
ik zg=, o+ (zE 7 i+ difference in nuclear spins:I(*%Eu")=1(**%€u")=5
irl‘(' (15Eu+) - a,(15Eu+) - AeXp‘(lSEuz , 5y andI(*%Eu")=1(*Eu’)=1(*>%Eu")=3. Consideration of
an (P%Eu")  a(PEUT) A EUY) the hfs second-order effects did not change strongly the val-

ues of magnetic-dipole hfs constat. The differences

AA=[ACEU")/ A EU") luncor [ACEU")/AC T EU")] con
mtWere about X 10 ° only and thus we think that an uncer-
153 + ainty of our calculations cannot influence significantly the
T?lPIle%E”L (COILém_nB%‘ +The V‘Tulfs fOf ABXW(TSEU )’_ precision of corrected ratios necessary for the determina-
A (R, an 3;("Eu") were axen rort ]'. € P10~ tion of hyperfine structure anomalies. The ratios are given in
cedure described here was applied for each |sotop(|=(,\ undei e v
study. In a second step, the hfs radial parameigfs by, The values of the hfs constaBtare particularly sensitive
a;, andb; were used to determine the energy ShifWr of {5 the second-order hfs correctiofs4]. The constant8
each hfs sublevel, caused by second-order hfs perturbatiofaye changed not only their values but also their sign after
In the calculations, the perturbing states witk3 and 5,  {he above corrections. The results of our present experiments
like those in[9], were taken into account and wave functions gnq calculations allow us to determine the values of nuclear
in intermediate coupling were used for the perturbed state 8uadrupole moment® for all investigated isotopes using

well as for all perturbing states. Improvements in the calcuype conventionally assumed relation between theBhton-
lation compared to Ref9] were obtained by new and accu- giants and quadrupole momen®: B(? Eu*)/B(*Eu*)

rate values of the hyperfine splitting of tH&; metastable —Q(?Eu)/Q(*Eu) (x=151 or 153). As reference we have

state, which acts as the most important perturbing statg,.qn B(!S!EuT)=—690 612(70) Hz or B(*¥Eu*)=

These measurements will be published separatedy —1759520(180) Hz and the nuclear moment values
The nonlinear correction cannot be implemented in a ”n'Q(15lEu):O.903(10) b orQ(*%u)=2.412(21) b from

ear fitting routine used for the solution of the linear expan-p.ionic x-ray measuremenfts5]. The final results are listed
sion of the hfs interaction. Therefore, the energy shifts, top1e v. '

SWe were first used to correct the measured hfs intervals.
Then the hfs constants,,(*Eu’) andB,,(*Eu*) were ob-
tained by fitting to the corrected hfs intervals. This allowed TABLE V. Spectroscopic nuclear electric quadrupole moments
us to calculate the values of the one- and two-body hfs paQs of the isotopes'*®*491%Eu* (in barn.

rameters for magnetic-dipole as well as electric-quadrupolé

wherez=148, 149, or 150 and,(’Eu’) are the experi-
mental values of the hfs magnetic-dipole constant fro

They are in good agreement with the values published by

hfs interactions using the relations Qs
Isotope This work Other work
alf(’Eu’) _ aiCEu) A EU) ©) L8+ 0.39410) 0.356)%
af (e a(PEUT) A PEUT) =T 0.71617) o.7i(32)a
0.7
150y * 1.12527) 1.135)?2

bCEU")  bi(PEu)  Beou(*EU")
— = ) 7 aReferencd6].
br(PEUT)  bi(PEUT) T Beor( EUT) @ bReferencd 13].
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Ahmadet al. In the case of the isotop® ®Eu" for which the ~ magnetic-octupole and electric-hexadecapole nuclear mo-
preliminary valueQ(**%Eu)=1.264(23) b was reported by ments should be possible if optical microwave double-
us earlief{ 7], the present additional and more accurate mearesonance experiments can be performed with the same pre-
surements and calculations indicate that the above gi¥en cision for more levels and the uncertainty of hfs second-
value should be smaller:Q(***Eu)=1.125(27) b. This order correction calculations can be reduced by more
more precise value confirms the result givef@h(see Table accurate wave functions. Improved wave functions could be
V). On account of the experimental data and accuracy of thebtained in a fine-structure analysis if new fine-structure ex-
hfs second-order corrections we were able to establish theerimental data are available.
upper limit of the magnetio-octupole interaction consta@nt Our experiment demonstrates that precise experimental
and electric-hexadecapole interaction consténtof the data on hyperfine-structure separations can be obtained by
ground state of*#&1495¢y" to be not higher than a few the ion storage technique even in cases where only very few
hertz. particles are available and the electronic level structure of the
ions is rather complex. We consider our results as an impor-
VI. CONCLUSION tant step towards the systematic investigation of hyperfine-
structure anomalies. Complimentary experiments to deter-
We have determined the magnetic-dipolé\)( and  mine the nucleaq factors for the same isotopes of Eu
electric-quadrupoleR) hfs constants in the ground state of using the Penning trap technique are under preparation in our
the unstable europium isotope$*®1“**Eu*. For the |aboratory.
magnetic-dipole hfs constan#s our results are about two

orders o]‘ magnitude more accurate than _reqwred for the de- ACKNOWLEDGMENTS
termination of hyperfine structure anomalies at the 1% level.
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