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Using an external-cavity diode laser (ECDL) as the light source, we have observed the spectrumifti@Ol.5um
atmospheric window including the (30, < (00°0) and (311), < (01'0), bands. Good signal-to-noise ratio allowed us to lock
the frequency of our ECDL to the absorption line centers. Wavenumber measurements of the transitions with accuracy about
6.6 X 10" cm™* are made with the help of a precision wavemeter calibrated to the accytafdré€quency references in the
1.5-um wavelength region. Molecular constants are obtained by making the least-squares fits of the measured transition
wavenumbers. The rotational and centrifugal distortion constants are consistent with the previous results using high-resolution
Fourier transform spectroscopy. However, the band centers are different with previous results by several thousandth reciprocal
centimeters. © 2001 Academic Press
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1. INTRODUCTION In Ref. (1), Doppler-limited spectrum of {1, with an accu
racy of 10 (4) was chosen as the wavenumber standards

Due to the strong infrared activity of GOthe infrared the 1.5um wavelength region. Recently, using the techniqu
spectrum of CQplays an important role in many spectroscopief cavity-enhanced spectroscopy, de Labacheletial. first
fields. For example, (i) it can be used as the wavenumbgiccessfully observed the saturated absorption ,6f,dines
standards in the mid-infraredl) (i) CO, is the primary (5), and then Nakagawet al. measured the frequencies of 90
atmospheric absorber, hence its spectrum is a prime factordvibrational lines of**C,H, and **C,H, with an accuracy of
atmospheric remote sensing; (i) G@ also the major source 10°° (6). The results form an accurate frequency grid in th
of near-infrared atmospheric opacity on Venus; therefore thes.um wavelength region for the spectroscopy as well &
emission spectrum of Venus are originated from the weak C@hany other applications such as fiber communications.
bands at the hot surfac@)( Most of the laboratory works on  |n this paper, we report our study on the weak transitions
the CQ, spectrum were made using the Fourier transformo, in the 1.5um wavelength region. To probe such a weal
spectrometer (FTS), which might have resolution from severgbsorption, a commercial ECDL was used as the light sour
hundredth to several thousandth reciprocal centimeters. Hoywd a multipass cell was used to increase the absorption leng
ever, due to the white light source in FTS, weak transitions aygith them, the spectrum of CO(30°1), < (00°0) and
difficult to detect. In general, weak GQransitions are mea (31'1), < (01'0), bands were clearly observed. The wavenurr
sured with very long path absorption cell or from the spectrum
of the planets.

On the other hand, external-cavity diode lasers (ECDL) are -

: ; . . Wavemeter Personal
being used increasingly in the spectroscopy of atoms or mol- ABPD [ Tockein Computer
ecules because their intensity noises are very small and they
provide enough power with narrow linewidth and widely tun-

Amplifier

able range of wavelengttBY, ECDL is especially useful to Xg‘;ﬁfﬁ;n
accurately detect weak spectrum while the FTS is difficult to Cell

do. Significant developments of ECDL in the Juf wave-
length region have been made to fulfill the increasing demand
for the fiber optic communication. Up to now, there are many Ml 1
commercial ECDL systems ready to be used in spectroscopy.

Besides, it is important in spectroscopy to accurately deter_—F'G' 1. Experimental setup. I: optical isolator; BS.: beam splitter; M1-M4:

. . . irrors; L: lens; Ref.: reference laser beam; Sig.: signal laser beam; ABP!
mine the wavenumber of the transn!ons. To reach this 90% 0-balanced photodetector. The reference laser beam is the beam reflecte
many wavenumber standards for the infrared are recommenggtited entrance window of the multipass absorption cell, while the sign:
by the International Union of Pure and Applied Chemistt) ( laser beam is the output of the multipass absorption cell.
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-0.010 multipass cell (New Focus, model 5612) for the absorptio
spectroscopy. The multipass cell has a path length of 100
Pure CQ gas (99.9%) of pressure 16 to 20 Torr was filled intc
this cell. At this low pressure, the pressure shift is muc
-0.015 - ~~§_‘%\‘ smaller than the uncertainty of our wavenumber measureme
“%“+~— and can be neglected. Since the entrance window of the m
i tipass cell is tilted, the laser beam reflected by this window w:
sent to the reference port of the auto-balanced photodetec
(New Focus, model 2017). This beam served as a referer
laser beam to balance the variation of laser power. The sigr
laser beam after passing through the multipass cell was seni
FIG. 2. A plot of the deviations between the measured results of chosgne signal port of the auto-balanced photodetector_ The auf
*2C,H, lines and the values of Rc_eﬁ_)(vs. the readouts of wavemeter. The errolh5|1anced output from the photodetector was demodulated
bars shown ared standard deviation of the measurements. the lock-in amplifier (Stanford Research, model SR830) ar
was recorded by a personal computer through the GPIB int¢

. face and LabVIEW program.
ber of the observed transitions were also measured. To ensurey qetermine the center of a transition line. we first tune

the accuracy of our measurements, accurate valuéCgfl,  Ecp gyer the full width of a transition line and recorded its
transition wavenumbers by Nakagae®al. (6) were used as fir; gerivative signal. If the signal-to-noise ratio was goor
the frequency references to calibrate our wavemeter. enough, then ECDL was tuned back to the center of tt

transition line, and then the servo loop was turned on to loc
2. EXPERIMENTAL DETAILS the frequency of ECDL to this line center. Then the waveleng
of ECDL measured by the wavemeter was recorded for 1 mi
A schematic diagram of our experiment setup is shown in
Fig. 1. To probe the weak transitions, we used an ECDL 3. CALIBRATION
(Environmental Optical Sensor, Inc., model 2001) as the pow-
erful but “clean” light source in our experiment. The linewidth To ensure the measurements having the nominal accure
of the ECDL is less than 1 MHz and the single-mode frequenoy our wavemeter, the readouts of wavemeter was careful
tuning range is 60 GHz. The laser frequency was frequenaalibrated to the transition frequencies 8€,H, given by
modulated at 1 kHz with a modulation depth of 21 MHz. Thélakagaweet al. (6). Here we chose thB(3), P(9), P(16),
modulated laser beam was then split by a beam splitter (B&hd P(21) lines of “C,H, v, + v, band as our references.
which reflects 10% of incident power to the wavemeter (BuFor this purpose, instead of the multipass cell in Fig. 1, th
leigh, model WA-1500 NIR, 0.1 ppm accuracy) for wavenunsignal laser beam passed through a cell 20 cm long fille
ber measurement, and transmitted 90% of incident power to thigh **C,H, gas of pressure less than 1 Torr. The pressu
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FIG. 3. Result of the wavenumber measurement of,(&°1), < (00°0) bandR(42) line.
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TABLE 1
Results (in cm™) of Wavenumber Measurement of CO, (30°1), < (00°0) Band
R-Branch P-Branch

J  Obs.Freq. Std.Dev.” Obs.-Calc.| J Obs.Freq.  Std.Dev.”  Obs. - Calc.

0 6503.8553 0.0010 0.0002

2 6505.3937 0.0008 0.0002 2 6501.5137 0.0008 0.0000

4 6506.9143 0.0009 0.0003 4 64999301 0.0009 -0.0004

6 6508.4173 0.0010 0.0007 6 6498.3287 0.0010 -0.0006

8 6509.9012 0.0008 -0.0000 8 6496.7103 0.0008 -0.0001
10 6511.3685 0.0008 0.0003 10 6495.0728 0.0009 -0.0011
12 6512.8177 0.0025 0.0003 12 6493.4200 0.0008 0.0002
14 6514.2490 0.0008 0.0001 14 6491.7481 0.0007 -0.0000
16 6515.6635 0.0009 0.0004 16 6490.0592 0.0008 -0.0002
18 6517.0602 0.0007 0.0002 18 6488.3533 0.0009 -0.0002
20 6518.4398 0.0006 0.0000 20 6486.6308 0.0008 -0.0000
22 6519.8027 0.0005 0.0001 22 6484.8913 0.0007 -0.0003
24 6521.1499 0.0009 0.0010 24 6483.1356 0.0008 -0.0003
26 6522.4789 0.0007 0.0001 26 6481.3639 0.0008 -0.0004
28 6523.7926 0.0005 0.0001 28 6479.5767 0.0006 -0.0002
30 6525.0905 0.0007 -0.0000 30 6477.7741 0.0009 -0.0000
32 6526.3733 0.0006 0.0003 32 6475.9560 0.0008 -0.0003
34 6527.6406 0.0005 0.0001 34 6474.1239 0.0008 0.0001
36 6528.8935 0.0006 0.0002 36 6472.2764 0.0008 -0.0007
38 6530.1318 0.0007 0.0001 38 6470.4164 0.0007 -0.0002
40 6531.3567 0.0005 0.0003 40 6468.5426 0.0007 -0.0002
42 6532.5680 0.0006 0.0003 42 6466.6560 0.0006 -0.0004
44 6533.7664 0.0010 0.0001 44 6464.7570 0.0010 -0.0004
46 6534.9530 0.0006 0.0005 46 6462.8468 0.0007 -0.0001
48 6536.1271 0.0006 0.0001 48 6460.9246 0.0009 -0.0006
50 50 64589919 0.0006 -0.0011
52 6538.4439 0.0005 0.0007 52 6457.0503 0.0006 -0.0006
54 6539.5869 0.0009 0.0005 54 6455.0999 0.0009 0.0001
56 6540.7199 0.0010 -0.0005 56 6453.1403 0.0008 0.0002
58 6541.8459 0.0005 -0.0001 58

® These are the standard deviations of the wavenumber readouts measured after the laser frequency
locked to the line center.

shift of **C,H, gas is less than 200 kHz/Tori7); With 4. RESULTS

pressure less than 1 Torr, we can assure that the pressure

shift of “C,H, gas is well within the uncertainty of our A typical result of wavenumber measurement is shown i
wavenumber measurement. We first locked our ECDL to th&g. 3. In this figure, the measurementif42) transition of
center of the Doppler profile of each chosg@,H, line and CO, (30°1), < (00°0) band is given as an example. At least 1
then measured the wavenumber using our wavemeter. Figin long of wavenumber readouts were recorded after tt
ure 2 is a plot of the deviations between the measured resi#SDL was frequency locked. These readouts were then av
and the values of Ref.6] vs. the readouts of wavemeteraged and yielded the line center for the corresponding tran
The solid points, in the order of increasing wavenumbetion. The standard deviation of the above readouts was al
correspond to the deviations of tR€21), P(16), P(9), and calculated, and its reciprocal of squares will be used as t
P(3) lines of *C,H, v, + v; band, respectively. This plot weightings in the least-squares analysis.

shows that the deviations are linearly dependent on ourln Fig. 3, the frequency difference between the peak-to-pe
wavemeter readouts. Hence we fit the deviations to a lineafrthe first derivative signal is small and estimated to be 0.0
function of the wavemeter readouts. The dashed line in Fign™* (its full width of half-maximum is about 0.019 cm.

2 is the fitted result. The resulting function is then used dherefore, the first derivative signal is more sensitive to th
our calibrating function to obtain the calibrated values. Thieequency variation than the readouts of our wavemeter. \/
differences of the calibrated values and the values given bgn see from Fig. 3 that the variation of the residual error sign
Ref. (6) are no more than 1.7 10™* cm ' After this is smaller than the variation of wavemeter readouts. Hence \
calibration procedure, the wavemeter can be used with @gpect that the actual stability of the laser locked to a, CC
nominal accuracy, which is about 6X%6 10™* cm™, in this transition is much better than the standard deviation calculat
work. from the wavemeter readouts. The statistical error of each li
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TABLE 2
Results (in cm™) of Wavenumber Measurement of CO, (31'1e), < (01'0e), Band
R-Branch P-Branch
J Obs.TFreq.  Std.Dev.® Obs.-Calc. | J Obs. Freq. Std. Dev.”  Obs. -Calc.
1 1
3 6539.5097 0.0006 0.0005 3 6534.0833 0.0006 0.0004
5 6541.0053 0.0010 0.0006 5 6532.4780 0.0005 0.0002
7 6542.4767 0.0005 0.0008 7 6530.8492 0.0010 0.0008
9 6543.9234 0.0006 0.0006 9 6529.1944 0.0006 -0.0005
11 65453456 0.0010 0.0003 11 6527.5166 0.0005 -0.0005
13 6546.7437 0.0006 0.0001 13 6525.8153 0.0005 -0.0002
15 6548.1181 0.0005 0.0003 15 6524.0892 0.0006 -0.0007
17 6549.4685 0.0007 0.0007 17 6522.3397 0.0005 -0.0008
19 6550.7945 0.0008 0.0006 19 6520.5667 0.0005 -0.0007
21 6552.0965 0.0006 0.0004 21 6518.7702 0.0005 -0.0006
23 6553.3744 0.0005 -0.0001 23
25 25 6515.1075 0.0009 -0.0004
27 27 6513.2415 0.0007 -0.0003
29 6557.0693 0.0006 0.0006 29
31 6558.2540 0.0006 0.0004 31 6509.4412 0.0008 -0.0003
33 65594165 0.0007 0.0010 33 6507.5074 0.0011 -0.0003
35 6560.5551 0.0005 0.0003 35 6505.5517 0.0008 -0.0002
37 6561.6716 0.0009 0.0000 37 6503.5735 0.0008 -0.0007
39 39 6501.5754 0.0008 0.0005
41 41 6499.5545 0.0009 0.0001
43 43 6497.5120 0.0007 -0.0010

®These are the standard deviations of the long wavenumber readouts measured after the laser
frequency locked to the line center.

center measurement is too small to be taken into account in thesed on the laser spectroscopy and a more accurate freque

experimental errors. However, the offset from line center standard, with the previous works.

each frequency-lock may contribute to the inaccuracy of eachThe ground state (00) had been measured in a lot of

line center measurement. Estimated from the residual eraiyservations of different bands. Molecular constants of tt

signal, the typical offsets of our frequency-lock are X.a0™* ground state based on these measurements were given in

cm™*. Hence, combining with the 6.8 10~ cm™* accuracy of paper of Rothmaret al. (11), which used the global fits to

wavemeter independently, the accuracy of each line centdatain more accurate constants. To this point, we fixed tt

measurement is about 6>6 10™* cm™. molecular constantsB(, D", H") of the ground state to the
The measured wavenumbers of the @0 < (00°0) band values given by Ref.1(1) in our least-squares fit. We fitted the

and the two (311), < (01'0) subbands are summarized irmolecular constant®(, D', H') of (30°1), state, and the band

Tables 1, 2, and 3, respectively. In addition to lines of high- @entery,, using the formula

low-rotational quantum number which are too weak to be

measured, there are_still several lines m_issing inthe tables:This =1+ BmMm+1) —D'mim+ 1)2+ H'm?

is because they accidentally overlap with other stronger lines,

and significant frequency pullings of these weak lines were X (m+1)°=B"m(m—1) + D"m*m— 1)? [1]
observed. Therefore we did not include these pieces of data in  H"m3(m — 1)3

H"m3(m — 1)°,
the tables.

wherem = —J for the P branch andn = J + 1 for theR
branch. The results are summarized in Table 4. The molecu
. 0 0 constants were then used to calculate the transition frequenc
() (30°1), < (00°0) Band of the (301), < (00°0) band. The differences between the
The molecular constants of this band were first given lpbserved frequencies and the calculated frequencies are lis
Mandin @) based on the Venus infrared spectrudh (ater, inthe fourth column of Table 1. The variance of this fitis X9
Maillard et al. made an observation of this band in the labat0™* cm™.
ratory using a very high-resolution FT30). A set of more  Also listed in Table 4 are the constants given by Ref) (
accurate constants were also given in their paper. Since batid (L1) for comparison. Our results of rotational and centrif
works used the FTS, it is worth comparing our work, which iggal distortion constants are close to those of Réf§) &nd

5. ANALYSES AND DISCUSSION

Copyright © 2001 by Academic Press
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TABLE 3
Results (in cm™) of Wavenumber Measurement of CO, (31'1f), < (01'0f), Band
R-Branch P-Branch

J  Obs.Freq. Std. Dev.”  Obs.-Cale. | J  Obs. Freq.  Std. Dev.  Obs. - Calc.
0 0

2 2

4 6540.2952 0.0009 0.0006 4 6533.2899 0.0010 0.0001
6 6541.8053 0.0010 0.0004 6 6531.6876 0.0005 0.0005

8 6543.2993 0.0005 0.0007 8 6530.0675 0.0016 -0.0003
10 6544.7750 0.0007 -0.0005 10 6528.4312 0.0006 -0.0007
12 6546.2357 0.0006 -0.0001 12 6526.7790 0.0005 -0.0005
14 6547.6799 0.0007 0.0005 14

16 6549.1066 0.0007 -0.0000 16 6523.4245 0.0006 -0.0012
18 6550.5175 0.0007 0.0002 18 6521.7246 0.0009 -0.0000
20 6551.9122 0.0005 0.0004 20 6520.0063 0.0006 -0.0012
22 6553.2900 0.0005 -0.0000 22 6518.2747 0.0009 0.0000
24 24 6516.5262 0.0007 -0.0001
26 6555.9999 0.0006 0.0012 26 6514.7620 0.0007 -0.0004
28 6557.3296 0.0006 0.0001 28 6512.9829 0.0012 -0.0005
30 6558.6461 0.0008 0.0013 30 6511.1894 0.0009 -0.0001
32 6559.9455 0.0006 0.0007 32 6509.3792 0.0008 -0.0016
34 6561.2298 0.0008 -0.0001 34 6507.5574 0.0009 -0.0003
36 36 6505.7202 0.0010 -0.0003
38 38
40 40 6502.0047 0.0009 0.0001
42 42
44 44 6498.2356 0.0009 -0.0004

® These are the standard deviations of the wavenumber readouts measured after the laser frequency
locked to the line center.

(11), but the band centers are significantly different from eadiven by Ref. L1) in our least-squares fit. We fitted the
other. Although the data of Refl() is included in the data molecular constants3(, D, B}, D}) of (31'1), state and the
bank for the global fits, the band center of Refl)(is much band centew,, using the formulas

closer to our result. The reason is not clear and is to be further

investigated. One possible cause is, since absolute wavenwn= v, + F,(m)[Bim(m + 1) — D/m?(m + 1)2— B’m

bers rather than relative wavenumbers are required to accu- . Y

rately determine the band center, the deviations are probably (m—1) + Dem*(m — 1)* — Him*(m — 1)°] 2]
due to the different frequency references used in our work and  + F_(m)[Bim(m + 1) — Dim?(m + 1)2

Mai . .
aillard et al. (10) — Bm(m — 1) + D/m?(m — 1)2 — H'm3m — 1)7],
(i) (31'1), < (01'0), Band

In this band, the splitting oé andf levels is due to the TABLE 4
rovibrational interaction affecting only one of the two degen- nojecular Constants (in cm™) of CO, (30°1), < (00°0) Band
eratev, mode. Therefore, in our fittings, tleeandf levels were
treated as separate states with different values of the rotational
and centrifugal distortion constants which are relative to the”

constant this work® Ref. 11 Ref. 10¢

6503.07906(13) 6503.0809 6503.083981(37)

rotation of the molecule. But the band centers, which aré®" 0.38797607(39) 038797369 0.38797686(2)
independent of the rotation of the molecule, were forced to b&eon 10" 0.7450(28) 0.71684 0.7499(13)
the same. Hoon <10% 7.49(54) 7.62(39)

This band had been observed in the Venus infrared spectrumes 0.39021889" 0.39021889 0.39021932(47)
(9) and was identified by ManderI In the case of the lower D ooy <107 1.33338° 1.33338 1.3356(12)
state (010),, a lot of measurements from observations of,; . .05 ¢o77 0.077

different bands have been made. Global-fitted molecular con-

St_antS_Of lower state k_)ased O_n these measurements are alsﬂqe numbers in parentheses are the standard errors in unit of last sigt
given in Ref. (1). Again, we fixed the molecular constantscant digit.

(B%, D%, H% Bf, Df, HY) of the lower state to the values * Constants are fixed to Refl1).
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TABLE 5
Molecular Constants (in cm™) of CO, (31'1), < (01'0), Band
constant this work” Ref. 11 Ref. 8¢
Vo 6536.44498(14) 6536.4490 6536.4496(3)°
6536.4497(4)°
Bty 0.38759448(62) 0.38759651 0.38759651(120)
D@1'ten X107 0.9900(41) 0.99 0.9947(12)
B 0.38915604(59) 0.38915188 0.38915188(847)
Doy, <107 0.9536(42) 0.94 0.9357(30)
B 0100y 0.39063900° 0.39063900 0.3906402(24)
D or'oey X107 1.35295% 1.35295 1.3599(5)
Hooey x10%0.099° 0.099
Botoy 0.39125465° 0.39125465 0.3912533(39)
D gy x107 1.36088° 1.36088 1.3576(8)
H gy, x10° 0.1490° 0.149

127

cavity diode laser and the 8, frequency standards. New
molecular constants are obtained by the least-squares fits of
measured transition wavenumbers and are compared with |
previous works. Our constants are close to those using hic
resolution FTS and show significant deviation from those of
tained from planet spectrum. However, our band centers &
significantly different from previous works. The reason i
probably due to the different frequency references used in o
work and the previous works. Currently we are preparing t
make heterodyne frequency measurements of the t@Dsk
tions against the (¢, frequency standards. This will help us to
confirm the accuracy of the measurements made with o
wavemeter.

The spectrum obtained by this experiment shows that th
method can also be used to study other Doppler-limited we:
transitions in this wavelength region. However, to furthe
probe much weaker transitions beyond this work and to mal

* The numbers in parentheses are the standard errors in unit of last siggif sub-DoppIer-Iimited spectroscopy, one should consider

icant digit.
® Constants are fixed to RefLY).
°Band center of (31le),—(01'0e), subband.
¢ Band center of (341f ) —(01'0f ), subband.

and
Fo(m) = =g M7 3
L(m) = 2|1 ) [3]
wherem = —J for the P branch andn = J + 1 for theR
branch. The functiorF is used to determine whether tine
value is corresponding to amlevel (F.) or anf level (F_).

laser spectroscopy method of higher sensitivity, such as t
“noise-immune cavity-enhanced optical heterodyne molecul
spectroscopy” (NICE-OHMS) demonstrated by #&eal. (12).
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