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Measurement of the 2S,,,-2Ds, clock transition in a single *"Yb* ion
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Spectroscopy of the 411-nm transition ¥A'Yb* has been performed and the feasibility of its use as an
optical frequency standard has been demonstrated?$hgF =0, m-=0)—?Dg,(F=2, me=0) frequency,
at zero-magnetic field, has been measured to be 729 487 77E83p&Hz. This transition is free from the
first-order Zeeman shift and has a measured second-order shifd.888) Hz/(xT)2. In addition, the hyper-
fine structure of théDg, level has been deduced by driving the other hyperfine components of the 411-nm
transition, showing it to be inverted. TH®s5, hyperfine splitting, measured to bel91(2) MHz, implies an
A factor of —63.67) MHz. These data taken in conjunction with previous work yield an isotope shift of
V71— V17o= +1317.1(1.3) MHz for this transition between the 171 and 172 isotopes.
[S1050-294{@9)08110-X

PACS numbe(s): 32.10.Fn, 06.30.Ft, 32.80.Pj, 42.50.Lc

[. INTRODUCTION spectroscopy in the 172 isotope; however, the lacknaf
=0-mg=0 transitions make the 172 isotope unsuitable for

The construction of a reproducible frequency standard deuse as a frequency standard.
pends critically on the ability to control perturbations to the ~ The first part of this paper describes laser cooling the 171
reference system. A single ion, stored in an electrodynamitsotope. The next section describes investigation of the
(Paub trap, is particu'ar'y suitable as a reference since per7411'n.rn .C|OC|( transition and its hyperflne structure. FO”OW'I
turbations can be effectively controlled. The quantum-jumphgd this is a measurement of the second-order Zeeman shift
technique[1] can be used to observe a narrow forbidden2d an absolute frequgncy measurement ofRtkeD-F =2
transition, which is an excellent reference for a high-stabilitycemponent of the’Sy/-*Ds, transition. Finally, a measure-
frequency standard. Tight confinement of the ion in thement of _hyperflne sphttmg of théDs, Ieve! IS described,
Lamb-Dicke regimé?2] eliminates the first-order Doppler ef- and the isotope shift of the 411-nm transition between the
fect and recoil shift. The second-order Doppler shift can be171 and 172 isotopes is deduced.
reduced py laser coo'ling the ion and by careful control pf the || COOLING THE 171 ISOTOPE OF YTTERBIUM
ion’s motion. Operation under ultrahigh-vacuum conditions
reduces pressure shifts to a negligible level and the use of a A single ion of "*Yb* is confined in a Paul trap consist-
single particle eradicates collective effects. ing of a ring and two endcap electrodes. An ac voltage is

The choice of atom is critical if a standard with the bestapplied to the ring to form a pseudopotential well in which
possible reproducibility is to be constructed. Insensitivity tothe ion is confined. In addition a dc voltage is applied to the
magnetic fields and consequent improvement in reprodud]ng to equallze the axial and radial 05C|”at|(.3n frequgnCIeS
ibility is provided by using am.=0-m¢ =0 transition in an w,~w,~217X1.1MHz. The rf-photon correlation technique

atom with integer total angular momentum. Many isotopes of./] 1S used to minimize the micromotion in the direction of
various atoms have this property, but to make laser coolin%f“e cooling laser beam. The background pressure in the trap
and state preparation simple, it is desirable to use an alkal S less than 10~ mbar, and ion storage times of over one
like ion with a nuclear spin oé. The only species currently month have been observed.

under investigation, which meet all of these criteria, are hThe _Ie\I/:QIs 1|nv_|<_)rllve(17|1n_ thte Iasefr—qc’:af')llng schemftéa are
1994g* and 1Y ", shown in Fig. 1. The isotope o as a spin ofs,

L . which causes hyperfine doublets in the energy-level struc-

The ytterbium ion has several transitions that are suitablg, .o | ser cooling of this isotope of ytterbium has been
as optical-frequency references, all of which are being aCperformed by several grouge.g.,[8—10). In this paper the
tively investigated: the ultranarrow 467-m8y>*F7; tran-  single ion is laser cooled by repeatedly driving the
sition [3], the 435-nnfS,?Dy, transition [4], the  —=1.F=0 component of théS, 2P, transition with laser
411-nm?*S,,-*Dg, transition[5] (this papey, and the infra-  radiation at 369 nm. From théPl,z(F:O) state there is a
red 2F/-*Dyg/, 3.43-um transition[6]. To the best of our small probability for decay into the metastabf® (F
knowledge, this paper is the first study of the =1) state. To maintain the cooling cycle, tRB 5, level is
411-nm?S,,-?Dyg, transition in the 171 isotope. Th&D), rapidly depopulated by a laser at 935 nm, returning the ion to
level has a lifetime of 7.@38) ms[5] giving the 411-nm tran- the F=1 ground state via théD[3/2],,,(F=0) level. The
sition a Q of 3x10%, making it acceptable as a high- 369-nm laser wavelength in the 171 isotope was deduced
stability frequency reference. The previous work on this tranusing the isotope shift data of tansson-Pendrill, Gough,
sition [5] has used the technically easier 172 isotope. Due tand Hannaford11], and the necessary 935-nm wavelength
the absence of hyperfine structure, it is easier to perfornfrom the work of Tamm, Schnier, and Baut2]. This cool-
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FIG. 2. Profile of the cooling transition.

FIG. 1. Partial term scheme df'Yb™ showing the levels and
transitions involved in the laser cooling cycle. 23,,,-2Py;, resonance. A characteristic asymmetric line
shape is observed due to the heating of the ion at frequencies

ing cycle forms a closed loop, but nonresonant excitation of€ater than line center. A maximum Cou'f‘gésti of 12 kHz
the 2P,(F=1) state by the cooling laser leads to optical 'S Peen obtained, compared with a typicalyb™ count
pumping of theF =0 ground state. In order to achieve effec- rate of 35 kHz. Drlylng_ the groun_d-state hyperfine transition
tive cooling, theF=0 ground state must be coupled to the halvgs the popglatlon in the cooling cycle, and S0 halves the
cooling cycle. In this paper this is done by driving the maximum possible fluorescence. A more effective, but non-
=0-F=1 ground-state transition with microwave radiation trivial scheme, would be to depopulate fie-0 ground state

at 12.6 GHz. The microwave radiation is generated by arpy placing a _frequency sideband on .the 369-nm IIE_ﬁ]t
HP3732B frequency synthesizer, amplified to obtain 1—\/\/thus alsq d_rlvmg theF=0-F=.1 trans[tlon. The remam_dt_er
output power, and applied to one of the pins of the vacuun‘?f the missing ﬂuoreszcence is most likely due to inefficient
feedthrough close to the ring electrode. No special precaLF—jepoDUIat'on. (.Jf the P3/2(F:2) level .by nonresonant
tions are taken to ensure impedance matching. This micrg2oo-Nm radlatlo_n. This could Pe lav0|ded by a second
wave transition is also being investigated by many groups a§35-nm repumping laser, or switching the laser frequency
a frequency standard in its own rig,12—14. To date, the ~Petween the two transitions.

best measurement of the transition frequency is
12642812 118.46R) Hz [13].

In zero magnetic field no fluorescence is observed from
the cooling transition. This is due to coherent population The term scheme relevant to the clock cycle is shown in
trapping in them== =1 sublevels of th& =1 ground state. Fig. 3. The electric quadrupolgS,,,-2D 5, transition at 411
The rate of depopulation as a function of the magnetic fielchm is investigated using the quantum-jump technique. From
is governed by the Lamor frequency, =grugB/%i. The  the ?Dg, level the ion can decay either to tRE,, level via
rate of population, with the cooling laser driven at saturationan electric dipole transition, or back to the ground state. The
is governed by the lifetime of théP,, level 7, which is 8.1  branching ratio for decay to th&F ,, level has been mea-
ns[15,16. Achieving effective depopulation, and hence see-sured[5] in 1"?Yb* as 0.83-0.03. Due to the ten-year life-
ing adequate fluorescence, requires thgt=1/7, i.e., B time of the 2F,,, level it is necessary to depopulate this state
=hlgrugt. A plot of fluorescence verses magnetic field by driving an additional transition. As in previous wark]
gives a Lorentzian-shaped dip, with a half width of 300,  the electric quadrupoléF,,-D[5/2]s, transition at 638 nm
in reasonable agreement with this crude theory. It is alsds used for this purpose. The work presented here shows that
important to choose the magnetic-field direction, relative tathe hyperfine structure of théDs, level is inverted. From
the cooling-laser polarization, such that batlm=0 and the present paper it is not possible to determine whether the
+1 transitions are driven. It was found that above a magnetiéF-,, or *D[5/2]5, levels are inverted.
field of 1 mT, applied at 45° to the cooling-laser polarization, Figure 4 shows a schematic of the experimental arrange-
no increase in fluorescence was observed. This magnetiment. A single ion is tightly confined in the trap where it is
field is almost two orders of magnitude larger than that redaser cooled close to the Doppler limit. The resonance fluo-
quired for the 172 isotope. In the even isotope coherentescence at 369 nm is detected by the photomultiplier. This
population trapping occurs only in thé g, level, which is  fluorescence is used to monitor the state of the ion. The
populated much less frequently than the ground state becauseoling laser and microwave radiation are chopped in an-
of the small?P,,,-2D 5, branching ratio. Another technique tiphase with the 411-nm laser to avoid broadening the
for avoiding population trapping in the cooling transition is ground-state transition during the probe interrogation. Laser
to “spin” the polarization of the cooling lasg¢d7], which is  light at 411 nm is used to drive théS,,,-°Ds, transition,
advantageous since it avoids the use of a large magnetfroducing a quantum “off” jump. The long-livedF, state
field. is depopulated by light from an extended cavity diode laser

Figure 2 shows a fluorescence profile of a sintfitrb™ at 638 nm, producing a quantum “on” jump. The 638-nm
ion as the frequency of the cooling laser is scanned over thight is gated by an acousto-optic modulatdéOM) and only

Ill. SPECTROSCOPY OF THE 2S,,-2Ds, TRANSITION
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FIG. 3. Partial term scheme df'Yb™ showing the transitions
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illuminates the ion when the fluorescence has remained
“off” for an appropriately long time, indicating that the ion

is in the ?F, state. The data acquisition program switches
the AOMs in sequence and records the fluorescence level. To
obtain a transition profile of a particular 411-nm hyperfine
component, the 411-nm laser frequency is stepped over the
transition by the synthesizer-controlled AOM. A histogram
of quantum-jump statistics is produced. A number of these
scans is taken and the data from them summed to produce a
profile with satisfactory statistics. In order to observe all of
the Zeeman components the 1 mT magnetic field is applied
at roughly 45° to both the 411-nm laser polarization and the
direction of propagation.

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

Light at 411 nm is generated using a frequency-doubled

involved in the clock-interrogation cycle. Vacuum wavelengths aregjgge lasef8]. The frequency of the laser is stabilized to a
given for each transition. The percentages in brackets are the C"’\Eabry-Perot reference cavity, which is mounted in an evacu-
culated absorption probabilities for an ion in that particular hyper-ated temperature-controlled chamber. The cavity, made

fine level [20]. The two weak?F,,-D[5/2]g, transitions (7%,
14%) are not shown. The three percentages without brackets are tr}
branching ratios for decay from th&D -, level [20,5]. For clarity

the ?Dg-2S;), decays are not shown.
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from optically contacted ultralow-expansivity material has a
fansmission linewidth of approximately 1 MHz at 822 nm.
The Pound-Drever-Hall technique is used to stabilize the la-
ser to the cavity resonance, using frequency-modulated side-
bands placed on the laser light at 10 MHz by direct modula-
tion of the laser-diode current. Feedback is applied to the
extended-cavity grating and diode-injection current. Fre-
quency scanning of the laser is provided by a double-passed
AOM between the laser and reference cavity. The AOM is
capable of scanning from 180-380 MHz. The drive fre-
guency of the AOM is produced by a frequency synthesizer,
which is controlled by the data-acquisition program. The
822-nm light is frequency doubled to 411 nm in a critically
phase-matched crystal of lithium triborate. The crystal is lo-
cated at the tight focus of an enhancement cavity for the
fundamental light. This frequency doubling scheme has been
described previously5], except that in this paper the en-
hancement cavity is kept in resonance with the 822-nm ra-
diation by the Hasch-Couillard techniquElL8].

The 638-nm laser depopulates tfe,, state via the high-
lying D[5/2]s, level. The 'D[5/2]s, level decays to the
cooling cycle via either théD5, or the Dg, level. The
638-nm laser frequency is switchgt9] by a few gigahertz
so that both th& =3 andF =4 hyperfine states of théF,,
level are depopulated, and it is frequency dithered by several
megahertz so that all of the Zeeman components of the tran-
sition are encompassed. Figure 3 shows the relationship be-
tween the 411-nm transitions and the 638-nm transitions
used to depopulate théd -, level. The percentages in brack-
ets show the calculated relative absorption probabil[t&&
for an ion in that particular hyperfine level. As the levels are
selectively populated by a single ion and not by an ensemble,
no statistical weighting factors are required. Only two of the

FIG. 4. Experimental arrangement. AOM—acousto-optic modu-four possible 638-nm transitions have been observed. This is
lator. PBS—polarizing beam splitter.

due to the large differences in relative intensities of the tran-
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. , in the populations of the ground-state sublevels, which is
(c) F=1-3 induced by the cooling radiatiof21]. TheF=1 to F'=3
transition in Fig. %c) consists of 15 Zeeman components.
40 Each observed peak consists of three unresolved Zeeman
transitions. This is due to thgy factors of the?S;,(F=1)
20 and ?Ds;(F' =3) hyperfine levels being 0.999 and 1.002,
respectively. Careful analysis of the relative intensities of the
Wi Zeeman components reveals a small amount of asymmetry,

<

-50 25 0 25 50 again due to an imbalance in the population of ground-state
Detuning (MHz) sublevels. The Zeeman splittings of all of the components in

) _ all three transitions are in good agreement with theory.
FIG. 5. Zeeman structure of the 411-nAS;,-°Ds, transi-

tion. (@) F=0-F=2,(b) F=1-F=2, and(c) F=1-F=3. To aid
the eye,(b) shows the expected positions of the Zeeman compo-

nents below the picture. IV. SECOND-ORDER ZEEMAN EFFECT

. . N . . The 2S;,(F=0)-?Ds,(F=2, mg=0) transition is suit-
sitions. It was possible to identify the levels involved in the able as a frequency reference as it is free from the linear

various 411-nm transitions by the strong dependence 9% eeman effect. However, it is susceptible to the second-order
which 638-nm transition was necessary to depopulate th eeman effect. This shift,is small bEt can be observed when
2F.,, level. These assignments were later confirmed by’j% ) ’

detailed examination of the Zeeman structure of the 411-nnf'9€ magnetic fields are applied to the lon. TO. _obtz_;un an
transition. unperturbed value for the frequency of this transition it was
The Zeeman structures of the three 411-nm transitions afd€cessary to measure the second-order Zeeman effect and
shown in Fig. 5. Figure @) shows thee=0 to F'=2 tran-  then correct it to zero field.
sition. In this picture the Zeeman structure is fully resolved. 10 deduce the unperturbed center frequency at zero ap-
The small amount of background between the main peaks afdied magnetic field, a series of quantum-jump profiles were
micromotion sidebands. A measurement of the frequency ofken for various applied magnetic fields. The magnetic field
the central component{-=0 to mg'=0) is described in a Wwas generated by three pairs of coils situated orthogonally
later section. The relative intensities of the Zeeman compoaround the trap. The field at the ion was calculated from the
nents are in good agreement with theory for this hyperfineglimensions of the coils, and the currents passed through
component. Figures(b) and Hc) show theF=1 to F'=2  them. The results of these scans are shown in Fig. 6. A linear
and 3 transitions. The calculated relative absorption strengthdependence of frequency with the square of applied mag-
of the hyperfine transition&Fig. 3) agree qualitatively with netic field is clearly seen. The second-order Zeeman shift
the observed strengthse., F=1 to F' =2 is weaker than inferred from this data is 0.38) Hz/(uT)? where the error
F=1 to F'=3). The Zeeman structure of thie=1 to F’ includes the rather large uncertainty in the magnetic field.
=2 transition has 12 unevenly spaced components, which |n a frequency standard application it is desirable that the
are resolved in the picture. As expected, the=0 to m¢ second-order Zeeman shift is small, so that the associated
=0 component is absent, being forbidden on angular mofrequency uncertainty is also small. To achieve this it will be
mentum grounds. The weakness of fhel toF'=2 tran-  necessary to probe the ion in a magnetic field close to zero.
sition is responsible for the comparatively poor statistics inTo avoid significantly reducing the observed cooling fluores-
the figure, which makes the weakest pair of Zeeman compcaeence by coherent population trapping it will be necessary to
nents barely observable. Despite this it is quite clear that theither observe the ion in a large field, which is switched off
relative intensities of the various components are not symfor the probe interrogation, or spin the cooling laser polar-
metric about zero detuning. This is caused by an imbalanciation[17].
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is the difference in frequency between componrgiand the mean
of components andc.

V. ABSOLUTE FREQUENCY MEASUREMENT )
peaks are separated from the carrier by the secular frequency

An absolute frequency measurement of t&;F  w ~w,~1.1MHz. From the intensities of the sidebands, it
=0, m=0)—?Dg;(F=2, me=0) transition was made. The is clear that the ion is in the Lamb-Dicke regime. An ion
measurement consists of two parts: measuring the transmigemperature of 0.63 mK can be estimated from these inten-
sion fringe frequency of the reference cavity to which thesities, which is close to the Doppler limit of 0.47 mK. The
fundamental 822-nm light was locked, and then scanningine-center frequency was determined by taking the mean of
across the transition while recording the AOM frequency tothe data for the central peak only. This is to avoid line-
obtain a quantum-jump profile of the transition. It is also pulling effects, which could be caused by unequal intensities
necessary to take into account the frequency shift obf the motional sidebands. The measurement statistics on
—60.000 MHz, introduced by the AOM used to chop thefinding the line center of these profiles is only a few kilo-
411-nm light. The data was taken in a magnetic field ofhertz, and so makes little contribution to the final error. The
1.070.10 mT, and the final answer then corrected to zerofinal value for the frequency of the transition, obtained from
field using the second-order Zeeman-shift data of the previcombining the results of the two days’ measurements, is
ous section. The transition was measured on two separa®@9 487 779 56@.53 kHz.
days. These two measurements were consistent with each
other, and the final answer was obtained by combining the v|. HYPERFINE SPLITTING AND ISOTOPE SHIFT
results of these two measurements. ] n ) .

To measure the reference cavity transmission fringe at The hyperfine splitting of théDs, level is determined by
822 nm, the fundamental light was sent, by single-mode opthe difference in frequency of the transitions from the
tical fiber, to the National Physical Laboratory intercompara-=1 ground state to the twdDs, hyperfine levels. It was
tor [22,23. This device is a 1-m etalon that is referenced toPOssible to scan between these two transitions while locked
an iodine-stabilized He-Ne, and allows wavelength comparifo the same mode of the reference cavity, making the mea-
sons with an accuracy of better than 2 parts if°10he  Surement of the splitting relatively simple. For the=1 to
cavity frequency was measured before and after a series &f =3 transition the central componenAifiz=0) is mea-
guantum-jump scans in order to correct for any frequencypured. For thé==1 to F’'=2 transition the absence of the
drift of the reference cavity. The observed drift, of typically M=0 to m¢=0 component means that the line center is
200-400 kHz over several hours, is due to imperfect temderived from the mean frequency of tme-=—1 to m¢
perature control of the reference cavity. This drift was cor-=—1 and themg=+1 to m{.=+1 transitions, which are
rected to first-order by recording the time at which the indi-the central two components in Fig(h. The results of these
vidual scans were made, and assuming a linear drift of thgcans are shown in Fig. 8. A hyperfine splitting of 190.9)
cavity. An error of 0.2X (total drift) is allowed in this cor- MHz is calculated from this data. However, this neglects the
rection. The intercomparator has a number of systematic esecond-order Zeeman shift. It is possible to estimate an up-
rors that amount to 30 kH5], and measurement statistics of per limit on this shift, since a large effect would cause line
30-40 kHz. Both the cavity drift and intercomparator errorsasymmetry in the observed line shapes. By the absence of
apply to the fundamental frequency of 822 nm and so argignificant asymmetry it is possible to put an upper limit of 2
doubled to find the contribution to the measurement at 41MHz on the second-order Zeeman shift. The best measure of
nm. the hyperfine splitting is, therefore;191(2) MHz. This im-

A typical scan of themg=0 to m:=0 component is plies anA factor of —63.67) MHz. No B factor is present
shown in Fig. 7. The profile consists of three features. Thesince the nuclear spih= 3.
central feature is the Doppler-free resonance of the transi- The centroid of the 411-nm transition is calculated using
tion, while the two smaller peaks are secular-motion sidethe weighted splitting of théS;,, and ?Ds/, levels, and the
bands. These sidebands consist of three unresolved compabsolute measurement of tlte=0-F'=2 transition. This
nents corresponding to the three spatial axes. The motionakntroid frequencyy,71, is then used with a previous mea-
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surement [5] of the 411-nm transition in the 172 measurement of the 411-nm transition will facilitate the lo-
isotope, v,7,, to give an isotope shift vi;;— 117,  cation of the extremely weaKS,-2F, electric octupole

=+1317.1(1.3) MHz. transiton at 467 nm. A measurement of the
2F,,-?Dg)p 3.43um transition will be used in conjunction
VII. CONCLUSION with this measurement to indirectly measure the octupole

" 2 transition frequency, yielding a starting point in a search for
Spectroscopy of the 411-nm"Sy(F=0)="DsF 0" iition. The 467-nm octupole transition is also being

=2, mg=0) transition has been performed and the feasibil- onsidered as an optical-freauency standard and has alread
ity of its use as an optical-frequency standard has been denj- ! b di E ' h qu I y A | 3 y
onstrated. The center frequency at zero magnetic field h een observed in the technically eas isotope(3].

been measured to be 729487 779858 kHz. This mea- The extremely long lifetime of the upper level of this transi-
surement therefore has an uncertainty of 2 parts #. [he tion make it of particular interest as an optical-frequency

transition is free from the first-order Zeeman shift, and theStandard. _ _ N
second-order shift has been measured to be (8).38 It should be possible to make a high-stability frequency
Hz/(.T)2 As an example, to achieve a shift due to the ZeeStandard based on tH&,,,-*Dy, transition. The’Ds, level

man effect of 1 part in 19 requires the residual magnetic lifetime [5] of 7.2 ms implies a natural linewidth of 22 Hz,
field at the ion to be reduced to/2T, a level that is readily ~and hence a lin® of 3x 10" To realize the full stability of
achievable. A better measurement of the magnetic field, anthe standard it would be necessary to interrogate the transi-
thus improved knowledge of the associated shift, could béion with a sub-20-Hz linewidth laser. As an example, with a
obtained by measuring thAmz=+1 components of the 0.7-ms interrogation time, a laser locked to this transition
411-nm transition. would have a stabilitf24] of o, (1) =8x10"%/r.

In addition, the hyperfine structure of tH®s, level has The feasibility of using theéS,,,-2Ds, transition as a fre-
been deduced by driving the other 411-nm hyperfine compoguency reference has been demonstrated. This is made pos-
nents, and has been shown to be inverted. e, hyper-  sible, despite the decay of tR® s, level into the?F,, level,
fine splitting has been measured to-b&91(2) MHz, which by switching the laser at 638 nm used to depopulateEg,
implies anA factor of —63.67) MHz. These data are used level between two hyperfine components. The ability to drive
with a previous measuremefHi] to give an isotope shift for weak transitions that are free from the linear Zeeman effect
the 411-nm transition of,7,— v17o= +1317.1(1.3) MHz. should yield single-ion frequency standards reproducible at

In addition to its use as an optical-frequency standard, théhe part in 16° level in the near future.
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