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The ground-state hyperfine splitting of the '*’Ba* ion has been measured with a
precision of 4.6X 10~!". About 10° ions were confined in a rf quadrupole trap for many
hours. Hyperfine pumping was achieved by a pulsed tunable dye laser and transitions
between the Zeeman sublevels were induced by microwaves, locked to a primary
frequency standard. The transitions were detected via changes in the ionic fluorescence
perpendicular to the laser beam. The final result is Wy, =8037741667.69 (0.36) Hz.
The uncertainty stems in about equal parts from the extrapolation to zero electric and

magnetic field strength.

I. INTRODUCTION

The confinement of charged particles by elec-
tromagnetic forces for very long times to a small
volume almost free of perturbations has found a
variety of applications during the past decade. It
has been used, e.g., as a high-resolution mass spec-
trometer, which recently provided new values for
the ratio of electron and proton mass,"? served to
determine the anomalous magnetic moment of
electron and positron with unprecedented accura-
cy,’ and allowed the measurement of lifetimes of
very-long-lived metastable states.*>® In mi-
crowave spectroscopy the pioneering experiment on
3Het by Dehmelt and co-workers’ was followed by
measurements of the hyperfine splitting of
19Hg+ 8910 While the first one used spin ex-
change and spin-dependent charge exchange be-
tween He* and Cs atoms for polarization and
detection of Zeeman resonances, the optical
double-resoance experiment on '*’Hg™* relied on a
fortuitous matching of spectral lines of different
Hg* isotopes.

The use of a tunable laser for optical pumping
allows more general applications in spectroscopy
on ions and at the same time increases the signal-
to-noise ratio substantially. Recently, the first ex-
perimental results have been obtained on Mg™ and
Ba® ions. In the first case!’ a cw dye laser was
employed, which served for optical pumping and
optical sideband cooling of the ions at the same
time and required a sophisticated sequence of opti-
cal and microwave transitions. The experiment on
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137Ba* was performed using a pulsed dye laser to
change state populations and to detect microwave
transitions. Preliminary results have been pub-
lished elsewhere.'?

The ground-state hyperfine separation of (nomi-
nal) 8 GHz of '*’Ba* has been determined previ-
ously on ions in a buffer gas cell.'> Light shift,
pressure shift, and coherence-time effects limited
the accuracy in this experiment to 7.5 parts in 108,
It seems worthwhile to improve the accuracy, since
ion storage is being discussed for frequency-
standard applications,'*!* and because of its large
hyperfine splitting, its high mass, and its resonance
lines in the reach of available dye lasers, '*"Ba*
may be a suitable candidate.

II. APPARATUS
A. Ion storage

The principle of ion storage has been treated ex-
tensively by several authors,'*~'¢ so we restrict
ourselves to a brief outline. The ions are confined
in a rf quadrupole trap (Paul trap). A dc voltage
U, and an ac voltage ¥V cos{)t are applied between
a ring electrode (radius r;) and two endcaps (half
distance zo=ry/V"2) of hyperbolic shape to create
the potential

O =(Uy+ VocosQt)(x2+y2—2z2)/rd .
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Under the action of the inhomogeneous force, the
ions follow trajectories given by the solution of a

differential equation of the Mathieu type. A class
of solution, depending on two parameters a and g,

a,= —8eUy/mriQ?=—2a, ,

g, =4eVy/mriQi=—2q, ,

(2)

leads to finite amplitude of the ion motion, i.e., to
confinement. Following the notation of Ref. 14,
we can describe this motion in first order by a har-
monic oscillation at a frequency » whose ampli-
tude is modulated at the frequency Q of the trap-
ping field:

x;(t)=A;(141/2q;cos{dt)cosw;t, i=r,z
(0,'=B,'Q/2 N (3)
B=a;+(1/2)q}? .

In thermal equilibrium the ions assume a
Maxwell-Boltzmann velocity distribution, whose
mean energy is approximately one-tenth of the
trap-potential well-depth D, given by

D=(1/8)mQXBiri+pBz3) . (4)

The spatial ion distribution around the trap center
is found to be Gaussian, the width being propor-
tional to the mean energy.'”!® In our experiment a
layer of less than 0.5 mg of isotope separated Ba
on a hot Pt filament placed near the inner surface
of the lower endcap electrode served as the ion
source. About 2% of the ions, created by surface
ionization at moderate temperatures, were con-
fined, yielding approximately 10° trapped ions
after a few seconds. The storage time usually ex-
ceeded several hours at background pressures be-
tween 10~° and 10~ mbar. Trap parameters and
typical operating conditions are listed in Table I.

B. Optical pumping

The ground-state hyperfine splitting of 8 GHz,
which is larger than the optical Doppler width of 3
GHz (at typical mean ion energies of 2 eV), allows
easy hyperfine pumping by tuning a laser to one of
the hyperfine components of the resonance line at
493.4 nm (Fig. 1). The splitting of the excited
6P, ,, state of 0.74 GHz can be neglected. The ex-
cited P state partially decays into the metastable
5D;,, state (branching ratio 2.8). Since the radia-
tive decay time of this state is 17.5 s (Ref. 5) the
ions would accumulate there, being lost for the

TABLE 1. Trap parameters and typical operating
conditions.

ro=20 mm
zo=14.14 mm

trap dimensions:

typical confinement data: a,=—0.012
q.=0.56
B,=0.21
B.=0.38
drive frequency 0 /2m=490 kHz
applied potential Vie=8 V
Vae=756 V
potential depth D,=48.8 eV
D,=30.4 eV
ion cloud diameter: d.=12 mm
laser beam diameter: d; =4 mm
laser pulse duration: 7=6 nsec
laser repetition frequency: 0<fL <50 Hz
laser power/pulse: P, >10 kW

pumping cycle. Therefore we introduced He buffer
gas at about 10~ mbar into our system for colli-
sional quenching. The hyperfine density shift at
this pressure amounts to 8v/v=>5x 10716 (Ref. 13)
and is negligible at our level of accuracy. We em-
ployed a pressure-tuned pulsed dye laser (band-
width 1 GHz) which was operated well above sa-
turation intensity. Solution of the rate equations
for the pumping cycle shows that equilibrium of
state population is achieved after about 10 laser
pulses. The pulse rate can be varied between 0 and
50 Hz.

1 (%7Ba) = 3/2

6P, ;

: 649.6 nm

50312
493.4 nm
L F=2
651!2
8.04 GHz
F=1

FIG. 1. Part of the energy diagram of Ba* and opti-
cal pumping scheme. The hyperfine-structure (hfs)
splitting of excited states is neglected.
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C. Hyperfine transitions

The AF=1, Amp=0,+1 selection rule allows,.
for a nuclear spin of %, nine different transitions
between the hyperfine Zeeman sublevels. The mi-
crowaves to induce those transitions were created
by a klystron, thermally isolated and phase-locked
to the 17th harmonic of a 500-MHz frequency syn-
thesizer, whose time base was supplied by a Rb
frequency standard (short-term stability
5% 10~!1/s). As a reference for long-term stability
we used the broadcast 77.5-kHz signal of the
Physikalisch-Technische Bundesanstalt locked to a
primary cesium standard (Fig. 2). The microwaves
were fed into the trap by a hairpin antenna, placed
between the ring and the lower endcap electrode.
This caused only a slight distortion of the trapping
field and did not affect the storage time at all.

We observed the hyperfine Zeeman transitions
by a change in the fluorescence intensity perpen-
dicular to the laser beam. The P-D decay photons
at 649.6 nm were monitored in a time interval of
about 20 ns, triggered by the laser pulse. This as-
sured complete absence of stray light caused by the
laser beam. The efficiency of the optical detection
system was 2X 1073 (5% solid angle, 75% filter
and surface transmission, 5% photomultiplier effi-
ciency). Typical count rates off resonance were 17
photons per laser pulse, at resonance 24 photons
per pulse. For statistical averaging we usually
summed over 10— 30 pulses.

III. MEASUREMENTS

The measurements were performed according to
the following sequence:
(1) The ions were created by surface ionization

FIG. 2. Experimental arrangement. Not shown is
the broadcast Cs reference (DCF 77) for long-term fre-
quency stability of the Rb clock.

and confined usually for one day.

(2) The dye laser was pressure-tuned to the lower
hyperfine component of the optical resonance tran-
sition (starting from F=2). Since the laser
wavelength was not stabilized, we had to slightly
readjust the wavelength a few times a day. The
laser pulse rate could be varied between 0 and 50
Hz. Although the width of the resonance de-
creases with lower pulse rate we usually chose 20
Hz for reason of signal-to-noise ratio.

(3) The klystron output frequency was swept
across the hyperfine transition and the fluorescence
count rate at 649.6 nm was sampled and stored in
a multichannel analyzer (MCA) for further data
handling.

We observed all possible AF=1, Amg=0,+1
transitions. Apart from the F=1, mp=0—F=2,
mp=0 transition, which showed a weak quadratic
magnetic field dependence only and which we call
“field independent”, the width of the remaining
lines was determined by the inhomogeneity of the
residual magnetic field inside the trap. It could be
varied by three pairs of Helmholtz coils between
10~2 and 10 G. Typical linewidths were 2— 10
kHz, which was sufficient to determine the mag-
netic field to about one part in 10

A. Line shape and linewidth
of the 0-0 resonance

There are different relaxation mechanisms,
which might contribute to the linewidth of the
“field-independent” transition.

a. Collisions with neutral He atoms. The cross
section of alkali atoms with noble gases for hyper-
fine relaxation is typically smaller than 10~!¢ cm?.
Assuming a similar order of magnitude for the al-
kalilike Ba* ion, we have for He pressures of 10~
mbar and average ion velocities of 10° cm/s relaxa-
tion constants of 30 s.

b. Magnetic field inhomogeneity. From the
linewidth of the magnetic field dependent lines we
deduce a typical field inhomogeneity 8H /H over
the active trap volume of about 1X 1073 at field
strength of 1 G. This value leads to a linewidth of
1 Hz in the “field-independent” resonance. Mo-
tional narrowing may further reduce this value.

c. Ion loss from the trap. Since the storage time
of many hours exceeds the time for one sweep
across the resonance by many orders of magnitude,
we do not regard it as a significant contribution to
the linewidth. We take into account any possible
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ion loss during one microwave sweep by a linear
term —C(w—wy) in the final line-shape formula
whose amplitude C has to be determined experi-
mentally.

d. Pulsed laser excitation. The ions interact
essentially freely with the applied microwave field
during the time T between two consecutive laser
pulses, while the short (6 ns) and intense (~ 10
kW) pulse destroys coherence. Since the linewidth
of the 0-0 transition is many orders of magnitude
smaller than the energy distance to any neighbor-
ing state, we can deal satisfactorily with a two-
level system. The well-known transition probabili-
ty for this case, neglecting relaxation, is

Vm

pe—m
(co—wo)2+7/f,,
xsin? %[(w_mo)uyﬁ,]l/z , (5)

where ¥, is the hyperfine transition rate, propor-
tional to the microwave amplitude, ® the mi-
crowave frequency, and o, the resonance frequen-
cy. This transition rate, however, has to be modi-
fied due to the fact, that the ion cloud width is
somewhat larger than the laser beam diameter.
Thus, there is a finite chance for an ion to escape
one or even more laser pulses, which extends the
free interaction time to multiples of T. According-
ly the transition rate is given by

Vm

p—— "
(w—wo)2+y,2,.

n
X 3, agsin® k%[(w—a)o)z-i-)/fn]l/z )
k=1

(6)

where k=1,2.... The amplitudes a; are deter-
mined purely by geometry and are normalized to
2: =1 Ay = 1.

In the process of fitting the line-shape formula
to our data it turned out what we had to add a
term symmetrically around w, in order to get satis-
factory agreement. For purposes of simplicity we
chose

Bexp[ —(w—wg)* /73], 7

whose amplitude B is small, possibly attributed to
residual phase noise in our microwave oscillator.
Later measurements on the '*Ba* isotope, which
resulted in narrower lines, indicate that under the
given experimental conditions and the present level

of accuracy, relaxation due to collisions with back-
ground molecules can be neglected.'’

To summarize, the line-shape formula F(w),
which we used to fit our data, consists of different
terms as described above:

F(w)= AP + B exp[ — (0 —w¢)* /72 ]
—Clo—wy)+D , (8)

where D is a constant background. We checked
this formula by comparison to experimental lines,
taken with high spectral resolution (Fig. 3) and at
different microwave amplitudes (Fig. 4). Without
exception, all experimental curves could be fitted
with a constant set of parameters ay, . . . ,as, 4, B,
C, and D. Apart from normalization, the only
parameter which could not be determined indepen-
dently was the microwave power inside the trap.

It was used as a free parameter in the fitting pro-
cess. We found however, that instead of Eq. (6) we
had to use

, Vm

B (w—wo)2+7,2,,

n
X Y agsin® k%[(w—wo)z*'?’;nz]l/z )
k=1

9)

with different values of y,,y;, to obtain satisfacto-
ry agreement. This is not understood so far. Al-
though the line shape might not be completely un-
derstood, we have some confidence in the determi-
nation of the line centers because of the apparent
high degree of symmetry in the lines.

-

Voo = 8 037 742 079. 44 (0.07) Hz

Fluorescence Intensity (arb units)

+0 + 40 +80 +120 +160
8037 741982 Hz
Frequency (Hz)

FIG. 3. F=2, m =0—F=1, m =0 hyperfine transi-
tion in '’Ba*. The full line represents a least-squares
fit according to Eq. (8) to the experimental points. Fre-
quency steps 0.6 Hz, laser repetition rate 20 Hz, averag-
ing time 15 s/channel. Statistical error of center fre-
quency 0.07 Hz.
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Fluorescence Intensity (arb units)

1 1 T bl |
4120 +160 200 {0 ! 1280

Frequency (Hz)

.
! +40 +80
8037.741 880 Hz

Fluorescence Intensity (arb. units)
T

1 1
! +40 +80 +120 60
8.037 71.625 Hz
Frequency (Hz)

FIG. 4. Examples of “field-independent” hfs transi-
tion and fits according to Eq. (8).

B. Magnetic field dependence

In order to determine the magnetic field inside
the ion trap all other hyperfine transition frequen-
cies were measured. Because of insufficient shield-
ing, stray and 50 Hz fields in the lab caused a resi-
dual linewidth of a few kHz. Thus, it was possible
to determine the applied magnetic field with an
uncertainty of 1x107%.

The magnetic field dependence of the 0-0 transi-
tion is given by the Breit-Rabi formula, which
yields

Vool B) =vo(0) +487.7B2 (10)

(B in 10~* tesla), if we take the g; value from the
isoelectronic Cs. Figure 5 shows the corresponding
fit. The total error in the extrapolation to zero
field is 0.23 Hz. To give an idea of the error at a
single data point, the insert is 500 times enlarged.

C. Doppler Shift

Since the ion motion is limited to dimensions
which are smaller than the observed wavelength,

— - T T T
+ 8037 741 600 Hz T

4800}  Vms = 8037 741 667.08 (023) Hz
4000+t
32001

2400

Frequency (Hz)

1600 r

800 r

o 1 1 I 1
0 0.8 16 24 32 40
Magnetic field (10 tesla)

FIG. 5. Magnetic field dependence of the 0-0 transi-
tion. The magnetic field was determined by the
Amp=+1 transitions. Least-squares fit according to the
Breit-Rabi formula [Eq. (10)].

the first-order Doppler shift plays no role.!” How-
ever, because of the ion energy of several eV the
second-order Doppler shift is of importance at our
level of accuracy.

Different measurements'®?° have shown that the
average ion energy varies linearly with the trap-
potential depth D. This provides a means to
change the ion temperature. We were able to vary
our operating point to a certain extent, limited by
the loss of ions near the boundary of the stable
trapping region. The observed shift of the transi-
tion frequency can be fitted by a straight line for
extrapolation to zero energy (Fig. 6). The experi-
mental value

Sv/v=—2.5(1.1)x10712D ,

with D expressed in €V, is somewhat larger than
the calculated value of —7.8X 10~ !3D from the

second-order Doppler ?ffect, assuming that the
average ion energy is 55 of the potential depth as

in Ref. 19. The total correction from our usual
operating point to zero energy amounts to
0.61(0.27) Hz.
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v=8 037 742 080 S Hz

1 Av -12
0 v = 25x10"“/ eV

« 2x107° |
+ 1100 1 i

T

10 20 30 40
Potential Depth (eV)

Frequency Shift Av/v

FIG. 6. Frequency of the 0-0 transition vs trap-
potential well depth. The line is a linear least-squares
fit.

D. Stark effect

Stark shifts of the ground-state hyperfine split-
ting have been observed only on a few neutral
atoms. As an example, for the strongly polarizable
Cs atom, the shift is

Sv/v=—2.8X10"1°E?

with E in V/cm?!'. From this we estimate for our
operating conditions a maximum frequency shift of
0.3 Hz. A possible effect of this kind would be in-
cluded in the shift observed by variation of the
trap-potential depth, since the electric-field
strength cannot be changed independently. It
might be the cause for the discrepancy between ob-
servation and calculation at the second-order
Doppler effect, but we cannot totally exclude in-
strumental failure during the course of several
runs, which could be responsible for that.

E. Other possible sources
of frequency shifts

Light shifts do not occur in this experiment
since the microwave frequency is always switched
off when a laser beam passes through the ion trap.
Measured values for the fractional density shift in
the hyperfine structure of '*’Ba* ions!? give pres-
sure shifts at most of 10~3 Hz. This is negligible
at our level of accuracy as it is the Bloch-Siegert
shift which contributes at most to an order of 10~¢
Hz.

IV. RESULT

The final result of our measurements gives for
the ground-state hyperfine splitting of *’Ba*, in-
cluding corrections to zero magnetic field and en-
ergy, a value of

Wy =8.037 741 667.69(0.36) Hz ,

with the following errors: statistical error of line
center less than 0.1 Hz; magnetic field extrapola-
tion, 0.23 Hz; and extrapolation to zero potential
depth, 0.27 Hz. The uncertainty can be further re-
duced by improved design of the optical detection
system to increase the signal-to-noise ratio, by
better shielding of the magnetic field and by a dif-
ferent frequency standard, since the short-term sta-
bility of the applied frequency standard (5 10~ !!
sec™!) can cause observable deviations at our level
of accuracy.

V. CONCLUSION

The total relative uncertainty of 4.6 10~!! in
this experiment demonstrates the high potential of
the ion-storage technique for high-precision mi-
crowave spectroscopy. The use of a laser for opti-
cal excitation extends possible species to be investi-
gated substantially, and at the same time leads to
good signal-to-noise ratio and short measuring time
in spite of the small ion number compared to ex-
periments on neutral atoms. While pulsed lasers
have the advantage of simplicity and can avoid any
light shifts, cw lasers offer the possiblity to reduce
the ion temperature substantially. In the case of
Ba ions, suspended in a rf quadrupole trap, this
has been demonstrated by Toschek and co-
workers.?? This virtually eliminates all shifts
caused by the ion motion. Relative accuracies of
parts of 10~'° are discussed now,?* which lead to
new possibilities in frequency-standard applica-
tions.
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