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The monitoring of greenhouse gases has an important role in the understanding of global change.
The reporting of ozone depletion in general and ozone hole over Antarctica in particular witnessed
an unprecedented surge of interest in the monitoring of various trace species. The infrared spectroscopy is a powerful tool for the investigation of atmospheric minor constituents. The laser heterodyne
spectrometer due to its ultra-high spectral resolution and quantum limited sensitivity can resolve the
individual spectral lines completely and has been used widely for atmospheric studies. A highly sophisticated laser heterodyne system using a 1 GHz hi-tech acousto-optic spectrometer has been designed and developed at NPL, New Delhi, for monitoring ozone and other related constituents in the
atmosphere. The salient features of the laser heterodyne system and the acousto-optic spectrometer
and the results obtained are reviewed in detail.
1 Introduction
The measurement of minor constituents in the
atmosphere is of great significance to understand
the physics, chemistry, dynamics and radiation
budget of the atmosphere. The discovery of catalytic destruction of 03 by CIOx and NOx in seventies by Johnston! in general and ozone hole
.phenoll1;enon 2,3 over Antarctic region during Spl':ing time in eighties in particular has generated an
unprecedented surge of interest in the monitoring
of ozone and other related minor constituents in
the atmosphere. It is well known that our earth is
shielded by a thin layer of ozone which saves it
from the harmful effecti of solar ultraviolet UV-B
radiation, which besides having adverse impact on
plants, agriculture and climate, is a primary cause
of skin cancer. It has also been recognized that
the greenhouse effect due to non CO2 gases such
as CFCs, N20, CH4, 03, etc. is as much as that
due to CO2 gas, while it was only due to CO2 gas
during the pre-industrial era. The increase of
these greenhouse gases in the atmosphere may
cause global warming which in turn may raise the
sea level allover the world, affecting adversely
the coastal cities and low lying countries such as
Bangladesh, Netherlands, Maldives, etc. Therefore
global measurement of vertical, horizontal and
temporal distributions of various atmospheric
gases has become essential.
Infrared spectroscopy has played a great role in
the monitoring of most of the atmospheric minor
constituents which have vibrational rotational

characteristic absorption lines in the infrared window (8-12 !-lm) region. Careful study of their
spectra with high resolution techniques provides
quantitative information about the concentration
of various minor constituents. Infrared spectrometers have the capability to resolve individual spectral lines. For examp~e, Michelson interferometers
provide spectral resol\'ing power of 104-105. Laser
heterodyne spectrometer has ultra-high spectral
resolution (105-107) and quantum limited sensitivitl.5. Therefope, it can reveal complete spectral
line profiles even for Doppler-broadened
absorption lines formed in the upper atmosphere. The
capabilities of laser heterodyne system for monitoring of ozone and other related constituents in
the atmosphere have been demonstrated by various investigators.
A highly sophisticated laser heterodyne system
has been designed, developed and set up at National Physical Laboratory (NPL), New Delhi, to
monitor various trace species in the troposphere
and stratosphere during the Indian Middle Atmosphere Programme. The laser heterodyne system with 1 GHz acousto-optic
spectrometer
(AOS) as back end, after successful operation at
NPL, was taken to Maitri, an Indian Antarctic
station (lat. 70°46'5, long. 11°44'£), during the
summer of 1993-94 and it has been operated
there successfully to obtain ozone profiles; this
system is the first of its kind used over Antarctic
region. In the present communication the historical background of development of laser hetero-
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dyne spectrometer, its "alient features along with
its automation using a hi-tech 1 GHz acousto-optic spectrometer, and the results obtained are reviewed.
2 Historical background
The term heterodyne has its roots in the Greek
words heteros (other) and dynamis (force).
Heterodyne = (hetero + dyne) = Separate force
Super heterodyne = (Super sonic + heterodyne)
It is interesting to review the origin of the
above two words and trace early history of heter:odyne systems up to the first optical heterodyne
experiment of 1955. The story started 'in 1902
with the issue of patent to Fessenden6 with simple
title "wireless signalling". The invention was the
concept of transmitting two separate radio frequencies, receiving the same on two separate antennas and mixing the two to produce an audio
frequency. The "mixer" in this case was an iron
core driving a telephone diaphragm and deflection was proportional to electrical power, thus
yielding acoustic output at the difference frequency. It is not clear when the term "heterodyne" was
coined but Hogan 7 published a paper entitled
"The heterodyne receiving system and notes on
recent Arlington-Salem tests" in 1913 where it
was suggested to transmit only one wave and generating the second frequency at the receiving station and this gave birth to local oscillator. In 1917
ArmstrongR carried out a thorough investigation
of heterodyne phenomenon occurring in the oscillating state of the."regenerative electron relay". A
major breakthrough in the field-the development
of super heterodyne receiver-was
achieved by
ArmstrongY in 1921 and this famous invention is
now used in systems as diverse as household AM
radio receivers and microwave Doppler radars.
The prefix "super" refers to "super audible frequency" that can be readily amplified.
The use of heterodyne in optical region took
place in 1955. In a classical experiment Forrester
et al.1O observed the mixing of two Zeeman components of incoherent visible spectral line in a
specially constructed photomultiplier tube. The
developments of laser by Maiman II in 1960, HeNe laser at 1.15 !lm by Javan et al.12 and ruby laser at 0.6943 !lm by McMurtry and Siegman 13
observed the emergence of optical heterodyning.
Teich et al.I4 were the first to use CO2 laser, at
10.6 !lm in conjunction with a copper-doped germanium photoconductive detector operated at 4
K for heterodyne
experiment. Frerking and
Muchlnerl5 were the first investigators to succeed
in measuring solar absorption spectra of atmos-
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pheric ozone around 1010 cm-I using a tunable
diode laser. Abbas et al.11i observed ozone vertical
profiles with CO2 laser heterodyne. Subsequently
the laser J;1eterodyne systems using either CO2 laser or tunable semiconductor diode laser have
been used by various investigators 17-33for measuring atmospheric minor constituents such as 03,
N20, NH3, CIO, HN03, water vapour, etc., wind
velocity34.35,drawing temperature profiles, and also for studying the atmospheres of various other
planets such as Venus, Jupiter and Mars (Refs 3638).
3 Principle of operation
The operation of laser heterodyne receiver is
based on square law response of the photodetector to the incident electric field. The two electromagnetic waves of different frequencies (v I and
vz) mix at the photo device to produce a signal at
difference frequency VI -v2, when one of these
beams is strong (called local oscillator beam) and
the sensitivity for the process is considerably
greater than that of direct detection because of
the high conversion gain Qetween power at the input and at the difference frequency39. In addition
to high conversion gain the heterodyne detection
exhibits both strong directivity and high frequency
selectivity. The high frequency selectivity in turn
permits the noise bandwidth to be reduced to a
very small value. Some of the characteristics of
the laser heterodyne radiometer are discussed below:
3.1 Signal-to-noise ratio

The signal-to-noise (SIN) ratio for the thermal
source (black body) which fills the mixer's field of
view is given by40
S/.N = 'Y)(Bivt)O,5

•

[exp( hvl kT)

where
is the quantum efficiency, Biv the IF
bandwidth, t the integration time, h the Planck's
constant, v the frequency, k the Boltzmann constant, T the black body temperature, and • the
transmittance of the media between the source
and the mixer.
For the transparent atmosphere at 10 !lm, if the
bandwidth Biv = 25 MHz, integration time t= 10
sand
= 0.5, the signal-to-noise ratio is found to
be 104 or 40 dB. The atmospheric effects, optical
losses, polarization, chopper, etc. will degrade the
value of SIN by an order of magnitude. The SIN
with the same parameters was computed for visible (0.6 !lm) range and found to be 10 - 4 or - 40
dB, which suggests that heterodyne system is particularly suited for infrared radiations.
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3.2 Noise equivalent power (NEP)

The NEP for laser heterodyne system at 10
11m, 'l1 = 0.5 and Biv = 1 MHz is given by
9 x 10- 17 (1/ t )0.5 W, while NEP for direct detection system for the same parameters is given by
10 - 12 (11 t )O.5W. This computation shows that heterodyne system is four orders of magnitude more
sensitive than the direct detection.
3.3 Spectral resolution

The laser heterodyne system is well suited for
atmospheric studies because of its ultra~high spectral resolution. One can get resolution of the order of 0.00017 cm - \ i.e. 5 MHz at 10 11m.
3.4 Detection sensitivity

The minimum detectable column density for solar absorption mode using laser heterodyne system is 4 X 1013 cm - 2 and minimum detectable vo~
lume mixing ratio is around 10 - 12 (for absorption
coefficient 50 em -1 atm -1, Biv = 5 MHz,
t= 1000 s). Thus the sensitivity of IR laser heterodyne system is of the order of mixing ratio of
around 10-12, which shows that most of the minor constituents in the atmosphere can be detected by this type of system.
4 Experimental set up
4.1 Laser heterodyne system

Infrared

laser heterodyne

spectroscopy

pro-

OF MINOR CONSTITUENTS

vides a powerful tool for identification of weak
molecular and atomic species. The advantages of
the laser heterodyne system over other techniques
are its ultra -high spectral resolution, high spatial
resolution, high quantum detection efficiency, and
very good signal-to-noise ratio. The high resolution makes the system very selective as the interference problem due to overlapping lines or
bands are minimized and the lines can be re~
solved completely with high resolution unlike with .
the other techniques.
The block diagram of the. system designed,
developed and set up at NPL, New Delhi, is depicted in Fig. 1. The CO2 laser used as a local oscillator is tuned on a line corresponding to the
absorption line of the minor constituent of interest. The solar tracker (heliostat) follows the sun
and brings in the solar radiation. The incoming
chopped solar radiation is filtered out and IR radiation (8-12 11m)and CO2 laser beam of moderately low power are combined via a zinc selenide
beam splitter. The solar radiation and CO2 laser
beam are co-aligned and focussed on the high
speed liquid nitrogen cooled HgCdTe detector
which acts as a mixer as well as narrow band filter. The detected signal is nothing but the difference frequency (IF). The IF signal is further amplified in low noise, wide band (5-1200 MHz) RF
amplifiers and passed through various RF filter
channels (25-1200 MHz). The signal from various
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channels is square law detected and is fed to
lock-in amplifier where synchronous detection
takes place. The signal can be read directly from
the lock-in amplifier or recorded on a strip chart
recorder. The observations taken at different frequency channels in the wing of the absorption
line of the minor constituent of interest would resolve the line completely and vertical profiles can
be obtained with these data using inversion technique. The number of points in the wing of the
line would decide the height resolution. The system has been described in detail elsewhere20-24.
Till now this system was being operated manually
by tuning various RF filters (25-1200 MHz), but
this process was time consuming and amenable to
errors in the measurements. To overcome these
drawbacks, the system has been made semi-automatic by incorporating a wide band acousto-optic
spectrometer described below.
4.2 Acousto-optic

spectrometer

(AOS)

Acousto-optic
technique for power spectral
measurements has been exploited for a variety of
signal analysis applications41-46• The spectrum analysis is one of the most useful techniques in
modern science and virtually every discipline
makes use of it in one form or the other. Although the architecture may vary depending upon
the acousto-optic (AO) signal processing function,
the common ingredients in these systems are an
optical source which may be a laser diode or visible emitting gas laser, a light modulator consisting
of one or more AO Bragg devices, and an array
of photodetectors. The Bragg cell, also known as
AO diffraction cell, serves the key role in an
acousto-optic spectrometer. It converts RF signals
to ultrasonic travelling waves which modulate the
optical index of the cell. The cell is illuminated

II

spectrometer.

across its aperture by a laser beam. A fraction of
light is diffracted by acoustic waves, the angle of
diffraction is determined by the frequency while
the intensity of the diffracted light is proportional
to the power of the input RF signal. The intensity
distribution can be detected by linear array of
photodetectors
which in turn represent the required RF power spectrum.
An acousto-optic spectrometer with 1 GHz
bandwidth has been designed and developed in
collaboration with Meudon Observatory, France,
and integrated with the laser heterodyne system
developed at NPL, New Delhi. The block diagram
of the acousto-optic spectrometer is shown in Fig.
2. The system consists of 1 GHz Bragg cell (Li
Nb 03), a diode laser emitting at 784 nm, a Fourier lens, a 1050 pixel CCD array, and a PCbased data acquisition system. Proper software
and hardware have been developed to digitize the
frequency power spectrum for further analysis
and for getting height profiles of various minor
constituents.
The acousto-optic spectrometer developed has
been tested with a laser heterodyne system of
Reims University, France. The frequency power
spectra obtained using an empty cell of 200 cm
length and 600 m Torr ozone in the cell are as
expected. The P(24) CO2 laser line in 9.6 ~m
band was used. The spectrum thus obtained
shows very well defined ozone absorption lines. A
spectral resolution better than 5 MHz has been
obtained. A typical ozone line spectrum obtained
over Maitri, Antarctica, during February 1994 is
depicted in Fig. 3. The use of AOS as back end
of laser heterodyne system is timely and well suited to detection of weak signals buried in noise.
The main advantages of AOS are wide bandwidth, high resolution, large number of channels,

11111'11

1'111.11111"

JAIN: lASER

;;;
!::

0

HETERODYNE

10 FEB.1994

1-1

at

SYSTEM FOR MEASUREMENT

The atmospheric transmittance factor
given as

0945 hrs

z

't(v, P)=exp[
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... (4)

where kv; is the specific absorption coefficient
and du; is the element of column density for the
ith species of the absorbing gases given by
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dU,(P)=q;(PIPo)(1;/T)secxldz

~ -30

where q; is the volume mixing ratio of the gas, Xl
is the solar zenith angle and subscript 0 refers to
the reference quantities.
The spectral intensity v from planetary atmosphere is measured for an appropriately chosen set
of frequencies for which weighting functions kv;
are well distributed over the atmosphere. The atmospheric composition profiles may be obtained
through inverse solution of Eq. (2) if the temperature and pressure profiles are known.
The absorption coefficients kl(v) at line centre
and in the wing of the line are calculated using
the expression
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Fig. 3-Line spectra of ozone observed at Maitri, Antarctica,
on 16 Feb. 1994.

high detection sensitivity and compactness,
weight,.and better energy efficiency.

light

k(v)=[S(

T)/rt].[a/{(v-vo)2+a2}]

... (6)

where

a = ao(PIPo) (Tol
S( T)

T)1I2

where
Iv

Emergent spectral intensity from a nonscattering atmosphere

Bv( TJ Planck's function at source temperature
't( V, P) Transmittance from surface to the top of
the atmosphere
K( P, T) Weighting function
1',;

K( P, T)

= d'tv.l dz

... (2)

z= -InP
The first term in Eq. (1) is the surface contribution, whereas the second term represents the atmospheric contribution to the spectral intensity .
In the ground-based measurements of the earth's
atmosphere in solar absorption mode, the second
term, i.e. self-emission term in radiative transfer
equation, is negligible as compared to solar surface contribution and the observed spectral intensity may be written as
Iv(P, T)=B(v,

1',;~'t(v,P)

... (3)

(7)

= So( Tol T)312
x exp {1.439 E" [( T- To)/ T~]}

I

...

... (8)

and a 0 is the line half-width at ~ = 298 K, So the
line strength at To, and E" the lower energy level
of transition.
The line parameters such as ao, So, E", etc. are
taken from HITRAN database 1986 edition59•
The line shapes are generally expressed by the
Voigt function which is a convolution of Lorentzian and Gaussian functions. The former is an expression for pressure-broadened line shape which
dominates in the troposphere
and latter is that
for Doppler-broadened
line shape which dominates in the upper stratosphere and above. In the
present case Lorentz profile was used below 25
km and Voigt profile above 25 km. The Voig.t
line shapes can be expressed as
k( v)

= (Sla')(y/rt)
x f exp[(-I)/(/+(x-t)2)]dt

... (9)

where

a' = (In 2/rt

)112

...

(10)

x= (v -

vo) (In 2)112/ aD

... (11)

y= a(ln

2)112/aD

...

(12)
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For the present analysis a careful selection of
ozone absorption line 1043.1775 cm-I was made
to get sharp weighting functions and hence height
resolution. The weighting functions, which depend
upon absorption coefficients, have a property of
reaching maximum peak at different heights for
different values of frequencies, Le. at line centre
and in the wing of the line as shown in Fig. 4.
The line parameters such as half-width, line·
strength and lower state energy for ozone absorption line 1043.1775 cm-1
are as follows:
ao=O.083 em-I, So=1.050xlO-23
cm-I atm-I,
and E'=26 cm-I .
The line half-widths calculated for this line at
various heights using Lorentz, Doppler and Voigt
profiles are shown in Fig. 5. The computations
were made at line centre and in the wing of the
line. In all 16 channels were selected. It is to be
noted that weighting functions computed peaks at
different altitudes for each frequency channel and
the sharpness decides the height resolution. The
typical normalized absorption coefficients for
ozone line centre (1043.1775 cm-I) and other
frequency channels in the wing of the line are
shown in Fig. 4.
The inversion technique developed at NPL for
retrieval of ozone profiles was tested using model
ozone profile60• The spectral intensity computed
using the above model ozone profile and line par-

1

,"

I

'II

"\'1"""'1'1

COl!FFICIEN
COEFFIC'ENT

Icr'
WIDTH

(c ••-I,

1'10

Fig. 4-Normalized
absorption coefficients for different channels at the line centre and in the wing' of the line as a
function of altitude.
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Fig. 5-Line half-widths and absorption coefficients for ozone
obtained using Lorentz, Doppler and Voigt profiles.

ameters for 1043.1775 cm-1 for each channel has
been designated as I~. This computed spectral intensity at various frequency channels is the contribution of ozone at different altitudes and is
used to retrieve height profiles for ozone using
the iterative inversion method first suggested by
Chahine49 for remote sensing of atmospheric temperature by satellite observations and later developed by Abbas et al.55,56 and Jain57,58 for rempte
sounding of atmospheric minor constituents using
high spectral resolution techniques. The inversion
is carried out by the following steps:
(1) To start with, a uniform vertical distribution
of mixing ratio of ozone, say 3 ppm, is guessed
and this spectral intensity Iv for each channel is
computed corresponding to initial guess profile.
(2) I~ and Iv are compared and residual Rn is
computed by
~=(I~-

...

Iv)/ I~

(14)

If the residual is zero or of the order of noise
level of the measurement, the initial guess is the
solution.
(3) If the residual is not zero, an improved mixing niti<;>at levels corresponding to the peaks of
absorption coefficients is obtained from the relaxation equation
... (15)

where qn and qn+l are the nth and (n+ l)th
guesses, aj is the scaling factor and If is the
pressure at level j.
(4) The iteration process is repeated until each

illi
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scaling constant approaches unity which is equivalent to satisfying the residual given by Eq. (15).
5.1 Case 1 : Normal ozone profile

In this case the modeJ ozone profile60 was used
for testing the inversion technique developed at
NPL. The retrieved profile obtained after 20 iterations is ~hown in Fig. 6. The retrieved profile
compares well with that of original assumed profile. The inversion technique was further tested
with different initial guess profiles having uniform
vertical mixing ratio of 0.3 ppm, 3 ppm,etc. and
each time the retrieved profile compared well
with the original one, which demonstrated that the
retrieved profile is independent of the initial guess
profile as shown in Fig. 6. The complete profile is
obtained with appropriate interpolation and extrapolation.
5.2 Case 2 : Ozone bole condition

The sensitivity of the inversion technique during very low values of ozone in 12-22 km height
range due to the development of ozone hole was
also tested. For these computations the ozone
profile obtained at McMurdo station on 20 Oct.
1989 (Ref. 61), as shown in Fig. 7, was used. A
similar method for retrieval of ozone profile as
explained above was used for ozone hole conditions and it is found that after 20 iterations the
retrieved ozone profile compares well with that of
original, as shown in Fig. 7. In this case also the
technique was tested for different initial guess
I profiles and found to be independent of them.
The above analysis shows that laser heterodyne
system provides an important tool for monitoring
ozone height profiles using inversion technique
during both normal and ozone hole conditions
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Fig. '7-Aotarctica
model profile61 and retrieved ozone profile
obtained using inversion technique (ozone hole case).

over tropical latitudes as well as over Antarctica
with height resolution of 2 to 5 km. Using laser
~terodyne system at NPL, New Delhi, the efficiency of the inversion technique has been tested
successfully to obtain vertical profiles of various
trace species in the atmosphere such as 03' H20
and N02• The same system has the· capability to
monitor other trace species in the atmosphere by
selecting appropriate absorption lines and by incorporating suitable changes in the inversion technique. The accuracy of the inversion technique
will depend to a great extent on the accuracy of
the line parameters which still needs extensive research work. The present system cannot be used
during night and on cloudy days as it uses sun as
the source.
6 Results and discussion
The laser heterodyne system is being used to
get vertical profiles of ozone. The absorption line
selected is 1043.1775 em-I. A large number of
vertical profiles for ozone in the height range 1540 km have been retrieved from the data using
inversion techniqueS? The ozone profiles obtained by laser heterodyne system at NPL were
also compared with those obtained by balloon at
Aya Nagar, India Meteorological Department,
New Delhi (Ref. 62) on the days when data were
available for both the systems. The two sets of
profiles compare well within the experimental error. One typical example for 10 Feb. 1988 is
shown in Fig. 8. A mean profile from all the data
obtained by laser heterodyne system has also
been prepared and compared with the mean profiles of the data obtained by balloon ozonesonde
at Aya Nagar, New Delhi, and by rocket and balloon ozonesondes63 at Thumba (Fig. 9). The mean

.
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profiles at New Delhi by laser heterodyne system
and balloon ozonesonde compare well but the values of ozone mixing ratio over Thumba are
slightly less below the peak and more above the
peak. This may be attributed to the latitudinal differences of the two places of measurements. As
mentioned earlier, the laser heterodyne system
was also deployed for the first time at Maitri, Antarctica, during the summer of 1993-94 to monitor vertical profiles of ozone. A typical- ozone
profile obtained over Maitri, Antarctica on 10
Feb. 1994 is depicted in Fig. 10.
The laser heterodyne system set up at NPL has
demonstrated successfully its capability to monitor ozone height profiles in the atmosphere. Efforts are on to extend the facility to monitor other
constituents such as NH3, SOz, CFCs, etc. to understand the complex interaction between atmospheric dynamics, chemistry and radiation budget,
which in turn will reqire a large data base on regular basis at tropical as well as at Antarctic latitudes.
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