June 20, 2003 / Vol. 1, No. 6 / CHINESE OPTICS LETTERS 361

Cavity enhanced absorption spectroscopy for N,O detection
at 2.86 ym using a continuous tunable color center laser
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The cavity enhanced absorption technique is applied to N2O detection around 2.86 pm using a continuous-
wave color center laser. A high-finesse triangular ring cavity is used in this technology. Transmission
through the cavity is obtained by jittering the cavity-length with a piezo on one of the cavity mirrors.

A minimum detectable absorption coefficient of 2 x 107¢ cm

~1 is achieved with a mirror reflectivity of

99.24%, corresponding to a N2O detection limit of 600 parts per billion.
OCIS codes: 300.6360, 300.1030, 140.1700, 300.6390.

Now there is a great deal of absorption spectroscopy tech-
niques available to determine the concentration of gas
molecules. Among these techniques, photoacoustic (PA)
spectroscopy has been proved to be one of the most sen-
sitive methods for trace gas detection(!!. As the acoustic
signal is directly proportional to the input radiation in-
tensity, high power laser source is needed for high sensi-
tive measurement.

The trace gas detection technique that does not de-
pend on the laser power is pulsed or cw cavity ring down
(CRD) spectroscopy>~%. In CRD spectroscopy, the ring
down time of the CRD cavity is measured, which is re-
lated to the total absorption losses. Pulsed lasers are
normally very expensive and bulky, and cw-CRD requires
a more sophisticated setup and is more sensitive to the
environmental vibration than PA spectroscopy. So the
pulsed and cw CRD are less suitable for trace gas detec-
tion.

Recently, a CRD related technology, called cavity en-
hanced absorption (CEA) spectroscopy has gained much
attention®=12. Just like CRD, this technique does not
depend on the laser power, and does not require a very
sophisticated setup either. The minimum detectable ab-
sorption coefficients with CEA are typically around 10~8
cm~'Hz~ /28], Although it is lower than that gained
with CRD, CEA technique is still an alternative method
for some applications.

As a versatile and sensitive tool for spectroscopic
studies, the CEA technique has been applied to high-
resolution absorption measurements with many kinds of
lasers. For examples, a ring dye laser operating around
628 nm was used to study the 7-band of molecular
oxygenl®; diode lasers working at 1.5 pm were able to
detect ammonial™8]; a CO, laser at 10.6 pm was utilized
to detect ethylenel'!]| and lately a quantum cascade laser
operating around 5.2 um measured NO emissions from
the human body['?.

In this paper, a color center laser based CEA spec-
troscopy around 2.86 pm is applied to the measurement
of N5O gas, which is known as an important greenhouse
gas. In the experiment, a newly designed high-finesse tri-
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angular ring cavity sealed in absorption cell is used and
a fine spectrum of N, O gas is obtained.

The technique mainly utilizes a high-@Q optical cavity
in combination with a cw-laser. The light is coupled into
the cavity by accidental coincidence with one of the cav-
ity modes. Transmission of light from the cavity is time
inte 4r§]bted and inversely proportional to the total cavity
loss!*°l.

In CEA spectroscopy, the optical cavity is designed in a
non-confocal way and a quasi-continuum of cavity modes
is createdl®. In this way the light can be coupled into
the cavity efficiently. The CEA spectroscopy depends
on the scanning properties of the laser. When the laser
frequency could be changed rapidly in time, one can scan
the laser frequency at a high repetition rate in a certain
frequency range. This is a method that is commonly used
for diode lasers[”=1%, Alternatively, in the case that the
laser is not allowed to be rapidly tuned, the coincidence
between the laser mode and the cavity mode also could
be realized by quickly scanning one of the cavity mirrors
with a piezo. This method was only used with a line
tunable CO, laser'!). Here we implement this method
with a color center laser that has a slow and continuous
tuning rate (70 MHz/s).

The absorption of light through a molecular gas gives
the following wavelength depending Ref. [13].

/ K(v)dy = / og(v, vo) N1 Pdv = oNLP, (1)

where k(v) is the gas absorption coefficient (in cm™1),
o the molecular line intensity (cm? cm™!/molecule),
g(v,vp) the normalized line shape function (in cm), vy
the frequency at the line center (in cm™!), Ny, the
Loschmidts number (N, = 2.479 x 10'® molecules cm =3
atm~1!), and P the partial pressure of the gas (in atm).
In CEA spectroscopy, the absorption coefficient x(v) can
be extracted from a measurement of the time-integrated
intensity using!*

So(v)/S(v) =1 =k(v)L/(1 - R), 2)

where S(v) is experimentally determined, time integrated
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absorption signal including sample absorption, Sy(v) the
same signal without absorption (i.e. base line), R the
cavity total mirror reflectivity, and L the cavity length.
The reflectivity is wavelength dependent, but for scans
over a small frequency region we can approximate the
reflectivity to be constant. Using Eq. (2) and assuming
R to be constant, integration over the line profile gives

/(So(V)/S(V) —1)dv =oNpLPaL/(1 — R). (3)

With the known mirror reflectivity R and gas absorp-
tion coefficient, the absorber concentration could be
deduced using Eq. (3). Alternatively, the mirror R could
also be determined with a known gas absorber concen-
tration.

Figure 1 shows the experimental setup. A cw
Burleigh FCL-20 color center laser operating with a
Li:RbCl crystal allows continuous wavelength tuning over
2.65 — 3.35 pm region with a laser linewidth of 2 MHz.
The FCL was pumped by broadband red light from a
standing wave linear dye laser (Spectra Physics 375B),
which was pumped by an ArT laser (Spectra Physics
2016-05B). Synchronous computer controlled tracking of
the grating, the intra cavity etalon (ICE) and the cavity
length of the laser results in continuous single mode tun-
ing.

A low voltage 1-kHz jitter is applied to the ICE yield-
ing a modulation depth of about 30 MHz, which is used
to keep the laser single mode operating using a feedback
loop. A wavemeter (Burleigh WA1000IR) and 8-GHz
etalon were used to monitor the wavelength and to check
for single-mode operation of the laser. The scan speed of
the laser is 70 MHz/s and is limited by the speed of the
feedback control loop.

Our high finesse CEA cavity, working as the absorption
cavity, has a triangular ring cavity design to avoid feed-
back of laser light into the FCL system (Fig. 1)[!4. The
two high reflecting flat mirrors (R > 0.99, Laser Optik,
Garbsen, Germany) are separated 4 cm apart; the third
mirror is curved (radius of curvature 2 m, B > 0.99,
Laser Optik, Garbsen, Germany) and is located at a dis-
tance of 48 cm from the two flat mirrors, thus creating
a round trip length of 1 m. The cavity is optimized to
have as much cavity modes as possible and is modulated
using a piezo controller attached on the curved mirror.
The light escaping from the cavity towards a pyro-electric
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Fig. 1. The cavity enhanced absorption set-up using a color
center laser in combination with a three-mirror ring cavity.
The laser power is monitored using pyro-electric detectors (P).

photo detector was chopped and measured with a lock-
in amplifier. A 40-Hz repetition rate for the piezo was
found to give the strongest CEA signal. An integration
time of 1 s was used for the lock-in to achieve the best
signal-to-noise ratio (SNR) without loosing spectral res-
olution due to the laser scan speed.

During experiment, the CEA cavity is sealed and kept
in a constant pressure. The gas is filled into the cavity
through an inlet tube of the cell. The outlet tube is
connected with a pump to control the pressure in the
cell. In the experiment, the pressure is kept at 10 kPa.

A cavity-enhanced absorption spectrum around the
2.86 pm wavelength region of a 60 parts per million NoO
in nitrogen gas at 10-kPa pressure is shown in Fig. 2(a).
For this scan we achieved a SNR of 33 over a 1 s inte-
gration time of the lock-in amplifier at peak I. The SNR
is got via the division of the peak value and the signal
jitter amplitude at the peak. The laser was scanned
with 70 MHz/s over a frequency range of 54 GHz. Fig-
ure 2(b) shows the simulated molecular spectrum, using
data from the Hitran databasel'®].

For a given gas concentration, the absorption peak
ratio of peak I and II (see Fig. 2) is [(So(v0)/S(vo) —
1idv/ [(So(0)/S(v0) — 1)ndv = 19.4. This is compara-
ble to the absorption strengths ratio o1/ = 18.9 of the
molecular line intensity derived from the Hitran database
(Fig. 2(b)).

The SNR, was improved by averaging over 4 scans (Fig.
3). In this case the ‘noise’ level is a result of residual
mode structure on the baseline, averaging will smear out
this mode structure with an improved SNR. The figure
shows the absorption profile of a single line over a scan-
ning range of 5.7 GHz under the same conditions as in
Fig. 2(a).

Integration over the absorption line of Fig. 3 gives a
value of 0.0302 cm™! (Eq. (3)). With a given molecular
line intensity from the Hitran database (¢ = 3.09 x 10720
cm? c¢cm~!/molecule) we derive a mirror transmission
(1 — R) of 0.0076, giving reflectivity R = 0.9924.

The absorption linewidth (Avy, = 0.01726 cm~! = 518
MHz) is determined by both pressure broadening (0.0159
cm~ 131} and Doppler broadening (0.0065 cm~1[13]). The
results of a simulation using a Voight profile are given in
Fig. 3.
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Fig. 2. The cavity enhanced absorption spectrum recorded in
a single wavelength scan (integration time 1 s) around 2.86
pm for a 60 parts per million NoO mixture in N2 at 100 mbar
(a), and a simulation of the spectrum using data from the
Hitran database (b).
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Fig. 3. Absorption line of N2O, at 3490.059 cm™*, taken un-
der the same conditions as Fig. 2, but averaged over 4 con-
secutive data scans. The experimental curve fits well with a
simulation using a Voight profile.
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With Eq. (2), it is now possible to calculate & at the
center of the absorption line (k(v)) to be 1.94 x 10~*
cm~!. At the center of the absorption line (Fig. 3)
at 3490.059 cm~!, we achieved a SNR of 100, which
gives a detection limit for NoO of 600 parts per billion
(SNR = 1). The equivalent minimum detectable absorp-
tion coefficient will then be x(v) = 2.0 x 1078 cm™!
(SNR = 1).

The cavity enhanced absorption method is extended to
the 2.86 pm region using a color center laser. Next to
that we’ve shown that a triangular ring cavity design is
suitable for CEA spectroscopy. Further more, we demon-
strated that CEA could be used with a slowly continu-
ously tunable laser (70 MHz/s) combined with fast mov-
ing optical cavity modes. The SNR could be improved
by averaging over repetitive scans, which shows that the
‘noise’ level is a result of residual mode structure on the
baseline. With our combined mirror reflectivity of 0.9924
we achieved a sensitivity of 2.0x10~% cm~'Hz~'/2, corre-
sponding to a detection limit for N, O of 600 parts per bil-
lion. We expect that this detection limit can be improved
substantially if higher reflectivity mirrors are used.

Finally we would like to thank Rudy Peeters and
Giel Berden for their assistance and discussions; Cor
Sikkens and Peter Claus for their technical support, all
my colleagues of the Life Science Trace Gas Exchange
Facility for their kindly help at all aspects. Here, we
specially thank the Royal Netherlands Academy of Arts
and Sciences. This work was supported by the Doctoral

Scientific Research Fund of Education Ministry of China
(1999014106). Q. Yu is the author to whom the cor-
respondence should be addressed, his e-mail address is
yuqx@dlut.edu.cn.

References

1. F. J. M. Harren, G. Cotti, J. Oomens, and S. te L.
Hekkert, Photoacoustic spectroscopy in trace gas moni-
toring. in Encyclopedia of Analytical Chemistry: Instru-
ments and applications R. A. Meyers Ed. (John Wiley &
Sons Ltd., New York, 2000) pp. 2203 — 2226.

2. A. O’Keefe and D. A. G. Deacon, Rev. Sci. Instrum. 59,
2544 (1988).

3. D. Romanini, A. A. Kachanov, and F. Stoeckel, Chem.
Phys. Lett. 270, 538 (1997).

4. G. Berden, R. Peeters, and G. Meijer, Int. Reviews in
Physical Chemistry 19, 565 (2000).

5. R. Engeln, G. Berden, R. Peeters, and G. Meijer, Rev.
Sci. Instrum. 69, 3763 (1998).

6. A. O’Keefe, J. J. Scherer, and J. B. Paul, Chem. Phys.
Lett. 307, 343 (1999).

7. G. Berden, R. Peeters, and G. Meijer, Chem. Phys. Lett.
307, 131 (1999).

8. R. Peeters, G. Berden, A. Apituley, and G. Meijer, Appl.
Phys. B 71, 217 (2000).

9. R. Peeters, G. Berden, and G. Meijer, Appl. Phys. B
73, 65 (2001).

10. H. R. Barry, L. Gorner, G. Hancock, R. Peverall, and G.
A. D. Ritchie, Chem. Phys. Lett. 333, 285 (2001).

11. R. Peeters, G. Berden, A. Olafsson, L. J. J. Laarhoven,
and G. Meijer, Chem. Phys. Lett. 337, 231 (2001).

12. L. Menzel, A. A. Kosterev, R. F. Curl, F. K. Tittel, C.
Gmachl, F. Capasso, D. L. Sivco, J. N. Baillargeon, A.
L. Hutchinson, A. Y. Cho, and W. Urban, Appl. Phys.
B 72, 859 (2001).

13. C. C. Davis, Laser and Electro-Optics (Cambridge Uni-
versity Press, Cambridge, 1996) p. 27.

14. B. A. Paldus, C. C. Harb, T. G. Spence, B. Wllke, J. Xie,
J. S. Harris, and R. N. Zare, J. Appl. Phys. 83, 3991
(1998).

15. L. S. Rothman, C. P. Rinsland, A. Goldman, S. T. Massie,
D. P. Edwards, J.-M. Flaud, A. Perrin, C. Camy-Peyret,
V. Dana, J.-Y. Mandin, J. Schroeder, A. Mccann, R. R.
Gamache, R. B. Wattson, K. Yoshino, K. V. Chance, K.
W. Jucks, L. R. Brown, V. Nemtchinov, and P. Varanasi,
J. Quant. Spectrosc. Radiat. Transfer. 60, 665 (1998).



