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Experimental g, factor in the metastable 34, level of Ba"
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The Zeeman splitting of the metastablb 5, level of 1¥Ba* in a magnetic field b6 T has been measured
in a laser-microwave double resonance experiment in a Penning ion trap. The magnetic field at the ion’s
position is determined by the cyclotron frequency of electrons stored in the same trap. From the ratio of both
transition frequencies we obtaingg value of 0.799 327 @). As a by-product, we confirmed earlier measure-
ments on the 6, ground-statey; factor to 2.002 492 @0). The precision in both experiments is sufficient to
test relativistic many-body calculations$1050-294®6)04307-7

PACS numbg(s): 32.60:+i, 32.80.Pj

I. INTRODUCTION For the 65, ground level we have determined tlgg
factor in a previous ion trap experiment and obtained
The study of the deviation of the magnetic moment of ad;=2.002 490 6(11]4], in good agreement with a theoreti-
bound electron from the value calculated b coupling ~ cal value ofg;=2.002 491 1(30)5] using relativistic wave
provides an important source for the influence of relativisticlUnctions obtained in the coupled-cluster single- and double-
and binding corrections. Sophisticated methods for many€Xcitation scheme. For theCly, level, the most precise ex-
body systems have been developed to treat even hea rimental value comes from a fast ion beam laser spectros-

. ) . py experiment and giveg;=0.800(9)[5], which agrees
atomic systems with great accuracy. Thus the comparison Qfi, g,=0.8 from theL S coupling scheme but is not accu-

those calculations to experimental value is a crucial test fofate enough to observe relativistic corrections. Since the ra-
such theories. These calculations can be particularly weliative lifetime of the B, level is 48.6-5.9 s[6], it is very
performed on alkali'metal atoms or alkali'metal'”ke ionS.We” Suited for an ion trap experiment, Where |Ong Observa_
While for neutral atoms accurate experimental valuegof tion times can be achieved and the precision compared to
factors were obtained a long time ago by classical Rabi-typ@ther methods can be substantially improved.

atomic-beam experimen{d], precise experimental results

for ions have been available only in recent years by measure- Il. EXPERIMENT

ments in on traps. The ground-staty factor of Be",  \yo sed the same apparatus as in our experiment on the
Mg™, Ba : and Hg" has been measured with _uncertamtl(_esesll2 ground state of Ba [4] with some minor modifica-
below 10°°, and generally the agreement with theory iSjons: A quadrupole ion trap with hyperbolic shaped elec-
good. A compilation of experimental and theoretical resultsygges made of oxygen-free copp@tiameter of the ring
on ions can be found in Reff2]. electroder,=13 mm; distance between the endcap elec-
The ion trap technique seems particularly well suited forrodes 2,=18.4 mm) was placed in the center of a super-
g factor measurements since the ions occupy a small volumgonducting solenoid @=5.83 T. Two holes of 4 mm di-
in space of at most a few m#n Magnetic fields with high ameter in the midplane of the ring electrode opposite one
homogeneity and temporal stability for such a small volumeanother served as an entrance and exit of laser beams. Laser-
are readily available by superconducting coils. The high fieldnduced fluorescence can be observed through one end-cap
strength of those magnets makes the Zeeman splitting aflectrode made from a megtiansmission 72%and a light
ionic energy levels large, which in general makes it easier tpipe that guides the fluorescence quanta to a photomultiplier
obtain a high precision. Effects of finite observation timeplaced & 1 m distance from the trap outside the supercon-
can, of course, be completely neglected since ions can bducting magnet. The total detection efficiency including fi-
stored and continuously observed for many hours. nite solid angle, losses, and photo cathode sensitivity is
Experiments so far are restricted to the ground state of.4%.
atoms or ions and to our knowledge no experimental value of Ba™ ions are created by surface ionization of a few mil-
an excited state exists to date that matches the precision ti§rams of barium chloride placed on a rhenium filament near
ground-state experiments. The metastable fevels of the inner surface at the center of one end-cap electrode.
Ba™, however, might be of particular importance in view of Heating the filament for several seconds produced sufficient
proposals and experiments, which attempt to use g6 ions to fill the trap until the space-charge limit of about
5D, quadrupole transition on a single laser-cooled’Ban  10° ions. Simultaneously with the desired Bdons, how-
to measure parity-violating effects of the weak interactionever, we produce and store many unwanted ions such as
[3]. The evaluation of the weak-coupling constants from exK * from impurities of the rhenium filament and BaCl
perimental data requires a very good knowledge of thdrom the ion source. Because of the limited storage capacity
atomic wave functions. The; factors of the &,;, and of the trap these ions have to be removed in order to confine
5D, levels are consequently a valuable test of corresponda sufficient number of Ba. We do this by excitation of the
ing calculations. K * and BaCI" cyclotron frequencies at 2.3 MHz and 520
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FIG. 1. Two cross sections of our ion trap, € 13 mm) showing the path of the laser beam and perpendicular to it the microwave guide.

kHz, respectively, with large amplitudes during ion cre-level: Excitation of 8,(m;=—3) does not allow the decay
ations. Excitation of the cyclotron orbits drives these ions ouinto the g,(m;=+3) level and excitation of the
of the trap. AF some distance below the endcap we mountegpllz(mJ: +1) leaves the Ba(m,=—2) level empty.
a tungsten wire that served as electron source for measure;

ments of the magnetic-field strength as described below. A tg?eglf;?éel?;e%ofoulaélr(f)gr;u:gs;ilgfrggér% fce:r:;nez;bém on
right angles to the laser entrance holes microwaves from th P P

end of a waveguide were blown into the trap. Figure 1 showd's state: A third laser at 649.6 p_(spectral width 1.2 GH).Z
a sketch of our trap. tuned to the B,,-6P,,, E1 transition probes the population

To populate the metastabld®s;, state we used two lasers Of the Sz, sublevels, which are separated by 65 GHz in our
at 493.4 nm, which excited the two ground-state zeemarr-8 T field. As a signal, we observe the fluorescence from the
componentsm,= * } to m; states of the first excited,,  SPontaneous decay of thé§, level into the ground state.
level (Fig. 2). At 5.8 T the splittings of the 8,,, ground level ~ Using a pulsed dye laser for theD5,,-6P, transition and
and the &, excited level are 163 and 55 GHz, respectively,Placing the laser pulses in time between the pulses for the
which far exceeds the Doppler width of the transition in the6S;,-5P1/, lasers we can observe the fluorescence free of
uncooled ion cloud1.5 GH2 and the laser spectral band- laser stray background by gating the output of the photomul-
width (6 GH2). By selection of the proper laser tunings we tiplier on for a time on the order of a few nanoseconds dur-
can excite either then;=+3 or my=—3 Zeeman level of ing the 3 ,-6P,, laser pulse. The output of the photomul-
the 6P, state. As lasers, we used nitrogen pumped dyeiplier is digitized by an analog-to-digital converter and fed
lasers with a repetition rate of 20 Hz. The metastalily,5 to a personal computer for further data handling. Figure 3
level is then populated by radiative decay of the,6 state.  shows the laser-induced fluorescence when we scan the en-
The Zeeman substates of thB §, level become differently tire range of the B5,-6P,,, Zeeman structure. In this pic-
populated, depending on the laser-exciteB;6 Zeeman ture we have excited botm,=+3 Zeeman levels of the

my
2 +1/2
6P = ' } AEM =23 B
4 A i =55GHz
fluorescence L3 my
. +3n FIG. 2. Partial level diagram
Ll L2 ! an o an of Ba* in a magnetic fieldL1,
: AE/h = (4/5) pB/h >__1,2 » L2, andL3 are three lasers used
: =65GHZB { 3 to populate and prove the
. Dg-state Zeeman levels.
+1/2 v

6'Si : } AE/h = 213B/h = 163GHz
Y
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2 S — : trap. We store electrons after reversing the sign of the trap-
n ping voltage and observe their induced voltage in an outer
] tank circuit, formed by the trap’s endcaps as capacitance and
20 . a connecting inductance. The circuit is tuned to the axial
oscillation frequency of the electrons. Exciting the cyclotron
frequency of the electrons drives them out of the trap and
N thus reduces the observed absorption signal.

IIl. MEASUREMENTS

10 ~—55 GHz 1

Y
5 i%%%%fﬂ%&%

10 GHz

Figure 4 shows the microwave-induced transitions
my=+3-my=+3 and my=—3-m;=—3 in the Dy,
state observed as an increase in fluorescence intensity on the
6P4,-6S;, transition. We fitted the lines by Gaussians and a
ol O R SO Iinear. bac'kground due to ion Ios; duri'ng the measurement.
laser detuning (nonlinear) The linewidth of about 270 kHz is attributed to unresolved
sidebands at the axial oscillation frequency of 'Ba our
FIG. 3. Observed fluorescence spectra when we tune lsger {rap, which at a typical trapping voltage of 10 V was 145
(649 nm across the B4-6P,,, resonance. Lasetsl andL2 are ~ kHz. By repeated scans and statistical averaging we reduced
tuned to excite botim; levels of the &, states. the Uncertainty of the center frequenCieS. The measured val-
ues are

6P, state, which leads to a population of all Zeeman levels

in the 5D, state. s 1
The microwaves to induce transitions between two sub- v(3—37)=65239515.23.3 kHz,

levels of the D3, state were produced in a 65-GHz-Gunn

diode, which was phase locked to the fifth harmonic of a

13-GHz synthesizer. The spectral bandwidth was measured v(—3——73)=65191914.65.9 kHz.

to less than 100 Hz and the frequency stability was con- L .

trolled by a rubidium atomic standard. @-band waveguide FOr the measurement of the magnetic field we applied a

was used to bring the microwave field into the trap. We used@gative voltage to the trap’s end caps and stored free elec-

the same setup to guide microwaves at the cyclotron frelfons. Excitation of their motional eigenfrequency

guency of stored electrons at 164 GHz into the trap. This

field was produced by frequency doubling of a 82-GHz kly-

@&

fluorescence intensity (arb. units)
a

2 2112

stron. The available output power was someB, which o =2¢ We Wz 1)
is more than adequate to induce cyclotron transitions on the ¢ 2 2 4

electrons.

A microwave-induced transition between Zeeman levelgives a value foB. Here w.=(e/m)B is the free-electron
of the 5D, State is observed as a flop-in signal: We tune thecyclotron frequencym,=[eU/mr§]"? the axial oxcillation
red probing lase649.6 nm to the = components of the frequency in a trap of radius, and an applied trapping volt-
5D,,-6P,, line. These two lines, corresponding to the twoageU, andw the slightly perturbed cyclotron frequency of
Am;=0 transitions, are separated by 10 GHz, the differencéhe stored electron. Figure 5 shows an example of a measure-
between the B, and 6P, Zeeman splitting. The spectral ment where we monitor the number of stored electrons. They
bandwidth of the laser operated without intracavitplen  are driven out of the trap when we excite their eigenfre-
was about 30 GHz and covered both transition wavelengthguency .. We obtain a value of /27
simultaneously. By optical pumping both;=+ 1 states of =163 176 280(66) kHz. The correction of the measured fre-
the 5D, level are depleted after several laser pulses. Congquencyw/ to obtainw. from Eq. (1) is only 2x 10 ° and
sequently the observed fluorescence drops to the scattean be neglected. The quoted frequency contains corrections
level. Increase of fluorescence occurs if we populate afrom a temporal drift of the magnetic field, which was as-
empty m; substate by inducedm;=1 transitions. This al- sumed as linear and measured to (434)x 10 1° h. The
lows us to determine the transition frequenaw=/(g;) contribution to the frequency uncertainty is 35 kHz. We also
X (ug)(B/h) for the my=3—m;=3 andm;=—3—-m;=— applied a relativistic mass shift to the electron’s cyclotron
3 transition. It does not allow, however, the observation offrequency, assuming that the mean kinetic energyaéthe
them;= + 3—m,;= — 3 transition. Attempts to deplete one of maximum value allowed by the trap’s potential depth. Very
the m,= + ; states separately by a narrow-band laser and toonservatively we assigned an uncertainty of 100% to this
induce microwave transitions failed because the populatiocorrection, which contributes 56 kHz to the total error.
in the m;= + 1 substates by spontaneous decay of tRg,56 As a by-product we repeated our earlier measurements on
level was too small to be observed in our experiment. the ground-state Zeeman splitting. When we use only one

To derive theg; factor from the measured transition fre- laser on the 6,,,-6P4, transition, we obtain a population
guencies we need to know the value of the magnetic field irdifference between the ground Zeeman levels by optical
the trap. This is accomplished by a measurement of the cypumping, which is reduced if we induce a transition between
clotron frequencyw.= (e/m)B of free electrons in the same the two m; states. It is indicated by an increase in laser
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induced fluorescence. The frequency is close to the free elec- 1 . ., e, .
trons cyclotron frequency. Figure 6 shows an example. The H=mc’ea(r)+ om(PHeA +—SB
measured transition frequency after averaging over several
sweeps is FEN[FX(p+A)] 5+ A% A (r)
EDINX(p+A)]-s+g 5506
= 1 - - 5> -

8m?3c?

The first two terms are spin- and angular-independent rest

and potential energies. The kinetic-energy telfp+eA)?
can be expanded:

IV. DISCUSSION AND RESULTS

The frequencies of then;=—3—m;=—3 and m;=$
—m,=3 transitions differ by about 47.6 MHz. This differ- 1 p2 e2
ence is caused by a quadraBefield dependence of the en- —(p+eA=-——u -B+ —AXr), (3
ergy levels. It arise&a) from diamagnetic corrections arh) 2m 2m 2m
from a mixture of finestructure levelds;, and Dy, in the . R
external magnetic field by incompleteS coupling. mL=—0giugl/f.

(a) Diamagnetic correctionlf we describe the interaction ) _ ) ) )
of the Ba" ion with the vector potentiaﬁ of the magnetic The third term describes the interaction of the spin’s mag-

field by a single-particle wave function in the spherical po_netic moment with magnetic field. The fourth term gives the

tential ¢(r) of the B&* core, we have the Hamiltonian from Spin-orbit interaction&(r)L - §L &(r)= Qe/zmzcz)(l/f)(d¢/
the Dirac equation dr), and a linear termé(r)(r XeA)-S, called the Breit-
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Margenau correction. The Darwin term3e/8m?c2) A ¢(r)

is spin and angular independent. The leading part in the las”

expression in Eq(2) is a correction —— p*/8m°c? to the
kinetic energy, independent of spin and angular coordinate:
The quadratic energy dependence of the energy levels i
the 5D states arising from the diamagnetic Hamiltonian
Hp=(e?2m)A?(r) [Eq. (3)] is obtained is we set

A=1(BXxr). (4)

We then have

e? e? 2 4w
_ 2026i 29— — p2,2) 2 VT
Hp 8 B2r%sinfg 8 Ber [3 3\/§Y20(0,¢)},

5
whereY,, is the Legendre polynomial fdr=2, m=0. Cal-

culating (J,m;|Y,,|J,m;) and settingr?= fgr2dr|¥(r)|?,
we obtain

(3,my|Hp|J,my)=cp (¥ +m,?)B2, (6)
e
= 5om’ @

(b) Mixing of fine-structure statedn our strong magnetic
field, LS coupling is not completely preserved. Second-ordel
perturbation theory gives additional energy corrections to the
Zeeman levels in the B3, states:

2 —
E( )J,mJ_ E
i+

<J'mJ|Hp|JmJ>2

The perturbation Hamiltoniai, contains the sum of all
spin- and angular-independent terms in &). E}-E; can be

fluorescence intensity (arb. units)
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FIG. 5. Cyclotron resonance of stored elec-
trons.
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FIG. 6. Zeeman resonance in th&,6 ground state of Ba.
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reduced to the energy difference of the fine-structure leveltarger than the quoted magnetic-field inhomogeneity for a
5D, and D5,. Additional terms with different angular reasonable estimate for a different trapping volume for the
momental can be neglected here. If we redudg to the  two species.

Paschen-Back operatdipg=—(M_+My)-B, where M, From the difference of the two Zeeman transition frequen-
andMg are the magnetic moments of orbital and spin angu<ies (13) and (14) we obtain a value for the quadratic con-
lar momenta, we obtain tribution to the splitting:
4(cpg+Cp)B?=47 600.66.7) kHz. 19
Egz): —cpp( & —m;?)B?, (9) (CpetCp) 66.7) (19

5 The correctioncpgB? arising from the fine-structure mixing
_2(9s—90) ms

Cpp= (10) of th_e two D states can be calculated from E4O). We
125¢°h obtain for our field
As the next order in the perturbation series we obtain a cubic 4cpgB?=44 076.9 kHz. (20)

dependence of the energy levels on the magnetic field:
The diamagnetic correction is the difference between this

1 calculated value focpgB? and the measured sum of both
i=ca| my- 5me)et, a o .
parts:
24(g—9.)3 g’ cpB?=880.91.7) kHz. (21)
TP 2 s . .
Using Eq.(8) we derive a value for the mean-square radius
+ 72— 2
Using the experimentally determined fine-structure splitting® B&  SDaiz 0f r*=3.672(7) A .
hé=9.604 819 326 847 2(160) TH&], we obtain From the measurement of the ground-state Zeeman split-
' ’ ting and the electron cyclotron frequency we obtain a value
c3=0.23 kHzT3. (13)  for the 6S,, g, factor
Summarizing the contributions frorta) and (b) we obtain 04(6Sy,) =2.002 492 210). (22

for the two observed transition frequencies: ) ) )
Again we have added one-half of the full linewidth at half

v(my=—3/2—m;=—3)=g;ugB/h—2(Cpg+ cD)B2 maximum of the electron cyclotron resonance as a possible
systematic uncertainty to the statistical error. Our value is
somewhat higher than our previously obtairgdfactor of
2.002 490 612) [4], but agrees well with a theoretical calcu-
— — 1y 2

v(my=+3/2—m;=+3)=0,usB/h+2(Cpg+Cp)B laton by Lindroth and Ynnerman, who obtained

+¢4B2. (15 9= 2.002_491 1(30)5]. _
The ratio of theg; factors on the 6,,, and D3, states is
The sum of the two observed frequencies is independent ahdependent of the magnetic field value, which represents the
any quadratic contribution and we have otherwise largest uncertainty in our experiment. Only the
statistical uncertainties contribute and we obtain

+c4B3, (14)

9yueB+CsB3=65215714.63.3 kHz.  (16)

The third-order correction gives at our field B&5.83 T a

contribution of 45.5 kHz and we have

g,sB=65 215 669.43.3) kHz. (17) V. CONCLUSION

The experimentally obtained value of tlyg factors as
ell as the value of the mean-square radius of Ba the
32 State should be a sensitive test for relativistic wave
unctions. While for the &,,, ground state such calculations
have been performg&] and agree well with our experiment,
g;=0.799 327 83). (18)  to our knowledge no such calculation exists for the;p
level except for a first-order estimate by Johnsg@h who
The quoted error is the quadratic sum of the statistical unarrives atg;=0.799 46 using Dirac-Hartree-Fock wave func-
certainty (1o) of the Zeeman transition frequencié8.7  tions. Obviously a second-order calculation is required to
kHz) and the error of the electron cyclotron frequerié$  match the experiment uncertainties.
kHz). We add quadratically a possible systematic uncertainty We would like to note that a reduction of the experimental
of 50 kHz, which is one-half of the full linewidth of a typical errors is possible if required by improved theoretical calcu-
electron cyclotron frequency to account for the fact that thdations. The experiment was performed using nitrogen-
electrons might not occupy the same trap volume as theumped pulsed dye lasers, which were technically obsolete,
Ba* ions and thus might react to a different magnetic field.had frequent breakdowns, and made data taking difficult. Us-
We consider this estimate of a systematic uncertainty asg state-of-the-art solid-state lasers, which are available for
rather conservative, since its relative value ok B0’ is  the required wavelength, would substantially improve the

The value of the magnetic field is taken from the cyclotron
frequency of stored electrons extrapolated to the time whel}’
we performed the Zeeman measurements. We obtain for t
g; factor of the B4, state
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signal-to-noise ratio. Electron cyclotron resonances can b&ap, when we apply a bias voltage between the endcap elec-
measured up to a few times 1® by sensitive detection of trodes and thus shift the center of the ion cloud.

their induced currents in the trap electrod&g]. The largest
systematic uncertainty from the ambiguity that the electrons

might not occupy the same trap volume as the"Bans Our experiment was supported by the Deutsche For-
could be reduced by mapping the magnetic field inside theschungsgemeinschaft.
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