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Abstract. Laser-microwave double resonance techniques applied to a cloud of a natural mixture of Eu™
isotopes confined in a Penning trap has been used to induce and detect nuclear Zeeman transitions. In
spite of the complex level structure of Eu™ and overlapping spectra from the two isotopes five different
Amp = 1 transitions could be observed from which the nuclear magnetic moment can be derived. We
obtain for "'Eu™ g; = 1.37734(6) demonstrating the potential for high accuracy of the technique. The
experiment can be considered as a feasibility test that precise spectroscopy data using the ion storage
technique can be obtained of very complex ions and under unfavourable conditions.

PACS. 32.60.+i Zeeman and Stark effects — 32.10.Dk Electric and magnetic moments, polarizability

1 Introduction

Penning traps have been successfully used in recent years
for high precision Zeeman spectroscopy. The long observa-
tion time under nearly perturbation free conditions impose
no limit on the attainable resolution from finite observa-
tion times or collision induced line broadenings. The small
volume of less than a mm?® which an ion cloud typically
occupies makes it comparatively easy to obtain a small in-
homogeneity of the magnetic field inside the trap for the
observation region. The first order Doppler effect plays
no role in Zeeman spectroscopy since the wavelength of
the radiation, typically in the mm or cm region, is much
larger than the ion’s oscillation amplitude in the trap. This
results in a spectrum containing an unbroadened and un-
shifted carrier and sidebands at the ions’ oscillation fre-
quencies. Consequently high resolution in microwave in-
duced transitions between Zeeman sublevels of electronic
ground states can be achieved. With proper calibration of
the magnetic field strength at the ions’ position precise
values of electronic magnetic moments 1 can be obtained.
They are usually expressed by the gs factor defined by

(1)

where pp is the Bohr magneton and J is the total angu-
lar momentum quantum number. Using Penning ion traps
results have been obtained on ions having electronic level
structures like alkali atoms, such as Be™ [1], Mg™ [2], Ca™
[3], Ba™ [4] or Hg" [5]. The strong probabilities for elec-
tric dipole resonance transitions allow easy polarization

w=gsupJ

2 e-mail: werth@mail.uni-mainz.de

of the electronic Zeeman levels by optical pumping, and
microwave induced Zeeman transitions can be detected by
the change in laser induced fluorescence intensity.

Odd isotopes of these elements show hyperfine struc-
ture of the electronic ground state. In a magnetic field
the Zeeman splitting depends also on the nuclear mag-
netic moment, and from measurements of these splittings
nuclear g factors can be derived. In examples of "Be™ [6]
and ¥"Ba™ [4] ions it has been demonstrated that nu-
clear g factors can be determined which improve the val-
ues obtained by nuclear magnetic resonance spectroscopy
in liquid or solids or on free atoms using the atomic beam
resonance method. No Penning trap experiment has been
described so far on ions having a more complex level struc-
ture. In this paper we report about the first attempt to
perform nuclear Zeeman spectroscopy of > Eu™. The level
structure of this ion shows rather high complexity: the
ground state described in the L-S coupling scheme has a
4f76s% Sy configuration. The nuclear spin is I = 5/2 and
the coupling to the electronic angular momentum leads to
a complex hyperfine splitting of 6 sublevels ranging from
hyperfine quantum numbers Fg/5 to Fy3/5 (Fig. 1). In an
external magnetic field each level is split into Zeeman sub-
levels. In Figure 2 the calculated energies of the ground
state are plotted as function of the applied magnetic field.
In the |my, my) coupling scheme the |m;) substates within
each |m ;) manifold range from +5/2 (highest energy) to
—5/2 (lowest energy). The total number of substates is 54.

The particular interest in Eu® comes from earlier
measurements on the hyperfine splittings of 5 different
isotopes of this element, including three unstable ones.
The magnetic interaction constants .4 and the electronic
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Fig. 1. Partial energy level diagram with the state °S, for the
stable isotopes *!Eu’ and ®*Eut.
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Fig. 2. Zeeman splitting of the °S, ground state of > Eu™ in
the presence of a magnetic field ranging up to 1.5 T.

quadrupole interaction constants B have been determined
with a fractional uncertainty of 10~8 or below using mi-
crowave optical double resonance spectroscopy in a Paul
trap [7-10]. For a point like nucleus the constant A is
proportional to the nuclear magnetic moment pn and the
magnetic field produced by the electron cloud at the nu-
cleus which in turn is proportional to the square of the
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electrons wave function ¥:

Ao pur|[2. 2)

For an extended nucleus this is modified by two effects:
the Breit-Rosenthal (BR) correction [12] deals with the
change of ¥ due to the extended charge distribution, the
Bohr-Weisskopf (BW) effect [13] describes the distribution
of the magnetization over the nuclear volume. Both effects
are taken into account by correction factors (1 —epr) and
(1 —epw). While the BR correction usually is considered
small, the BW effect has raised interest over many years. A
recent example is the determination of the hyperfine split-
ting of hydrogen-like 229Bi%?" [11] and 207Pb*'* [14] which
might be considered as a test of bound state quantum-
electrodynamics. The limited knowledge of epw, however,
leads to difficulties in the interpretation of the experimen-
tal results [15]. Generally nuclear models have provided
theoretical data which in many cases do not match the
experimental results [16]. Most promising for a better un-
derstanding of the BW effect would be a systematic inves-
tigation of the change in egw for a series of isotopes of one
element. This leads to the differential hyperfine anomaly
L A? between two isotopes 1 and 2 defined as

TAZ = 2222 ) — o,

Az g1

Typically 1A? is of the order of 1071-10"%. A determi-
nation of 1% then requires a knowledge of the magnetic
dipole interaction constants A and the nuclear magnetic
moments uy for the two isotopes of the order 1073-1076.
So far the only element for which ' A? has been determined
experimentally for several isotopes is Hg [16]. Reasonable
agreement to shell model calculations is found, the agree-
ment is however better to an empirical model called the
Moskowitz-Lombardi rule [17] which states that

3)

a
EBW = —
Hnr

(4)

where a is an empirical constant. No theoretical justifica-
tion is given for this rule. In order to check whether the
agreement in the case of Hg is accidental a second inves-
tigation on a chain of isotopes would be required.

Eu seems well suited for such an investigation. Besides
the two stable isotopes of mass 151 and 153 it has 6 iso-
topes with non-zero nuclear spin living longer than one
week. Therefore this element might be subject to experi-
ments even off the production area. Our previous exper-
iments of the hyperfine splittings using Paul traps have
demonstrated that experiments on unstable isotopes can
be successfully performed. The ions have been produced
by nuclear reactions at the ISOLDE/CERN facility and
transported to our laboratory a the University of Mainz.
The shortest living isotope which has been investigated
was "“TEu’ with a decay time of 20d. The investigation of
shorter lived isotopes is possible with slight modification
of the technique and of the apparatus located close to the
production area. The obtained experimental uncertainty
of 1078 or less by far superseeds the requirements for a
determination of 1 AZ.
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From the theoretical side Eu isotopes (Z = 63) offer
a one proton hole in the 5d proton subshell and thus can
be described in the frame of a single particle model. At
N = 82 we have a closed neutron shell. The two stable
isotopes of mass 151 and 153 are a prominent example
of a nuclear shape transition. This manifests itself in an
exceptionally large isotope shift and in a large difference
of the nuclear magnetic dipole and electric quadrupole
moments [18].

Asaga and coworkers [19] have performed shell model
calculations of the value of egw for different Eu isotopes
from which *A? can be determined. They compared their
results with the predictions of the Moskowitz-Lombardi
rule. In contrast to the case of Hg here the results from
both predictions are rather different. Thus measurements
of Eu isotopes should be a good test case for these models.
The purpose of this paper is to describe a feasibility study
on the determination of the nuclear magnetic moments of
the same isotopes as investigated earlier using a Penning
ion trap with a superimposed strong magnetic field. As
mentioned above the large number of magnetic substates
makes it very difficult to identify a specific state and to
perform laser and microwave experiments on this state.
The Doppler broadening of optical transitions in ion traps
is of the order of a few GHz because of the typical kinetic
energy of stored ions of a few eV. Laser cooling of Eu™ is
not possible due to the complex electronic level structure
and only moderate cooling can be obtained by collisions
with a cold background gas. The nuclear Zeeman splitting
which is of the order of several tenth of MHz is completely
masked by the Doppler broadening. The Zeeman splitting
from the electronic magnetic moment is of the same order
of magnitude as the Doppler broadening and is at least
partially resolved. Nevertheless we have attempted and
successfully demonstrated, as shown below, that precision
Zeeman spectroscopy can be performed under rather un-
favourable conditions.

2 Experiment

Our Penning trap has hyperbolic shaped electrodes, one
ring and two isolated endcaps (Fig. 3). It is placed in the
center of a superconducting solenoid which produces a
magnetic field strength of 1.4 T. A static voltage Uy ap-

hyperbolic Penning
trap (left) and technical
sketch of the Penning
trap set-up used in our
experiment (right).

90° mirror

plied between the endcaps and the ring electrode produces

a quadrupole potential in the space between the electrodes
of the form
Uo

0% + 2202

(=12 +2(2% — 20?)) with 7% = 2% + >

()
ro is the radius of the ring electrode and is related to
the distance of the two endcaps 2zg by the relation rqg =
V2z9. Our trap has the dimension ro = 12.7 mm. We
keep the endcaps at d.c. ground potential and the ring is
negatively charged. This allows to connect the endcaps by
an inductance L. Together with the capacitance C' of the
trap electrodes it forms a tank circuit having a resonance
frequency wg. This is used to detect the presence of ions
in the trap: the axial oscillation frequency of an ion with
charge ¢ and mass m in the trap’s potential is given by

2qUy
mro?

w, = (6)
when the trapping voltage is ramped the ion’s oscilla-
tion frequency is changed. If it matches the frequency wy,
the ions absorb energy from the circuit. This leads to a
damping of the circuit which is weakly excited at its res-
onance frequency. After rectification of the voltage drop
across the circuit and amplification one obtains a change
in the output voltage. The size of the damping depends
on the quality factor @ of the circuit. A moderate value
of @ = 40 leads to an easily detectable signal when about
10 ions are present in the trap. The maximum number of
ions which can be trapped is limited by space charge. At
typical trap voltages between 10 and 50 V this is of the
order of 10 ions.

We load the trap with ions which are produced by sur-
face ionisation of a metallic probe heated by a rhenium
filament placed in a aperture in the lower endcap. The
position of the filament approximately matches the elec-
trode surface. A sample containing a few mg of a natural
mixture of metallic europium is placed on the filament.
Heating the filament for several seconds to temperatures
around 1500 K produces sufficient ions to fill the trap.

The trap is placed in a vacuum vessel at a base pres-
sure of 1079 mbar. Our experiment, however, takes place
at pressures of the order of 10~° mbar, using No as buffer
gas. Collisions of the ions with the background gas serve
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for different purposes: in our experiment we excite the
ions by a narrow band laser from the ground state into
the ?Ps level for optical pumping of the ground level. As
seen from the electronic level structure of Eu™ the excited
level decays back into the ground state but also partially
into several metastable °D states (Fig. 1). The lifetime
of some of these states has recently been measured to
about 1 s [20]. When an ion populates one of these states
it is lost from the pumping cycle until it decays back into
the ground state. Collisions with neutral molecules reduce
the effective lifetime to the ms range which keeps a suffi-
cient number of ions in the pumping cycle. Moreover the
ion oscillation amplitude is damped by collisions which
leads to a reduced Doppler width of the optical transitions
and allows a better resolution of the hyperfine structure.
A problem arises with the stability of the radial orbits
of the trapped ions: the ions’ motion in the radial plane
of a Penning trap can be described by the superposition
of two harmonic oscillations at frequencies

2 2
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wy is called the perturbed cyclotron frequency since w,
represents only a small correction to the free cyclotron
frequency w. = (e/m)B. w_ is the so-called magnetron
frequency arising from the vector product E x B which
describes a drift of the ions in the trap. It is a slow ro-
tation of the ions’ cyclotron orbit around the trap’s cen-
ter. Since the ions are attracted to the negatively charged
ring electrode and only prevented by the presence of the
magnetic field to move towards the ring, the magnetron
oscillation can be considered as a motion around a poten-
tial hill. Perturbations of the motion by collisions would
lead to a rapid increase of the magnetron radius and the
ions would be lost from the trap. In fact at pressures of
10~° mbar the storage time of Eu™ is only a few seconds.
This problem can be overcome by an additional radio-
frequency field applied in the radial plane between adja-
cent segments of the ring electrode which is divided into
4 equal parts [21]. The frequency of this field is at the
sum frequency of w; and w_ which is equal to the free
cyclotron frequency of the ions. This field couples both
motions. As shown in [22] the damping of the cyclotron
motion by collisions overcomes the increase of the mag-
netron radius and as a consequence the ions aggregate
near the trap center.

This has a number of advantages: besides the desired
collisional quenching of the metastable ionic states the hot
ions temperature is reduced in the buffer gas atmosphere
resulting in a narrower optical line and a better spectral
overlap with the exciting laser. The increased density near
the trap center and the smaller ion cloud volume leads to
a better spatial overlap with the laser beam. Finally the
storage time is substantially enhanced, in our case typi-
cally to several days. A possible drawback is that colli-
sional relaxation might occur between ground state sub-
levels which counteracts depletion by optical pumping and
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thus reduces the signal strength in double resonance ex-
periments. We found, however, that the variation of the
pressure by about 1 order of magnitude around 10~° mbar
had no significant effect on the signal strength.

2.1 Measurement of the optical and the Zeeman
transitions

After storage the ions are excited from the °S; ground
state by c.w. laser radiation from a frequency doubled
Ti:sapphire laser at 382 nm to the excited *Ps-state. Ex-
citation is monitored by observation of the fluorescent ra-
diation from the excited state to the metastable °Dy_g
states at wavelength between 630 nm and 664 nm using
a broad band filter to block laser stray light. The light
from the laser excited ion cloud is focussed by a lens sys-
tem onto a plastic rod of 50 mm diameter and guided to
a photomultiplier placed at 1.5 m distance from the trap
outside the stray field of our superconducting magnet. The
overall detection efficiency including solid angle, transmis-
sion losses and detector efficiency is estimated to 107%.
Typical count rates are 200-500 detected photons per sec-
ond at resonant excitation while the cooled GaAs photo-
multiplier dark counts are typically 2—4 Hz. Sweeping the
laser frequency results in the observation of several res-
onance lines from the hyperfine and Zeeman splitting of
the ground and excited state. In addition we have overlap-
ping spectra from both stable isotopes '°*Eu™ and "3Eu™
which have about equal abundance. In our magnetic field
of 1.4 T the total span of the expected pattern has been
calculated to 350 GHz (see Fig. 2). This is too much to
perform a single laser scan free of mode jumps. The mag-
netic field is chosen as a compromise: at smaller values of
the field many crossings of the Zeeman level occur as seen
from Figure 2 which would make an identification of the
lines very difficult. At higher values only one or two of the
resonance lines would fall into the scan region of our laser
of 50 GHz which would also prevent line identification.
Figure 4 shows a part of the optical excitation spectrum.
The peaks at the high frequency side of the spectrum have
been identified as different Amp = —1, Am; = 0 tran-
sitions of the 9S4—“P5 manifold of 'Eu’ (Tab. 1).The
large maximum at the center and the peaks at the low fre-
quency side are overlapping transitions from both isotopes
which could not be separated.

Optical pumping was performed by a fixed laser fre-
quency tuned to one of the optical lines. Although the nu-
clear Zeeman lines are not completely resolved the Zeeman
sublevels are pumped at different rates according to the
Clebsch-Gordan coefficients resulting in different equilib-
rium populations. This was sufficient to observe a change
in the fluorescence intensity when an additional radio
frequency induces transitions between different nuclear
Zeeman levels. The r.f. field was transmitted into the trap
using the rhenium filament for the Eut production as an-
tenna. The small fluorescence signal required repetitive
scanning of the microwave frequency field to obtain a sig-
nal of sufficient strength. Five different Zeeman transi-
tions have been observed with line widths between 8 and
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Table 1. Optical transitions of the o group from the S,
500+ . ground state to the excited 9P; state. The numbers in the

»

2
§ b4 4 first column refer to the transitions in Figure 4.
§ # optical transition
0]
;M 1 my=—4,m;=~45/2 — my = —3,m; = +5/2
]
E 2 mJ:f4,m1:+3/2—>m1:73,m1:+3/2
300 3 mJ:f4,m1:+1/2—>m1:73,m1:+1/2
myg =-—3,mr = +5/2 —myg =-—-2,myr = +5/2
Fig. 4. Optical spec- 4 my=—Amr=—1/2 —mys=—3,mi=—1/2
trum of the o group of ’ ’
200 : : : : . BLIBERT. The marked my =-=3,mr =+3/2 —my = —-2,m; = +3/2
0 1020 30 40 50 transitions are listed in - _ - _ = - =—
Laser detuning [GHz] Table 1. 5 my=-4mr=-3/2—ms=-3my 3/2
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| N ’ i il I line shapes. The resonance on the left hand
1000 side corresponds to the transition m; =
850 —4, mr = —=3/2 — m; = —1/2 whereas
the resonance on the right hand side corre-
P P 900 ————T——T T sponds to the transition my; = —4, m; =
180 200 220 240 260 280 300 320 ’
i 220 230 240 250 260 270 280 3/2 — mr = 5/2. The complete list of ob-
microwave [kHz] + 5.745GHz microwave [kHz] +6.558GHz

served transitions is given in Table 2.

17 kHz. They are least squares fitted to Lorentzian line Table 2. List of the induced Am; = +1 Zeeman transitions
shapes and the line center could be determined to about which were observed in our experiment.

1 kHz or less. Figure 5 shows as examples the two transi-
tions having the largest and the smallest signal strength.
The measured transition frequencies are listed in Table 2.

transition v Av. FWHM  Av/v
[kHz] [kHz] [kHz]

myg = —4; mr = +3/2
— +5/2 6 558 248.1 0.4 77 56x1078

myg = —4; mr = +1/2

2.2 Calibration of the magnetic field o 43)2 6941 4115 1.0 110 1.6x10~7

The calibration of the magnetic field is performed by the —mJ = —4; m; = —1/2

cyclotron frequency of electrons stored in the same trap, — +1/2 5975 525.7 0.8 11.9 1.3x1077
after reversing the sign of the trapping voltage. About
10* electrons emitted from a hot tungsten wire at 10 cm
distance from the trap are stored and detected in a similar
way as described for the Eu' ions by a damping signal
of an attached resonant circuit. The damping arises from
induced currents in the endcap electrodes by the electrons’

my = —4; m; = —3/2
——1/2 5745237.0 0.9 167 1.5x1077

my = 73; mr = +3/2
— +5/2 5642 485.1 0.7 11.1 1.2x1077
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Fig. 6. Cyclotron resonance of stored electrons for calibra-
tion of the magnetic field. The full width at half maximum
(FWHM) is 134 kHz and the statistical uncertainty of the cen-
ter frequency is 6.5 kHz corresponding to dv/v = 1.5 x 107"

axial oscillation at a frequency of 12.4 MHz at a trapping
voltage of 6 V.

The microwaves at the cyclotron frequency of around
40 GHz are guided into the apparatus to the trap through
a semiflexible cable. When the frequency of the microwave
field matches the cyclotron resonance, the electrons gain
energy and some of them are lost from the trap. The re-
duction in signal height serves to monitor the cyclotron
frequency. Figure 6 shows a typical example of a cyclotron
signal from which the magnetic field was determined with
an uncertainty of 1.5 x 10~7. Measurements of the mag-
netic field strength have been performed before and after
the observation of Zeeman resonances on Eu' and the
average value was taken for the evaluation. We observed
drifts of the magnetic field at a rate of about 10~8 per
hour. Since the averaging time for the Zeeman resonances
in Eu™ was typically less than 20 min the drift has no
influence on the result. Switching the polarity of the trap
voltage for storage of either electrons or Eu™ ions may
be a source of error when the electric center of the trap
is not the same for both particles as a result of contact
potentials. Then electrons and ions may not see the same
magnetic field if inhomogeneities are present. To check
this effect we applied a bias voltage between the trap’s
endcap electrodes and thus shifted the center of the elec-
tron cloud by about 3 mm. No systematic change of the
cyclotron frequency was observed and we consider this ef-
fect negligible.

3 Data evaluation and results

The method of the determination of gy from experimental
Zeeman splittings is based on diagonalization of the zero
field hyperfine- and Zeeman-interaction energy matrix,

The European Physical Journal D

Table 3. Hyperfine energy separations in the °S4 ground state
of 'Eu™ derived from measurements reported in [7]. Zero
energy is set at the center of the hyperfine pattern.

Hyperfine substate ErnrskHz]

F=13/2 15 402 780.639
F=11/2 5 385 337.811
F=9/2 -3 087 806.310
F=7/2 —-10 018 230.989
F=5/2 -15 407 226.710
F=3/2 =1 925 594.728

where g; is treated as an adjustable parameter. The nu-
clear spin of I = 5/2 gives rise to a total of 54 Zeeman
sublevels. The diagonal energy matrix elements in I.J-
coupling refer to the energies of the hyperfine levels in
zero magnetic field and the diagonal part of the Zeeman
effect. The hyperfine levels are well-known from earlier
precise measurements on the hyperfine splittings in a Paul
trap [7]. They are listed in Table 3.

The diagonal matrix elements of the Zeeman effect can
be calculated according to

<04JIFmF|HZeeman

aJIFmp) = upBmpgr  (9)

with
O F(F+1)4+JUJ+1)—I(I+1)
Ir =97 9F(F +1)
 pk FE+1)+II+1)—J(J+1) (10)
s 2F(F + 1)

The non-diagonal elements are given by
(aJITFmp|Hzeeman|aJI(F — 1)mp) = gsupB
X V/(F +mp)(F —mr)

. \/(I+J+F+1)(I+FJ)(J+FI)(I+J+1F)
AF2(2F + 1)(2F — 1)

x (1 + ﬂ“—K> (11)

97 B
using
(aJTFmp|Hzeeman|aJ [F'mp) =
b ( F 1 F
e G
x g1 {@JIF||J;||aJ IF) — y (] IF||L||aJ [F)}  (12)
with
N = ILEE (13)
97 kB

The energy matrix is then numerically diagonalized as-
suming a value for gz, obtained using wave function from
a semiempirical method: the intermediate wave function
can be written as a linear combination of pure LS-states:

v = zn:ai|LS>i. (14)
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Fig. 7. The values for the nuclear g; factor resulting from the
five single Zeeman transitions listed in Table 2.

The normalized coefficients «; are determined in a self
consistent Hartree-Fock approximation: the hyperfine cou-
pling parameters and the coefficients are adjusted in such
a way that the deviation from the experimentally obtained
hyperfine splittings are minimized. This procedure has
been described in detail in [7,10] and leads to the following
wavefunction:

4f7(3S)65;S4) =
+0.984145[4f7(%3)65; 9S4) + 0.175147|4f7(°P)6s; "Py)
—0.003930[4/7(°D)6s; °Dy) — 0.014394]47(°D)6s; "Dy)
+0.000559[4 f7(°F)65s; °F4)
F)

+0.001220]4f7(°F)6s; "Fy) + . .. (15)

Using this wavefunction the g; for the ground state can
be determined to:

n
9:@) =3 ;%9 (16)
i=1
The value which we obtain is
g7 = 1.991169. (17)

Substituting this value to the energy matrix, g; remain-
ing as the only free parameter, is varied to minimize the
difference between the calculated and observed Zeeman
intervals for a given Amy; = 0, Amj; = 1 transition.
The results of this procedure are shown in Figure 7. The
values of gy from the different observed transitions agree
with each other within their limits of error. As weighted
average we obtain:

g1 = 1.37734(6). (18)

4 Discussion

In spite of a number of experimental difficulties arising
from the very complex level structure of Eu™ it has been
demonstrated that even under unfavorable conditions the
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method of Zeeman spectroscopy in a Penning trap can
produce results which are at least comparable to other
methods. The value of the nuclear magnetic moment for
151y is about a factor of 3 more precise than the previ-
ously known best value. Evans et al. [23] used the atomic
beam resonance method (ABMR) on neutral »'Eu and
obtained g; = 1.3756(2) (without diamagnetic correc-
tion). Our result is in slight disagreement with this value.
This may be due to uncertainties in the calculated gj
factor (Eq. (17)). We would like to point out, however,
that terms depending on the g; factor usually contribute
in first order to the energy of the Zeeman sublevels. In
this study only microwave transitions with Amj; = 0 were
measured (see Tab. 2). Therefore the contributions from
those terms disappear in first order and contribute only
in second order. As a consequence the terms with gy dom-
inate the splitting of the sublevels. The fact that our ex-
periment produced the same value for u; from 5 different
transitions gives confidence in our method, particularly
since the complex matrix diagonalization prevents linear
dependence of the different transitions.

Further improvements seem possible: obviously the use
of separated isotopes would avoid one of the complica-
tions. The method described previously to accumulate the
ions near the trap center by coupling the magnetron and
cyclotron motion is in principle well suited. The frequency
we = W4 +w_ which is used to drive the ions into the trap
center depends on the mass m and on the charge e of the
particle:

e
we. = —DB.

- (19)

Consequently one would expect that at the proper fre-
quency only one of the two isotopes would aggregate at
the trap center while the other isotope would be destabi-
lized by collisions. In fact it has been reported that even
isobars could be separated by this method [24]. In these
experiments, however, single or very few particles have
been used. In our cloud of about 10° ions the overlap of the
two isotopes leads to a strong coupling and the Coulomb
interaction makes it impossible to separate them. Several
attempts to apply this method of isotope separation vary-
ing the buffer gas pressure and the coupling field ampli-
tude remained unsuccessful.

A weakness of the evaluation process is that we have
to assume a theoretical value for the electronic g; factor,
although its value has been derived from wavefunctions
used for hyperfine analysis of very precise measurements.
It would be preferable to obtain independently an exper-
imental value in order to check the theoretical procedure.
This could be done in experiments on a Eu™ isotope with
zero nuclear spin such as ““8Eu™. The lifetime of this iso-
tope of 54d would allow a similar experiment as described
above with little modifications.

To take however fully advantage of the accuracy in our
measurements some additional effects should be taken into
account, particularly all contributions originating from
zero-field hfs interaction. This means that the diagonal-
ization process should involve not only A and B hfs con-
stants related to the hfs energy matrix elements, diagonal
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with respect to IJFmp quantum numbers, but also off-
diagonal elements, responsible for J-breaking as a good
quantum number. The best solution is to follow a similar
procedure as it was proposed for neutral europium [25].
However, the secular equations should be enriched with
off-diagonal hfs electric quadrupole constants because of
the challenge to approach the precision of the experimen-
tal results as given in (Tab. 2) and to improve the accuracy
of the gr determination. The problem of J-breaking in hfs
of europium ions has been solved to some extent in [7],
where it has been shown that particularly hyperfine sub-
levels of the ?S, state are strongly perturbed mainly by
the sublevels of the 7Ss state. In the mentioned paper the
corresponding second order contribution to the hfs was
estimated in an iterative procedure and the resulting cor-
rection of the B-value amounts to a few MHz. However
this approach in accounting for second order hfs pertur-
bation can not be straightforward applied here because of
the presence of the magnetic field. In this case it would
be necessary to take into account also the second order
hfs-Zeeman correlated term:

SWhis—Zeeman (0, [JFmp) =
(o, ITFmp [Hugs| ', IJ Fmp)
(o/, IJ' Fmp |Hzeeman| @ I F'mp)
E(a,JFmp) — E(¢/, J'Fmp)
+ (o, IJFmp [Hzeeman| @', ITF'mp)
(o, IJF'mp |Hugs| o, IJ F'mp)
E(a, JFmp) — E(«, J' Fmg)

However, calculations of hfs and Zeeman second order cor-
rections suffer from the same weakness as the theoretical
determination of g, because of the requirement of very ac-
curate intermediate wave functions. Pointing at the high
experimental precision, a method directly accounting for
second order perturbations by diagonalization of the en-
ergy matrix containing off-diagonal hfs constants would
be more adequate.

It is necessary to remember that the zero-field hfs op-
erators preserve F' and the resultant mp = m; + my as
good quantum numbers (J-breaking) whereas operators
representing atom-magnetic field interaction preserve mpg
while F' is broken. This indicates that the basis for diag-
onalizing the hfs matrix is not identical with that for the
Zeeman effect. Thus assuming |m;m ) states which are
convenient to designate Zeeman sublevels at 1.5 T mag-
netic field strength as initial basis, the hfs matrix has to
be transformed from the |Fmp) representation to the ap-
propriate one in the |mym ) representation. To perform
this it is necessary to know the explicit form of the hfs
energy matrix with off-diagonal matrix elements (with re-
spect to J), which involve off-diagonal hfs constants as
parameters.

Unfortunately the absolute differences between hfs
sublevels of the ground and perturbing states in »'Eu*
are measured only with optical interferometric precision
and thus far from requirements. Moreover in the case un-
der study, in a simultaneously determination of the diago-
nal and off-diagonal hfs constants in a least-square fitting
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procedure the angular coefficients fall into quasi-linear de-
pendencies making their correct determination impossible.

Refining the g; and g; factors from the measured
Zeeman splitting caused by magnetic field of intermedi-
ate magnitude at 1.5 T the possible decoupling of total
orbital angular momentum L and total momentum spin S
should be considered. This decoupling may lead to the sig-
nificant second order perturbation of pure Zeeman origin
even from the perturbating levels of different J quantum
number. Particularly in this way the sublevels of the S,
state can be perturbed by the 7Ss-level.

In summary our study on the possibility to determine
experimentally the nuclear magnetic moment of Eu™ ions
stored in a Penning trap has been successful. Additional
theoretical work is necessary to fully exploit the exper-
imental precision. The investigation of a chain of sta-
ble and unstable isotopes as previously performed in a
Paul trap for hyperfine measurements seems feasible. This
would lead to accurate values for the differential hyperfine
anomaly for a chain of isotopes. Unstable isotopes can be
produced in sufficient quantities at the ISOLDE facility
at CERN, moreover in isotopically pure form.
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