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Optical frequencies of the hyperfine components of@adine in 13Cs are determined using high-resolution
spectroscopy and a femtosecond laser frequency comb. A narrow-linewidth probe laser excites the
6523, ,(F=3,4) —6p ?P5,(F=2,3,4,5 transition in a highly collimated atomic beam. Fluorescence spectra
are taken by scanning the laser frequency over the excited-state hyperfine structure. The laser optical frequency
is referenced to a Cs fountain clock via a reference laser and a femtosecond laser frequency comb. A retrore-
flected laser beam is used to estimate and minimize the Doppler shift due to misalignment between the probe
laser and the atomic beam. We achieve an angular resolution on the orderl®fSrad. The final uncertain-
ties (~+5 kHz) in the frequencies of the optical transitions are a factor of 20 better than previous [&sults
Udemet al, Phys. Rev. A62, 031801(2000).]. We find the centroid of thes§’'S, ,,— 6p P, transition to be
fpp=351725718.47451) MHz.
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. INTRODUCTION — 6p 2P, transition in***Cs, the final uncertainty was lim-
- . : ited by such systematic effects and not by optical frequency
Precision measurement techniques in recent years have . ;
. : - . measurement techniquegs8]. In atomic beams, Doppler
provided us with new ways to test fundamental theories i . )
i . : : oadening can be reduced geometrically to less than the
areas that lie outside of atomic physics. Tests of the standar

model, a new value of the fine structure consinmeasure natural linewidth for allowed transitions where it no longer
' . . imposes a limitation on determining the spectral line centers.
ments of nuclear structure, and the weak interaction are po

sible using accumulated information about transition ampli-?n add|t_|on, _optlca! pumping can be suppressed by Wor_kmg
: . .- at low light intensity. With atomic beams, the most serious
tudes and frequencies obtained through precision

measurement§l—4]. Cesium, being one of the most thor- experimental problem is Doppler shifting of the resonances

oughly studied heavy atoms. is very suitable for these inve due to misalignment of the atomic beam with respect to the

tigations, since the accuracy of atomic theory in this systersr11aser propagation direction. This problem is avoided with

is on the order of 19%5]. In this respect, measurements of Magneto-optic traps at the expense of a much more compli-

. ; ; cated system. In this work, we show that the Doppler shift
transition frequencies play a very important role, because the

. . aused by atomic and laser beam misalignment can be re-
experimental accuracy can be many orders of magnitude bef-

. : . duced to the level of other uncertainties with a simple ex-
ter than accuracies obtained through atomic structure Calcu'erimental rocedure

lations. The results and level of accuracy obtained for the P '

absolute transition frequencies presented here are of particu-

lar relevance to the interpretation of atom interferometry ex- Il. EXPERIMENTAL SETUP
periments involving cesium where the recoil energy and mo- 1o experimental setup is shown in Fig. 1. The frequency

menturP trafnsfer OI] single-photon ifnteractiong is reqUirleddetuning of a highly monochromatic probe laser with respect
Examples of new physics expected from combining absolutg, 5 staple reference laser is measured by detecting a hetero-
transition frequencies Wl_th atom interferometry include Me34yne beat note between the two lasers. The optical frequency
surements of local gravit{6] and a new value for the fine ot yhe reference laser is determined by measuring the beat
structurg constar[t?].. . .. hote with a tooth of a self-referenced femtosecond laser fre-
A variety of techniques have been implemented to elimi- uency comi13-15. Using established techniquis, 17]

nate 'Dopple.r_effects in optlcal frequency measurements e frequency comb is referenced to a stable hydrogen maser
atomic transitions. These include saturated absorption speg;4t has its frequency calibrated by a cesium atomic fountain

troscopy in vapor cell$8,9], magneto-optic trapgl0], and  ¢jqck 18], The fractional frequency instability of the comb
thermal atomic beamid1,13. While vapor cell experiments a1 is equivalent to that of the hydrogen maser, given by

are easier to implement, systematic effects due to optical 5 v 1 -13-1/2 \yith rthe integration time measured in sec-
pumping, magnetic fields, and light pressure limit the finalyngs when averaged for several hours, the frequency of
uncertainty. In previous measurements of the“S,  gach tooth of the femtosecond comb can be known relative
to the cesium primary frequency standard with fractional un-
certainty approaching a few parts in'20In this way, the
*Electronic address: Carol.E.Tanner.1@nd.edu optical frequency of the probe laser can be determined using
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FIG. 1. Experimental setup.

the two beat-note measuremefsobe laser with reference

laser and reference laser with the comithe spectroscopy is

realized with the help of a highly collimated thermal atomic

beam apparatus. Part of the probe laser output is sent through 6s 28,
a single-mode fiber to the vacuum chamber and excites the

atomic beam at a right angle. The deviation of this angle

from 90° is determined and corrected during the measure- 13 )
ment process to better thanx8l06rad. The fluorescence FIG. 2. **%Cs energy level diagram.

from the excited atoms is measured together with the probe

laser optical frequency, and analyzed usingo®TRAN pro-  Helmholtz coils and is measured to be less than1®® T

9192.631770 MHz

3

gram. with a commercial magnetometer.
A. Atomic beam B. Laser system and optical frequency measurements
The lowest-lying energy levels df3Cs are shown in Fig. The heterodyning laser system is described in detail in

2. The thermal beam apparatus is described in detql%h  Ref. [20]. We use two spectrally narrowed 852-nm diode
A rectangular profilg13 mmx 15 mm) atomic beam with a lasers. Their frequency difference is offset-locked to a
density on the order of 8 10'® cmi 3 is created in a vacuum computer-controlled rf synthesizer. The reference laser fre-
chamber with a Cs reservoir, oven, and nozzle. The vacuurguency is stabilized to a saturated absorption signal detected
is better than 1.38 104 Pa. Due to the high density of the in a Cs vapor cell kept near room temperature. The probe
atomic beam, a liquid nitrogen trap is used to prevent thdaser is offset-locked to the reference laser and is scanned by
formation of any significant Cs thermal background. Thechanging the frequency of the rf synthesizer. The approxi-
atomic beam divergence is reduced~#d2 mrad with a col- mate frequency of the probe laser is determined by the rf
limator, constructed from microscope cover slips, placedock and the computer, respectively. The beat note between
12 cm away from the nozzle. The atomic beam passes abovke reference and probe laser is measured using the rf counter
a large-area photodetector. A single-mode optical fiber id. The probe laser frequency is offset with an acousto-optic
used to send part of the probe laser beam to the vacuumodulator (AOM) before the beat note with the reference
chamber. The laser beam polarization is aligned with thdaser is detected. This is done to avoid a zero beat note fre-
direction of the atomic beam propagation using a linear poguency when the probe laser is scanned in the vicinity of the
larizer with an extinction ratio of 1/1000. The rectangular Cs transitions that are used to lock the reference Igstver
laser beam(7 X 7 mn?, determined by the aperture of the the Fy=3—F.=2 orFy=4—F.=5 cycling transitions This
polarizep excites the atomic beam above the photodetectorlso reduces the technical noise in the measurement which is
Fluorescence from the excited atoms is focused on the phdiigher at low frequencies. The AOM frequency offset is
todetector by a curved mirror placed above the interactionmeasured using rf counter 2. The optical frequency of the
region. A transimpedance amplifier with high gain is used toreference laser is determined using the high-repetition-rate
convert the photocurrent into voltage. An analog-to-digital“self-referenced” femtosecond laser frequency comb, as de-
board measures the voltage which is then recorded with acribed above. The rf counter 3 measures the beat note be-
computer. The laser beam direction can be steered with @veen the reference laser and one tooth of the frequency
mirror on a piezoelectric-transduc€PZT) driven mount comb. The precision of counters 1 and 3 is set to six digits,
which is controlled by the computer. The magnetic field inor 1 kHz, and the precision of counter 2 is set to seven digits,
the interaction region is compensated using three pairs adr 0.1 kHz. A detailed description of the spectrum measure-
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ment is given in[19]. The data acquisition system measurestransitions of interest will be Doppler shifted, and the result-
the fluorescence signal at a rate of 2000 samples per secoimd line shapes are no longer symmef{id®]. This produces
for 0.5 s. The counters perform frequency measurementsvo types of systematic effects: one due to the Doppler shift
during the fluorescence data acquisition. To calibrate the freitself and the other due to the inaccurate fit which assumes
guencies and determine the laser instabilities for each dasymmetric line shapes. To measure and minimize these two
point, counters 1 and 3 measure the beat note and perforaffects, a corner cube is used to retroreflect the incident laser
statistics of four frequency measurements and counter 2 meaeam back into the interaction region. The Doppler shift of
sures the AOM frequency offset by performing a single fre-the spectrum created by the counterpropagating laser beam
quency measurement. After the measurements are done, thas an opposite sign to that of the initial laser beam. The
computer collects the data from the counters, averages thietensity of the counterpropagating beam is 70% of the inci-
fluorescence signal, and stores the mean value and the statent beam intensityboth of which are well below the satu-
dard deviation of the fluorescence signal and the frequencsation intensity, due to reflection losses from the vacuum
measurements. Measuring the optical frequency of the refesystem output window and the corner cube. Fluorescence
ence laser, the beat note between the reference and profsem both beams is generated in the same spatial region and
lasers, and the probe laser frequency offset, we determine the detected by the large-area photodetector. For a specific
optical frequency of the probe laser to better than 10 kHzangle between the atomic and laser beams, spectra are re-
during each time interval of 0.5 s. The uncertainty in thecorded for the two configurations—with and without a coun-
frequency calibration is due to the jitter of the reference di-terpropagating laser beam. The two types of spectra are then
ode laser frequency caused by mechanical instabilities of itftted with the model described in the previous section. Sev-
external cavity[20]. After each measurement the computereral data files for the same configuration are fitted, giving a
changes the frequency of the rf synthesizer, thus scanning theean value and a standard deviation for the optical fre-
probe laser frequency to a new value. The frequency of thguency of each transition component. We take the standard
probe laser is scanned over a range greater than 550 MHz tteviation as a measure of the uncertainty in the mean. Usu-
record the complete excited-state hyperfine structure. ally, four files are enough to give a standard deviation of the
fit of <5 kHz. When fitted, the peaks in the two-beam spec-
tra have frequency centers slightly different from those of the
incident beam alone. This difference is a measure of the de-
It is very important to understand the details of the lineyjation of the laser incidence angle from 90°. We minimize
shapes of the components in the measured spectra. When t§s deviation by changing the laser beam incidence angle,
probe laser beam and the atomic beam are exactly perpesteering the mirror that is mounted on the computer-
dicular, the frequency dependence of the excited-state fluqontrolled PZT-driven mount. This mount has a measured
rescence is described by a Voigt profild]. We assume that angular resolution corresponding to a Doppler shift of
the optical frequencies of the differeMFg, Mg Zeeman 365 Hz per step.
components belonging to the same groufg) or excited
(F,) state component are equal because of the static magnetic
field compensation. This means that for each transition com-
ponent &S, ,(F,) — 6p 2P5,(F) there is a single Voigt pro- ~ The reference laser is locked to thes’6,,(Fg=3)
file to calculate. In our fitting prograrfusing the Levenberg- — 6p ?P,,(Fe=2) cycling transition. The part of the probe
Marquardt minimization method taken from2l]), the laser beam used in the frequency measurement has its optical
Doppler width of the Voigt profiles is constrained to be thefrequency shifted up by 85 MHz using an AOM. The cesium
same for all spectral components. The Lorentzian parts of theven is kept aff=443 K and the Cs reservoir at=393 K.
individual Voigt profiles are fit independently. Due to pos- The typical laser intensity i$=2 wW/cn?, approximately
sible formation of a Cs cloud inside the chamber, the model /500 of the saturation intensity of the strongest line com-
function also includes a Gaussian profile for each spectrgbonent (Fy=4—F.=5). The reference laser frequency is
component with a full width at half maximugFWHM) de- ~ ~10 MHz higher than the optical frequenéy of one tooth
termined by the oven temperature of 443 K. For each comef the femtosecond laser frequency comb. A typical one-
ponent of the spectrum, the Gaussian background amplitudeeam spectrum is shown in Fig. 3.
is proportional to the corresponding Voigt profile amplitude
with a fitting parameter which is the same for all components
in the spectrum. The model includes a dc offset as a param-
eter to account for the photodetector leakage current and In this case the reference laser is locked to the
scattered laser light hitting the photodetector. A linear slop&s 2Sl,z(Fg:4)—>6p 2P3,2(Fe: 5) cycling transition. The part
parameter is used to account for possible changes in the sca@f the probe laser beam used in the frequency measurement
tered laser light. has its optical frequency shifted down by 68 MHz using an
AOM. The cesium oven is kept af=443 K and the Cs
reservoir at T=393 K. The typical laser intensity ig
=1 uW/cn?, approximately 1/1000 of the saturation inten-
When the probe laser beam is not exactly perpendicular teity of the strongest line componeff,=4— F.=5). The
the atomic beam direction, the optical frequencies of thaeference laser frequency 1510 MHz higher than the opti-

C. Theoretical model

A. Measurements from theF ;=3 ground-state component

B. Measurements from theF =4 ground-state component

. MEASUREMENT PROTOCOL
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FIG. 3. Spectrum of the 56251/2% 6p “P3; transition in Cs FIG. 5. Difference from the mean of measured optical frequen-

taken W?th the probe laser excitirigy=3 ground-state component. cies between thesﬁZSl,z(Fg:3) ground state and the three excited-
The optical frequency, of the femtosecond laser tooth has been state hyperfine componentp %Ps/z (Fe=2, squaresF,=3, open

subtracted from the data. The top graph shows experimental pomt?ﬁircles; F.=4, triangles. Upper trace, one-beam data; lower trace,

Lheoretlcal f'rt; f:]”d resr:duals_jé)tteld ling odnﬁthe samel scale. The 14 peam data. The data were taken on different days over a month
ottom graph shows the residuals on a diiterent scale. period. Each point represents the average of four scans.

cal frequencyf, of a different tooth of the femtosecond laser o4 gpectra are shown in Figs. 5 and 6. The weighted mean
frequency comb. A typical one-beam spectrum is shown in,5j,e5 of the optical frequencies between the ground- and
Fig. 4. excited-state components have been subtracted from the
data. The weighted mean has been corrected for the fre-

V. RESULTS AND DISCUSSION quency_shifts that.arise from optiqal pumping and recqil ef-

fects with the estimated values listed in Table I, as is de-

For each angle between the laser and atomic beam, theeribed in the following section. The weighted mean values

mean value and the standard deviation for the optical frewith their uncertainties are listed in Table II.

guencies of each transition are compared for the one- and
two-beam configurations, and the difference is minimized by
changing the angle between the laser and the atomic beam.
The values of the optical frequencies for which the differ- We determine the final values of the optical frequencies
ence is less than 5 kHz are used to find the 0ptica| frequenc@ﬂd their uncertainties as described in this section. The center
of each Spectra| Component_ The uncertainty evaluation |§f each line and its statistical Uncertainty is determined by

A. Error budget

exp|ained in the next section. The data for one- and two.ﬂttlng several data ﬁles, as eXplained in Sec. Ill. To these
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FIG. 4. Spectrum of the £°S,,,— 6p P, transition in***s FIG. 6. Difference from the mean of measured optical frequen-

taken with the probe laser excitirfg,=4 ground-state component. cies between theg?sl,z(Fg:4) ground state and the three excited-
The optical frequency,, of the femtosecond laser tooth has beenstate hyperfine componentp %Ps/z (Fe=3, squaresf.=4, open
subtracted from the data. The top graph shows experimental pointsijrcles; F,=5, triangle$. Upper trace, one-beam data; lower trace,
theoretical fit, and residual@otted ling on the same scale. The two-beam data. The data were taken on different days over a month
bottom graph shows the residuals on a different scale. period. Each point represents the average of four scans.
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TABLE |. Statistical and systematic uncertainties in kHz. For the intensity dependentrsiié 3 and 4, we show the correction that
has to be made to the optical frequency values when extrapolating to zero laser intensity. The uncertainty associated with this correction is
given in brackets.

3—-2 3—3 3—4 4—3 4—4 4—5
Statistical(fit+ Dopplen? +1.9 +1.7 +1.8 +1.8 +1.6 +1.7
Statistical(fit+Dopplen® +1.8 +1.7 +1.7 +1.7 +1.7 +1.7
Intensity dependent shift 0.31.0 3.31.0 2.51.4 -1.21.7) -3.81.2 -0.81.1
Intensity dependent shifit -2.1(1.3 0.4(1.0 1.1(1.0 -1.11.3 -1.41.8 -0.6(1.8
Corner cube +5.0 +5.0 +5.0 +5.0 +5.0 +5.0
Zeeman effect +1.0 +1.0 +1.0 +1.0 +1.0 +1.0
ac Stark shift <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

@One-beam data.
®Two-beam data.

uncertainties we add in quadrature the statistical uncertaintgt systematic error. To minimize the effect, we reduce the
in minimizing the Doppler shift, estimated to be 5 kHz, to magnetic field in the interaction region to less than 2
give a total statistical uncertainty. All fitted line centers with X 10°® T, use linear laser polarization, and work at laser in-
their total statistical uncertainties are shown in Figs. 5 and 6étensities on the order of 1/1000 of the saturation intensity.
These values are used to determine a weighted mean and Residual shifts due to the optical pumping are determined by
error in the weighted mean for one- and two-beam opticameasuring the transition frequencies at different laser inten-
frequencies. We measure laser-intensity-dependent shifts thsities and extrapolating their values to zero laser intensity.
depend on the initial and final states studied and range fronthese shifts are taken into account in the final optical fre-
-3.8 kHz to 3.3 kHz. The frequency for each pair of statesquency values. The corner cube deviation from the right
is obtained by extrapolating the mean values to zero laseangle is given by the manufacturer to be less than 9.7
intensity. We add in quadrature all evaluated systematic unx 107° rad (2 arcseg, which gives a possible systematic ef-
certainties to the error in the weighted mean for each frefect on the order of +5 kHz.
guency value. The final values and their uncertainties are The peak of the single-photon absorption probability of an
given in rows 2, 3, 5, and 6 of Table II. In rows 1 and 4 of atom initially at rest is shifted from the energy difference
Table Il are given the weighted average between one- anbetween the atomic levels by the recoil energy given by
two-beam data where systematic uncertainties that are conw, =h?v3/2Mc£?~2.1 kHzx h, where h is Planck’s con-
mon to both types of data are added in quadrature after awtant,hyy is the energy difference between atomic staltiés,
eraging. A discussion of each evaluated systematic effect ajis the mass of a Cs atom, awds the speed of light. This
pears below. recoil energy shift is independent of photon direction and is
Systematic shifts and uncertainties have been evaluatgetesent in both one- and two-beam data. After the excited
for optical pumping, corner cube imperfections, recoil shift,atoms have decayed back to the ground state, their average
the Zeeman effect, and the ac Stark effect. Optical pumpingelocity change in the direction of the laser beam is one
redistributes the initial level populations after the atoms haveecoil velocity given by V,=h(yg+v,)/McL~=3.5
decayed to the ground state. In the presence of a residuai 102 m/s. Some fraction of the atoms may absorb more
magnetic field, this can lead to line shape asymmetries and tihan one photon as they pass through the laser beam. These

TABLE II. Optical frequencies between different components of %835, — 6p S/, transition, measured in MHz. The one-beam and
two-beam data are given. Rows 1 and 4 represent the averaged values between one- and two-beam data. The uncertainties in the values ar
explained in detail in Table I. For the averaged values in rows 1 and 4, the corner cube uncertainty of 5 kHz was added after the values in
rows 2 and 35 and 6, respectivejywere averaged.

Fe=2

Fe=3

Fo=4

Fe=5

Fy=3
Fg=3"
Fy=3
Fy=4
Fy=4°
Fy=4

351 730 549.62155)
351 730 549.619%5)
351 730 549.62466)

351 730 700.84585)
351 730 700.84485)
351 730 700.84635)
351 721 508.21055)
351 721 508.210B5)
351 721 508.21085)

351 730 902.133%6)
351 730 902.13456)
351 730 902.132B5)
351 721 709.496%5)
351 721 709.49685)
351 721 709.49757)

351 721 960.585B5)
351 721 960.587G5)
351 721 960.58387)

@One-beam data.
®Two-beam data.
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atoms will have their velocity distribution shifted by one unit ~ TABLE Ill. Excited-state hyperfine structure splittings, mea-
of recoil velocity for each additional photon depending onsured in MHz.
direction. This effect can cause asymmetries and shifts in the
fluorescence line shape that can be minimized by keeping the 2—3 3-4 45
intensity low and then extrapolating to zero. However, the
intensity dependence of the velocity recoil effect cannot be From[3] ~ 151.224716)  201.287111)  251.091620)
easily separated from optical pumping without knowing the FromF=3%  151.224¢25)  201.289824)
exact residual magnetic field present. From the ratio of theFromF=3"  151.221725)  201.286524)
a.mpllitudes. between tghgll_cyclinlg ?nq open tr?ndsitiﬁns andgrom F=42 201.286124)  251.090223)
simple excitation probability calculations, we find that, on _b
aveEage, each atoﬁ1 scatteI);.Z photons at a laser intensity FromF=4 201286924  251.086124
of 1 uW/cn? (Fg=4) or 2 uW/cn? (Fy=3). There is excel-  One-beam data.
lent agreement between the theoretical peak height ratios affiwo-beam data.
the experimentally measured ratic@ the order of 3%, as
shown in[3]), which confirms also that we work at laser
intensities that cause no significant optical pumping. Giverprobability for single-photon absorption occurs and are ex-
in rows 3 and 4 of Table | are the shifts required to extrapo{pected to be the results most useful for the interpretation of
late each optical transition frequency from its value atatom interferometry experiments.
1 uW/cn? for Fg=4 (2 uW/cn? for Fg=3) to zero inten-
sity. Although it cannot be completely eliminated due to the
30% imbalance in the two laser beams, one would expect the
portion of the intensity-dependent shift due to the recoil ve-
locity to be reduced in the two-beam data compared to the . - )
one-beam data and this trend is exhibited by the shifts given OPtical transitions to thé=.=3 andF.=4 excited-state
in Table 1. components can be made from both ground states. The dif-
The Zeeman effect could produce significant systematiéerence between tgle optical frequzencies of the transition
effects in the optical frequency determination because of goTponents §251/2(Fg:3)_’6p Ps(Fe=3) and
deviation of the line shape from a Voigt profile when the 65 “Sy(Fg=4) —6p “P3,(Fe=3) must be equal to the
different sublevels of the ground and excited states are nground-state hyperfine splittinfg,rs, which is an exact num-
longer degenerate. This will also cause frequency shifts iper and is used as the definition of the second. The same is
0ptica| pump|ng is present_ We estimate the Systematic urffue for the difference between the Optical frequenCieS of the
certainty due to the Zeeman effect by applying a constantransition componentss8S, ,(Fq=3) — 6p °P5/,(Fe=4) and
magnetic field of 107 T in the x, y, and z directions,  65°S;)(Fg=4) — 6p °P,,(Fe=4). Using the optical frequen-
respectively, and measure the changes in the optical fresies for the one- and two-beam data, respectively, we find
quency values. It is found that such a magnetic field, while
producing a significant deviation between the data and the
model, changes the values of the optical frequencies by less
than 20 kHz. With the magnetic field compensated in the fag— faz— fups=2.34.4) kHz (one beam
interaction region to better thanx210°® T, we place a con-
servative upper limit of 1 kHz on this systematic uncertainty. and 4.23.1 kHz (two beam,
The ac Stark shift has been estimated previo(jidlyto be
insignificant at these laser intensity levels.
The error budget for each optical transition is given in
Table | where rows 1 and 2 give the error in the weighted faq—faa— furs=5.6(3.9) kHz (one beam
mean for one- and two-beam data, respectively. Extrapolat-
ing to zero intensity requires adding to the results obtained at and 3.83.9 kHz (two beam.
1 uW/cn? (Fg=4) or 2 uW/cn? (Fg=3) the signed shifts These uncertainties do not include the systematic uncer-
that are given in rows 3 and 4 along with their uncertaintiestainty associated with the corner cuffekHz, row 5 in Table
The uncertainty in each shift is added in quadrature with the) since it is the same for all optical transitions and will not
error in the weighted mean and the systematic uncertaintieaffect the differences. The uncertainties are quadrature sums
that appear in rows 5, 6, and 7. The extrapolated frequenciesf uncertaintiegrows 1, 2, 3, 4, and 6 in Tablg for both
for both one- and two-beam data and their final uncertaintiesompared optical frequencies. Our data agree on the 1.5
are given in rows 2, 3, 4, and 5 of Table Il. The weightedlevel which indicates no significant underestimation of our
averages of one- and two-beam data appear in rows 1 anduhcertainties. Another possible check is verifying the hyper-
of Table Il where the uncertainty due to corner cube imperfine splittings of the excited state which are known with a
fection is added in quadrature with the weighted uncertainprecision better than 2 kHB]. The excited-state hyperfine
ties after the averaging. Rows 1 and 4 of Table Il give oursplittings are obtained by subtracting the corresponding op-
final optical frequency values with uncertainties for the sixtical frequencies, given in Table Il. The values are given in
hyperfine components of this transition. These values correfable Ill. The data agree with the previous results on the
spond to the photon frequencies at which the maximunievel of 1.5,

B. Results and comparison
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The optical frequencies of the different components of the The optical frequencies given in Table Il represent the
ground &2S;,, and excited B °P,,, state have been previ- photon frequencies at which the maximum probability for
ously measured with a quoted uncertainty of 110 KBz  single-photon absorption occurs for each pair of states. Em-
We find general agreement between the previous and odredded in these values is the recoil energy shift
measurements except for thg=4— F.=5 transition where :h2v§/2McSc2 of the peak center relative to the energy dif-
a deviation of 225 kHz exists, which is twice the experimen-ference between atomic levels. The energy centroid of the
tal uncertainty reported if8]. Since theFy=4—F,=5isthe 6p %p,,, state relative to the energy centroid of the’s, ,
strongest component of tH®, line, systematic effects arising ground state is the energy difference in the absence of hyper-
from optical pumping and light pressure are expected to playine structure and the recoil energy shift. Therefore, we ex-
significant role in this case in vapor cell saturated absorptiopress the frequency centroid of the%s,,, to 6p P, tran-
experiments. sition as

7
——a--b-c+-ag  *fis—u Fg=4—Fe=5,

1 13 33 7
—Za+ 2—8b+ 7C+ Za651/2+f44— v Fg=4—F.=4,

7
—a+—b——c+Zaﬁsl/2+f43—vr: Fg=4—F.=3,
fo,=
0= 1 13 33 9

—Za+2—8b+7c—za651/2+f34—vr2 Fg:3—>|:e:4,

9
—rat__b-—c-—ag *fp-n: Fg=3—-F.=3,

9
—a——b+—C——af,Sl/2+f32—er Fg:?)*)Fe:Z,

wherefp, is the frequency of the line centroid, b, andc  uncertainities represent a factor of 20 improvement over
are the excited-state hyperfine coupling constgsitsfryr. is previous results[8]. All of our measured values agree
the optical frequency betweef, ground- andF, excited-  with previous results except for the strongest hyperfine
state componentaﬁsﬂzszFSM is the ground-state hyperfine component,Fy=4—F.=5, where we find a discrepancy
coupling constant, and, is the recoil energy shift divided of 225 kHz which is about twice the previously quoted
by Planck’s constant. At our present level of uncertainty, experimental uncertainty and about 1 part per billion of
higher-order hyperfine contributions are negligible asthe optical frequency. Since atom interferometry experiments
we show in Ref[3]. The value ofa631/2 can be calculated involving cesium are expected to reach precisions of
from the ground-state splittingrs=9192.631 770 MHz. order 1 part per billion and below[22,23, it is
Using these expressions and statistically averaging almportant that the work presented here eliminates this dis-
six measured frequencies, we determine the line centroi@repancy.

to be fp,=351725718.474%51) MHz. Our result is

in very good agreement with the value

fp,=351 725 718.5.1) MHz of Udem et al. [8] but with ACKNOWLEDGMENTS
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