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A Cs referenced optical frequency comb system has been used to measure the center frequency of the
5s 2S,,,—4d “Dg, transition at 445 THz in a single, trapped, and laser-co8f&d* ion. The transition fre-
quency vgp=444 779 044 095 510 Hz+50 H40) is obtained, when corrected for systematic shifts. A de-
tailed calculation of the estimated systematic shifts is presented which yields improved values for the various
shift parameters including blackbody and electric quadrupole moment shifts.
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. INTRODUCTION 5s 2S,,,—4d 2Dy, transition at 445 THZ674 nm which has
a natural linewidth of 0.4 Hf11]. This transition frequency
The role of atomic frequency standards has been criticak readily accessible using diode laser sources. In addition,
in the precision probing of physical theories and effects. Bethe reference transition lies at a frequency with good overlap
sides forming the basis for the units of physical measurememntith existing frequency combs.
of time and length, these systems have been employed in the In contrast to other ion systems being investigated, the
measurement of fundamental constants and subtle physic&iSr* single ion reference transition has a linear Zeeman sen-
phenomen§l-3]. For many years, the most accurate realiza-sitivity to the ambient magnetic field. This frequency shift is
tions of frequency have been achieved using rf sources starot a significant limitation for the trapped ion reference.
bilized on hyperfine transitions in atoni$]. The rapid de- Magnetic shielding is necessary, but since the ion is localized
velopment of ultrahigh resolution optical spectroscopy ando better than 0.Jum?, corresponding to the conditions for
frequency comb technology have recently set the stage fdpoppler-free spectroscop§amb-Dicke regimg the prob-
optical clocks based on higl transitions in atoms and mol- lem of controlling the magnetic field and gradients over large
ecules[1,4]. One of the approaches being studied is that of asolumes is alleviated. By measuring Zeeman components,
single atomic ion suspended in a time varying trapping fieldvhich are symmetrically located about the line center, can-
and laser cooled to low temperaturfs]. These systems cellation of the linear shift is directly obtaindd]. If the
closely approach the ideal situation of an isolated quantunapplied magnetic field is static and sufficiently temporally
absorber at rest and have extremely low systematic perturbatable, it is possible to have a system giving high accuracy
tions. Significant progress has been obtained on ultranarrowith small offset.
dipole forbidden reference frequencies in*Bart, Ca’, In*, The St system has been studied by a number of groups
Yb*, and Hg [5-10. To date, the best spectral resolution hasand examined as a frequency standard by the National Re-
been obtained for the Hgsystem for which a linewidth of search Council of Canad&RC) and the National Physical
6.8 Hz has been observed and the transition frequency dfaboratory in the U.K(NPL) [5-7,11-14 At NRC, early
1065 THz has been measured to an accuracy of 1016z
The 88Sr* system(Fig. 1) shows promise as a frequency
standard. Thé®Sr* ion has a simple energy level scheme
[11] that matches with easily available laser technology, and
has excellent potential accuracy and low systematic shifts
[6]. Partially for these reasons, it was the first single ion
system selected by the Comité International des Poids et
MesureqCIPM) as a reference for optical frequen@j. The
primary laser cooling and fluorescence excitation source at
422 nm can be obtained using a frequency doubled diode
laser[12]. More recently, diode laser sources have become
commercially available at this wavelength. Radiation at
1092 nm, available from either a diode-pumped fiber laser or
a custom-made diode laser, is required to prevent optical FIG. 1. Partial energy level diagram &Sr showing the prin-
pumping into the long-livecPDs,, level (see Fig. 1 The  cipal transitions used in cooling, fluorescence detection, repumping,
“clock” transition of interest is the electric quadrupole, and probing of the reference 445-TK&74 nm transition.
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measurements of the absolute transition frequency yieldingnicromotion perpendicular to the excitation direction is not
kilohertz-level accuracies were performed by heterodyningensed in the current setup and may represent a non-
the 674-nm probe laser with radiation generated by frenegligible residual value. In the current experiment, the ex-
quency mixing a well-known laser standard at 633 nm and &itation beam is sent between the endcap and ring electrodes
frequency-chain-measured 10w laser sourc¢l4]. In 1998, at an angle offset of 42° f_rom the endcap a>§is direction.

a direct absolute frequency measurement of a single-ion tran- A frequency-doubled diode laser system is used2 for laser
sition in the visible region was performed using the NRCC00ling and fluorescence detection of the?5,;,—5p 2Py,
frequency chain yielding an accuracy of 200 Hz at 445 THZ'€Sonance line at 422 nm. The laser is frequency stabilized in

[6]. At the NPL, absolute measurements were initially ob-the long term via servo stabilization to a rubidium Doppler

tained to an accuracy of 60 kHz using precision interferom.Proadened absorption resonari¢€] and is detuned several

etry [13]. Recently, the group has used femtosecond las %?ezr Eggmgth?rhizihr(‘)ﬂ-gle?em ﬁﬁ]rgvev? d]':?]roefﬁt?](gl\llgsgoir')spfg-
bas;ad foptlcal fre?uinlcoyo (I:_iombﬁ_hto rEeasur:e the Sm.gle(;'oproximately 0.7 MHz over averaging times of 1 s and the Rb
center frequency to = k7). They have also examined oy i ation system controls the drift within a region of a
systematic effects by comparing different trap systems an

; . _few megahertz, which is well within the 20-MH#ull width
have obtained a mean frequency difference of 33+34 Hz iy hajf maximum linewidth of theS-P transition. An output
the two ion systemg§l15].

! > ) power of 60uW at 422 nm is focused to a spot size of
This paper describes recent optical frequency comb mea=15 ,;m at the ion location which is sufficient to ensure

surements at NRC of the SE&-D transition frequency using  saturation of the excitation. At this high level of excitation

a femtosecond laser based system. Updated calculated Sygtensity, stable 422-nm fluorescence levels of up thdd
tematic shift parameters and evaluations of the shifts for thgacted counts per second were ensured. However, this inten-
current experimental apparatus are presented. The results igity may serve to power broaden the cooling transition such
dicate such shifts are small compared to the current measurgat the minimum ion kinetic temperature is higher than the
ment uncertainty and the ion system has potential for ingptimal Doppler cooling limit (see Sec. Y. A diode-

creased accuracy and reproducibility. pumped, multimode Nd: fiber laser at 1092 nm is used for
excitation on the @ °D5,—5p 2P, transition such that the
Il. SINGLE-ION REFERENCE STANDARD AND OPTICAL ion does not relax into the long-livedD 4, metastable level.
FREQUENCY MEASUREMENT SYSTEM After exiting the laser, the light is passed through a 15-

MHz electro-optic modulator, which rapidly modulates the

A more complete description of the single-ion trap and thepolarization of the 1092-nm light. In this way, optical pump-
associated laser systems for cooling, detection, and probingg into specific Zeeman sublevels of tH®,, state is
has been given in previous woi6,12,16—-18 Briefly, a  avoided at small levels of backgrougdfield. The linewidth
single ion of®Sr* is confined in an electrodynamic quadru- of the laser is 2 GHz with a power of 130W focused to a
pole Paul-type trag5]. The trap has an endcap to centerspot size of 6Qum. The 1092-nm laser is maintained in reso-
distance ofz,=0.5 mm with a center to ring electrode dis- nance with infrequent manual tuning of the laser during the
tance ofr,=(2)12x2,=0.71 mm. The trap electrodes are experiment. This was done by maximizing the level of
made of tantalum and have a spherical form for the endcag22-nm fluorescence from the ion and correcting at approxi-
surfaces and semicircular cross section for the ring electrodenately 1-h intervals the dc piezoelectric transdu@®@zT)
A trapping voltage of 256 V amplitude is applied betweenvoltage controlling the cavity length of the fiber laser. The
the endcap and ring electrodes at a frequency of 12.0 MHz22-nm resonance fluorescence is collected usi@goptics
providing a time averaged three-dimensional potential weland imaged onto a 0.3-mm-diameter aperture, which allows
of 10 eV depth. Based on measurements of the ion motiothe signal light to enter a photon counting photomultiplier
sideband spectra, the secular frequencies of the trap wesystem. Single-ion fluorescence rates of 6000 counts/s were
measured to be1,=940 kHz, »,=980 kHz, and », typically observed in this work with background scattered
=1990 kHz corresponding, respectively, to the two canonicalight levels of less than 200 counts/s.
radial oscillations and the axial oscillation frequencies. The Probing on the narrow 0.4-Hz natural linewidth
ion is loaded using a single thermal source that produces as 2S,,,—4d 2Ds,, transition is obtained using a frequency
effusive beam of neutral Sr and electrons. lonization can betabilized 674-nm diode laser system. In contrast to previous
controlled with low deposition rates of material on the elec-work [18], the master diode laser was an external cavity
trode structurg19]. The micromotion due to trap imperfec- diode laser system with a Littman cavity configuration. The
tions and deposit related patch potentials are partially nulledhort-term linewidth of the diode laser was approximately
by applying a dc bias through differential voltages betweer800 kHz in a 0.1-s averaging time. This laser oscillator line-
the axial endcap electrodes and a voltage difference betweewidth was broader than that obtained with a previous system,
the nearby loading oven and the ring electrode. Detection ofvhich used external optical feedback from a Fabry-Perot
the micromotion amplitude along the 422-nm beam excitaresonator, but yielded much more reliable operation at the
tion direction is achieved by measuring the correlation berequired frequency. The laser was stabilized using Pound-
tween the rf drive and the fluorescence photon arrival timeéDrever-Hall stabilization/5] to an evacuated and thermally
[5]. In this way, the micromotion is nulled along the beamstabilized cavity made of ultralow expansion gla&i E)
probing direction, which has a projection along all three ca-having a finesse of 15 000 at 674 nm. Details concerning the
nonical trap vibrational axes. It should be noted that any totalayout and vibration isolation of the system are given in Ref.
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[18]. The frequency stabilized output of the probe laser wagperturbations appear to be below the Hertz level in the cur-
frequency shifted into resonance with the’ Sansition fre-  rent experiment.
guency with a double pass through an acousto-optic modu- The frequency of the probe laser system was referenced to
lator giving a total frequency shift of approximately two Zeeman components by servo stabilizing the acousto-
410 MHz. Approximately 20QuW of the unshifted 674-nm optic modulatortAOM) shifted radiation using the technique
probe laser light was sent via optical fiber to the laboratorydescribed in Ref[17] and recording the applied AOM shift
housing the optical frequency comb apparatus. Up V% frequency simultaneously with the frequency comb measure-
of 674-nm light was available to be focused on the single iodnents of the unshifted probe laser light. In this work, mea-
using a spot size of 3gm. Typically, light powers of surements were performed using the innerm@sj,my)
10-200 nW were incident on the ion in order to prevent=(+1/2,+1/2 components having a Zeeman splitting of
power broadening of th&-D transition. The laser linewidths +78 kHz or the next symmetrically locatedmy,my)
encountered in the present work were in the range of(+¥1/2,+3/2 components having a relative splitting of
0.4-1 kHz depending on laser servo parameters. Typicat156 kHz from line center. No discernable relative fre-
drift rates of +900 Hz/day were observed due to long-ternquency shift in the line center was observed when using ei-
changes in the reference ULE cavity length. Howeverther set of components. Also, frequency lock studies were
shorter-term drifts of the laser stabilized to the cavity weremade at different applied bias magnetic fields with no ob-
observed to be much greater, typically being 4 kHz/h. Theserved change in the determined frequency. The typical cycle
origin of this drift has been determined to be due to spuriousime for the servo lock was 20 s for probing at the four half
reflections in the fiber coupling to the ULE cavity causing intensity points on the two Zeeman components.
variations in the lock point for the Pound-Drever-Hall stabi- The optical comb and the system for measuring the fre-
lization [18]. The linewidth used in the current work was quency of the 674-nm probe laser are shown in Fig. 2. The
inferior to that obtained with our previous system, whichcomb used in this work is of conventional desif#1-23
employed optical feedback narrowing. Nevertheless, as wiland has been described elsewhgt6,24. A mode-locked
be seen, reproducibilities at the tens of Hertz level could bdi:sapphire laser(GigaOptics Gigajet 20 pumped by
obtained with the current probe system. A new probe laseb—6 W at 532 nm(Coherent Verdi V-8 produces a regular
system has been recently developed which now provides @ain of 30—50-fs pulses at a repetition rate of approximately
linewidth of 100 Hz or bettef20] but this system was not 700 MHz. The output is focused into a 20—30-cm-long piece
available at the time of the current reported measurementsof microstructured fibef25] in which the spectrum is broad-
Excitation of theSD transition by the 674-nm probe ened to over an octave from approximately 500—1100 nm.
causes shelving to the uppedt 8Ds,, metastable state, which The spectrum consists of a regular comb of optical frequen-
can be detected through quantum jumps in the 422-nm fluceies separated by the pulse repetition frequefgyand has
rescence[l1l]. In this way, detection of nearly every an extrapolated offset frequency from 0 Hz ff A servo
674-nm transition event is achieved. A bias magnetic field ofwith an open-loop unity-gain frequency of 2 kHz is used to
typically 14 4T was used to split th& D transition into ten  phase lock the repetition frequency to a high quality synthe-
well-separated Zeeman components. The field was generatsizer(Agilent 4423B through piezo control of the laser cav-
using a pair of coils in Helmholtz configuration aligned ity length. The synthesizer is referenced to a 10-MHz signal
along the probe beam propagation direction and driven witlprovided by one of the NRC hydrogen masers, which in turn
an ultralow noise current supplyLX-3620). A single layer is monitored through the NRC cesium clock ensemble. The
magnetic shield(CO-NETIC AA) reduced the effects of uncertainty of the reference 10-MHz signal from Interna-
slowly varying dc magnetic fields and strongly shieldedtional Atomic Time(TAl) was better than 2 1074 The sta-
against ac field broadening and shifts. As will be seen, suchility of the 10-MHz signal is essentially that of the hydro-
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ponent of theS-D transition showing the general signal level and ponents as a function of the relative distance from line center. The
linewidth used in the current series of measurements. The error bapdot shows that there is no variation in linewidth within experimen-
are calculated from the number of quantum jumps assuming Poidal uncertainty.

son counting statistics. The fitted curve is of Lorentzian form and det ined b . ts of the 1 b f
yields a linewidth of(410+50 Hz. was determine Yy averaging sets o e 1-S combp frequency

readings of the laser stabilized to the ULE cavity. These val-
_ _ . ues were combined with the results of the AOM-shift needed
gen maser referencing the signal such that a stability of 2, maintain the radiation at the ion transition line center. The
x10is achﬁved at 20-s averaging times and with stabili-roqired AOM shift frequencies were updated with a cycle
ties of 1x 107 achieved at 60-s averaging. Measurement§;me of approximately 20 s. Figurgd@ shows the results of
were made in the same gravity potential as the time stan; geries of 1-s comb measurements of the frequency of the
dards. A self-referencing systeni22], which uses & 445 THz probe laser. Figure(th shows the corresponding
5-mm-long potassium titanyl phosphat&TP) doubling  50_g frequency offset values determined by the servo system

crystal, is used to measuifg. The f, heterodyne signal is  gieering the AOM-shifted frequency into resonance with the
amplified and filtered before being digitally divided by 80 or j,, transition. As can be seen, the fluctuations in the laser

256 and phase locked, through pump-power modulation ofrequency are followed in the AOM lock to the ion. Drifts in
the femtosecond laser. The divided signal is phase locked g probe laser frequency result in a lag in the lock of the
the output from a second maser-referenced syntheSdR8  Aow\-shifted laser frequency to tHeD line center. The re-
DS343 (servo open-loop unity-gain frequency of 70 KHz gjing offset of the AOM lock can be calculated from the
The comb of optical frequencies from 500 to 950 nm is COM-yeasured drift rate and knowledge of the Zeeman compo-
bined on a beam splitter with the 674-nm light from the ont linewidth and the AOM-lock servo galifi7]. With such
probe laser system. A 1200-line/mm grating is used to rEflecéorrections, the observe8D center frequency was deter-
the spectral region of interest onto an avalanche photodiodesined for each 20-s average and is shown in Fig).5As

which detects the heterodyne beat frequendigbetween con pe seen, the line center determinations show a symmetric
the light from the 674-nm laser and the nearest comb elegistribution centered on the mean value.

ments. A bandpass filter is used to select one of these beat Figure 6 shows the Allan deviation of the 1-s measure-
frequencies for counting. Typical beat frequency signal-tosments of the probe laser frequency for the run shown in Fig.
noise ratios of the unshifted probe and the nearest comb €k e Ajlan deviation improves from 550 Hz for an averag-
ement were approximately 35 dB in a 100-kHz bandwidth. g time of 1 s to just over 120 Hz at 20-s averaging time. At

IIl. RESULTS longer times, the drift of the probe laser toward higher abso-
lute frequency becomes apparent and thus the stability does
An example of the observed line shape for thg,,m;)  not improve with further averaging time. In some runs, the
=(-1/2,-1/2 Zeeman component is given in Fig. 3. The drift was even more pronounced and the Allan deviation in-
fitted linewidth, using a Lorentzian form, was creased significantly for longer averaging times. Figure 6
410 Hz+50 Hz. The magnitude of the spectral shift sensitiv-also shows the instability of the 20-s determinations of the
ity of a Zeeman component to a change in magnetic field isine center frequency shown in Fig(d. This value im-
proportional to the relative distance from line center. A plotproves with averaging time from 150 Hz at 20 s down to
of the linewidth versus the relative Zeeman shift sensitivityabout 25 Hz at 500 s. The instability floor for the frequency
is shown in Fig. 4 for four different components. The resultsdeterminations varied as a function of the drift of the probe
confirm that there is little perturbation of the line shape by adaser frequency indicating that the AOM servo stabilization
magnetic fields since components with different sensitivitiedo the ion suffered increased uncertainty for some runs de-
to the background field exhibit the same linewidth. A morepending on the probe laser performance. The line center fre-
complete discussion of the systematic shift sensitivity isquency for each run was obtained using a weighted mean of
given in Sec. IV. approximately 40-80, 20-s readings with the uncertainty
Determination of the absolute frequency of t8® line  based upon the stability floor observed for each run. The
center was obtained in two parts. The probe laser frequengyrimary limitation on measurement times was due mostly to
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IV. DISCUSSION

A. Systematic effects on the single-ion system
and determinations of parameter sensitivities

One of the key advantages in the use of a single trapped
and laser cooled ion in the probing of ultranarrow transitions
is the high level of immunity of these systems to external
perturbations. An important part of the determination of the
center frequency of the reference transition and its utilization

S-D Frequency
f - 444 779 044 095 488 [Hz]

-2000 . . r as an optical frequency standard is the evaluation of such
58000 58500 59000 sensitivities. In this work, we present a comprehensive list-
© Time of Day [s] ing of causes of spectral shifts together with calculations of

the various sensitivity parameters for t#fiSr+ system.
FIG. 5. Example of experimental run data obtained in the deter-
mination of the®8Sr* S-D center frequencya) Series of & absolute 2000
frequency determinations of the 445-THz probe laser used to inter-
1500 %
1000 - *

rogate the ion transitionb) Series of 20-s determinations of the
AOM shift frequency needed to maintain the 445-THz fixed probe
laser into resonance with the center of the single-ion transitmn.
Final combined determination of the cen®D frequency. 500 4 oo 5 Ii §¥

0 A
absolute frequency results for each run on the four experi- -500 4 +
mental days is shown in Fig. 7. The measurements were 1000
performed over a time period spanning August 2002 to 0 5 10 15 20 25 30
November 2002. Large error bars correspond to periods
of high drift in the probe laser resulting in relatively
poorer stability of the lock value. Based on the results, FiG. 7. Summary of all absolute frequency determinations of
an average center frequency of the ion transitionvgh  centersD frequency taken over a four-month period spanning Au-
=444 779 044 095 495+50 HA o) is obtained. The result gust 2002—-November 2002 comprising the different four experi-

is in agreement with our previous chain-based measuremeniental day runs. The solid line corresponds to the weighted mean
of 444 779 044 095 400+200 HB] and also agrees with the of all the frequency values.

the probe laser unlocking from the ion resonance due to drift
of the laser lock to the ULE reference cavity. A summary of

S-D Frequency
f - 444 779 044 095 000 [Hz]

Run Number
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B. Second-order Doppler shift 30

The motion of the ion caused by its thermal kinetic energy
and the driven motion caused by the applied rf trapping field
can shift the position of the line center due to the relativistic
time dilation[5]. This time dilation shift, also known as the
second-order Doppler shift, is produced by the ion moving
relative to the laboratory frame. In order to obtain values for
this effect for the current experiment, studies of the intensity
of secular and micromotion sidebands were obtained for the
operating conditions used in the frequency measurements.
The relation between the first-order secular sideband inten-

20 -

10 -

=10 4

=20

Relative Frequency of Line Centre [Hz]

-30 T T
-0.6 -0.5 -0.4 -0.3

sity to that of the carrier has been shown to[B§] V. V]
ax
ol | _ . hy, | 11(u) 1 FIG. 8. Plot of the relative position of th®D line center as a
a(0) - 2ksT/ 1o(u)’ @) function of the axial trim differential voltagg applied to the endpap
electrodes of the Paul trap. The voltage yielding minimum micro-
where motion during these experiments weg=-0.6 V.
K2h (kBT 1) - (ﬂ) __ (L)zﬂ @)
u=—5—-—7"\(—"-——1. 1
47°M vp\hy, 2 V' / micro ckcos¢/ o(0)

where()=27X 12 MHz is the angular frequency of the trap
field, k is the amplitude of the wave vector of the probe field,
¢ is the angle between the observation direction and the
direction of micromotion, andr(1)/o(0) is the ratio of the

Herekg is Boltzmann’s constanh is Planck’s constanty, is
the secular frequency of the ion motion in tmth direction,
M is the mass of the atom arg, is the projection of the

wave vectork=2m/\ on the direction of motion. The func- first observed sideband intensity to the carrier line. Although

tion 1,(u), is the modified Bessel function of order Based the second-order Doppler shift depends solely on the speed

on a series of measurements taken along different Ccanonicgt he ion, the fact that the probe laser samples the projection

motion directions, a mean kinetic temperature was deter(-)f the micromotion on the beam direction results in the angle

dependence of Eq4). This approach relies on the approxi-
mation that there is a principal axis upon which the micro-

cooling radiation near peak fluorescence intensity and th otion is being driven. Since this direction is not well
) g re pea " . y -Known, estimates of the total micromotion and the contribu-
high applied 422-nm laser intensities used in order to maxiz

A ) . tion to the second-order Doppler effect should be considered
mize ion fluorescence. Recent calculations using the rela:

tions developed by Javanainen to treat Dopoler laser Cc)olmapproximate. Results from these studies give a contribution
. lopea by Ja . PP . Hue to micromotion of-0.1620.10 Hz, (-3.6x 10716£2.2

in the regime of high intensity that creates saturation of the>< 1019, Th i . tal t I h
cooling transition[27] indicate that significant power broad- ). The current expenmental apparafus afows the
ening is occurring for the 422-nm laser intensities used. Esproblng of only one direction within the trap. This direction

timated ion kinetic temperatures using E85) of Ref. [27] has a projection on all the principal canonical directions of

and using the current experimental parameters yield final qihe trap and thus observes contributions in micromotion be-

netic temperatures on the 10-mK level. tween different canonical directions. It is possible that null-
The second-order Doppler shift can be estimated via thd'd of m|crpmot|on performed In the loading and.preparatlon
relation [28] process will null the micromotion in the pr_obe direction but
will leave a non-negligible residual level in the orthogonal
directions to the probe beam. In order to see if there was any
(AVW) = _3kBT_ (3) significant perturbation to the ion center frequency due to
v Jtherm  2MC? this possibility, studies were performed in which a deliberate
variation in the micromotion was introduced via a change of
Using the observed ion kinetic temperatures, the thermathe axial trim voltage. This variation would change the mi-
contribution to the shift in the center frequency is estimatectromotion level in the axial canonical direction. Although it
to be(-0.027+0.007 Hz or (-6.0+1.6 X 10717 cannot be determined to what extent this variation would
Although the micromotion-induced sidebands atchange the total micromotion in the systésmce micromo-
+12 MHz were observed to be small, such motion was theion perpendicular to the probe beam cannot be detected us-
main contribution to the second-order Doppler shift. Basedng the present apparaiuishis study served to get a sense of
on the relations presented by Berkeland and co-worf@8js  the sensitivity of the current system to such significant bias
the contribution to the second-order Doppler effect due tgotentials. The results are plotted in Fig. 8. Here the mea-
micromotion is related to the micromotion sideband intensitysured relative frequency of ti&D center is shown based on
via the probe laser lock to the ion. Despite the large additional

mined to beT=38 mK+10 mK, which is higher than previ-
ously observed6]. The higher secular motion temperature
may be due to the use of small detunings of the 422-n
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TABLE I. Compilation of oscillator strengths used for the calculation of Stark shift coefficients for the
445-THz % %S, ,,—4d 2Dg, transition in®sr*. Reference data include the calculated oscillator strengths of
Brageet al. [31], scaled oscillator strengths of Chkom Ref.[32], and experimental values obtained from
Gallagher[30].

f

Brageet al. Scaled Ca Gallagher

Transition Wavelengtlinm) Ref. [31] Ref. [32] Ref. [30]

55 2S;,,—5p 2Py, 421.67 0.334 0.3383 0.34+0.015
55 2S;,,—5p 2P3y, 407.89 0.693 0.7080 0.71+0.03
4d 2Dg,—5p 2Pg), 1033 0.076 0.096 0.096+0.02
4d 2Dg—6p 2Py, 242.6 0.0015

4d 2D~ 7p %Py, 185.3 0.0006

4d 2D~ 4f 2Fg), 216.7 0.012 0.016

4d 2D~ 5f 2Fg), 177.8 0.0074

4d 2D~ 6f 2Fg), 162.0 0.004

4d 2D~ T %Fg)p 153.8 0.002

4d 2D~ 8f %Fg)p 148.9 0.0016

4d 2D~ 4 2F ), 216.7 0.238 0.317

4d 2D~ 5f 2F ), 177.8 0.148

4d 2D~ 6f 2F 7, 162.0 0.079

4d 2Dg)— 7 2F 75 153.8 0.048

4d 2D —8f 2F ), 148.9 0.031

amount of micromotion being applied to the ion, no observedor the low-lying S¥ levels through measurements of the

variation on the ion center frequency was detected at a levéflanle Effect. More recently, calculations by Brageal. of

of 10 Hz in the entire range of voltages. This result supportseveral oscillator strengths were obtained usaiy initio

the view that the micromotion contributions to the systemationulticonfiguration Hartree-Fock calculations of the wave

shifts are not a limitation at the present accuracy of the iorfunctions[31]. There also exist extensive tabulations of the

center frequency. Ca" ion levels[32]. By scaling the lower level Caoscillator

strengths to match those known for*Sa reasonable esti-

mate of the magnitude of the oscillator strengths for higher-

lying levels of St were obtained. A tabulation of the results
The Stark shifts of the $°S;,, and the 4 *Ds), levels  opbtained for these various sources is given in Table I. Using

play a significant role in the overall systematic shift uncer-the relations presented by Khadjaati al. [29], we have for

tainties for the current experimental setup. The sources fofhe scalar(a,) and tensofa,) polarizabilities

such shifts arise from a number of factors. The background

blackbody radiation from the trap and surrounding environ- _ 8me K,

ment causes a time averaged isotropic ac Stark shift of the o=~ [3(2]+ 1)]¥2 (5)

energy levels. Moreover, the micromotion and thermal secu-

lar motion displaces the ion from the ideal null point at theand

center of the trap and thus causes shifts. Finally, the radiation 5 12

used to probe the ion reference transition at 674 nm and the ay= 167T80K2\/§|: J21-1) } . (6)

radiation from an auxiliary repumping source at 1092 nm 6L (2J+3)(2)+1)(I+1)

C. Stark effects

cause shifts of the energy levels via the ac Stark effect. The

following section serves to quantify some of these effects for" here
the present experimental arrangement. 323+ r 33 L ,
KL= 82 =22 (\y) g 11 ¥ (=1, (7
1. Estimate of Stark shift coefficients 7

In order to obtain accurate estimates for the magnitude ofvheree, is the permittivity of free space, is the classical
the shift, it is important to determine the scalar polarizabilityelectron radius,J is the state angular momentunt,
of the 5 2S,,, level and the scalar and tensor polarizability =0,2 \; is the transition wavelength, arfd ; is the oscil-
of the 4l ?Dg, level [29]. The calculations that follow are lator strength wheré;, ; is positive if thed’ state lies higher
based on oscillator strength data drawn from three sourcethan thel state. For théS,, level, the scalar polarizability is
Gallagher[30] obtained lifetime and oscillator strength data the only term present. Employing the data from Gallagher
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gives a value ofa,=1.419x 102° C?2 s? kg™!, while using  scalar state polarizabilities in the excited and ground state,

the Brage et al. values, one obtainsa,=1.391 respectively. For a given background temperatiirethe

X103 C?2s? kgt. Recently Warrington has performed a value of(E2(t)) is given by[36,37

similar compilation of transition strength data from other

sources[33]. Based on four different sources of transition (E?(t)) = (832 V/m)%(T/300 K)*. (10

strengths, he has obtained valuesogfranging from 1.35

X 10739 to 1.49x 10739 C? s? kg™™. Based on these series of For a room-temperature backgroufit=293 K) this would

calculations one may estimate the current confidence ithus correspond to a shift afvgg=(+0.30£0.1) Hz. Re-

a(%S;/,) to be +0.06< 10739 C2 &2 kg . Thus we may as- cently, Warrington has performed detailed calculations using

sign: a(%S,,) =(1.40+0.06 X 107%° C? &* kg™™. more exact calculations incorporating the blackbody fre-
For the 4l 2D/, level, the biggest terms that contribute quency dependend8&3]. The results obtained for his various

are the nearby®°P5/, state and the 4%Fs, state. Using the ~data sources yield blackbody shifts ranging from 0.249 to

oscillator strength data by Bragst al. [31] we obtaine,  0.469 Hz, which are in good agreement with our estimated

=7.4xX10%°C? 2 kgt and a,=-6.7x10%° C2 s’ kg for  value.

the scalar and tensor contributions, respectively. Repeating

the calculation using the scaled Cascillator strength$32] 3. Stark shifts due to micromotion and thermal motion

yields  ,=1.0x10%¥C?s’kg? and  «a,=-8.7

X104 C? > kgt. Warrington has reported that from

the four sets of alternate data, results @f(4d Ds),)

ranging from 5.% 104 to 9.2x10°C? s> kg? were

obtained [33]. We thus employ: a,(4d °Dy))

=(8+2)x10%°C?? kgt and ay(4d ?Dsp)=(-7%2)

X 1040 C2s? kg™ as our current estimates of the polariz-

abilities of the upper state. (Avg)micro = 275(
For the general case of the perturbing electric field whose

field direction makes an angle with respect to the quanti-

zation axis of the atom, the Stark shift of an individual level

can be expressed §34]

1

1 1
Avg= HEZ{_ 5%~ Zaz(3 cog 6-1)

The driven motion and the thermal secular motion of the
ion in the trap cause the ion to be exposed to electric fields
from the trap field that have nonzero time averaged values.
From Berkelancet al. [28], the Stark shift created by micro-
motion is given approximately by

2\2
2M Q ) o) 1
gkcos¢/ o(0)

whereys=dv/ JE? is the Stark shift rate() is the trap angular
frequencyM is the mass of the ion amglits chargek is the
wave vector of the probe light, angl the angle between the
[Bm2-JJ+1)] micromotion direction and the incident light. Again, this es-
W ' timate relies on the approximation that there is a principal

axis upon which the micromotion is being driven. Given that
(8) this direction is not well known, estimates of the total micro-
where E is the magnitude of the electric field. For the mot!on and the contrib_ution to the Stark shift due_ to micro-
5 25, , level there is no tensor polarizability and thus thereMotion should be considered as approximate. Using our pre-
is no angle dependence. A shift rate for the= +1/2 levels viously ob_tamed ratio of sideband intensities and estimates
of the ground state is thus estimated ag=dv/dJE? of the projection of the probe beam wave vector on the mi-
=(-1.06+0.04 xHz/(V/m)2. Similarly, the scalar contribu- cromotion direction, micromotion induced Stark shifts of
tion to the shift of the?Ds, level would yield a shift of (Avg)micro=(0.920.9 Hz for the (my,my)=(+1/2,21/2

(~0.6+0.3 uHz/(V/m)2. The total shift of the upper level is ransitions and(Ave)ieo=(0.7£0.7 Hz for the (my, my)

in general dependent on both thg level and the angular = (*1/2,+3/2 are estimated. The dominant source in the
orientation of the field relative to the quantization axis. ~ Uncertainty is in the determination of the angular projection
of the micromotion on the probe beam direction.

For the thermal secular motion contribution to the Stark

shift, the frequency shift can be expressed as
Given that the thermal background field is isotropic, the

tensor contribution to the Stark shift averages to zero and the 3MO%KT
scalar contributions are those that remain significant. For the (AvStherm™= Y5 - (12
blackbody spectrum at room temperature, the frequencies of q

the perturbing field are greater than the natural linewidth buUsing our estimated ion kinetic temperature based on side-

much less than the atomic transition interval. For this Cas8yand measurements thermally induced Stark shifts of
the system can no longer follow the variation of the electric Aveerm=(36+18 m}—,|z are  estimated for the
erm -

field but responds only to the time average rms electric fiel : :
[35]. Hence the mean blackbody shift can be written as :iégilizl /n?HzCCi)smSStri]rigttz q V::r”?h 61172 'fti 332)A§§)r§2§,rg"_

1., , nent pair. It can be seen that the thermal contribution is

Avgg=- %<E )y = ay), (9 nearly two orders of magnitude smaller than the contribution

from micromotion. In future experiments, a higher degree of

where (E%(t)) is the time averaged quadratic electric-field control of micromotion will be needed to ensure that this
strength of the blackbody radiation, aag and «, are the systematic frequency shift does not dominate.

2. Blackbody radiation shift
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4. ac Stark shift

The rapidly oscillating fields of the optical radiation inci-
dent on the ion during the probe cycle can perturb and shi
the line center of the ion transition. In the present arrange-
ment, both the 674-nn45 TH2 probe and the 1092-nm
%p, D, repumping radiation are present during the inter-

rogation cycle. As pointed out by Margolet al. [7], this

contribution to the Stark shifts may be significant. The meanevel
frequency shift of an energy level of state’ “subject to 3
radiation at angular frequeney and electric field amplitude S “Su2

E, has been given g88]

Wns
)
w2

(Argec= 5 3 [([Eq+ pls)? (19

2
s#N Wps™

where w,s is the angular transition frequency and the time
average of the square magnitude of the dipole matrix eleme
is taken. Following a derivation similar to that provided by
Khadjavi et al. [29] for the static field case, the above ex-
pression can be written as equivalent to a first-order pertu
bation. Expanding the effective ac Stark Hamiltonian in
terms of spherical basis notation, a solution to the ac StarR

shift can be written as

8wl,] 1 1
(AVS)ac: %{_ 5180 - Zﬂ2(3 cog 0- 1)
3m?-JJ+1)
“Ti2- ) } (14
where
S 15
ﬁo_ [3(2J + 1)]1/2 ( )

and

= 4U \/E{ 2)- 1) ]1/2 16
P2=4Us 6| (21+3)(21+1)J+1) | (16)

and where

3(2J+ 1)cr, fyy JJL ,
U = -
L 16 JE 2, - (11 b

17)

Herel, is the intensity of the incident light of frequenay

PHYSICAL REVIEW A 70, 012507(2004)

TABLE II. Calculated ac Stark shift coefficients for the &5,,
and 4 ?Dg), levels using incident radiation at 674 nm resonant
ith the 55 2S;,,—4d °Dg, transition. The calculations are per-

ormed using the oscillator strength data sets given in Table I.

k [mHz/(W/m?3)]

Energy Brageet al. Gallagher Scaled Ca
Ref. [31] Ref. [30] Ref. [32]
-0.631 -0.645
4d ?Dgj, (M=+1/2) +0.055 +0.047
4d ?Dg, (M=+3/2) +0.094 +0.095
4d 2Dg), (M=+5/2) +0.17 +0.19

erturbation by 674- and 1092-nm light, respectively, and are

given in units of mHz{W/m?). The tabulations employ os-
cillator strength data from Braget al. [31], the scaled Ca

I;~3trengths[32], and the experimental oscillator strengths of

Gallagher[30]. The results show that the total transition
hifts are comparable in magnitude for the two wavelengths
with the ?Ds/, level exhibiting a change of sign between the
674- and 1092-nm results. It should also be noted that the
relative order of Stark shift sensitivity of tHe state compo-
nents reverses when calculations for the shiftya° are
determined.

In our current measurements, the powers incident on the
ion were P674: (020i005 ,LLW and P1092:(105i 1]) ,LLW
focused to a spot size 0b,(674 nm=(30+10 wm and
(1092 nm=(60+£20 um, respectively. Using our inten-
sity shift coefficients, one obtains that for our conditions, we
would expect a shift for thé+1/2,+1/2 components of
Avs=+0.10£0.06 Hz due to the 674-nm radiation akog
=(-12+12 Hz due to the 1092-nm radiation. For the
(x1/2,+3/2 Zeeman component, the ac Stark shifts are
Avg=(+0.10+0.06 Hz andAvg=(-21+21) Hz for the 674-
and 1092-nm radiation, respectively. The presence of the
1092-nm radiation in the current series of measurements has
a significant contribution to the determination of the unper-
turbed frequency value. Given the relatively strong system-
atic shift due to the presence of the 1092-nm radiation, future
experiments will employ a probing cycle where the repump-
ing beam is blocked during the 674-nm interrogati¢39].

and @ is the angle between the polarization directions for the TABZLE lll. Calculated ac Stark shift coefficients for the 55,
linear polarized light and the quantization axis. Using tabu2nd 4D, 2|9V9|S U312n9 incident radiation at 1092 nm resonant
lations of the 6 symbols and the oscillator strengths listed in With the 41 “D3;,—5p Py, transition. The calculations are per-

Table I, the ac stark effect was calculated for our currenformed using the oscillator strength data sets given in Table I.

experimental conditions. For both the 674-nm light and the
1092-nm radiation, the polarization direction was orthogonal
to the quantization direction since the bias magnetic field

k [mMHz/(W/m?)]

. o . ) Brageet al.  Gallagher Scaled Ca
was applied along the incident beam direction. Ti#e90° Energy level Ref. [31] Ref. [30] Ref. [32]
in our arrangement. We can express the state shift as a func-
tion of the intensity by defining the parameteisuch that 55 %Sy, -0.460 -0.470
_ 4d *D), (M=21/2) -1.1 -1.4
(Argac= wlo. 9 2Dy, (M=+3/2) 1.6 -2.0
Tabulations for the parameterfor the SandD states under 44 ’Dy,, (M=%5/2) 2.7 3.4

the condition of¢=90° are presented in Tables Il and Ill for
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D. Electric quadrupole shift of the 4d 2Dy, level shield together with measurements of the external ac fields

The existence of a nonspherical charge distribution for th&€Sult in an estimated linewidth below 1.7 Hz. The temporal
electron in the uppeb level results in a quadrupole moment form of the ac field detected in the external lab environment

that can interact with the field gradient of any static or aclS feasonably symmetrig. Thus'the ac field contribution to the
fields present in the trap. Since the shift is linear with theshift of_ the line center is considered to be below one-tenth
field gradient, rapidly oscillating harmonic fields, such as theN€ estimated broadening dm<0.2 Hz.

rf trapping field, do not significantly shift the line center but
effectively produce sidebands well away from the line center.
The presence of static fields within the trap is of greater The higher-order contribution to the Zeeman effect has a
concern since patch potentials on the order of a volt may bguadratic component that shifts the frequencies of both sym-
present on the trap electrode structure and can create a sufetric SD Zeeman components in the same direction and
ficiently strong field gradient. Itano has presented a theorethus introduces a systematic shift in our line center determi-
ical treatment for the quadrupole moment shift for an arbi-nation. By using second-order perturbation thef@df, these
trary angular orientation between a field gradient and thehifts have been determined to be

quantization axi$40]. We have performed calculations using
hydrogenic wave functionf41] for the 4d ?Dg/, level. By
fitting the actual state energy to an effective hydrogenic en-

2. Second-order Zeeman Shift

_ 6. _ 1
AVZZ_Z',K! m= i'i,

ergy level, with effective quantum number =2.43, a ma- Avy, = ZisK; m= + g
trix element(4d|r2|4d)=9.24 a2 was obtained whera, is the
Bohr radius. A more accurate result provided by I1td42] Avy,=0; m= + g (20)

using atomic wave-function computer calculations, devel-
oped by Cowan(43], yields 10.5%?2, in good agreement Where

with the hydrogenic result. This result is indicative that the 22
2D4, orbital does not strongly deviate from the single- K=LB= (22)
3/2 2
electron result. Substituting the parameters for thé Sr h*vpp
4d 2D, state into the relations presented by Itano gives forHere,uB is the Bohr magnetorB the ambient magnetic field,
the *Ds; level, and vpp is the frequency separation of the metastatlé
55 55 fine structure levels. FOPSr*, vpp=8.41X 10*? Hz, thus re-
4d,§,§,m‘ Ho 4d,5,§,m sulting in a relatively weak dependence on #dield. The
result givesAv,,=5.6 uHz/uT? for the (¥1/2,+1/2 com-

ponents and 3.ZHz/uT? for the (#1/2,+3/2 compo-
nents. For our typical field intensities @l4+2)uT, this
leads to a shift of(+1.1+£0.2 mHz for the (x1/2,+1/2
whereg is the angle between the field gradient direction a”dcomponents and+0.40+0.06 mHz for the (+1/2,+3/2
the quantization axis of the ion. Assuming a field gradient.omponents. The blackbody radiation field also has a non-

roughly along the axial direction of the trap would gi®® ;610 mean-square magnitude of magnetic field, which can be
~40°. A value for the paramet&~ 50 V/cn? is estimated expressed ag37]

based on the level of patch potentials thought to reside on
electrodes and residual bias potential between the endcap (B2(t)) = (2.8 wT)2(T/300 K)*. (22)
and ring electrodes. I?or these vglues, a quadrupole shift (l‘for a
Av=+0.55 Hz for the(£1/2,+1/2 components andv= _ . .
+0.14 Hz for(x1/2,+3/2 transitions is estimated. These =7.13,T# and thus the est|mated_sh|fts onikd/2,+1/2
can be considered as an upper limit to the magnitude of thgomponents would _be +40Hz while for the(¢1/2,£3/2
shift. components the shift would be +26-z. Clearly such con-
tributions will be masked by the other perturbations at the
current level of resolution and operating conditions.

1 3
(2~ 2t )ad(s cos p- D)(adrlach, a9

room-temperature system &t=293 K, (B?(t))

E. Zeeman effects

1. Linear Zeeman effect (ac broadening and shifts) F. Collisional shifts and broadening

By probing on symmetric components, the dc linear Zee- Estimatt—_:s of the _broadening of the Zeeman components
man shift is effectively cancelled out in the current experi-and the shift of the line center result_lng fron_1 coII|5|on§ with
mental measurements. However, ac fields penetratin onpplar_gas molecules can be obtained using a pure induced
through shielding may cause broadening and distortion of th qlanzatlon model to calculate the classigaingevin) col-
line shape resulting in a shift of the line center. As was Isional rate constari4],
shown in Fig. 4, measurements of the linewidths D 1 [a\¥2
components with different Zeeman sensitivity show no de- k=(ov)= Z—Q<—) ) (23
tectable change. By fitting the observed data, broadening of Bo M
the innermost component is estimated to be below 27 Hawvhereq is the charge of the iony is the static polarizability
Also, measurements of the shielding factor of the magnetiof the perturbing gas atom/molecule, apdis the reduced
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TABLE IV. Summary of determined frequency systematic shifts and their estimated uncertainty for the current series of experimental
measurements.

Shift of line center Uncertainty of shift Fractional magnitude
Source of systematic shift (Hz2) (H2) of shift
Thermal contribution to second order Doppler effect -0.027 0.007 X 1617
Micromotion contribution to second-order Doppler effect -0.16 0.10 X 14716
Blackbody ac Stark shift +0.30 0.11 X710716
Thermal contribution to Stark shift +0.0361/2,+1/2 0.018 8x 107t
+0.029(+1/2,%3/2 0.012 7> 10717
Micromotion contribution to Stark shift +0.&:1/2,+1/2) 0.9 2x 10715
+0.7(x1/2,%3/2 0.7
ac Stark shift due to 674-nm light +0.181/2,+1/2 0.06 2x 10716
+0.10(x1/2,+3/2 0.06
ac Stark shift due to 1092-nm light -121/2,+1/2 12 3x 10714
-21(x1/2,+3/2 21 5x 10714
Electric quadrupole shift of thed4?Ds,, level <0.55(%1/2,%1/2 0.55 1x 10718
<0.14(%1/2,%3/2 0.14 3x 10716
ac field shift via linear Zeeman effect <0.2(x1/2,%1/2 0.2 4x 10716
<0.4(x1/2,+3/2 0.4 9x 10716
Quadratic Zeeman effect due to bias field +0.0041/2,+1/2 0.0002 2< 10718
+0.00040(x1/2,+3/2 0.00006 910710
Blackbody contribution to quadratic Zeeman shift 400 (x1/2,+1/2 9x 10720
+2.6X10°° (x1/2,+3/2 6x1020
Collisional shift <0.005 0.005 K10
Estimated total systematic shifts -161/2,+1/2 12 3x 10714
-20(x1/2,+3/2 21 5x 10714

mass of the Srgas perturber system. In the current experi-environment would beé\vg,;=5 mHz. It should be stressed

ment, the principal gas contaminant is Whose partial pres- that the above calculations are estimates and that more de-

sure is an order of magnitude larger than that of other gagiled studies would be beneficial to quantify such shifts

species. Using a calibrated quadrupole residual gas analyzgtore precisely. Nevertheless, the equivalence between the

attached to the ion trap apparatus, the measured partial presollisional broadening and shift, calculated using the Lange-

sure of H, was found to béP,,=7x 108 Pa. The calculated vin classical rate, and the extrapolation, using the Rb Ryd-

Langevin rate constant féSr* with H, being the perturber berg studies, confirms that such collision effects are indeed

is (oV)eon=1.5x 10 m® s, This yields a collisional rate quite small and are unobservable at the current level of ex-

of y.1=0.03 s and an estimated broadening contribution perimental precision. The collisional shift can be readily re-

of Av.q;=8 mHz. The magnitude of any line shift due to duced through modifications to the experimental apparatus

such effects would be expected to be smaller than the broaduch as the use of titanium sublimation pumps and refriger-

ening. ated cold surfaces, which would yield working pressures of
Studies of the collision induced shift of tRB series lines  107° Pa or below.

in Rydberg-like alkali atoms have been perfornjé8]. The

results indicated a line shift that scaledrﬁ#whereneﬁ is

the effective quantum number. Using the self-broadening and G. Summary of shifts and correction of theS-D frequency

shift results for Rb, the shift for the isoelectronféSr*

4d 2D, level can be estimated. The values for Rb can then Table IV summarizes the systematic shifts calculated for

be scaled by the increase in the collisional rate due to polathe current system. The total estimated correction is

ization by the St ion relative to the neutral Rb case. For the (10 Hz+12 Hz for the (£1/2,+1/2 components and

4d D), level, the shift rate is thus estimated aSvg,, (=20 Hz+2]) Hz for the (+1/2,£3/2 components. As can

=1.0x 10* Hz/Pa(ngp) > be seen, the contribution of the ac Stark shift due to the
Fitting the St D series to a Rydberg line progression 1092-nm radiation dominates the systematic shifts. All other

yields ney=2.42 for the 4 ?Ds, level; thus the mean shiftis contributions are below the 1-H2x 107" level. When

estimated asA v4,i=8X 10* Hz/Pa. Assuming the hydrogen these corrections are applied to the individual runs in the

gas perturber shift rate is on the same order as the broadeexperiment, a corrected value for the %5,,,—4d D5, cen-

ing, then an estimate of the lineshift given our current gader frequency is obtained:
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(vsp)eorr = 444 779 044 095 510 + 50 Kko). (24) Also, the magnitude of the shift could be determined by the
. . . . measurement of the quadrupole shift along three orthogonal
The corrections bring our result into closer agreement Wltfhuamization directions as proposed by 1td46]. In closing,
the measurement of it seems quite reasonable to assume that the uncertainties in
vep = 444 779 044 095 520 + 100 Hi ) the s_yste_zmatic shifts can _be r_educed sufficien';ly that their
contribution to the uncertainty in the 'S&D transition fre-
by Margolis et al. [7]. This result strengthens our current quency would be below 10 mHz, thus yielding a potential
knowledge of the Srion system, both from the point of view accuracy of better than210°Y".
of an improved value for the exattD transition frequency,
and through a better understanding of the systematic effects,
which limit the accuracy. In examining the limitations to the V. CONCLUSION

accuracy of the single-ion reference frequency, it is clear that We have used an optical frequency comb to measure the
the current measurement is limited primarily by the fast, ir-gg P d y

+ .
regular drift rate and spectral profile of the probe laser syséesrtrainstDOiegéegggqfefiylit f’é?%T?ﬁiW'tn:‘ a st?ndar(: un-
tem. Further improvement in this area will result in an im- Y vrr== - 1his measurement 1S

proved value for the ion center frequency. Provided that thén excellent agreement with a previously reported value and

systematic shifts can be reduced or calculated, we expect th%qpre?e_ntts aMn m:prfot\;]ementttof a fgctor O]; 2 Itn th{hrep%rted
the ultimate accuracy will be limited by the laboratory’s abil- uncertainty. Most ot the scatier and uncertainty in the above

ity to realize the SI second via the available cesium Stan[esult is attributable to the linewidth and drift of the probe
dards laser system. A two-stage cavity-stabilized diode laser sys-

em has recently been developed and will be implemented in
uture work. A detailed study of the systematic shifts for this
éngle-ion measurement has been presented and the total es-
Imated uncertainty is currently at the 10-Hz level. The cur-
rent limitation is by ac Stark shifts from the 1092-nm laser

tion during the probe interrogation cycle. This will reduce source illuminating the ion during the probe cycle. Suitable

the magnitude of the systematic corrections to the 1_H§hut_tering QUring the probing and gqoling sequence can
level. As mentioned in the previous sections, it will be nec_ellmlnate this perturbation. The remaining perturbations are
essary to probe the ion on three orthogonal directions so th plow 0.5 Hz and can be guantified to better than 0.1 Hz.

the total micromotion can be estimated. Better control of iont ith fur(;hsrtltmprovim?ntfs 'r? our knowl_edge of thg !Onl_iyls-
micromotion via monitoring in three orthogonal directions em and better control of the trap environment, it is likely

[46] could conceivably reduce the second-order Doppler an at the uncertainty in the systematic shifts can be reduced to

Stark micromotion contributions to the mHz level. As the ""® 10" level.

resolution of the ion resonance improves, the effects of ac

figldg on the line s.hape. could bg sjgnificantly reduced. The ACKNOWLEDGMENTS
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the shift. Already, the current calculations indicate that thiscode. The important contributions of R. Pelletier and B.
shift is known to 100 mHz. For the electric quadrupole mo-Hoger in the construction of the electrical components used
ment, studies of the shift magnitude by application of ain the current experiment are recognized. Finally, the critical
known field gradient would provide experimental determina-contributions of J. S. Boulanger and S. Cundy in the provi-
tion of the moment. This was in fact demonstrated recentlysion of the hydrogen maser reference signal are gratefully
in the Yb" system by Schneideet al. [48]. The relative acknowledged. This work has been partially supported by
change in quadrupole moment shift with Zeeman componentontributions from the Canadian Institute for Photonic Inno-
pair can also be used to quantify the quadrupole moment:ations(CIPI/ICIP).

Concerning the accuracy of the obtained frequency due t
the principal systematic limitations of the ion system itself,
there are a number of areas where the experiment can
controlled that would yield greatly improved results. Of pri-
mary importance will be the isolation of the 1092-nm radia-
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