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Abstract. We have used the Villetaneuse saturated absorptiohkHz and2 kHz for the J < 40 linesof, respectively, the 10
spectrometer working in th&€0 m region, referenced to the and9 m band of theCO, isotopomer.

OsQ, frequency grid, to test the performance of the saturated An alternative frequency grid exists in ti@um region,
fluorescence method fdZO, laser frequency stabilization. which is based on the stabilization 610, lasers on direct
The Allan variance for the saturated-fluorescence-stabilizesiaturated absorption lines ©Q. This grid provides higher
CO;, laser reache@0 Hzfor an integration time 0800s We  accuracies betwees0 Hz and 1 kHz due to the intense and
also performed three absolute measurement€®©f laser  narrow absorption resonances@dgQ, at low pressure [6—8].
frequencies stabilized by the saturated fluorescence methadopwever, this grid is in coincidence with a relatively small
with a subkHz accuracy. We obtained &7 kHz redshift number (23) of laser lines, in thEOpum branch of the nor-
of the CO, saturated fluorescence lines, which we attributeanal CO, isotopomer laser. In 1986, Chardonnet et al. [9] were
essentially to pressure. This is in contradiction with the preable to observe for the first time the saturation signal0f
vious observation of a blueshift [K.L. SooHoo, C. Freed,lines in an external cell at very low pressure of abbit? Pa
J.E. Thomas, H.A. Haus: Phys. Rev. L&B, 1437 (1984)]. at room temperature with a resolutionkHz. An absolute
Furthermore, significant deviations of the measured frequeraccuracy of50 Hz was then achieved on the R(10) line by
cies from the data of Maki et al. [A.G. Maki, C.-C. Chou, connection to th€®©sQ, grid [10].

K. Evenson, L.R. Zink, J.T. Shy: J. Mol. Spet67, 211 This opened the way to a significant improvement of the
(1994)] demonstrate the need for a new calibration o  CO, frequency grid. A linear pressure shift 61480 Hz/Pa
frequency grid. was measured on the saturated absorption signal of the R(22)
laser line [10], in agreement with theory [11], but in contra-
PACS: 06.20.-f; 07.57.Ty: 33.70.Jg diction with the anomalous blueshift of the saturated fluores-

cence signal reported in [12].

Our group in Villetaneuse recently developed a new sta-
bilization scheme for ou€0O, lasers based on the detection
CO;, lasers stabilized on narrow sub-Doppler molecular resoef molecular absorption lines in transmission of an external
nances are widely used as secondary frequency standardsHabry—Frot cavity [13, 14]. In addition, we demonstrated the
the9-12um spectral region. By use of differe@0; isotopic  possibility of using theCO; lines for laser stabilization. Thus,
species they provide a dense grid of reference frequencidy measuring the beat note of twO, lasers, one stabi-
with accuracies of a fewHz in the IR region. This accuracy lized on aCO; line and the other on the closest reference line
can be transferred to other spectral regions by generation btlonging to thedsQ, frequency grid, we were able to deter-
the sum or the difference of twoO, laser frequencies, which mine twenty absolute frequencies'8€0; laser lines with
allows the estimation of virtually any frequency betweenaccuracies betweetD0 Hzand1 kHz[15]. This set of meas-
someGHz and150 THz[1]. Following the first stabilization urements revealed some discrepancies of sekttalwith
on the Lamb dip [2], the saturated fluorescence technique déie data published by Bradley et al. [4] and Maki et al. [5],
veloped by Freed and Javan [3] is now commonly used folarger than the claimed uncertainties. Thus, we pointed out
stabilization because it is not expensive and gives easy accebsit these uncertainties were perhaps underestimated because
to all laser lines. With this technique, Bradley et al. [4] es-no systematic error of the experimental data was taken into
tablished in 1986 £0, frequency grid with accuracies of 3 account.
to 10kHz This grid was recently updated and extended by At Bonn University we have developed, during the last
Maki et al. [5]; it includes now 568 laser line frequencies offew yearsCO; lasers stabilized on saturated fluorescence sig-
the differentCO, isotopic species covering a spectral rangenals, in order to provide a calibration of o@O lasers in
from 25.5 t033.6 THz, with published accuracies of less thanthe 3 and5um region by summing or doublinGO, laser
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frequencies on MIM diodes and performing beat note experia saturation signal 0®DsQ, placed in a Fabry-&ot cavity.
ments [16—18]. In order to check the accuracy of our systemA crucial component of the stabilization scheme is a broad-
we measured some frequency difference€@b laser lines bandCdTeelectro-optic modulator (EOM). This EOM gen-
that can be compared to the data provided by [5]. Strong disrates sidebands and one of them is tuned into resonance
crepancies were found [17]. As an example, the deviatiowith the molecular line. Thus, efficient and clean frequency

from Maki’s values reachel7 kHz for the 12C*®0, P(34) -  modulations can be applied to the sidebands simply by modu-
13C160, R(22) frequency difference, despite the reproducibil-lating the frequency of the synthesizer which drives the EOM.
ity of our system being better tharkHz The cavity resonance is first locked to the sideband frequency

These sets of measurements in Villetaneuse and Borusing 1-f detection of the cavity signal @@ kHzand a feed-
suggested the need for a careful comparison of the frequentack loop of aboutt00 Hz bandwidth. The corrections are
standards obtained by saturated fluorescence and by saturaggplied to a piezoelectric transducer (PZT) of the external
absorption. For this purpose our two groups decided to pecavity. A second servoloop then locks the EOM sideband to
form frequency difference measurements betw@@ég lasers  the molecular line with a 3-f detection of te9 kHz mod-
stabilized, respectively, on a saturated fluorescence signal afation frequency; slow and fast corrections are respectively
CO, and on a saturated absorption signal0sfQ,. The lat- applied to a PZT of th€0O, and an acousto-optic modulator.
ter is expected to have significantly better performance. Th8tandard conditions for the detection of BsQ, saturated
saturated fluorescence stabilization system was brought froabsorption signal are a pressureéddi4 Paand a laser power
the Institut fur Angewandte Physik, University of Bonn, andof 50uW inside the cavity. In this regime, the 3-f molecu-
combined with the saturated absorption spectrometer in thar signal has a peak-to-peak linewidth of ab@0tkHz and
Laboratoire de Physique des Lasers, UnivérBiris 13. the signal-to-noise ratio is 500 at= 1 ms The metrological

performances of such a system are the following: by sta-
bilizing both lasers onto the same stroﬁglG)Ai(—)OsQ;
1 Experimental details line in coincidence with th&(14)CO; laser line we obtained
a laser linewidth o6 Hz (FWHM) and an Allan variance of
The experimental setup is shown in Fig. 1. The t@®, 0.1Hz (Av/v =3.5x10"%) for a time constant 0fl00's
lasers, which emit on the same laser line, are stabilize@he reproducibility of theOsQ, frequencies was estimated
on OsQ, and CO, respectively and are heterodyned onto bel0Hz
aHgCdTedetector. The frequency of the second laser is stabilized by

The OsQ, frequency stabilization system is already de-means of the saturated fluorescence technique in an exter-

scribed in [14]. It consists of £0, laser stabilized onto nal cell [16]. The22-cm-long cell is filled with pureCO;,

—>»| RF supply
CO, Laser 1 +
HgCdTe detector

|arc|  [arc] AOM
' ' Fabry-Perot Cavity Beat note
| psp@st, || pspar, | filled with OsO, detection
Vi EOM
/I [l [I“
\l L l]l_l
| e f RF | Mixer
HgCdTe detector Veor i+ synthesizer
InSb detector
PSD@3f Fluorescence cell ﬁ
CO, Laser 2
AFC AOM  +a0MEZ Frequency || Spectrum
f T ] counter analyzer
carrier

> Computer

Fig. 1. Experimental scheme. Frequency modulationsfiat 90 kHz f, = 4.9 kHz, and f = 160 Hz are applied to the EOM and the laser piezo tube,
respectively. AOM: acousto-optic modulator, AFC: automatic frequency control, PSD: phase-sensitive detector
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at a pressure db.3 Paand sealed by two dichroic mirrors.

The laser beam passes through the first mirror of the cell 4

and is reflected by the second one whereasitBam CGO;

fluorescence radiation is reflected by the first mirror and

passes through the second one towards the detector, which

is a liquid-nitrogen-coolednSb photodiode. The waist of &

the laser beam, with a radius 6fmmin the cell, is located = -80

on the backward reflecting mirror. To prevent any feedbackd

to the laser, the fluorescence cell is tilted at an angle oﬁ

0.1° relative to the incoming laser beam. The rather highg'

pressure inside the cell leads to a pressure broadening -100

about1 MHz and a small pressure shift of the Lamb dip S

transition frequencies, but is necessary in order to producg

a signal which is strong enough for the stabilization. Forg

this purpose, the laser frequency is modulatedl@® Hz

with an excursion of£600kHz via a piezoelectric trans- 120

ducer carrying the outcoupling mirror of the laser. The flu-

orescence signal is phase-sensitive processed with a lock-in . . - L . L - I

amplifier and a time constant df00 ms(Fig. 2). This low 60 70 80 %0 100

bandwidth is imposed by the long lifetime of a few millisec- Frequency (kHz)

onds of the excitedO, molecules inside the cell. We use Fig. 3. Beat signal between the laser beat note and the radio frequency mod-

a third-harmonic detection which reduces strongly the basesated at the same rate as the laser 2, for B#0) laser line. HWHM

line fluctuations and improves the Iong-term stability, as gt —3dBis abogtl kHz. This'demonstrates effici_ent compensation Qf fre-

well known. This is the main difference from the experi- quency modulation, as the width of our free-running lasers is approximately

ments performed by Bradley [4] and Maki [5]. Because ofihe same

the low bandwidth of the automatic frequency control system

of only a fewHz it is not possible to effectively narrow the 2 Results and discussion

free-running laser linewidth of00 Hz Nevertheless a long-

term stabilization to the central frequency of the Lamb dipFigure 4 shows the square root of the Allan variance of the

is ensured. beat frequency; it reache80 Hz (Av/v = 2.1 x 10712 for
Finally, the frequencies of the two stabilized lasers areveraging times ot = 300 s With the same saturated fluo-

compared by measuring their beat note dAggCdTedetec- rescence setup, a valueI80 Hzwas obtained in Bonn [17].

tor. This beat note exhibits the very de@@0 kHzfrequency This difference is certainly explained by the better linewidth

modulation carried by the second laser which prevents a dof the free-running lasers in Villetaneuse, mainly due to the

rect count of its frequency. To circumvent this problem wevery rigid superinvar resonator of the laser and its effect-

mixed this signal with a stable radio frequency, itself modu-ve acoustical isolation. The performance of our stabilization

lated at the same rate as the beat note. With this method, veeheme is also illustrated in Fig. 5, which displays the drift

obtained a new beat signal with a width of abdutHz at  of the beat frequency duringl®00 speriod, with a standard

—3dB(Fig. 3). Under these conditions, it was possible to ob-deviation 0f503 Hz Figure 6 displays a histogram of 11 beat

tain a satisfactory counting of the beat signal, mainly limitednote frequencies using an averaging timé sfand obtained

by the laser fluctuations. with different optical alignments. The standard deviation of
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Fig. 2. Saturated fluorescence signal recorded with a lock-in amplifier withFig. 4. Square root of the Allan variance of the beat note frequency for
third-harmonic detection at a time constant 16f0 ms The peak-to-peak R(10) laser line. The first laser is stabilized directly of2sQy, the second
linewidth is about600 kHz one ontoCO, by means of the saturated fluorescence method
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410 Hzillustrates the repeatability of the experiment. Unfor-this histogram was recorded before we carefully controlled
tunately, as our collaboration was limited in time, we were nothe electronic offset of the automatic frequency control sys-
able to perform a larger set of measurements. In particulatem of the second laser, which turned out to drift slightly. We

estimate that, with some additional care, this deviation was
reduced to less tha00 Hzfor the final measurements.
Table 1 shows the results of our frequency measurements

74 -
and a comparison of these results and the data of Maki [5] to
direct absorption measurements [15] for three diffe@0%
3 laser lines. It is immediately apparent that our measured fre-
i ’ guencies exhibit a rather constant redshift-df.7(0.8)kHz
i i1 ‘ compared to the direct absorption measurements of [15],

~
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which were obtained with a precision better th&50 Hz
Supplementary measurements of ot@€), frequencies with

the same method but higher uncertainties, which are not pre-
sented here, show the same redshift. We carefully checked
that the electronics of the servo loop contribute less than
300 Hz to this shift because of the use of digital lock-ins
and compensation of servo box offsets. In addition, we esti-
mate that the asymmetry of the third derivative (see Fig. 2)
cannot induce a systematic shift more the®0 Hz Thus,

we attribute this red frequency shift essentially to the rela-

Fig. 5. Drift of the beat note frequency corresponding to Fig. 4. Countingtive|y high CO; pressure o6.3 Pain the fluorescence cell.
time for a single point id s

N
1

Number of measurements
i

732 736

74,0

74,4

standard deviation

410 Hz

74,8 752

Beat frequency (kHz)

This view was clearly confirmed by a few other experiments
using only half the pressure in the saturated fluorescence cell.
This result is quantitatively in agreement with the experi-
mental shift measured on the saturated absorption signal of
R(22) [10]. From Fig. 1 of [10], we can extrapolate to a shift
of —2.1kHzat5.3 Pa Such a redshift was also theoretically
predicted in [11] but is contradictory to the previous observa-
tion of a blueshift for the saturated fluorescence signal [12],
which is clearly visible on Fig. 5 of [15] but must, in our opin-
ion, be due to instrumental errors.

The frequency values of Maki et al. [5], although they are
based mainly on measurements performed with the same sat-
urated fluorescence method, do not show any constant shift
relative to the direct absorption measurements. In fact, all the
frequencies of [5] result from calculations, using the molecu-
lar constants which were derived from a fit of data. These in-
cluded the very precide(10) andP(14) saturated absorption
measurements [9] which globally redshifted the grid of [5].
In the evaluation of the uncertainty, only statistical errors
were considered. However, the present work suggests that two
kinds of systematic errors affected the data. First, an instru-
mental error could explain the blueshift of [5,12], namely,
the saturated fluorescence technique associated with first-
harmonic detection suffers sever baseline problems and leads
generally to uncertainties of the order of seveédtdl [4, 11].

Fig. 6. Histogram of 11 beat frequencies fB(16) laser line counted with
an averaging time ofls The associated normal curve with a standar
deviation of410 Hzis superimposed

4 Second, there is a pressure shift which, in addition, must vary
with the different conditions of the data recordings.

Table 1. Results of our measurements and comparison to direct absorption measuren@@ig15]. All data are given irkHz. Errors in parentheses refer

to the last digits quoted for each result. The uncertainty in column 2 results from the sum of two independent err@@0 fitafor the residual offset of

the lock box, secon800 Hzfor the asymmetry of the recorded saturated fluorescence Lamb dip. In column 3, we also take into account the error due to the
Os(Qy, frequency standard, whereas the uncertainty due t€@e-0sQ, frequency difference of [15] is negligible for the error of column 4. In column 5,

we reproduce the uncertainties given by Maki et al. [5]

CQO; line Frequency shift Absolute frequency of the Frequency shi@@ saturated absorption [15]:
to OsQy saturated fluorescence signal our data Maki et al. [5]

P(14) —32211(+3+5) 2846467371B (8) —15 (£3+5) —0.8 (5)

R(10) 152527 (£3+5) 29054072698 (8) —1.7 (£3+5) 0.0 (1

R(22) —99880 (+3+5) 29296136373 (12) —1.9 (£3+5) —-3.1(5)




3 Conclusion

1.

We have used our very accurate spectrometer working in the

10m region in connection with th©sQ, frequency grid 2.

to perform three absolute measurementsC@k laser fre-
quencies stabilized with the saturated fluorescence method
A systematic redshift of- 1.7 kHz at 5.3 P3a relative to the

CO;, laser frequency stabilized on@0, saturated absorption s,

signals, was obtained. This shift is mainly attributed to a pres-

sure shift, which agrees with that observed at lower pressure®-

in saturated absorption.
This experimental comparison demonstrates also the ac-
tual limitations of theCO, grid based on the saturated fluo-

rescence method. However, we believe that this technique is8.
9. Ch. Chardonnet, A.Van Lerberghe, Ch.J. Bor@®pt. Commun58,

reliable in the limit of a very cautious implementation. We
showed that the use of a 3-f detection led to at le&i@Hz
repeatability and a strong reduction of instrumental errors.

This opens the way to a systematic study of the accuracyi1.
which might be mainly limited by the pressure shift. The 12.

extrapolation ofCO, frequency to zero pressure for a good
selection of lines is a valuable goal. This information would
then allow calculation of th€0, molecular constants with
a precision high enough to predict 810, laser transition fre-
quencies at sukHz accuracy.
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