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Absolute optical frequency measurement of the cesiumD2 line
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We have performed an absolute optical frequency measurement of the cesiumD2 line at 352 THz~852 nm!.
This frequency is an important scaling parameter in atomic interferometry. TheD2 line has been compared
with the fourth harmonic of a methane stabilized He-Ne laser at 88.4 THz (3.39mm). A frequency mismatch
of 1.78 THz between 4388.4 THz5354 THz and theD2 line was bridged with an optical frequency comb
generator. We findf D25351 725 718.50(11) MHz for the hyperfine centroid, improving previous results by
almost two orders of magnitude.

PACS number~s!: 42.62.Fi, 06.30.Ft, 42.60.Fc, 42.79.Nv
im
se
ric
e

e

e

99

d
m

re
d
t
i-

on
re
o
o
te
ha
Hz
r
.
o
f

y
se
fr

ser
an-
ve

ion
p-
at

re-
r at
The cesium atom serves as the primary standard of t
and it plays an important role in many experiments on la
cooling, trapping, and atom interferometry. Interferomet
measurements of the local gravitational acceleration p
formed with cesium atoms@1#, for example, rely on a precis
value of the absolute frequency of the CsD2 line. Using an
optical frequency comb generator@2,3#, which allows the
measurement of frequency differences in the terahertz~THz!
range, we have determined the absolute frequencyf D2 of the
cesiumD2 resonance line near 852 nm to 3.1 parts in 1010,
surpassing the accuracy of the best previous measurem
by almost two orders of magnitude@4#. In our experiment we
compare the frequency of the cesiumD2 resonance line with
the fourth harmonic of a transportable CH4-stabilized
3.39-mm He-Ne laser@5#.

The reference laser was calibrated in November 1
against a second transportable He-Ne standard@7# and in
June and July 1996 at the Physikalisch Technische Bun
sanstalt~PTB! in Braunschweig against a microwave cesiu
atomic clock with their phase-locked harmonic laser f
quency chain@6#. At that time its frequency was determine
to f HeNe588 376 182 599 937(23) Hz@8#. The measuremen
of the cesiumD2 line was performed shortly after this cal
bration from December 1996 to January 1997.

The frequency of the grating stabilized laser diode@9# at
852 nm, which probes the cesiumD2 line, is set as shown in
Fig. 1. A color center laser is phase-locked to the sec
harmonic of the He-Ne standard by controlling the beat f
quency between them with an electronic phase-locked lo
With an intracavity electro-optic modulator and a piez
mounted folding mirror the frequency of the color cen
laser is forced such that the beat frequency oscillates in p
@10# with a precise radio-frequency reference of a few M
~not shown in the figure!. The frequency of the color cente
laser is then known as precisely as the He-Ne standard
848 nm a laser diode is phase-locked to the second harm
of the color center laser. The beat frequency that is used
this lock is shifted first by mixing it with a radio frequenc
f r f provided by a synthesizer. A double balanced mixer, u
for this purpose, produces the sum and the difference
quency of the beat note andf r f . This allows for an adjust-
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able frequency offset in the GHz range between the la
diode at 848-nm and the fourth harmonic of the He-Ne st
dard (4f HeNe). The 848-nm laser diode is then used to dri
an optical frequency comb generator@2,3# that produces a
few hundred sidebands by efficient electro-optic modulat
in LiNbO3. The comb generator consists of a monolithic o
tical cavity that is placed inside a microwave cavity th

FIG. 1. Frequency chain that allows the comparison of the p
cisely known frequency of a methane stabilized He-Ne lase
88.4 THz (3.39mm), with the cesiumD2 transition at 352 THz
(852 nm).
©2000 The American Physical Society01-1
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resonantly enhances the modulating field. The optical ra
tion is enhanced as well by locking one of the resona
fringes to the input from the laser diode. The free spec
range of the optical cavity is chosen such that twice its frin
separation coincides with the modulation frequency so
modulation sidebands are resonantly enhanced and can
ciently produce additional side bands. The comb gener
was operated at a modulation frequency off OFC
56.3418 GHz, which sets the separation of the sideba
In the last step the probe laser is phase-locked to thenth
sideband at the red side of the carrier. The probe lase
scanned over the hyperfine components of the cesiumD2
line by changing the frequencyf r f . The frequency chain
described here is similar to parts of an existing chain t
was used to determine the isotope shift of the hydrog
deuterium 1s-2s transition frequency@11#.

With the frequency chain phase-locked the frequency
the probe laser at 852 nm is related to other known frequ
cies by

f 85254 f HeNe2n fOFC6 f r f 2380 MHz,

where the offset of 380 MHz is due to the reference f
quencies used for phase-locking. The sign off r f is chosen by
selecting the correct radio frequency at the output of
double balanced mixer with a bandpass filter.

The mode numbern was determined by a coarse measu
ment of f 852 with a wavemeter. To probe the hyperfine tra
sitions starting from theFg53 ground state we usedn
5280 and the positive sign, while for theFg54 ground state
we usedn5281 and the negative sign off r f , so thatf 852 is
derived from

f 8525351 728 646 399 748~92! Hz1 f r f for Fg53,
~1!

f 8525351 722 304 599 748~92! Hz2 f r f for Fg54.

Here the 92-Hz uncertainty of the 852-nm probe laser
determined from the uncertainty of the frequency of t
He-Ne reference laser only. All radio frequencies, includ
f r f , are referenced to a commercial cesium atomic clo
~Hewlett Packard model HP 5071A with a specified accur

FIG. 2. Saturation spectrometer.
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of 10212) and therefore contribute with a negligible unce
tainty. The main source of uncertainty is introduced by t
Cs spectroscopy.

To probe the cesiumD2 line we used the same saturatio
spectrometer@13# as used for a recent determination of t
cesiumD1 transition@12#. It consists of a cesium cell that i
illuminated by two counterpropagating laser beams~Fig. 2!.
The pump beam redistributes the occupation number ma
by optically pumping the ground-state hyperfine levels. F
most of the observed hyperfine components the atoms
pumped into the other ground-state hyperfine level so
the absorption of the probe beam is decreased. For s
components the pumping fills up the probed level so that
line appears to be inverted@13#. The pump beam is choppe
and the difference in absorption is detected with a lock
amplifier. Because one beam can change the absorptio
the other only through atoms whose Doppler shift is t
same for both beams we detect only atoms that do not m
along the laser beam axis. With this Doppler-free method

FIG. 3. Top: hyperfine components and crossover resona
~labeled with two angular momentum numbersFe) of the cesium
D2 line starting from the ground state total angular momentumFg

53. Bottom: same withFg54.
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observe six hyperfine components of the single stable iso
133Cs for the transitions from the 6S1/2 ground states with
total angular momentumFg53 andFg54 to the 6P3/2 up-
per states withFe52, Fe53, Fe54, andFe55 ~see Fig.
3!. In addition to the six hyperfine components we obse
six crossover resonances. These resonances occur if
components within the Doppler width share a common lev
In this case a velocity class of atoms withvÞ0 is probed
giving rise to a resonance that lies halfway in between
two transitions.

The two laser beams are polarized linearly in the verti
direction. The pump and the probe beam intensity was
than 15 mW/cm2 and less than 4mW/cm2, respectively.
The saturation intensity for the most intense compon
(Fg54, MFg564→Fe55, MFe

565) is 1.1 mW/cm2

@13#. The 2-cm-long cesium cell was held at room tempe
ture and shielded with two layers ofm metal, which reduced
the longitudinal component of the magnetic field belowB
52 mT. The observed linewidth of a single component w
about 6.9 MHz full width at half maximum~natural line-
width is 5.2 MHz@14#!.

We find the line center of the resonances by fitting
peaks separately with a Lorentzian and linear background
shown in Fig. 4. Each of the 12 components was recor
twice so that a total of 24 values for the hyperfine centr
could be calculated from the known hyperfine splittings@15#.

Asymmetric pumping of theMF levels could lead to a
systematic Zeeman shift of up tomB(gFe

MFe
2gFg

MFg
)B of

the line centers rather than a pure line broadening, as
would expect for symmetrical pumping. With Bohr magn
ton mB514 GHz/Tesla and the Lande´ g factors the maxi-
mum possible shift that is compatible with the selection ru
for dipole transitions is between 9 and 51 kHz depending
the selected hyperfine component. Another systematic e
that was not controlled in this measurement is the fact
scanning the absolute optical frequency and reading the
nal with a lock-in amplifier with a nonvanishing time con
stant could lead to a shift of the observed line centers.
cause theFg53 components were scanned in the oppos

FIG. 4. The Fg53→Fe54 resonance as in Fig. 3 with ex
panded frequency axis and fitted Lorentzian.
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direction than theFg54 components (f r f was increased in
both cases! we expect that this effect cancels when calcul
ing the hyperfine centroid. For the separated components
estimate this effect to contribute a 40-kHz systematic unc
tainty. An additional uncertainty is introduced because o
missing quantitative model for the actual line shape.
shown in Ref.@13# the line shape depends on various para
eters such as the polarization and the laser power. Some
can even be inverted just by changing the laser power in
of the beams. We tried to estimate this uncertainty by co
paring the measured crossover resonances with their pos
relative to the expected mean of the two components
give rise to the crossover~see Table I!. In addition, we check
the observed ground-state hyperfine splitting and compa
to the defined value of the SI second~SI5international sys-
tem of units!. In contrast to a recent measurement of the
D1 line @12# this cross check is not compatible with the lar
est possible Zeeman shift which is part of the line-sha
uncertainties. Therefore we estimate the uncertainty of e
component to 110 kHz, which is the

TABLE II. Previous results for the frequency the cesiumD2

line.

Author CsD2 frequency

Erikssonet al. ~1964! @16# 351 725 742(30) MHz
Avila et al. ~1986! @17# 351 725 769(12) MHz
Carlssonet al. ~1996! @18# 351 725 757(9) MHz
this work 351 725 718.50(11) MHz

TABLE I. Result of the absolute frequency measurements of
cesiumD2 line in kHz. The measured radio frequencies of the li
centers are given in the second column with their statistical un
tainty only. Two methods are used to check the consistency of
data: First the measured cross over resonances are compared
the frequencies calculated from the regular resonances that mak
the particular crossover; and second by comparing the three di
ent combinations that yield the ground-state hyperfine splitting w
the definition of the SI second. We attribute the obvious incon
tency to the deficiency of our simple line-shape model and estim
the uncertainty of each component to 110 kHz, which is the av
age value of the above-mentioned discrepancies.

Transition f r f Absolute frequency

Fg53→Fe52 1 903 211(7) 351 730 549 611
Fg53→Fe52,3 1 979 088(19) 351 730 625 488
Fg53→Fe53 2 054 568(47) 351 730 700 968
Fg53→Fe52,4 2 079 643(33) 351 730 726 043
Fg53→Fe53,4 2 155 168(51) 351 730 801 568
Fg53→Fe54 2 255 814(18) 351 730 902 214

Fg54→Fe55 344 238(45) 351 721 960 362
Fg54→Fe54,5 469 532(32) 351 721 835 068
Fg54→Fe53,5 570 152(12) 351 721 734 448
Fg54→Fe54 595 056(34) 351 721 709 544
Fg54→Fe53,4 695 792(18) 351 721 608 808
Fg54→Fe53 796 375(27) 351 721 508 225
1-3
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mean of the deviations mentioned. Other systematic effe
such as the ac-Stark effect, light-pressure-induced line-sh
modifications@19#, spurious selective reflection signals, a
collisional shifts @20# shifts are estimated to be muc
smaller.

Accounting for the known hyperfine structure of the e
cited level@magnetic dipole coefficientA550.275(3) MHz,
electric quadrupole contributionB520.53(2) MHz @15##
and the defined hyperfine splitting of the ground lev
(9 192 631 770 Hz!, we obtain 12 independent values for th
hyperfine centroid. Their mean value is

f D2
5351 725 718.50~11! MHz. ~2!
,

er

in

m
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The stated uncertainty is the same as for a single compo
because it may be due to a common systematic effect
does not average out. Our result is almost two orders
magnitude more precise than the previous measurements
are listed in Table II. In the future we may improve th
result by using a better spectrometer. Then it may even
possible to derive new values for the excited-state hyper
splitting.

We thank G. Kramer and B. Lipphardt of the PTB
Braunschweig, Germany, and D. Tyurikov of the P. N. Le
edev Institut, Moscow, for their support in the calibration
our He-Ne standard.
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