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Measurement of the 2S1/2-
2D5/2 clock transition in a single 171Yb1 ion
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Spectroscopy of the 411-nm transition in171Yb1 has been performed and the feasibility of its use as an
optical frequency standard has been demonstrated. The2S1/2(F50, mF50) –2D5/2(F52, mF50) frequency,
at zero-magnetic field, has been measured to be 729 487 779 566~153! kHz. This transition is free from the
first-order Zeeman shift and has a measured second-order shift of10.38~8! Hz/~mT!2. In addition, the hyper-
fine structure of the2D5/2 level has been deduced by driving the other hyperfine components of the 411-nm
transition, showing it to be inverted. The2D5/2 hyperfine splitting, measured to be2191~2! MHz, implies an
A factor of 263.6~7! MHz. These data taken in conjunction with previous work yield an isotope shift of
n1712n172511317.1(1.3) MHz for this transition between the 171 and 172 isotopes.
@S1050-2947~99!08110-X#

PACS number~s!: 32.10.Fn, 06.30.Ft, 32.80.Pj, 42.50.Lc
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I. INTRODUCTION

The construction of a reproducible frequency standard
pends critically on the ability to control perturbations to t
reference system. A single ion, stored in an electrodyna
~Paul! trap, is particularly suitable as a reference since p
turbations can be effectively controlled. The quantum-ju
technique@1# can be used to observe a narrow forbidd
transition, which is an excellent reference for a high-stabi
frequency standard. Tight confinement of the ion in t
Lamb-Dicke regime@2# eliminates the first-order Doppler e
fect and recoil shift. The second-order Doppler shift can
reduced by laser cooling the ion and by careful control of
ion’s motion. Operation under ultrahigh-vacuum conditio
reduces pressure shifts to a negligible level and the use
single particle eradicates collective effects.

The choice of atom is critical if a standard with the be
possible reproducibility is to be constructed. Insensitivity
magnetic fields and consequent improvement in reprod
ibility is provided by using anmF50-mF50 transition in an
atom with integer total angular momentum. Many isotopes
various atoms have this property, but to make laser coo
and state preparation simple, it is desirable to use an alk
like ion with a nuclear spin of12. The only species currently
under investigation, which meet all of these criteria, a
199Hg1 and 17Yb1.

The ytterbium ion has several transitions that are suita
as optical-frequency references, all of which are being
tively investigated: the ultranarrow 467-nm2S1/2-

2F7/2 tran-
sition @3#, the 435-nm2S1/2-

2D3/2 transition @4#, the
411-nm2S1/2-

2D5/2 transition@5# ~this paper!, and the infra-
red 2F7/2-

2D5/2 3.43-mm transition@6#. To the best of our
knowledge, this paper is the first study of th
411-nm2S1/2-

2D5/2 transition in the 171 isotope. The2D5/2
level has a lifetime of 7.2~3! ms @5# giving the 411-nm tran-
sition a Q of 331013, making it acceptable as a high
stability frequency reference. The previous work on this tr
sition @5# has used the technically easier 172 isotope. Du
the absence of hyperfine structure, it is easier to perfo
PRA 601050-2947/99/60~4!/2867~6!/$15.00
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spectroscopy in the 172 isotope; however, the lack ofmF
50-mF50 transitions make the 172 isotope unsuitable
use as a frequency standard.

The first part of this paper describes laser cooling the 1
isotope. The next section describes investigation of
411-nm clock transition and its hyperfine structure. Follo
ing this is a measurement of the second-order Zeeman
and an absolute frequency measurement of theF50-F52
component of the2S1/2-

2D5/2 transition. Finally, a measure
ment of hyperfine splitting of the2D5/2 level is described,
and the isotope shift of the 411-nm transition between
171 and 172 isotopes is deduced.

II. COOLING THE 171 ISOTOPE OF YTTERBIUM

A single ion of 171Yb1 is confined in a Paul trap consis
ing of a ring and two endcap electrodes. An ac voltage
applied to the ring to form a pseudopotential well in whi
the ion is confined. In addition a dc voltage is applied to t
ring to equalize the axial and radial oscillation frequenc
v r'vz'2p31.1 MHz. The rf-photon correlation techniqu
@7# is used to minimize the micromotion in the direction
the cooling laser beam. The background pressure in the
is less than 10210mbar, and ion storage times of over on
month have been observed.

The levels involved in the laser-cooling scheme a
shown in Fig. 1. The 171 isotope of Yb1 has a spin of12,
which causes hyperfine doublets in the energy-level str
ture. Laser cooling of this isotope of ytterbium has be
performed by several groups~e.g.,@8–10#!. In this paper the
single ion is laser cooled by repeatedly driving theF
51-F50 component of the2S1/2-

2P1/2 transition with laser
radiation at 369 nm. From the2P1/2(F50) state there is a
small probability for decay into the metastable2D3/2(F
51) state. To maintain the cooling cycle, the2D3/2 level is
rapidly depopulated by a laser at 935 nm, returning the ion
the F51 ground state via the3D@3/2#1/2(F50) level. The
369-nm laser wavelength in the 171 isotope was dedu
using the isotope shift data of Ma˚rtensson-Pendrill, Gough
and Hannaford@11#, and the necessary 935-nm waveleng
from the work of Tamm, Schnier, and Bauch@12#. This cool-
2867 ©1999 The American Physical Society
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2868 PRA 60M. ROBERTSet al.
ing cycle forms a closed loop, but nonresonant excitation
the 2P1/2(F51) state by the cooling laser leads to optic
pumping of theF50 ground state. In order to achieve effe
tive cooling, theF50 ground state must be coupled to t
cooling cycle. In this paper this is done by driving theF
50-F51 ground-state transition with microwave radiatio
at 12.6 GHz. The microwave radiation is generated by
HP3732B frequency synthesizer, amplified to obtain 1
output power, and applied to one of the pins of the vacu
feedthrough close to the ring electrode. No special prec
tions are taken to ensure impedance matching. This mi
wave transition is also being investigated by many group
a frequency standard in its own right@9,12–14#. To date, the
best measurement of the transition frequency
12 642 812 118.466~2! Hz @13#.

In zero magnetic field no fluorescence is observed fr
the cooling transition. This is due to coherent populat
trapping in themF561 sublevels of theF51 ground state.
The rate of depopulation as a function of the magnetic fi
is governed by the Lamor frequency,vL5gFmBB/\. The
rate of population, with the cooling laser driven at saturati
is governed by the lifetime of the2P1/2 level t, which is 8.1
ns @15,16#. Achieving effective depopulation, and hence se
ing adequate fluorescence, requires thatvL*1/t, i.e., B
*\/gFmBt. A plot of fluorescence verses magnetic fie
gives a Lorentzian-shaped dip, with a half width of 300mT,
in reasonable agreement with this crude theory. It is a
important to choose the magnetic-field direction, relative
the cooling-laser polarization, such that bothDmF50 and
61 transitions are driven. It was found that above a magn
field of 1 mT, applied at 45° to the cooling-laser polarizatio
no increase in fluorescence was observed. This magn
field is almost two orders of magnitude larger than that
quired for the 172 isotope. In the even isotope coher
population trapping occurs only in the2D3/2 level, which is
populated much less frequently than the ground state bec
of the small 2P1/2-

2D3/2 branching ratio. Another techniqu
for avoiding population trapping in the cooling transition
to ‘‘spin’’ the polarization of the cooling laser@17#, which is
advantageous since it avoids the use of a large magn
field.

Figure 2 shows a fluorescence profile of a single171Yb1

ion as the frequency of the cooling laser is scanned over

FIG. 1. Partial term scheme of171Yb1 showing the levels and
transitions involved in the laser cooling cycle.
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2S1/2-
2P1/2 resonance. A characteristic asymmetric li

shape is observed due to the heating of the ion at frequen
greater than line center. A maximum count rate of 12 k
has been obtained, compared with a typical172Yb1 count
rate of 35 kHz. Driving the ground-state hyperfine transiti
halves the population in the cooling cycle, and so halves
maximum possible fluorescence. A more effective, but n
trivial scheme, would be to depopulate theF50 ground state
by placing a frequency sideband on the 369-nm light@4#,
thus also driving theF50-F51 transition. The remainde
of the missing fluorescence is most likely due to inefficie
depopulation of the 2D3/2(F52) level by nonresonan
935-nm radiation. This could be avoided by a seco
935-nm repumping laser, or switching the laser frequen
between the two transitions.

III. SPECTROSCOPY OF THE 2S1/2-
2D5/2 TRANSITION

The term scheme relevant to the clock cycle is shown
Fig. 3. The electric quadrupole2S1/2-

2D5/2 transition at 411
nm is investigated using the quantum-jump technique. Fr
the 2D5/2 level the ion can decay either to the2F7/2 level via
an electric dipole transition, or back to the ground state. T
branching ratio for decay to the2F7/2 level has been mea
sured@5# in 172Yb1 as 0.8360.03. Due to the ten-year life
time of the 2F7/2 level it is necessary to depopulate this sta
by driving an additional transition. As in previous work@5#
the electric quadrupole2F7/2-

1D@5/2#5/2 transition at 638 nm
is used for this purpose. The work presented here shows
the hyperfine structure of the2D5/2 level is inverted. From
the present paper it is not possible to determine whether
2F7/2 or 1D@5/2#5/2 levels are inverted.

Figure 4 shows a schematic of the experimental arran
ment. A single ion is tightly confined in the trap where it
laser cooled close to the Doppler limit. The resonance fl
rescence at 369 nm is detected by the photomultiplier. T
fluorescence is used to monitor the state of the ion. T
cooling laser and microwave radiation are chopped in
tiphase with the 411-nm laser to avoid broadening
ground-state transition during the probe interrogation. La
light at 411 nm is used to drive the2S1/2-

2D5/2 transition,
producing a quantum ‘‘off’’ jump. The long-lived2F7/2 state
is depopulated by light from an extended cavity diode la
at 638 nm, producing a quantum ‘‘on’’ jump. The 638-n
light is gated by an acousto-optic modulator~AOM! and only

FIG. 2. Profile of the cooling transition.
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FIG. 3. Partial term scheme of171Yb1 showing the transitions
involved in the clock-interrogation cycle. Vacuum wavelengths
given for each transition. The percentages in brackets are the
culated absorption probabilities for an ion in that particular hyp
fine level @20#. The two weak 2F7/2-

1D@5/2#5/2 transitions ~7%,
14%! are not shown. The three percentages without brackets ar
branching ratios for decay from the2D5/2 level @20,5#. For clarity
the 2D5/2-

2S1/2 decays are not shown.

FIG. 4. Experimental arrangement. AOM—acousto-optic mo
lator. PBS—polarizing beam splitter.
illuminates the ion when the fluorescence has remai
‘‘off’’ for an appropriately long time, indicating that the ion
is in the 2F7/2 state. The data acquisition program switch
the AOMs in sequence and records the fluorescence leve
obtain a transition profile of a particular 411-nm hyperfi
component, the 411-nm laser frequency is stepped over
transition by the synthesizer-controlled AOM. A histogra
of quantum-jump statistics is produced. A number of the
scans is taken and the data from them summed to produ
profile with satisfactory statistics. In order to observe all
the Zeeman components the 1 mT magnetic field is app
at roughly 45° to both the 411-nm laser polarization and
direction of propagation.

Collisions with background gas can cause a transit
from the 2D3/2 to the 2F7/2 level. The resulting event is in
distinguishable from a quantum jump caused by the 411-
laser and hence forms a background to the experiment. In
current experiment the laser-frequency-independent ba
ground was less than one jump per hour. Each data set
sists of around 300 jumps taken over a period of around
hour; hence, the pressure-induced jumps are statistically
significant.

Light at 411 nm is generated using a frequency-doub
diode laser@8#. The frequency of the laser is stabilized to
Fabry-Perot reference cavity, which is mounted in an eva
ated, temperature-controlled chamber. The cavity, m
from optically contacted ultralow-expansivity material has
transmission linewidth of approximately 1 MHz at 822 nm
The Pound-Drever-Hall technique is used to stabilize the
ser to the cavity resonance, using frequency-modulated s
bands placed on the laser light at 10 MHz by direct modu
tion of the laser-diode current. Feedback is applied to
extended-cavity grating and diode-injection current. F
quency scanning of the laser is provided by a double-pas
AOM between the laser and reference cavity. The AOM
capable of scanning from 180–380 MHz. The drive fr
quency of the AOM is produced by a frequency synthesiz
which is controlled by the data-acquisition program. T
822-nm light is frequency doubled to 411 nm in a critica
phase-matched crystal of lithium triborate. The crystal is
cated at the tight focus of an enhancement cavity for
fundamental light. This frequency doubling scheme has b
described previously@5#, except that in this paper the en
hancement cavity is kept in resonance with the 822-nm
diation by the Ha¨nsch-Couillard technique@18#.

The 638-nm laser depopulates the2F7/2 state via the high-
lying 1D@5/2#5/2 level. The 1D@5/2#5/2 level decays to the
cooling cycle via either the2D3/2 or the 2D5/2 level. The
638-nm laser frequency is switched@19# by a few gigahertz
so that both theF53 andF54 hyperfine states of the2F7/2
level are depopulated, and it is frequency dithered by sev
megahertz so that all of the Zeeman components of the t
sition are encompassed. Figure 3 shows the relationship
tween the 411-nm transitions and the 638-nm transiti
used to depopulate the2F7/2 level. The percentages in brack
ets show the calculated relative absorption probabilities@20#
for an ion in that particular hyperfine level. As the levels a
selectively populated by a single ion and not by an ensem
no statistical weighting factors are required. Only two of t
four possible 638-nm transitions have been observed. Th
due to the large differences in relative intensities of the tr

e
al-
-

he

-



he
o

th
y
-n

a

d
a

y

p
n

gt

ic

o

i
p
th

ym
n

is

ts.
man

2,
the
etry,
tate

in

ear
rder
hen
an
as

t and

ap-
ere
eld
ally
the
ugh
ear
ag-
hift

.
the
ated
be
ero.
s-

y to
off
ar-

po

2870 PRA 60M. ROBERTSet al.
sitions. It was possible to identify the levels involved in t
various 411-nm transitions by the strong dependence
which 638-nm transition was necessary to depopulate
2F7/2 level. These assignments were later confirmed b
detailed examination of the Zeeman structure of the 411
transition.

The Zeeman structures of the three 411-nm transitions
shown in Fig. 5. Figure 5~a! shows theF50 to F852 tran-
sition. In this picture the Zeeman structure is fully resolve
The small amount of background between the main peaks
micromotion sidebands. A measurement of the frequenc
the central component (mF50 to mF850) is described in a
later section. The relative intensities of the Zeeman com
nents are in good agreement with theory for this hyperfi
component. Figures 5~b! and 5~c! show theF51 to F852
and 3 transitions. The calculated relative absorption stren
of the hyperfine transitions~Fig. 3! agree qualitatively with
the observed strengths~i.e., F51 to F852 is weaker than
F51 to F853). The Zeeman structure of theF51 to F8
52 transition has 12 unevenly spaced components, wh
are resolved in the picture. As expected, themF50 to mF8
50 component is absent, being forbidden on angular m
mentum grounds. The weakness of theF51 to F852 tran-
sition is responsible for the comparatively poor statistics
the figure, which makes the weakest pair of Zeeman com
nents barely observable. Despite this it is quite clear that
relative intensities of the various components are not s
metric about zero detuning. This is caused by an imbala

FIG. 5. Zeeman structure of the 411-nm2S1/2-
2D5/2 transi-

tion. ~a! F50-F52, ~b! F51-F52, and~c! F51-F53. To aid
the eye,~b! shows the expected positions of the Zeeman com
nents below the picture.
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in the populations of the ground-state sublevels, which
induced by the cooling radiation@21#. The F51 to F853
transition in Fig. 5~c! consists of 15 Zeeman componen
Each observed peak consists of three unresolved Zee
transitions. This is due to thegF factors of the2S1/2(F51)
and 2D5/2(F853) hyperfine levels being 0.999 and 1.00
respectively. Careful analysis of the relative intensities of
Zeeman components reveals a small amount of asymm
again due to an imbalance in the population of ground-s
sublevels. The Zeeman splittings of all of the components
all three transitions are in good agreement with theory.

IV. SECOND-ORDER ZEEMAN EFFECT

The 2S1/2(F50)-2D5/2(F52, mF50) transition is suit-
able as a frequency reference as it is free from the lin
Zeeman effect. However, it is susceptible to the second-o
Zeeman effect. This shift is small, but can be observed w
large magnetic fields are applied to the ion. To obtain
unperturbed value for the frequency of this transition it w
necessary to measure the second-order Zeeman effec
then correct it to zero field.

To deduce the unperturbed center frequency at zero
plied magnetic field, a series of quantum-jump profiles w
taken for various applied magnetic fields. The magnetic fi
was generated by three pairs of coils situated orthogon
around the trap. The field at the ion was calculated from
dimensions of the coils, and the currents passed thro
them. The results of these scans are shown in Fig. 6. A lin
dependence of frequency with the square of applied m
netic field is clearly seen. The second-order Zeeman s
inferred from this data is 0.38~8! Hz/~mT!2, where the error
includes the rather large uncertainty in the magnetic field

In a frequency standard application it is desirable that
second-order Zeeman shift is small, so that the associ
frequency uncertainty is also small. To achieve this it will
necessary to probe the ion in a magnetic field close to z
To avoid significantly reducing the observed cooling fluore
cence by coherent population trapping it will be necessar
either observe the ion in a large field, which is switched
for the probe interrogation, or spin the cooling laser pol
ization @17#.

-

FIG. 6. Second-order Zeeman shift of the2S1/2(F50, mF

50) –2D5/2(F52, mF50) transition.
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V. ABSOLUTE FREQUENCY MEASUREMENT

An absolute frequency measurement of the2S1/2(F
50, mF50) –2D5/2(F52, mF50) transition was made. Th
measurement consists of two parts: measuring the trans
sion fringe frequency of the reference cavity to which t
fundamental 822-nm light was locked, and then scann
across the transition while recording the AOM frequency
obtain a quantum-jump profile of the transition. It is al
necessary to take into account the frequency shift
260.000 MHz, introduced by the AOM used to chop t
411-nm light. The data was taken in a magnetic field
1.07~0.10! mT, and the final answer then corrected to ze
field using the second-order Zeeman-shift data of the pr
ous section. The transition was measured on two sepa
days. These two measurements were consistent with
other, and the final answer was obtained by combining
results of these two measurements.

To measure the reference cavity transmission fringe
822 nm, the fundamental light was sent, by single-mode
tical fiber, to the National Physical Laboratory intercompa
tor @22,23#. This device is a 1-m etalon that is referenced
an iodine-stabilized He-Ne, and allows wavelength comp
sons with an accuracy of better than 2 parts in 1010. The
cavity frequency was measured before and after a serie
quantum-jump scans in order to correct for any freque
drift of the reference cavity. The observed drift, of typica
200–400 kHz over several hours, is due to imperfect te
perature control of the reference cavity. This drift was c
rected to first-order by recording the time at which the in
vidual scans were made, and assuming a linear drift of
cavity. An error of 0.253(total drift) is allowed in this cor-
rection. The intercomparator has a number of systematic
rors that amount to 30 kHz@5#, and measurement statistics
30–40 kHz. Both the cavity drift and intercomparator erro
apply to the fundamental frequency of 822 nm and so
doubled to find the contribution to the measurement at
nm.

A typical scan of themF50 to mF850 component is
shown in Fig. 7. The profile consists of three features. T
central feature is the Doppler-free resonance of the tra
tion, while the two smaller peaks are secular-motion si
bands. These sidebands consist of three unresolved co
nents corresponding to the three spatial axes. The moti

FIG. 7. Profile of the 2S1/2(F50, mF50) –2D5/2(F52, mF

50) transition.
is-

g

f

f
o
i-
te
ch
e

at
-

-

i-

of
y

-
-
-
e

r-

s
e
1

e
i-
-

po-
al

peaks are separated from the carrier by the secular frequ
v r'vz'1.1 MHz. From the intensities of the sidebands,
is clear that the ion is in the Lamb-Dicke regime. An io
temperature of 0.63 mK can be estimated from these in
sities, which is close to the Doppler limit of 0.47 mK. Th
line-center frequency was determined by taking the mean
the data for the central peak only. This is to avoid lin
pulling effects, which could be caused by unequal intensi
of the motional sidebands. The measurement statistics
finding the line center of these profiles is only a few kil
hertz, and so makes little contribution to the final error. T
final value for the frequency of the transition, obtained fro
combining the results of the two days’ measurements
729 487 779 566~153! kHz.

VI. HYPERFINE SPLITTING AND ISOTOPE SHIFT

The hyperfine splitting of the2D5/2 level is determined by
the difference in frequency of the transitions from theF
51 ground state to the two2D5/2 hyperfine levels. It was
possible to scan between these two transitions while loc
to the same mode of the reference cavity, making the m
surement of the splitting relatively simple. For theF51 to
F853 transition the central component (DmF50) is mea-
sured. For theF51 to F852 transition the absence of th
mF50 to mF850 component means that the line center
derived from the mean frequency of themF521 to mF8
521 and themF511 to mF8511 transitions, which are
the central two components in Fig. 5~b!. The results of these
scans are shown in Fig. 8. A hyperfine splitting of 190.9~0.2!
MHz is calculated from this data. However, this neglects
second-order Zeeman shift. It is possible to estimate an
per limit on this shift, since a large effect would cause li
asymmetry in the observed line shapes. By the absenc
significant asymmetry it is possible to put an upper limit o
MHz on the second-order Zeeman shift. The best measur
the hyperfine splitting is, therefore,2191~2! MHz. This im-
plies anA factor of 263.6~7! MHz. No B factor is present
since the nuclear spinI 5 1

2 .
The centroid of the 411-nm transition is calculated us

the weighted splitting of the2S1/2 and 2D5/2 levels, and the
absolute measurement of theF50-F852 transition. This
centroid frequency,n171, is then used with a previous mea

FIG. 8. Hyperfine splitting of the2D5/2 level. Featurea is the
DmF50 component of theF51 to F853 transition. Featuresb
and c are themF521 to mF8521 and mF511 to mF511
components of theF51 toF852 transition. The hyperfine splitting
is the difference in frequency between componenta and the mean
of componentsb andc.
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2872 PRA 60M. ROBERTSet al.
surement @5# of the 411-nm transition in the 17
isotope, n172, to give an isotope shift n1712n172
511317.1(1.3) MHz.

VII. CONCLUSION

Spectroscopy of the 411-nm2S1/2(F50) –2D5/2(F
52, mF50) transition has been performed and the feasi
ity of its use as an optical-frequency standard has been d
onstrated. The center frequency at zero magnetic field
been measured to be 729 487 779 566~153! kHz. This mea-
surement therefore has an uncertainty of 2 parts in 1010. The
transition is free from the first-order Zeeman shift, and
second-order shift has been measured to be 0.3~8!
Hz/~mT!2. As an example, to achieve a shift due to the Z
man effect of 1 part in 1015 requires the residual magnet
field at the ion to be reduced to 2mT, a level that is readily
achievable. A better measurement of the magnetic field,
thus improved knowledge of the associated shift, could
obtained by measuring theDmF561 components of the
411-nm transition.

In addition, the hyperfine structure of the2D5/2 level has
been deduced by driving the other 411-nm hyperfine com
nents, and has been shown to be inverted. The2D5/2 hyper-
fine splitting has been measured to be2191~2! MHz, which
implies anA factor of 263.6~7! MHz. These data are use
with a previous measurement@5# to give an isotope shift for
the 411-nm transition ofn1712n172511317.1(1.3) MHz.

In addition to its use as an optical-frequency standard,
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measurement of the 411-nm transition will facilitate the
cation of the extremely weak2S1/2-

2F7/2 electric octupole
transition at 467 nm. A measurement of th
2F7/2-

2D5/2 3.43-mm transition will be used in conjunction
with this measurement to indirectly measure the octup
transition frequency, yielding a starting point in a search
the transition. The 467-nm octupole transition is also be
considered as an optical-frequency standard and has alr
been observed in the technically easier172Yb1 isotope@3#.
The extremely long lifetime of the upper level of this trans
tion make it of particular interest as an optical-frequen
standard.

It should be possible to make a high-stability frequen
standard based on the2S1/2-

2D5/2 transition. The2D5/2 level
lifetime @5# of 7.2 ms implies a natural linewidth of 22 Hz
and hence a lineQ of 331013. To realize the full stability of
the standard it would be necessary to interrogate the tra
tion with a sub-20-Hz linewidth laser. As an example, with
0.7-ms interrogation time, a laser locked to this transit
would have a stability@24# of sy(t)58310215/At.

The feasibility of using the2S1/2-
2D5/2 transition as a fre-

quency reference has been demonstrated. This is made
sible, despite the decay of the2D5/2 level into the2F7/2 level,
by switching the laser at 638 nm used to depopulate the2F7/2
level between two hyperfine components. The ability to dr
weak transitions that are free from the linear Zeeman ef
should yield single-ion frequency standards reproducible
the part in 1015 level in the near future.
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