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We have succeeded in observing very narrow saturation resonances (hwhm = 2.1 kHz) of room temperature CO, by 

monitoring directly the absorption of a CO, laser beam in an external absorption cell. Through successive recordings of the 

CO, lines and 0~0, lines of known absolute frequency, we have been able to perform a preliminary determination of the 

frequencies of three CO, lines (respectively P(12). P(14) and R(10) of the 10.4 pm band) with an accuracy of the order of one 

kilohertz. A good agreement is found with previous measurements based on the saturated 4.3 pm fluorescence method. The 

main interest of this new method is to provide values for the frequencies in the free-flight regime. 

1. Introduction 

Ever since the discovery of the Lamb dip in CO, la- 
sers [I ,2] it has been a long-term unsatisfied dream to 
obtain directly narrow saturated absorption peaks in 
pure room-temperature CO, at low pressure. Because 
of the weakness of such signals, only indirect tech- 
niques such as the saturated fluorescence [6-lo] or 
the inverted Lamb dip technique with a hot CO, cell 
inside the laser resonator [3-S] could be used. None 
of these methods has ever been able to yield a line- 
width below -100 kHz, essentially because of their in- 
trinsic requirement for a high pressure and a high laser 
power. In these conditions, the baseline tilts and the 
numerous other known and unknown sources of 
asymmetry and shift may give rise to systematic errors 
which appear to be very difficult to reduce below the 
3-5 kHz level. This is the reason why, for high accura- 
cy spectroscopic needs, our group has developed an al- 
ternate grid of frequency markers, based on the nar- 
row 0~0, saturation resonances, which covers the 
spectral region 940-980 cm-l [9 ,I 1 ] and among 
which two lines have now a remarkable accuracy of 
their measured absolute frequency: respectively 1 kHz 
and 50 Hz for the 0s04 markers corresponding to 
CO, P(14) [13] and to CO, R(lO) [14]. In the course 
of this 1980 set of measurements, we also demonstrated 
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a -20 kHz systematic shift of the CO, absolute fre- 
quency values in the P branch through a comparison 
of 0~0, with CO, saturated fluorescence peaks in an 
external cell. This shift was confirmed by direct fre- 

quency connections between the P and R branches 
and, corrected for, in recent CO, tables [ 121 . 

It appeared to us in 1984 that the computerized 
long-term frequency control techniques developed for 
our spectrometer offered the possibility to use long in- 
tegration time combined with a long optical path 
length (108 m) of high wavefront quality and there- 
fore a new chance to observe the CO, resonances di- 
rectly at very low pressure (0.7 to 1.5 X 10e2 Pa) and 
power (a few hundred pW) and hence with a very nar- 
row linewidth (2 to 3 kHz hwhm) [ 15 ,161. The only 
major difficulty left then was to keep track of the 
long term drifts of the reference laser and we shall see 
below how this problem has been solved. 

2. Presentation of our measurement method and 
experimental conditions 

All the measurements reported in this paper have 
been performed with the 10 pm Villetaneuse satura- 
tion spectrometer which has been fully described else- 
where [17]. For these measurements we have used 
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only two low pressure CO, lasers. The first one, which 
we usually call “reference laser”, is used here as a 
transfer laser and is locked, by the third harmonic 
method, to a saturated absorption peak obtained in 
auxiliary absorption cells (absorption length = 6 m, w 
= 1.4 cm). The nature of the molecule used here has 
no importance, as such, since the goal pursued is only 
to obtain the best long-term stability (i.e. during sever- 
al hours) in addition to a good spectral purity (-10 
Hz) for the reference laser. All that is needed, is the 
best possible signal-to-noise ratio for any saturation 
peak derivative in close coincidence with the CO, la- 
ser line that one wishes to study. The second laser is 

frequency-offset locked and, for this purpose, the 
beat note of the two lasers is phase-locked to the radio- 
frequency produced by a synthesizer (HP 3325A) and 
directly counted by a frequency counter (HP 5328A) 
with a relative accuracy of 2 X 10e8. The frequency 
tuning of the laser is then achieved by scanning digital- 

ly the synthesizer frequency with a microcomputer 
(HP 9826) which ensures a very linear correspondence 
between laser frequency and detection channel num- 
bers. This second laser beam is expanded, spatially fil- 
tered and enters into a large absorption cell where it 

forms a three-fold standing wave of waist radius w 
= 4 cm and total optical path (back and forth) of 108 
m. This measurement laser is frequency modulated at 
one kilohertz and the first derivative signals of satura- 
tion peaks are recorded by the microcomputer after 
synchronous detection through a lock-in amplifier. 
The principle of the method is then to record both the 
CO, laser line and the closest 0~0, line of known ab- 
solute frequency in order to determine their frequency 
interval. Unfortunately it was not possible to record 

the two lines quasi-simultaneously as could have been 
done with the absorption cell filled with a mixture of 
CO, and 0~0~ because experimental conditions were 
too different for the two gases (pressure, laser inten- 
sity, modulation index, integration time constant, . ..). 
The cell was therefore filled successively with CO, 
and 0~0~ and it was thus essential to take into ac- 
count the frequency drifts of the reference laser dur- 
ing the time of the experiment. To keep track of these 
drifts, the CO, and 0~0, lines were recorded 6 to 7 
times, with, for each recording, the precise time of its 
end and its duration. For all our experiments it ap- 
peared that the drifts had essentially linear and quad- 
ratic components which have been calculated by lin- 
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ear regression and, in this way, could be easily elim- 
inated from the measurements of the CO, and 0~04 
lines intervals. The causes of such a drift are not yet 
well identified. The only clear fact is that the drift is 
highly dependent upon the quality of the reference 
saturation peak, as could be guessed. Possible origins 
for this drift are: (1) time-dependent electronic off- 
sets in the detection system of the reference line, ow- 
ing, for example, to a room temperature variation dur- 
ing the day; (2) a slow change of the pressure in the 
absorption cell which would induce a variation of the 
background of the detected signal and hence of the 
locking point of the laser on the saturation peak; (3) a 
change in interference state of fringes coming from op- 
tical feedback in the laser. Fortunately, the detailed 
knowledge of these causes is of little importance in the 
present case as far as the reference laser frequency 
drift remains at a reasonable level (=G 10 Hz/min) and 
can be compensated. The result is that the standard 

deviation of the measurement of the CO*-0~0, fre- 
quency difference is of the same order as that ob- 
tained in a measurement of the difference between 
two simultaneously recorded molecular lines (< 50 
Hz). Examples of recordings of CO, and 0~04 satu- 
rated absorption lines are given in figs. 1,2 and 3, to- 
gether with the time variation of the frequency drift 
of the reference laser in each experiment. The typical 
conditions which have been used in the experiments 

are the following: 
- for CO,, the pressure in the large cell was in the 

range of 0.7 to 1.5 X 10m2 Pa and the incident laser 
power was of the order of 500 pW; each recording 

lasted about 20 min (20 scans of 57 s with a 100 ms 
time constant over 500 frequency channels of 50 Hz 

each). 
- for 0~0,) the pressure was -3 X 10e3 Pa and 

the incident power -3 pW; the total recording time 
was limited to 100 to 200 s (5 to 10 scans lasting 20 s 
each, with an integration time constant reduced to 30 
ms over the same frequency range). 

A fully quantitative discussion of the signal-to-noise 

ratio that can be reached with these conditions will be 
given in a near future paper. 
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Fig. 1. (a) First derivative signal corresponding to the CO2 
1 OP( 12) saturated absorption line and lorentzian derivative fit 
(hwhm = 3.08 kHz). The ‘g20s04 line to which this CO2 
line is compared is the P(39) A:(u) line [ 151 for which a typi- 
cal recording is displayed in (b) (hwhm = 1.60 kHz). This line 
exhibits a slight asymmetry and a non-lorentzian character 
owing to a rather large modulation index. The reference laser 
is locked to the R(66) A! + Fy + Fi + At trigonal superhy- 
perfme cluster of the ~3 band of 32 SF6 and (c) gives the fre- 
quency drift of this reference laser (as a function of time) for 
each of the twelve successive line recordings. 

3. Results and comparison with previous 
measurements 

Preliminary measurements have been performed for 

three laser lines of the 10.4 I.trn 12C1602 band: P(12), 

- 6TANDARDDEVIATtON=0.03lkAz 

_ LINEARDRIFT=-7.66Az/mn 

- QUAD.DRIFF=-O.OlHz/mn/mn 

=-3219.498kHz 

F 
$OSO, 
f10P(14)C02 

Fig. 2. (a) First derivative of the CO* lOP(14) saturated absorp- 
tion line and calculated lorentzian fit (hwhm = 2.15 kHz). The 
reference laser was locked to the R(28) A8 line of SF6 and the 
time variation of its frequency drift is displayed in (b). The 
lg2 0~04 line to which this CO* line is compared, is a hot un- 
identified line whose absolute frequency has been reported in 
ref. [13]. 

P(14) and R(lO). The obvious reasons for this choice 
are: for P(l2) the existence of the two strong funda- 
mental lines of the v3 band of 1920s04 [15] which 
are easily accessible with a conventional CO2 laser and 
for P(14) and R(lO) the existence of the unidentified 
1920s04 lines whose absolute frequency has been pre- 
viously measured directly. 

Typical recordings for each one of these three CO2 

lines are shown respectively in figs. 1,2 and 3. The PO- 

sitions of the line centers have been obtained by using a 

non-linear regression program which fits the recorded 
lines with lorentzian derivatives and a tilted baseline. 
The results for the three measured frequency intervals 

between CO, and 0~0, lines are displayed below each 
of the curves which have been used for the reference 
frequency drift corrections. These values are not cor- 
rected for any other systematic effect (e.g. the second- 
order Doppler shift, wave-front curvature shift . ..) and 
before any detailed study of these systematic effects 
has been made, an uncertainty of the order of 200 Hz 
should be associated with these values. We postpone 
this detailed discussion of lineshape effects to our next 
paper. 
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(a) 
From these frequency intervals, from our grid of 

0~0~ markers [l I] and from the two 0s04 absolute 
frequencies which have been measured [ 13,141 , new 
absolute frequencies can be assigned to the CO, lines. 
This new set of frequencies is compared to values re- 
ported in the past from saturated fluorescence mea- 
surements in table 1. The agreement is within the er- 
ror bars and the small “blue” shift of our 1980 values 
can be reasonably explained as a pressure shift [ 181 
corresponding to the typical 40 mTorr pressure used 
in the external CO, cell for the measurements of ref. 

[91 . 

, ,TIME 

(UNIT :15mn) 

r 1 1 

$OSO, STANDARDDE?JIAllON=O.O37kHr 

+ IOR(lO)CO, LlNEARDRIFT=+8.33Hr/mn 

(I"AD.DRI~=+O.OSHz/mn/mn 

4 Fig. 3. (a) First derivative signal and lorentzian fit (hwhm 

= 3.44 kHz) for the CO2 lOR(10) line and (b) corresponding 
time dependence of the reference laser frequency shift. The 

0~04 line to which this CO2 line is connected is an unidenti- 

fied line corresponding most probably to the isotope 192, lo- 

cated ~173697.5 kHz below the fundamental R(36) A: line 

of the vs band of rg2 OS04 and whose absolute frequency has 
been measured with a 50 Hz uncertainty [ 141. The reference 

laser is also locked to an unidentified 0~04 line. 

Table 1 

Absolute frequencies of the three CO2 lines studied in this work (in kilohertz) 

P(12) P(J4) R(J0) 

Saturated 

fluorescence 

1973 [8] 

Saturated 

fluorescence 

(external cell) 

and OsO4/1980 [9] 

Saturated 
fluorescence 

1983 [12] 

Direct absorption 

and 0~04 

(this work) 

28 516 026 638.2 

(28.6) 

28 516 026 661.3 28 464 673 723.5 

(4 .o) b) (4.0) b) 

28 464 673 723.0 

(7.0) a) 

28 516 026 657.7 

(4.1) 

28 5 16 026 658.64 

(1.4) b) 

28 516 026 657.4 

(1.7) c) 

28 464 673 699.2 29 054 072 693.8 

(28.9) (26.1) 

28 464 673 719.0 29 054 072 699.5 

(4.2) (3.8) 

28 464 673 719.0 29 054 072 700.86 

(1.0) b) (0.2) c) 
28 464 673 717.8 

(1.4) c) 

a) Direct measurement between R(30) and P(14) [ 91. 

b, Using 

v0~04(P(14)) 

= 28 464 676 

‘) 

938.5 (1.0) from ref. [13]. 

Using voso4(R(10)) = 29 054 057 446.660 (0.05) from ref. [14]. 
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4. Conclusion and future work References 

This paper is only a feasibility demonstration that 
one can obtain CO;! saturated absorption peaks in the 
free-flight regime since our 2 .l kHz half-width is essen- 
tially dominated by the time of flight across the beam 
and by modulation broadening. The pressure shift and 
baseline tilt problems, which limit the accuracy of the 
saturated fluorescence method at a few kilohertz level, 

are much less critical with this new approach. One 
should be able to transfer the 50 Hz absolute frequen- 
cy accuracy of the 0~0, line measured in [ 141 to the 
R(10) CO, line. To achieve this goal a study of sys- 
tematic effects which are relevant for such a compari- 
son, involving different molecules, has been undertak- 

en in collaboration with the LPTF (Laboratoire 
Primaire du Temps et des Frequences in Paris). The re- 
sult which is already acquired from the present work 
is a high degree of confidence in the absolute frequen- 
cy of our 0~04 and CO, reference markers at the 
kilohertz level. An interesting possibility, which is of- 
fered by the resolution that we have reached, is the 
study of hype&e structures of the isotopic species of 
CO, with nuclear spin, and which involve either elec- 

tric quadrupole or magnetic dipole interactions. 
Finally we should mention another way of using 

saturated absorption in CO2 for metrological applica- 
tions, which we have also demonstrated recently: we 
have locked directly the reference laser to CO, lines in 
our auxiliary cells (6 m length) at a much higher pres- 
sure (a few tenths of Pascal) giving rise to a much 
broader saturation resonance (-50 kHz). The time 
constant of the servo-loop had to be significantly in- 
creased (up to -1 ms). The resulting laser spectral 
width can be estimated through the corresponding 
broadening of an 0~0, resonance in the large cell for 
which the half-width was found to be 7 kHz (to be 
compared with the usual 10 Hz spectral width of the 
same reference laser locked to 0~0, [ 171). AS an exam- 
ple of a useful application of this device, the 15NH, ~2 

as R(2 .O) hyperfine component of lowest frequency 
(F = 5 ++ F = 4) [ 151 was measured in this way, 
through a direct beat frequency counting, at 52 790 
kHz from the 10 R(42) CO, line. The absolute fre- 
quency of this ammonia line is therefore 
29 638 932 980 f 15 kHz and can be used to calibrate 
the Fourier transform spectrum of this molecule. 

[l] Ch.J. Bordt! and L. Henry, C.R. Acad. SC. Paris 265 B 
(1967) 1251. 

[ 21 Ch.J. Borde and L. Henry, IEEE J. Quantum Electron. 
QE-4 (1968) 874. 

[ 31 L.S. Vasilenko, V.P. Chebotayev and G.I. Shershnyova, 
Optika i Spectroskopia 29 (1970) 204. 

[4] L.S. VasiIenko, M.N. Skvortsov, V.P. Chebotayev, 
G.I. Shershnyova and A.V. Shishayev, Optika i 
Spectroskopia 32 (1972) 1123. 

[5 J L.S. Vasilenko, V.P. Kochanov and V.P. Chebotayev, 
Optics Comm. 20 (1977) 409. 

[6] C. Freed and A. Javan, Appl. Phys. Lett. 17 (1968) 4854. 
[7] C. Freed, D.L. Spears, R.G. O’Donnell and A.H.M. Ross, 

in: Laser spectroscopy, eds, R.G. Brewer and 
A. Mooradian (Plenum Press, 1973) 17 1. 

[8] F.R. Petersen, D.G. McDonald, J.D. Cupp and 
B.L. Danielson, in: Laser spectroscopy, eds. R.G. Brewer 
and A. Mooradian (Plenum Press, 1973) p. 555. 

[9] A. Clairon, A. van Lerberghe, Ch. Salomon, 
M. Ouhayoun and Ch.J. Borde, Optics Comm. 3.5 (1980) 
368. 

[ 101 C. Freed, L.C. Bradley and R.G. O’Donnell, IEEE J. 
Quantum Electron QE-16 (1980) 1195. 

[ 111 A. Clairon, A. van Lerberghe, Ch. Breant, Ch. Salomon, 
G. Camy and Ch.J. Borde, J. de Phys. COB. 42 (1981) 
C8 127. 

[ 121 F.R. Petersen, E.C. Beaty and C.R. PoIlock, J. Mol. 
Spec. 102 (1983) 112. 

[13] YuS. Domnin, N.B. Rosheljaevsky, V.M. Tatarenkov, 
P.S. Shumjatsky, O.N. Kompanets, A.R. Kukudzhanov, 
VS. Letokhov and E.L. Michailov, JETP Letters 30 
(1979) 249 [see also JETP Letters 30 (1979) 2531. 

[ 141 A. Clairon, B. Dahmani, A. FiIimon and J. Rutman, 
IEEE Trans. on Instrum. and Measur. IM-34 (1985) 265. 

1151 Ch.J. Borde, J. Borde, Ch. Breant, Ch. Chardonnet, 
A. van Lerberghe and Ch. Salomon, in: Laser 
spectroscopy VII, eds. T.W. Hansch and Y.R. Shen 
(Springer Verlag, 1985) p. 108. 

[ 161 Ch. Chardonnet, A. van Lerberghe and Ch.J. Borde, 
Ninth Colloquium on High resolution molecular 
spectroscopy, Riccione, 1985. 

[ 171 Ch.J. BordB, Revue du Cethedec - Ondes et Signal , NS 
83-1 (1983) 1. Copies of this issue can be obtained 
either from the author or from the editor: C.D.R. 
Centrale des Revues, 11 rue Gossin 92543 Montrouge 
Cedex, France. For a simplified schematic diagram of the 
spectrometer see ref. [Ill. 

[18] K.L. Soohoo, C. Freed, J.E. Thomas and H.A. Haus, 
Phys. Rev. Lett. 53 (1984) 1437. 

337 


