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Calculation of optimal parameters of an NH,-CO, lidar

B.I. Vasil’ev, O.M. Mannoun

Abstract. The basic parameters (range, signal-to-noise ratio,
and sensitivity) of a lidar using NH; and CO, lasers are
calculated. The principle of lidar operation is based on the
differential absorption recording. Absorption spectra of all
known Freons are considered in the spectral range
9-13.5 ym and optimal wavelengths suitable for sensing
them are determined. It is shown that the NH3-CO, lidar can
sense Freons at distances up to 10 km at a signal-to-noise
ratio exceeding 10. Sensitivities of the lidar for sensing
Freon-11 using various lines of the ammonia laser are
calculated. It is shown that remote sensing of Freon-11 at
concentrations of the order of 5x 10°°% is possible at
distances up to 8.5 km.
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1. Introduction

The development of a high-power ammonia laser [1]
emitting in the range 11-13.5 um opened new possibilities
for atmospheric sensing in the transparency window
8—14 pm. The use of the ammonia laser in lidar systems
was first proposed in paper [2]. Later, a lidar based on NH;
laser with a nonselective cavity and capable of operating
simultaneously at several spectral lines in the range
11-13 pm (which is undoubtedly an advantage of such a
system) was considered in [3]. However, the number of lines
emitted by the laser operation in such a regime is limited
and the energy of each line is lower than for a laser with a
selective cavity, which reduces the number of gases that can
be detected as well as the range of their sensing. The optical
scheme of a two-frequency ammonia lidar was proposed in
[4], but the laser beam control system was found to be
impractical, especially for mobile lidars. To overcome this
problem, an optical scheme of a two-frequency ammonia
lidar was proposed in [5], in which the output beams of the
ammonia laser are collinear and can be controlled more
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easily. A new optical scheme of a two-frequency emitter
based on carbon dioxide and ammonia lasers was proposed
in [6] to cover the spectral range 9—13.5 um.

A differential absorption lidar (DIAL) based on a CO,
laser, which was used by various research groups [7-9], is
most popular for atmospheric sensing in the transparency
window 8—14 um. The CO, laser tuning range
(A =9 — 11 pm) covers the absorption lines of over 90 gases
inCluding NH3, C2H2, Hzo, 03, COz, Nzo, NO2, HNO3,
SF¢, OSC, CS,, hydrozine, rocket fuel and chemical agents
[10]. Additional application of an ammonia laser (1=
11 — 13.5 um) further increases the range of DIAL sensing
in the atmospheric transparency window 8-—14 pm. This
wavelength range covers strong absorption bands of many
gases that are not accessible for detection by the CO, laser,
e.g., Freons, organic gases and chemical agents [11].

In this paper, we consider the main parameters (range,
signal-to-noise ratio, and sensitivity) of DIALs in which
NH; and CO, lasers are employed [6]. The lidar parameters
were studied only in the NH; laser range. For comparison,
we used lidar parameters in the CO, laser range which were
optimised in [12-15].

2. Description of a lidar

The differential absorption method (DAM) is used for
atmospheric sensing by an NH;-CO, lidar. This method is
based on resonant absorption in the investigated gas whose
concentration is calculated by recording two signals at two
wavelengths, one of which (4,,) lies in the range of the
absorption line of the investigated gas and the other (4.)
lies outside this line. Two schemes are used for the lidar
operation, one employing a topographic reflector or a
retroreflecting mirror, and the other using the atmospheric
aerosol as the reflector. We shall consider only the second
scheme which allows us to measure the concentration of the
investigated gas with spatial resolution.

The emission spectra of NH; and CO, lasers presented
in Fig. 1 show that the pulse energy of the CO, laser is
slightly higher than the pulse energy of the ammonia laser.
This difference is due to the high efficiency of the ammonia
laser whose maximum value is 21 % for the aP(4, 0) line
(A =11.71209 um) [1]. The ammonia laser is pumped by a
CO, laser [the 9R(30) line, A = 9.22 pm] and generates at
more than 30 lines in the range 11—13.5 um. In order to
realise the DAM, the 9R(30) line of the CO, laser is used as
the reference line (1.y), while any of the NHj-laser lines
serves as the sensing line (4y,)-
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Figure 1. Lasing spectrum of NH;-CO, emitter.

Note that the CO, laser generates more than 60 lines
which can also be used for sensing. The optical scheme
proposed in [6] allows simultaneous use of NH; and CO,
lasers working in the 11-13.5 pm and 9-11 um ranges,
respectively. A Michelson interferometer with diffraction
gratings as reflectors is used as the output mirror in the CO,
laser, and hence the realisation of the DAM requires a
tuning of the output diffraction gratings of the Michelson
interferometer simultaneously at two lines with A, and A.g.

Table 1 contains a list of all Freons having absorption
bands in the emission region of the ammonia laser, optimal
lines for sensing these Freons and the Freon absorption
cross section at these lines. The data shown in Table | are
borrowed from the HITRAN-2000 atlas [11]. The absorp-
tion cross sections were calculated in atmosphere at a
temperature of 296 K and at a pressure of 1 atm. Note
that the absorption spectra of Freon-11 and Freon-12 lie in
the emission range of the CO, laser also, hence these gases
were sensed by lidars based on the CO, laser [16]. However,
the absorption cross sections of these gases in the indicated
frequency range are one-fourth of those in the ammonia
laser range [11]. It follows hence that the application of a
lidar in the spectral range 11—-13.5 pm is more efficient.

An important property of the ammonia laser for
atmospheric sensing is its narrow line. The gain linewidth
Av of the ammonia laser is determined by the expression [17]

AV = 2817NH3 —+ 3.8]?N2,

where Av is measured in megahertz and the pressure p; in
Torrs. For the optimal composition NH; : N, =1:75 of
the active medium of the ammonia laser at a total pressure
of 60 Torr, we have Av =247 MHz. For the TEA CO,
laser, the gain linewidth lies in the range 3-4 GHz,
depending on the mixture composition and its pressure.

The main interfering gases that may be present in the
atmosphere during sensing in the wavelength range
-13.5 pm are 03, C2H4, NH3, C02 and HzO Ethylene
(C,H,) does not have an absorption band in the ammonia
laser range, and its absorption cross section in the CO, laser
range varies in the interval 0.1 — 32 em ! atm™! [11, 18].
The largest absortion cross sections of ozone and ammonia
[19] in the CO, laser range are about double the value in the
ammonia laser range [11]. For water vapour, the difference
in these cross sections is always insignificant except for the
region in the vicinity of 4 = 11.7 um, where the atmospheric
attenuation coefficient at the aP(4, 2) line is 0.446 km~!. The
transmission of the atmosphere at the edge of the trans-
parency window used for A> 13 um is low and is
determined by the absorption by carbon dioxide gas. Hence,
the atmospheric attenuation coefficient at the aP(9, 7) and
aP(7, 3) lines is 0.9552 and 0.9953 km !, respectively [20]. At
the remaining lines of the ammonia laser, the atmospheric
transmission is comparable with the transmission of the CO,
laser radiation.

=)

3. Basic lidar equations

3.1 Lidar signal

In the single elastic scattering approximation, the lidar
equation has the form [21]

4 b (yep {72 [ ou(é)di} >

0

cT ,
= Py n,(4)

P;(2) 3 .

where z is the distance from the scattering volume (range); ¢
is the velocity of light; z,, is the laser pulse duration; P; is
the scattering radiation power; Py is the laser power; 5, is
the efficiency of the detector; f3, is the volume coefficient of

Table 1.

Gas Chemical formula Spectral range /pm NH;-laser line igf;;?/nc?;ljz;srl
Freon-11 CClLF 11.364—12.346 sP(6,K) 115.7
Freon-12 CCLF, 10.526 — 11.765 aP(3,1) 6.55
Freon-13 CCIF; 12.423-13.072 aP(7,4) 5.77
Freon-21 CHCL,F 11.905-12.739 aP(6, 3) 25.11
Freon-22 CHCIF, 11.628—13.158 aP(6,0) 17.64
Freon-113 C,CI5F; 10.050—12.812 aP(6,2) 36.35
Freon-114 C,ClLF, 11.628—12.270 aP(4,0) 22.52
Freon-123 CF;CHCl, 11.111-13.515 aP(5,2) 16.09
Freon-124 CHCIF,CF; 10.869—-12.657 aP(6,4) 5.53
Freon-125 CHF,CF; 11.236-11.905 sP(5,K) 11.3
Freon-141 CH;CCLF 12.658—14.085 aP(9,6) 27.26
Freon-142 CH;CCIF, 7.905—-11.429 sP(4,K) 6.4
Freon-143 CF;CH; 9.525-13.334 aP(5,4) 3.58
Freon-152 CH;CHF, 10.050—11.905 aP(7,1) 2.74
Freon-225 CCIF,CF,CHCIF 11.561-14.389 aP(5,1) 11.13
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the atmospheric backscattering; A4, is the effective area of
the detector; and «; is the coefficient of bulk attenuation
(extinction) by the atmosphere. The efficiency 5, of the
detector is determined by the transmission of the trans-
mitting (¢g;) and receiving (g,) optical systems and the
efficiency y of the photodetector: , = q.q, (1 — ¢q;), where
¢, are other losses in the receiver—detector channel.

The extinction coefficient o; may be presented as the sum
of terms describing the molecular (™) and aerosol (o)
attenuation: o, = 0’ + o™ The molecular extinction
coefficient ocm"l includes attenuation due to absorption by
the gas being studied (xf = N,of, where N, is the gas
concentration and ¢ is its absorption cross section at the
wavelength 1). The backscattering coefficient f, can also be
presented as the sum of two terms describing molecular
(B! and aerosol (B3) scattering B, = B + pml The
molecular scatterlng coefficient "' and molecular extinc-
tion coefficient o;"® can be calculated to a high degree of
accuracy using the Rayleigh scattering theory [22] or the
atmosphere model proposed in [20, 23]. The aerosol scatte-
ring coefficient i and the aerosol extinction coefficient
ojcan be determined either theoretically using the Mie
aerosol scattering theory [22] or experimentally from lidar
signals using the algorithm for solving the lidar equation
[24].

The effective area A4,(z) of the detector is described by
the equation [21]

Ay

Ai(z) = W2

I 2n
X J J E(z,r, ) Fz,rop)rdrdy = Apé(2), (2)
—0Jy=0

where F(z,r, ) is the laser radiation distribution function;
E(z,r,y) is the geometrical probability factor; W(z) is the
size of the laser spot at a distance z (in the plane of the
object); A, is the input aperture area of the telescope; &(z)
is the function of the geometrical lidar factor accounting for
the fraction of the laser beam reflected at the target; r, is the
diameter of the input aperture of the telescope; and r, y are
polar coordinates.

3.2 Signal-to-noise ratio

In our lidar working on direct detection principle, in which
the Schottky noise of the detector is the main limiting
factor, the signal-to-noise ratio is calculated from the
formula [21]

P,
2B(P;+ P;)hv/n+ BP3)'*

SNR = 3)

where 7 is the quantum efficiency of the detector; Av is the
photon energy; P4 is the power equivalent to the detector
noise power; B is the electron transmission band width of
the detector; and Py is the background radiation power of
the atmosphere.

The power equivalent to the detector noise power and
the background radiation power of the atmosphere can be
described by the expressions [21]

VSq

Pd:W7 4
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Pp = B, Agq, 07 AL, (5)
where Sy is the sensitive area of the detector and D* is its

detectivity; 26, is the field-of-view angle of the telescope; AL
is the transmission width of the optical filter; and B; is the
spectral radiance of the atmospheric background, varying
from 1 to 300 W m~2 sr™! um’l [25].

3.3 Sensitivity of the lidar

The sensitivity S of a lidar is the minimum concentration of
the gas that can be measured by it with a certain spatial
resolution at a certain range for a relative error equal to
100 %. The classical formula for the relative error SN in
determining the average gas concentration by the diffe-
rential absorption method in a certain spatial interval can
be presented in the form [26]

1 1/2
= 5A0AR (53n +dai) + 05|, (6)

where AR is the spatial resolution of the lidar, whose
minimum value is determined by the duration of the laser
sensing pulse (AR = ¢t,/2); N, is the number of pulses in a
series; O,, and J.; are the random errors in detecting
signals at wavelengths A,, and A.y; Jg is the systematic
error not connected with the detector noise; Ao =
0(Aon) — 0(Aofr) = 0on — 0or 18 the differential absorption
cross section of the gas being investigated; and ¢, and oy
are the absorption coefficients inside and outside the
absorption line, respectively. The values of d,, and 0.
are usually computed through the signal-to-noise ratio. The
expression for the systematic error has the form [27]

aer pmol aer mol)

5§ — 2(5[?%1_ +5[%m01)< off Pon on Moff
ﬂoffﬁon

+ (2AR)[(& — 0 3T)? 0 1er + (! — 010202 001]
M
+(AR? Y (Acfd}, + 03, N7) + (2A6AR)5,, (7)
j=1

where 0g,e and Jp5,01 are the relative errors in determining
the coefficients of backward scattering by aerosol particles
and molecules of the atmosphere, respectively; J,,., and
Jymol are the relative errors associated with the absorption
of laser radiation by aerosol particles and molecules of the
atmosphere, respectively; dy and d,,, are the relative errors
in specifying or determmmg the concentration N; of the jth
interfering gas and its differential absorption coefﬁc1ent
Acj; and 6, is the relative error in specifying or
determining the differential absorption coefficient of the
gas being investigated.

The first two terms in relation (7) are connected with the
variation of scattering properties of the medium during
tuning of the wavelength. The third term must be considered
if interfering gases are present. The last term is connected
with the error in determining or specifying the absorption
cross section of the gas under study.

4. Results of calculations

The following are the main technical parameters used in our
calculations:
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Emitter 10* |
Spectralrange . . ............ ... .. ..., 9—1l um 11-13.5 pm ‘%
Pulseenergy £, .. ............ ... ..., to5J) to1.5]J ;
Pulse duration t,............................ 1 us g 10’
Divergence after beam expander )
(telescope) . « v oo 0.8 mrad Té
Beam diameter at the exit from the expander. . . .. .. 10 cm .r%" 102 1
Beam expander efficiency ¢. .. ... ... ... 70 %
sP(5,K)
Telescope o' L
TYPE - oo Newtonian telescope
Telescope aperture diameter ... ................. 40 cm
Focallength ........ ... .. ... ... .. ... .. .. ..... Im N
Field of View 20, ... ..ot I mrad 10 > , 6 3 10
Distance between the la§er axis Range /km
and the telescope axis. ... .......... ... .. 50 cm
Efficiency g, of the telescope . . .................. 80 % Figure 2. Signal-to-noise ratio for different lines of ammonia laser.
Detector
TYPE et KRT cooled to 77 K efficiency 21 %) using various models of the atmosphere
SenSiNg area ...............ooiiiiiiiii... 0.5 x 0.5 mm [20]. The results of computations, which are presented in
Detecting power D*. ... ................ 2% 10" ecm Hz'> W™! Fig. 3, show that the lidar range is the lowest in the tropical
Optical filter transmission width AZ. . ............. 4nm atmosphere and amounts to 4.5 km for a signal-to-noise
Electronic transmission ratio exceeding 10, while the highest range of lidar is
bandwidthB............ .. ... 1 MHz observed in the subarctic winter atmosphere and may cover
Efficiency . oot 50 % 10 km for the same signal-to-noise ratio (under conditions
Time constant . . ...............ooieeeoin.... < 10ns when such a value is sufficient for measurements).

We also used vertical concentration profiles of gas
components in the natural atmosphere, which are presented
in the form of various statistical models of cloudless
atmosphere, namely, tropical, midlatitude summer, mid-
latitude winter, subarctic summer, subarctic winter, and
standard. Data on these profiles, as well as on the tempera-
ture and pressure stratification models were borrowed from
the AFGL/MODTRAN 3 atlas [20]. To calculate the
geometrical factor function of the lidar, we used algorithms
proposed in [28]. Spectral data for gases were borrowed
from the HITRAN-2000 atlas [11].

4.1 Lidar range

In order to determine the range of a lidar, we calculated the
signal-to-noise ratio for various ammonia laser lines whose
characteristics are presented in Table 2. The results of
calculations, which are presented in Fig. 2, show that the
lidar may carry out atmospheric sensing for a signal-to-
noise ratio exceeding 10 at distances from 3.5 km [aP(7, 3)
line] to 8.5 km [aP(5, K) line]. Calculations were made
using the standard atmospheric model along a horizontal
track at sea level, where the average coefficient of aerosol
back scattering f° = 2.17x 107° m~! sr™! [20].

The effect of atmospheric conditions was studied by
calculating the signal-to-noise ratio for the most intense
ammonia laser line aP(4, 0) (pulse energy £, = 1.4 J, laser

Table 2.

Line /um E,/J o; /km™!
sP(2,1) 10.7732 0.1 0.041
sP(5,K) 11.5207 1.25 0.062
aP(40) 11.7121 1.4 0.091
aP(4,2) 11.7271 1.3 0.44
aP(7,3) 12.5607 0.7 0.55

10° b
.2
g
2
T 10° |
(=}
e
=
)
& 107 F

10'

10°

0 2 4 6 8 10
Range /km
Figure 3. Signal-to-noise ratio for the aP(4, 0) line for various

atmospheric models: standard (7), at a temperature of 296 K and a
pressure of 1 atm (2); tropical (3); midlatitude summer (4 ); midlatitude
winter (5); subarctic summer (6); subarctic winter (7).

The results presented above lead to the conclusion that
the maximum sensing range R, of ammonia laser is
attained in subarctic winter atmosphere at the sP(5, K)
line, while the minimum range R,;, is attained in tropical
atmosphere at the aP(7, 3) line. Our calculations show that
for a signal-to-noise ratio exceeding 10, the values of R,
and R, are 2.5 and 10 km, respectively.

It should be noted that the backward scattering coeffi-
cient ff; in the ammonia laser range at sea level varies from
1.9 x107% t0 2.5 x 107 m~! sr™!, [20], while for CO, laser
it is smaller by a factor of 1.3. According to measurements
made in [29] at various lines of the CO, laser, the coefficient
B, =5x 1078 —2.5%x 107" m™" sr™', i.e., is ten times higher
in the ammonia laser than in the CO, laser. However, this
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advantage of ammonia laser is partially lost due to a low
sensitivity of the KRT detector and low transmission of the
atmosphere.

4.2 Lidar sensitivity

The sensitivity of the lidar was determined by carrying out
calculations for Freon-11 molecules having an intense
absorption band in the range 11.364—12.346 um
(Fig. 4a). Arrows in Fig. 4 show the wavelengths of 9
ammonia laser lines falling in this range, while Fig. 4b
shows transmission of the standard atmosphere. Table 3
shows the main parameters of these lines. It can be seen
that the interfering natural gases have very small absorption
cross sections. In other words, the third term need not be
taken into account in formula (7). According to the
selection rules for optimal wavelengths [30], the sP(7, K)
and aP(4, 2) lines with attenuation coefficients 0.24 and
0.44 km ™!, respectively, in standard atmosphere can be
discarded right away during sensing of Freon-11. In
principle, the remaining lines can be used for sensing of
Freon-11. The sensitivity S of the lidar at a distance of
1 km (shown in Table 3 for each line) was calculated for a
signal-to-noise ratio equal to 200 per pulse. One can see
that the minimum concentration measured by a lidar at the
sP(6, K) line is equal to 6 x 1077 % for a spatial resolution
of 67 m, which corresponds to a laser pulse duration of 446
ns. The high-intensity lines 3 and 4 (see Table 3) can be
used for sensing Freon-11 having low concentrations of the
order of 8 x 1077 % and 6 x 1077 %, respectively. How-
ever, these lines cannot be used for sensing concentrations
higher than 7.2 x 1077 % and 6 x 107’ % because of a
strong attenuation (o; = 1.1 km™') of the lidar signal due
to absorption by Freon-11 itself. Weaker lines 5, 6, 7 and 8
are suitable for sensing higher concentrations of the order
of 3x107°%, 3.5x10°%, 45x107°% and 6.5x
107° %, respectively. A strong attenuation of the lidar
signal due to absorption by the atmosphere itself renders
these lines unsuitable for sensing concentrations lower than
32x107°%,3.6 x 10°%,4.7x 107°% and 7.1 x 107° %,
respectively.

To determine the sensing error for each line in Table 3,
we used relation (6) for a spatial resolution AR =150 m , a
relative systematic error 5 = 10 %, and a number N, = 10
of lidar signal averaging pulses. The results presented in
Fig. 5 show that the Freon-11 sensing range for 8N = 1 for
high-intensity lines 4 and 3 does not exceed 5.5 km, while
the range for weak lines 5, 6, 7 and 8 is more than 8 km.
Although line 1 is relatively strong (£, ~ 1.4 J [1]), it may be
used for sensing at quite large distances (of the order of
7 km) (Fig. 5).
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Figure 4. Absorption spectrum of Freon-11 (a) and transmission
spectrum of the standard atmosphere along a 1-km long horizontal
path at sea level (b). Numbers over arrows indicate the line number in
Table 3.
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Figure 5. Relative error in measurements of concentration of Freon-11
at various lines of ammonia laser. Numbers over curves indicate the line
number in Table 3.

5. Conclusions

Thus, the NH3-CO, lidar is highly sensitive for detecing
various materials (Freons, toxins, organic gases and chem-
ical agents). The sensing of these materials can be carried

Table 3.

: Absorption cross section /em ™! atm ™!
Elllrrlsber Line A/um E,/1 o/km™! Freon-11 o, 0,0 / co, 5/107 % km™!
1 aP(4,0) 11.71209 1.4 0.091 49.21 3.15x 107 116 x107* 353 x107° 1
2 aP(4,2) 11.72713 13 0.44 66.22 727x107%  824x107*  3.64x107° -
3 aP(4,3) 11.74637 1.1 0.08 96.91 151x 107 97x107° 9.66 x 107° 0.5
4 sP(6,K) 11.79418 1.1 0.07 115.73 l.1x107? 782x107°  6.82x107° 0.4
5 aP(5,1) 11.97859 0.9 0.073 23.12 1.03x107%  822x107°  497x107¢ 2
6 aP(5,2) 11.99025 1.1 0.072 20.16 835x107*  8.03x107°  557x10°° 25
7 aP(5,3) 12.01008 1.2 0.076 15.6 12x107° 8.08x107°  1.28x107° 3
8 aP(5,4) 12.03872 0.9 0.076 10.69 204x 107 872x107°  1.5x107° 5
9 sP(7,K) 12.07912 1.25 0.24 6.71 461 x107°  3.63x10*  46x10° -
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out at distances from 2.5 to 10 km depending on the lasing
line used for this purpose and atmospheric conditions. A
large absorption cross section of Freon-11 at ammonia laser
lines allows a high sensitivity of up to 4 x 10~% km™". It
follows from formula (7) that a Freon-11 concentration up
to 5 x 107° % can be measured at distances from 5 to 8 km
with a spatial resolution of 150 m.
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