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We have performed an absolute optical frequency measurement of the dgilime at 352 THz(852 nm).
This frequency is an important scaling parameter in atomic interferometryDEhHéne has been compared
with the fourth harmonic of a methane stabilized He-Ne laser at 88.4 THz (3189. A frequency mismatch
of 1.78 THz between % 88.4 THz=354 THz and théD, line was bridged with an optical frequency comb
generator. We find5,=351725718.50(11) MHz for the hyperfine centroid, improving previous results by
almost two orders of magnitude.

PACS numbgs): 42.62.Fi, 06.30.Ft, 42.60.Fc, 42.79.Nv

The cesium atom serves as the primary standard of timable frequency offset in the GHz range between the laser
and it plays an important role in many experiments on lasediode at 848-nm and the fourth harmonic of the He-Ne stan-
cooling, trapping, and atom interferometry. Interferometricdard (4fene - The 848-nm laser diode is then used to drive
measurements of the local gravitational acceleration peran optical frequency comb genera{®,3] that produces a
formed with cesium atomdl], for example, rely on a precise few hundred sidebands by efficient electro-optic modulation
value of the absolute frequency of the Bs line. Using an  in LiINbO3;. The comb generator consists of a monolithic op-
optical frequency comb generatf?,3], which allows the tical cavity that is placed inside a microwave cavity that
measurement of frequency differences in the terah@itiz)

range, we have determined the absolute frequéggyof the cesium saturation second harmonic
cesiumD, resonance line near 852 nm to 3.1 parts if°10 spectrometer 2 generation
surpassing the accuracy of the best previous measuremen ® photo-diode for

by almost two orders of magnitudé]. In our experiment we T beat note generation
compare the frequency of the cesily resonance line with 852.3 nm electronic

the fourth harmonic of a transportable Ghtabilized diode laser phase-locked loop
3.39um He-Ne lasef5]. X :ﬁg(igrfrequenw

The reference laser was calibrated in November 1995
against a second transportable He-Ne stand@tdand in
June and July 1996 at the Physikalisch Technische Bunde optical frequency
sanstalf{PTB) in Braunschweig against a microwave cesium comb
atomic clock with their phase-locked harmonic laser fre- 1 |||| | |||| ||||||| -
qguency chairf6]. At that time its frequency was determined m v
to fyene=88376 182599 937(23) HB]. The measurement i
of the cesiunD, line was performed shortly after this cali- 848.1 nm
bration from December 1996 to January 1997. ( diode laser

The frequency of the grating stabilized laser di¢8¢at

852 nm, which probes the cesiuby line, is set as shown in
Fig. 1. A color center laser is phase-locked to the seconc
harmonic of the He-Ne standard by controlling the beat fre-
guency between them with an electronic phase-locked loop
With an intracavity electro-optic modulator and a piezo-
mounted folding mirror the frequency of the color center
laser is forced such that the beat frequency oscillates in phas
[10] with a precise radio-frequency reference of a few MHz
(not shown in the figune The frequency of the color center

1.696 1m
color center laser

laser is then known as precisely as the He-Ne standard. A CHf-.:tZ%ilI{Eed
848 nm a laser diode is phase-locked to the second harmoni He-Ne laser

of the color center laser. The beat frequency that is used for
this lock is shifted first by mixing it with a radio frequency  FiG. 1. Frequency chain that allows the comparison of the pre-
fre pr9V|ded by a synthesizer. A double ba|anceq mixer, usedisely known frequency of a methane stabilized He-Ne laser at
for this purpose, produces the sum and the difference fregg.4 THz (3.39 um), with the cesiunD, transition at 352 THz
guency of the beat note arfg; . This allows for an adjust- (852 nm).
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FIG. 2. Saturation spectrometer. 1700 1800 1900 2000 2100 2200 2300 2400 2500
Jasp - 351 728 646 399 748 (92) Hz (MHz)
resonantly enhances the modulating field. The optical radia-
tion is enhanced as well by locking one of the resonance
fringes to the input from the laser diode. The free spectral ¢
range of the optical cavity is chosen such that twice its fringe’s Fe=4
separation coincides with the modulation frequency so thai=
modulation sidebands are resonantly enhanced and can eff
ciently produce additional side bands. The comb generato=
was operated at a modulation frequency dHrc
=6.3418 GHz, which sets the separation of the sidebands
In the last step the probe laser is phase-locked tontie
sideband at the red side of the carrier. The probe laser it
scanned over the hyperfine components of the cediym
line by changing the frequencf;;. The frequency chain
described here is similar to parts of an existing chain thatl
was used to determine the isotope shift of the hydrogen/8 F.=5
deuterium 5-2s transition frequencyl1]. - — 1 T T T T T T
With the frequency chain phase-locked the frequency of -1000 900 -800 -700 -600 -500 -400 -300 -200
the probe laser at 852 nm is related to other known frequen- faso - 351 722 304 599 748 (92) Hz (MHz)
cies by

Fe=3 F=34 F,=35

n arb

in signa

FIG. 3. Top: hyperfine components and crossover resonances
(labeled with two angular momentum numbeéts) of the cesium
D, line starting from the ground state total angular momenkym
=3. Bottom: same withFj=4.

f852:4fHeNe_ nfopci frf - 380 MHZ,

where the offset of 380 MHz is due to the reference fre-
guencies used for phase-locking. The sigri,@fis chosen by
selecting the correct radio frequency at the output of thedf 1079 and therefore contribute with a negligible uncer-
double balanced mixer with a bandpass filter. tainty. The main source of uncertainty is introduced by the
The mode numben was determined by a coarse measure-CS spectroscopy.
ment of f g5, with @ wavemeter. To probe the hyperfine tran-  TO probe the cesiurD, line we used the same saturation
sitions starting from theF,=3 ground state we used spectrometef13] as used for a recent determination of the
=280 and the positive sign, while for tig,=4 ground state cesiumD; transition[12]. It consists of a cesium cell that is
we usedn=281 and the negative sign 6f; , so thatfgs,is  illuminated by two counterpropagating laser bedifig. 2).

derived from The pump beam redistributes the occupation number mainly
by optically pumping the ground-state hyperfine levels. For
fs,= 351 728 646 399 7482) Hz+f,; for F =3 most of the observed hyperfine components the atoms are
r g 1

o) pumped into the other ground-state hyperfine level so that
the absorption of the probe beam is decreased. For some
fg5,=3517223045997482) Hz—f; forFy=4. components the pumping fills up the probed level so that the
line appears to be invertdd3]. The pump beam is chopped
Here the 92-Hz uncertainty of the 852-nm probe laser isand the difference in absorption is detected with a lock-in
determined from the uncertainty of the frequency of theamplifier. Because one beam can change the absorption of
He-Ne reference laser only. All radio frequencies, includingthe other only through atoms whose Doppler shift is the
f.¢, are referenced to a commercial cesium atomic cloclsame for both beams we detect only atoms that do not move
(Hewlett Packard model HP 5071A with a specified accuracyalong the laser beam axis. With this Doppler-free method we
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TABLE I. Result of the absolute frequency measurements of the
cesiumD, line in kHz. The measured radio frequencies of the line
centers are given in the second column with their statistical uncer-
tainty only. Two methods are used to check the consistency of the
data: First the measured cross over resonances are compared with
the frequencies calculated from the regular resonances that make up
the particular crossover; and second by comparing the three differ-
ent combinations that yield the ground-state hyperfine splitting with
the definition of the SI second. We attribute the obvious inconsis-
tency to the deficiency of our simple line-shape model and estimate
the uncertainty of each component to 110 kHz, which is the aver-
age value of the above-mentioned discrepancies.

lock-in signal in arbitrary units

e Transition fre Absolute frequency
2248 2250 2252 2254 2256 2258 2260 2262 2264
Fg=3—F,=2 1903211(7) 351730549611
fas - 351 728 646 399 748 (92) Hz (MHz) Fy=3—-F.=23 1979 088(19) 351730 625 488
F,=3—F.,=3 2 054568(47) 351730700968
— — O ; : g e

10, 4. TFy-3Fecd resonance asin Fo, W e 3 Flios  aoroeiam 991730720083
P quency : Fy=3—F.=34  2155168(51) 351730801 568
observe six hyperfine components of the single stable isotope Fg=3—Fc=4 2 255814(18) 351730902214
13%Cs for the transitions from theS,, ground states with EaE s 344 238(45 351791 960 362

total angular momenturk ;=3 andFy=4 to the &3, up- . - e (45)
per states wittF,=2, F,=3, F,=4, andF.=5 (see Fig. F9:4_’Fe:4’5 469532(32) 351721835068
3). In addition to the six hyperfine components we observe Fg=4—Fe=35 570152(12) 351721734448

six crossover resonances. These resonances occur if two Fg=4—Fe=4 595 056(34) 351721709544

components within the Doppler width share a common level. Fg=4—Fe=3.4 695 792(18) 351721608 808
In this case a velocity class of atoms with=0 is probed Fg=4—F=3 796 375(27) 351721508 225
giving rise to a resonance that lies halfway in between the
two transitions. o . .
The two laser beams are polarized linearly in the verticadirection than the=q=4 componentsf(+ was increased in
direction. The pump and the probe beam intensity was |eS_§oth caseswe expect that this effect cancels when calculat-

than 15 uW/cn? and less than 4uW/cn?, respectively. mg.the hyperfine centroid. For the separated components we
The saturation intensity for the most intense componen’?s_tlmate this e_ﬁ_‘ect to contnb_ute _aé_lO-kHz systematic uncer-
(Fg=4, Mgg=%4—F,=5, Mg ==5) is 1.1 mW/crd  t@ainty. An addl_tlor_1al uncertainty is mtroduceq because of a
. missing quantitative model for the actual line shape. As

[13]. The 2-_cm-|ong_ cesium cell was held at room temperasgp o n'in Ref[13] the line shape depends on various param-
ture and'shlc'elded with two layers pf metal, Wh'(.:h reduced eters such as the polarization and the laser power. Some lines
the longitudinal component of the magnetic field belBwv o, eyen be inverted just by changing the laser power in one
=2 pT. The observed linewidth of a single component wasy¢ the heams. We tried to estimate this uncertainty by com-
about 6.9 MHz full width at half maximuntnatural line-  h4ring the measured crossover resonances with their position
width is 5.2 MHz[14]). » relative to the expected mean of the two components that

We find the line center of the resonances by fitting theyiye rise to the crossovésee Table)l In addition, we check
peaks separately with a Lorentzian and linear background, gge ohserved ground-state hyperfine splitting and compare it
shown in Fig. 4. Each of the 12 components was recordegh, e defined value of the S| secofBl=international sys-
twice so that a total of 24 values for the hyperfine centroidig of ynits. In contrast to a recent measurement of the Cs
could be calculated from the known hyperfine splittifdS].  p_jine [12] this cross check is not compatible with the larg-

Asymmetric pumping of theM levels could lead t0 & gt nossible Zeeman shift which is part of the line-shape
systematic Zeeman shift of up 15(9r Me,—9r Me )B OF  ncertainties. Therefore we estimate the uncertainty of each
the line centers rather than a pure line broadening, as ongomponent to 110 kHz, which is the
would expect for symmetrical pumping. With Bohr magne-
ton ug=14 GHz/Tesla and the Landg factors the maxi-
mum possible shift that is compatible with the selection ruleé'ne'
for dipole transitions is between 9 and 51 kHz depending on
the selected hyperfine component. Another systematic effect
that was not controlled in this measurement is the fact that Erikssonet al. (1964 [16] 351725 742(30) MHz

TABLE Il. Previous results for the frequency the cesilby

Author CsD, frequency

scanning the absolute optical frequency and reading the sig- Avila et al. (1986 [17] 351725769(12) MHz
nal with a lock-in amplifier with a nonvanishing time con-  carlssonet al. (1996 [18] 351725757(9) MHz
stant could lead to a shift of the observed line centers. Be- ihis work 351725718.50(11) MHz

cause theF;=3 components were scanned in the opposite
031801-3
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mean of the deviations mentioned. Other systematic effect§,he stated uncertainty is the same as for a single component
such as the ac-Stark effect, light-pressure-induced line-shagmecause it may be due to a common systematic effect that
modifications[19], spurious selective reflection signals, anddoes not average out. Our result is almost two orders of
collisional shifts [20] shifts are estimated to be much magnitude more precise than the previous measurements that
smaller. are listed in Table Il. In the future we may improve this
Accounting for the known hyperfine structure of the ex-resuylt by using a better spectrometer. Then it may even be

cited level[magnetic dipole coefficierd=50.275(3) MHz,  possible to derive new values for the excited-state hyperfine
electric quadrupole contributioB= —0.53(2) MHz [15]] splitting.

and the defined hyperfine splitting of the ground level _
(9 192631 770 Hg, we obtain 12 independent values for the ~We thank G. Kramer and B. Lipphardt of the PTB-

hyperfine centroid. Their mean value is Braunschweig, Germany, and D. Tyurikov of the P. N. Leb-
edev Institut, Moscow, for their support in the calibration of
fp,=351725718.501) MHz. (2)  our He-Ne standard.
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