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Abstract The cavity ring down (CRD) technique presented
here involves an optical cavity attached to a cryostat. The
static cell and mirrors of the optical cavity are all inside
a vacuum chamber at the same temperature of the cryo-
stat. The temperature of the cell can be changed between
77 K and 298 K. An off-axis alignment of the laser beam
into the cavity is used to increase the number of resonant
modes inside the cavity and improve the signal to noise ra-
tio of the absorption bands. To demonstrate the capabilities
of the low temperature CRD cell, the absorption spectra of
O, are recorded at 90 K for the A (v =0 « v” = 0) and
¥ (U =2 < v” =0) bands of the b! Z; <~ X3 >, tran-
sition using cavity ring down spectroscopy. The optical cav-
ity performance was tested using two variations of the CRD
technique. The A-band is measured using the phase-shift
cavity ring down method and the y-band using the pulsed-
laser exponential-decay method. A comparison between ex-
perimental and simulated spectra of the O, bands at 90 K
confirms the molecular temperature measured by a sensor
localized in the cell. Quantitative measurements of the in-
dividual rotational line intensities are made for the oxygen
y-band to confirm the temperature of the cell and calculate
the vibrational band intensity. The application of this tech-
nique for laboratory studies of planetary atmospheres and
the spectroscopy of molecular complexes is emphasized.
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1 Introduction

Cavity ring down (CRD) at low temperatures has been de-
veloped in our laboratory in order to study weak absorptions
of molecules relevant to planetary atmospheres [1, 2]. With
our experimental set up, CRD is performed with a variable
temperature (77-297 K) cavity [3, 4]. Our cavity design is
such that the complete optical cavity including the mirrors
is in a vacuum chamber at the temperature of the cold head
of the cryostat. Our initial experiments with the low temper-
ature optical cavity were done with on-axis excitation using
the phase-shift CRD technique [5, 6] and the exponential-
decay CRD technique [7-9]. Other investigations that in-
volve low temperature CRD experiments using a static cell
have measured the collision induced absorption bands of
oxygen [10, 11]. Before the introduction of the CRD tech-
nique, multiple transversal cell or White cells [12] for gases
operating at low temperatures were pioneered by Herzberg
[13] cooled with liquid N> (78 K) and 80 m path length to
give spectroscopic evidence for H, in the atmospheres of
Uranus and Neptune, Watanabe and Welsh [14], using liquid
H> (18 K), liquid N> (77 K) and 13 m path length studied
the collision induced absorption of Hy and D, at low tem-
peratures, Ewing and co-workers [15] using liquid nitrogen
(77 K), liquid Ar (87 K) and 230 m path length showed the
collision induced absorption spectrum of O, McKellar and
co-workers [16] describe a variable temperature (80-125 K)
with 165 m path length cell, and Horn and Pimentel [17] de-
scribe a variable temperature (120-300 K) and variable path
length cell (60 to 2540 m) to study the absorption of con-
stituents of Martian atmosphere. These cells have been very
useful to reproduce conditions of planetary atmospheres and
obtain spectroscopic constants and molecular structures of
van der Waals molecules.
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Fig. 1 (Top) Schematic view of the cryostat and optical cavity iso-
lated inside a vacuum chamber. (Botfom) Off-axis beam propagation
diagram. Predicted Av for mirrors with » = 600 cm and L =43.5 cm
of a cavity aligned on-axis (Avop-axis = 115 X 10~ cmfl) and off-axis
(AVoffaxis = 2.8 x 107% cm™!) when the reentrant condition is satis-
fied after 41 round trips

For PS-CRD systems based on an on-axis alignment of
the laser beam into the cavity, the coherent laser beam cou-
ples into the cavity on average only 5-10% of the time
[6, 18]. Several methods have been used to increase the
coupling-time efficiency of the laser with the cavity, im-
provements such as: construction of cavities with an irra-
tional number as the ratio of cavity length to mirror curva-
ture radius [6], using a vibrating piezoelectric material to
modulate the cavity length and using laser frequency dither-
ing [18]. When the laser beam is injected into the cavity at
an angle to the optical axis (off-axis) as shown in Fig. 1,
the cavity mode density increases [19] and the beam may
couple into the cavity continuously up to 100% of the time
[20]. Recently, it has been shown [21] that the signal to noise
ratio increases in the order: on-axis < close to axis < off-
axis. The off-axis laser beam cavity alignment decreases the
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cavity FSR and excites a large number of transverse cavity
modes. The high number of excited cavity modes permits
the cw laser radiation-cavity interaction to be considered as
noncoherent on average [22]. Off-axis paths through optical
cavities were first described by Herriot et al. [23]. The off-
axis approach has been used successfully for sensitive ab-
sorption measurements in: high speed CRD detection [21],
PS-Cavity enhanced absorption (CEA) [20, 24, 25], CRD
spectroscopy [26, 27], and CEA spectroscopy [28-33].

In this paper, we present for the first time, the absorption
spectra of the A- and y-bands of Oy at 90 K. Our best re-
sults were obtained with an off-axis excitation of the cav-
ity. The off-axis PS-CRD technique is used to obtain the
A-band and the off-axis pulsed CRD technique is used to
obtain the y-band. Quantitative and qualitative comparison
of intensities between experimental and simulated spectra
of the O, bands at 90 K confirms the molecular temperature
measured by a sensor localized in the cell. The main objec-
tive of this research is to show the application of this tech-
nique for laboratory studies of planetary atmospheres and
the spectroscopy of molecular complexes.

2 Experimental

Experimental details of our technique, cryostat, and low
temperature optical cavity have been given in previous pub-
lications [1-3]. Figure 1 (top) summarizes the main com-
ponents of the low temperature optical cavity. The cavity is
attached to the cold head of a cryostat (International Cryo-
genics, model 31-4000) that can be filled with liquid N3 or
liquid He. The temperature control of the cell is achieved
with an electrical heater attached to the cold head of the
cryostat. The temperature is controlled with a Scientific In-
struments model 9650 temperature controller and indicator.
Two diode thermocouples measure simultaneously the tem-
perature of the cold head and the cell. The entire cavity is in-
side a vacuum chamber fitted with quartz windows parallel
to the mirrors of the cavity. A cryogenic vacuum pump (CTI
cryogenics) is used to obtain a vacuum below 1 x 10~8 Torr
for the chamber surrounding the cavity.

For the exponential-decay measurements we used a
pulsed dye laser (Quanta-Ray PDL-3, linewidth 0.07 cm™")
pumped by a Nd-YAG laser (Quanta-Ray DCR). The inten-
sity of the light transmitted (/) out of the cavity decreases as
a function of time (¢). Cavity losses are due to transmission
through the mirrors. The presence of absorbing species in
the cavity gives an additional mechanism for loss of light
from the cavity by sample absorption. In the exponential-
decay experiment, the light intensity will still decay expo-
nentially with a time dependence given by [7-9]

I(t):loexp{—g—act}, (1)
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where [ is the initial light intensity, « is the wavelength de-
pendent molecular absorption coefficient with dimensions
of cm™!, and c is the speed of light. The product of ¢ and ©
(21.3 ps) is the path length (6.4 Km) over which the absorp-
tion was measured. Labview programs were used to control
the data acquisition, laser wavelength scan, processing and
displaying data. The data were acquired using a GPIB inter-
face. Each point was the average of 30 pulses.

For the PS-CRD experiments the laser used was a Ti-
Sapphire laser (Coherent 899 ring laser, linewidth
0.17 cm™h) pumped by a Nd-YVOy4 laser (Coherent Verdi).
The laser modulation was done with an electro-optic modu-
lator (Conoptics 350-50). The entrance beam was an square
wave of frequency 14 kHz. The scanning range was from
12500 to 14300 cm™~!. The PS-CRD method measures the
phase-shift of a modulated beam from the output beam of
the cavity with respect to the modulated beam, or reference
beam, before entering the cavity. The phase-shift angle is
related to the ring down time by the equation [5, 6]

tanf =2xft, 2)

where 6 is the phase-shift angle and f is the modulation
frequency. In this case the path length was 3.7 Km and the
time constant 12.3 ps.

The decay time from the cavity filled with an absorbing
gas is a combination of the sample plus the background. The
inverse of the decay time of the empty cavity or background
(1/7o) is subtracted from the inverse of the decay time of the
cavity filled (1/7) with the sample. We have

BRI 1 ;
“(”)_E[(m))_(m(u))] ©

The calculated absorption («(v) in cm~! units) is plot-
ted as a function of the wave number (cm~!) to show the
spectrum of the sample.

Initially the on-axis configuration was tried with poor re-
sults related to reproducibility and signal to noise ratio of
the signals. In order to increase the density of cavity modes,
the off-axis configuration was tested. Off-axis alignment re-
sulted in reproducible signals of higher signal to noise ratio.
The off-axis configuration spatially separates the multiple
reflections within the cavity until the reentrant condition is
fulfilled, that is, the time at which the ray begins to retrace
its original path through the cavity. The spot pattern on the
mirrors generally lies on an ellipse [23]. To maximize the
circumference that can be fitted onto the mirror surface and
thus the number of spots that can be accommodated without
overlap, the elliptical form should be a circle near the edge
of the mirrors [22], as shown in Fig. 1 (bottom). The angle
of a round-trip rotation of the beam spot (26) is determined
purely by the geometry of the cavity and is given by [23]:

cos@=1—-L/r, 4)

where L is the mirror spacing and r is the mirrors radius of
curvature. The reentrant condition is satisfied if [23]:

2mé = 2nm, (®)]

where m is the number of optical round-trip passes and n
is a integer, and after every m round trips the ray starts to
retrace its path. In many respect, the properties of the cav-
ity, including the longitudinal mode spacing (Av), become
similar to one that is m times longer. The longitudinal mode
spacing of a cavity aligned off-axis (A voff_axis) 1S

C
AVoffaxis = —=+ (6)

m2L

where c is the speed of the light, L is the length of the cav-
ity and m is the number of optical round-trip passes. Using
(4) and (5), m was determined only by the geometrical pa-
rameters of the cavity and not by the beam alignment. For
our cavity aligned off-axis, L = 43.5 cm and r = 600 cm,
(5) gives m =41, n =5, and Avyfiaxis = 2.8 x 107* cm™.
For L =43.5 cm and r = 100 cm, (5) gives m =26, n =8,
and Avgfiaxis = 4.4 x 107* ¢cm™!. For our cavity aligned
on-axis Avep.axis = 115 x 10~% cm~!. The reentrant con-
dition is satisfied after 41 round trips for » = 600 cm and
L =435 cm.

Off-axis alignment was used in the present research to in-
crease the time that the coherent laser beam couples into the
cavity. This change from on-axis to off-axis laser injection
resulted in an improvement in detection sensitivity and at
the same time an increase of the signal to noise ratio. With
off-axis alignment of our cavity, frequency dithering and/or
modulation of the cavity length with a vibrating piezoelec-
tric material were not necessary. This is very important be-
cause our cavity is insulated under vacuum for low temper-
ature experiments.

3 Results

The red atmospheric bands of molecular oxygen are due
to the transition between the electronic triplet ground state
x3 >, and the second singlet electronic state b! Z; Fig-
ure 2 (top) shows a potential energy diagram for two low-
lying electronic states of O,. The (0 <— 0) and (2 < 0)
bands are, respectively, denoted as the A- and y-bands.
The O transitions are comprised of four branches, two R
branches forming a head and two P branches, separated
from the former by a zero gap. The corresponding transitions
are indicated in Fig. 2 (bottom) using full lines. There is an
RR branch (AJ =41, AK =+1),a PP branch (AJ = —1,
AK = —1), an RQ branch (AJ =0, AK = +1),anda P Q
branch (AJ =0, AK = —1) [34, 35]. The three components
of the X3 Z; ground state of oxygen are assigned by Fy, Fa,
and F3, accordingas J =K+ 1,J=K,and J =K — 1.
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Fig. 2 (Top) Potential energy diagram for two electronic states of O,.
(Bottom) Branches of the b! Z;(v/ =0,2) < X3 Zg_ (v” =0) bands
of 02

The PP and %R branches of the red atmospheric bands cor-
respond to transitions from the F» component, the ®Q and
PO branches to transitions from F; and F3 components, re-
spectively. The F; values can be calculated from equations
derived by Watson [36]. Detailed equations and rotational
constants were taken from the literature [37, 40]. In order
to reproduce the spectra and check the accuracy of the tem-
perature measured by the sensor in the cell, the simulated
spectra at 90 K were obtained using the PGOPHER program
[41]. Vibrational and rotational constants for the electronic
states X3 >, and b! Z; of oxygen have been reported [42]
and were used in the simulation program. The complete set
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Fig.3 Observed (PS-CRD) spectra of the oxygen A-band at four tem-
peratures

of rotational equations used by the PGOPHER program as
well as the rotational constants (distortion correction, spin-
spin interaction, and spin-orbit interaction constants) have
been reported [43—46] and were used in the calculation. The
peak maximum of the calculated band was scaled to the
maximum of the experimental band to facilitate the com-
parison between the observed and simulated bands.

Figure 3 shows the experimental spectra for the A-band
of O; at 295, 150, 130, and 90 K.

The bands were obtained using the PS-CRD technique
with the low temperature cryostat. Figure 4 shows the ex-
perimental (80 Torr) and simulated absorption spectra of
the oxygen y-band at 90 K using the pulsed CRD tech-
nique. The P and ¥ Q branches are better resolved in the
absorption spectrum for the y-band than the spectrum for
the A-band due to the fact that the pulsed laser had a higher
resolution.

The minimum absorption coefficient (niy ) that supposes
a single decay uncertainty is [9]: opmin = (2) 1/2 6ty/ cr(%). In
our case 61, = 0.38 ps, 1, = 21.3 ps, and opin = 3.95 x
1078 cm~!. Other definitions multiply the equation by
N=Y2 (min =72 x 1072 cm™!) with N = 30 averages, or
multiply by (frep) /% (tmin = 1.25 x 1078 cm~! Hz~1/2)
with frep = 10 Hz. This last one is called the noise-
equivalent absorption (NEA). The lowest peak absorption
that was measured in our experiment was 1.5 x 10~/ cm™!.
The baseline noise levels of the spectra were mainly due to
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Fig.4 Observed (CRD) and calculated absorption spectrum of 80 Torr
of the oxygen y band at 90 K

the laser used. This was an old model dye laser with low
quality beam profile and jitter.

4 Discussion

The first spectroscopic study of the red system of atmo-
spheric oxygen bands was made by Babcock and Herzberg
[35] using a long path cell in the laboratory and open path
measurements through the atmosphere with two different
grating spectrometers. Quantitative measurements of inten-
sity have been made for individual rotational lines of the at-
mospheric oxygen b! Zz,'(v’ =0,2) « X3 Z; (v" =0) or
the A- and y-bands by using different techniques such as:
“White” multiple traversal absorption cells [38—40, 47-50],
intracavity laser-absorption spectroscopy (ICLAS) [37], and
cavity ring down spectroscopy (CRDS) [18, 51]. Previ-
ous measurements of the A-band absorption have been at-
tempted to obtain experimental line parameters between 202
and 224 K. However, the temperatures had an uncertainty of
10 K, the actual spectra were not presented, and the tem-
perature dependence of the pressure shift was not deter-
mined [50]. The sensitivity of CRDS [8, 52], phase-shift
cavity ring down spectroscopy (PS-CRD) [6] and Fourier
transform phase-shift cavity ring down spectroscopy [53]
have been demonstrated by using several bands in the very
weak forbidden b' Z;’ ~ x3 Z(; transitions on gaseous

molecular oxygen. Using the highly sensitive CRDS, the
absorption spectra of the A-band of the loglsp, 160170,
180,,170180 and 705 and the y-band of 190,,1°0170,
170, and 80, isotopomers of oxygen have been investi-
gated [54, 55]. In addition, calculation of the atmospheric
transmission function [38] and the magnetic dipole transi-
tion moment for the red atmospheric oxygen bands [56] have
been made. Also, improved spectral parameters for those
bands have been calculated and compared with HITRAN
molecular absorption database [57].

The A-band plotted in Fig. 3 shows the shift in the dis-
tribution of rotational line intensity at the low temperatures
with a maximum around K” =3 or 5 at 90 K. The room
temperature spectrum shows a maximum around K” = 11,
with absorption bands visible up to K” = 25. High K val-
ues disappear at lower temperatures. Quantitative measure-
ments of the individual rotational line intensities of the oxy-
gen A-band were not done because of the low spectral res-
olution. The intensity distribution of the simulated A-band
in the two branches (not shown) was used to reproduce the
intensity pattern of the experimental band and qualitatively
confirm the temperature of the cell measured with the sensor
attached to the optical cavity. Figure 4 shows the compari-
son between the experimental and simulated spectra of the
y-band at 90 K, respectively. The similarity between the ro-
tational intensity distribution in the experimental spectra and
the simulated spectra again qualitatively confirms the tem-
perature measured in the cell. A quantitative confirmation
of the low temperature was done by integrating the experi-
mental rotational bands at 90 K.

The intensity of each rotational line in the oxygen y-band
is given by [37]

1
S J/ / J// 4 =S / " .
( Vo<« v) (u ~v )<—Q(T)>lj
x exp[—Fihc/kT], 7)

where Q(T) is the rotational partition function, i is the
Honl-London factor, F; is the energy of the lower state.
Equation (7) assumes that the spectral range covered per
each line is small [37]. Because the choice between the
Honl-London factors calculated by Watson or by Schlapp
makes no significant difference [40], the Honl-London
factors of Schlapp were used and the factors (i;) are
(1/2)(J” + 1) for the ¥ P branch and (1/2)(J” + 0.75) for
the O branch. The observed values S(J'v’ <— J”v") of the
Pp and P Q branches from K” = 1to K” = 11 at 90 K were
integrated according to

SJ'V <« J"V) = <%> /a(v)dv, (8)

where (v) in cm~! is the wave number dependent absorp-
tion and p is the density in molecules/cm?>. Equation (7) can
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Fig. 5 Plot of (9) or In(S(v'J" < v"J") /i) vs. Fihc/k. The slope
is (1/T). The straight line was obtained with points from the calculated
spectrum at 90 K. The squares are from the observed spectrum

be rewritten as

<S(J/U’<—J”U”)) (S(t/(—v”))
In(f ——— | =In| ———
i o)
1 ([ F;hc

T (T) ©
where F; values were calculated using equations from the
reported values [37, 40] and the rotational partition func-
tion is given by Q(T) = (3kT/B.hc). The comparison is
between the integrated observed and simulated absorptions.
These values were plotted and are shown in Fig. 5. To facil-
itate the comparison, the straight line was obtained with the
simulated spectrum (the points are not shown) at the known
temperature. The squares are from the observed spectrum.
The plot at 90 K shows the agreement between the calcu-
lated line and the experimental values.

Finally, the temperature independent S(v’ <—v”) was
calculated. A plot of S(J'v’" < J"v") versus S(J' < J") =
(ﬁ)il exp[—Fihc/kT] was obtained using the integrated
absorptions at 297 and 90 K. The integrated values from
(8) were calculated for three different densities or pres-
sures (598, 495, and 384 Torr) at room temperature. The
S(J' < J") were also calculated for the © P and ¥ Q lines of
the y-band. Also, a pressure series (181, 147, and 114 Torr)
of the y-band for oxygen were measured at 90 K. The
S(J'v' < J"v") values are the averages for the three dif-
ferent pressures at each temperature. The S values were
in units of cm? cm™! molecules~!. However, in the litera-
ture the vibrational band intensity is reported in units of
ecm™'km~!atm™! at Standard Temperature and Pressure
(STP). Each vibrational band intensity S(J'v’ <= J”"v"”) in
units of (cm? cm™! molecule™!) was multiplied by the fac-
tor: 2.6867 x 10%* cm~2 molecule atm~' km~! at (STP)
[57] to make the conversion to cm™' km~! atm™! (STP).
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These values were plotted together (295 and 90 K) and
are shown in Fig. 6. The slope of the straight line that
results is the vibrational band intensity S(v’ < v”). The
best fit of the straight line gives the vibrational band inten-
sity S(v' < v”) = (1.37 £ 0.08) cm™ ' km~! atm~! (STP).
For comparison, the S(v’ < v”) values of the literature
using different methods are: 1.50 [35], 1.26 4 0.05 [37],
1.52 +£0.07 [39], 1.22 [58], 1.31 [59], 1.52 [60]. All the lit-
erature values were obtained at room temperature. Our plot
includes values at two temperatures 297 and 90 K. Altough
our calculated value is in good agreement with the litera-
ture, a word of caution should be given. It is well known
that when the resolution of the laser is of the same order
of magnitude as the molecular bandwidth, it is not always
possible to get the correct integrated band using CRD spec-
troscopy [18, 20] particularly when the intensities are weak.
The vibrational cross section is the result of a linear least
square average and this is probably the reason for the good
agreement with the literature values. Some of our weak indi-
vidual lines S(J'v" <= J”v") need to be corrected but this is
out of the scope of this paper where the performance of the
low temperature CRD cell and the use of off-axis alignment
was the main focus.

The advantage of a long path cell operated at low tem-
peratures is that is possible to simulate in the laboratory
different planetary atmospheres. A typical case is the at-
mosphere of Titan, a satellite of Saturn, that has been re-
ported to contain N; as the dominant gas, followed by CHy
(1%) and C2H6, C2H2, C2H4, HCN, as well as C3H4, C3Hg,
C4Hz, HC3N, and CaNy. At 140, 40, and 10 Km of alti-
tude, the atmospheric pressures are approximately 3, 152,
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and 760 Torr and the temperatures are 140, 70, and 80 K, re-
spectively [61]. A low temperature CRD optical cavity like
the one described here, could provide laboratory data sim-
ulating conditions of pressure and temperature for Titan at
different altitudes. The comparison and identification of ab-
sorption bands that occur in other satellites and planets of
our solar system are also possible. For example, Neptune
[62] shows the presence of H, , He (15%), CHy, and CoH»
in a temperature range of 80—120 K. Uranus [63] shows H,
He (15%), and CH4 with an effective T = 59 K. Infrared ob-
servations of Jupiter [64] indicate the presence of Hy, CHy,
C,H,, C,Hg CH3D, NH3, PH3, H>O, and GeHy, and He
(11%) with atmospheric temperatures between 100-165 K.

Another application is related to the detection of atmo-
spheric trace gases and their chemical reactions. The Earth’s
atmosphere is divided into regions on the basis of temper-
ature gradients. In the lower atmosphere (troposphere) the
air temperature falls with increasing altitude to reach a min-
imum of around 210 K between 10 and 16 km above sea
level. The sensitivity of the cavity ring down technique is
around 10'3-10'"!" molecules/cm? and it is possible to study
in the laboratory the smallest concentrations of molecules
such as NO,, NO, NOs3, N,Os, O3, HONO, and hydrocar-
bons simulating atmospheric conditions on Earth [65].

The observation of weakly bound complexes is possible
with the low temperature CRD cell. Long path equilibrium
cells have used Beer’s law and Fourier transform infrared
spectroscopy for studies of molecular complexes. The weak
absorption features are enhanced by operation at low tem-
peratures, high sample pressures, and enhanced path lengths
obtained with a White cell. The equilibrium distributions in
the cooled cell have facilitated thermodynamic studies of the
binding energies of the complexes [66].

5 Conclusion

A low temperature cavity ring down technique was pre-
sented using phase shift and exponential decay to determine
the time constant. Both CRD techniques perform well with
this cell. In our experiment, the use of an off-axis alignment
of the cavity: (1) increased the number of cavity modes,
(2) increased the time efficiency of the laser beam coupling
to the cavity, (3) increased de signal to noise ratio, (4) elim-
inated the need for piezoelectric modulation of the cavity
length, and (5) eliminated the need for frequency dithering
of the laser. This is very important because the cavity at-
tached to a cryostat has to be isolated under vacuum. The
rotational vibrational spectra for two different transitions of
O, in the visible, the (0 < 0) and (2 < 0) bands of the
b! Z; ~ X3 >, transition a were obtained using CRD
spectroscopy. The spectra were measured at 297 and 90 K
and were reproduced using the PGOPHER program. Good

agreement between the observed and calculated bands was
obtained at 90 K giving a confirmation of the low temper-
ature measured in the cell with temperature sensors. The
temperature independent vibrational cross section calculated
with integrated bands at two temperatures is in agreement
with literature values. This CRD cell could be used to study
weak absorptions of molecules relevant to planetary atmo-
spheres and molecular complexes in equilibrium conditions.
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