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INTRODUCTICON

The far infrared (FIR) spectral region (which we will define
as 0.3 - 10 THz [imm to 30 Mm]) plays an important role in
molecular and atomic spectroscopy. The pure rotational
transiticns of light melecules, for example diatomic hydrides,
occur in this region; FIR measurements provide the only accurate
means of determining their rotational structure and associated
characteristics such as line strengths, pressure broadening
parameters, and permanent electric dipole moments. Heavier
molecules can also be observed in the FIR. Their rotational
transitions in this region involve high quantum numbers and
therefore small but important centrifugal distortion effects can
be measured, 1In atoms, transitions between fine structure levels
4s well as metastable levels occur at FIR frequencies.

Laboratory Spectroscopic measurements in the far infrared
are increasingly important for other branches of science. Radio
astronomers are how making measurements in the FIR and rely
heavily on the laboratory measured transition frequencies. The
FIR molecular and atomic transitions are important in the
characterization of interstellar molecular clouds; FIR
measurements are useful for identifying species, measuring
concentrations, and determining temperature profiles.! FIR
spectroscopy is also important in the monitoring and modeling of
the earth's atmosphere. For instance the concentration of the
hydroxyl radical (an important molecule in the ozone production
cycle) is monitored in balloon flights by observing its FIR ‘
spectrum.Z,3 Accurate determination of the concentration
requires laboratory measurements of the pressure broadening
coefficient at the appropriate frequency.
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FIR SPECTROMETERS

Classical spectrometers in the FIR use interferometric
techniques coupled with blackbody sources and high Sensitivity
bolometric detectors. At present, the best available Fourier
transform spectrometers provide complete coverage of the FIR
region with 20 MHz spectral resolution and accuracy approaching 1

They alsc have the advantage of Performing wide spectral
scans in fairly short periods and have a frequency range
extending into the visible.

FIR laser spectroscopy is limited by the fact that no
broadly tunable, narrow-band lasers exist in this region.
However, over 1000 optically pumped, fixed frequency FIR laser
lines do exist, with about 1 kHz linewidth;6 the only problem is
lack of tunability between lines. To overcome this problem laser
magnetic resonance (LMR) was developed.’ LMR uses a magnetic
field to Zeeman tune a molecule or atom into resonance with the
fixed frequency laser. Intracavity FIR LMR is one of the most
sensitive spectroscopic techniques (it exhibits a minimum
detectability of 5 X 10710 cm~1) and has wide applications in
spectroscopy and chemical kinetics. For detailed LMR reviews,
the reader is referred to references 8 and 9, reference 10
provides a goocd overview of the use of LMR in atomic
spectroscopy.

As powerful and useful as FTS and LMR are in the far
infrared, there are limitations to both techniques. LMR is only
applicable to species with open electronic shells, has an
accuracy limited to about 1 MHz, and requires the unravelling of
the Zeeman splittings With FTS, the resolution is often
insufficient to observe hyperfine structure and the maximum
accuracy of several MHz is only available on a few of the best
Spectrometers. For these reasons, other coherent sources have
been developed. These all take advantage of nonlinear mixing to
generate tunable, narrow-band far infrared radiaticn.

Harmonic multiplication of microwave osclllators was
developed in the 1960's and at present provides microwave
resolution and accuracy at freguencies up to 1 THz, 1l
Frequencies above one THz have been synthesized in several
different ways: 1) COy laser difference frequency generation in

GaAsl? and other crystalsl3; 2) Generation of microwave sidebands
on FIR laser radiationl4-17; ang 3) co, iaser difference

frequency generation in metal-insulator-metal (MIM) diodes, 18

The first technique has never been employed for spectroscopy and
will not be discussed further,

The generation of tunable FIR laser sidebands in a Schottky
diode is used for spectroscopy in several laboratories and has
produced fine results; however there are several serious
drawbacks to this method. Although over 1000 FIR laser lines
exist, sideband generation requires the most powerfuyl FIR laser
lines. This limits the spectral range to frequencies below 3 THZ
and also limits the coverage below 3 THz, The molecular
transitions which can be measured are limited to those in the
vicinity of a strong FIR laser line. The typical absolute
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accuracy cbtainable is + 2 x 10-7,1% (+ 200 xHz at 1 Thz) .
determined Dy the re-settability of the FIR laser: This value is
for a system designed for high frequency reproducibility; the
frequency uncertainty can increase for a system designed to yield
high FIR power. This limitation can in principle be overcome by
measuring the FIR laser frequency simultaneously with the FIR
spectra. The separation of the sideband radiation from the
carrier is a less serious problem aAlthough these systems

generate tens of Uw sideband power, the sensitivity is limited by
the presence of the stronger carrier. Even after interferometric
separation of the sidebands, the power at the carrier frequency
still limits the sensitivity to about 2 X 10°6 cm-1,

Generation of tunable FIR (TufFIR) radiation by the
difference frequency between two COs lasers in a MIM diode was
first accomplished in 1984.18 Later in the same laboratory
microwave sidebands were generated on the difference frequency.20
This method is superior in both frequency coverage and accuracy
to the F'IR laser sideband system and has comparable sensitivity,
The frequency range extends from 0.3 to 6 THz, with greater than
95% coverage. The accuracy is limited by the accuracy of the COz
lasers, which are frequency stabilized to 25 kHz, ylelding an FIR
accuracy of 35 kHz. And although the FIR power generated is less
than that using the FIR laser sideband method, the sensitivity is
roughly the same because there is no strong carrier laser causing
excess noise on the detector. The third order technique of CCp
laser difference frequency plus microwave sidebands has been

employed in a new spectrometer at LENS and will be described
below,

THIRD ORDER SPECTROMETER AT LENS

Figure 1 is a schematic of the third order TuFIR
spectrometer. The radiation from lasers I and II are combined on
a beamsplitter and coupled onto the diode by a 25 mm focal length
lens. The microwave radiation is coupled onto the diode by a
bias tee connected to the dicde junction. The generated FIR is
radiated from the diode's whisker in a long wire antenna
pattern.2l This FIR is then collected and coilimated by a 30 mm
focal length off-axis section of a parabolic mirror. After
passing through an absorption cell the FIR is detected on a
liquid He cooled Si bolometer. The FIR radiation is frequency
modulated (via frequency modulation of the CO; lasers) and phase
sensitive detected in a lock-in amplifier. The microwave
frequency is swept by a personal computer, which also collects
the data from the lock-in. Thus we are able to average scans for
increased sensitivity. This is essentially the same experimental
arrangement as described in ref. 20 only without the acousto-
optic modulators isolating the lasers from the diode.

Both C0; lasers are frequency stabilized to the 4.3 Hm
saturated fluorescence signal from low pressure COp cells?2 (not

shown in figure 1). These frequencies have been measured to an

absolute frequency of better than 5 kHz,23r24 but without the
special locking techniques used in refs. 23 and 24 our measured
stability is 25 kHz for each laser. The overall uncertainty of
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Fig. 1. Block diagram of the third order tunable FIR

spectrometer. Vpip=vi-Vrr % Vuw.

our FIR is thus 2 X 25 kHz or 35 kHz. For further information on
frequency stabilization of CO; lasers, the reader is referred ta

the article by L. Zink in this publication.

The frequency range of the spectrometer is from 0.3 to &
THz. The lower limit is set by our bolometer and the upper limit
by the largest difference frequency between 1201502 lasers. Over
100 lines oscillate on each CO; laser plus + 20 GHz tunability of
the microwave sweeper yleld a 95% coverage of this region, the
only gaps occur above 4.5 THz. The range could possibly be

extended to 9.28 THz by substituting an ammonia laser for one of
the COp lasers.

The spectrometer sensitivity is limited by the FIR power and
the sensitivity of the bolometer. 150 mW from each laser and §-
10 dBm of microwave power are applied to the MIM dicde,
generating about 10~7 W of FIR radiation. Although there are two
orders of magnitude less power than with the FIR laser sideband
technique, the noise sources are also less. Our typical minimum
detectable absorption is 1074 in a 1 s time constant, which for a
meter long cell corresponds to 1076 cm~l, This is of comparable
sensitivity to the laser sideband technique.

MIM Dicodes

The heart of the spectrometer is the metal-insulator-metal
diode. Used as a rectifier for many years, its possible use for
rectification of very high frequencies was noted as early as
1948.25 The MIM diode has been used for laser frequency

measurements since 196926,27 ang ysed to measure frequencies up

to 200 THz28 and difference frequencies of visible light.2% The
measurement at 200 THz enabled the most accurate determination of
the speed of light30 and led to the re-definition of the meter. 3!
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The diode consists of an electrochemically sharpened
tungsten whisker (25 um in diameter and typically 3 to 7 mm long)
contacting a metal base. The metal base has a naturally
occurring thin oxide insulating layer. In the generation of the
difference frequency between two C0; lasers (second order) nickel
is the best material for the base. In third order operation
(difference frequency plus sidebands) cobalt appears to be
superior. Good second order diodes generate very little shird
order FIR and vice versa. We alsoc find that sharper tungsten
whiskers produce more third crder radiation. 1In general, third
order diodes produce about 1/3 as much tunable FIR radiation as
second order diodes and are more difficult to make, yet have the
advantage of increased tunability. The physical properties of an
ideal base material are not yet understood, hopefully in the
future different materials or processing techniques will yield
even greater TuFIR power.

Applicat ione

The spectrometer at LENS has just been completed and the
first results will be described below. However, a second order
TuFIR spectrometer at the Natjonal Institute of Standards and
Techneclogy (NIST), in Boulder, Colorado has been in operation for
several years and demonstrates the usefulness of this technique
for high resoclution Spectroscopy.  Spectra have been obtained for
abundant, stable molecules such as CO,20 providing accurate
standards for Fourier transform spectrometers. Free radicals and
transient species have heen observed, 32 including the molecular
ions HaD' and H30*. In addition to absorption spectroscopy the
tunable FIR has been employed in an IR-FIR double resonance
experiment ;33 for FIR Stark spectroscopy;34 and in Cp pressure
breadening measurements, 35

The first molecule observed with the third order system at
LENS (during the first week of this school) was 13cp. Traces of
the J= 6 - 5 and the J= 26 - 25 lines are shown in figure 2. 1In
all, seven transitions were measured, extending up to the J= 30 -
29 transition at 3.3 THz. VNew molecular parameters were

determined with a 50 kHz (1a) standard deviation of the fit,

Because of the high frequency accuracy of this technigue,
small pressure induced shifts of the transition frequency can be
measured. Pressure broadening and shift measurements of the

J=31 - 30 at 570 GHz to the J= 81 - 80 transition at 1.5 Thz.
Although this data is still being analyzed, it does serve to
compare our instrument with one of the FIR laser sideband
Spectrometers, Figure 3 illustrates different K components of
the J= 57 - 56 transition neasured by the two techniques; eight
components were observed with video detection with a FIR laser
sidepand technique3® ang 12 components were measured with phase
sensitive detection using the LENS third order spectrometer ({four
of wh;ch are showh in figure 3}. The FIR laser sideband
experiment using phase sensitive detection vielded a signal to
noise of 50,17 slightly less than our 5/N of 90. Not only were
more k components measured with our system, but the accuracy of
these measurements is about one order of magnitude higher. The
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Figure 2. FIR rotational transitions of 13¢0 observed with the
TuFIR spectrometer at LENS. a) J=6-5 b) J=26-25.
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Figure 3. Observed transitions of the CH3CN molecule; J=57-56,

AK=0. a) B K components seen in video detection

with a FIR laser sideband spectrometer (from ref: ?6).
b) 4 of the 12 components cbserved in phase sensitive
detection with the third order spectrometer at LENS.
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accuracy in ref. 36 is 300 - 700 kHz (determined by the re-~
settability of the FIR laser) compared to our accuracy of 55 -
100 kHz. Our uncertainty was limited by the S/N and the
transition linewidth.

SUMMARY

The new third order TuFIR spectrometer at the European
Laboratory for Nonlinear Spectroscopy has been described and tae
first results presented. This spectrometer provides nearly
complete coverage from 0.3 to 6 THz, with 35 kHz accuracy and a
minimum detectable absorption of 0.0l% in a 1 second time
constant, Plans for this system inciude the study of
astrophysically important molecules, the study of molecular ions,
and, taking advantage of the accuracy, measurements on trapped
atomic ions (see the article by G. Werth in this publication).
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High-Resolution and High-Sensitivity Spectroscopy
Using Semiconductor Diode Lasers.

M. Ingusclo

Dipartimento @i Fisica and European Laboratory for Nonlinear Spectroscopy (LENS)
Universita degli Studi di Fivenze - largo E. Fermi 2, I - 50125 Fivenze, Italia

1. - Introduction,

As clearly discussed by Prof. ScHawLow in his introductory lecture[1], we
spectroscopists still have the problem of finding tunable lasers and, once the
laser is tunable, we want it to be more and more monochromatic. Indeed, due to
the central role played by the radiation source in coherent spectroscopy, the sei-
entific achievements strictly followed the technical development of lasers.

Semiconductor diode lasers (SDL) are certainly lasers with a wide wave-
length tuning range. Although they were invented more than thirty years ago,
they were not used much in atomic spectroscopy until recently [2]. In the early
times, diede lasers had to be operated at low temperatures, they emitted over
several cavity modes and were unreliable. Recently, semiconductor diode
lasers have been rapidly improving in power, spectral purity and wavelength
coverage: they can now operate c.w. at room temperature and produce tens of
milliwatt on a single mode. Nowadays these lasers are showing some specific
properties which make them suitable sources of radiation for very-high-resoln-
tion and/or extremely-high-sensitivity experiments. In general, an extreme
simplification of sophisticated experimental schemes can be obtained. As an
example let us refer to the resolution of Lamb shift of H, transition in hydro-
gen. This measurement constitutes one of the cornerstones of atomic spec-
troscopy and the historical recording, obtained in 1972 at Stanford University
by a dye-laser spectrometer, is reported both in Schawlow and Hiinsch lec-
tures[1,3]. The same recording is reported in fig. 1, as obtained in Munich[4)
nearly twenty years later by using an InGaAlP free-running laser diode.

In this lecture, we show some of the possibilities offered by semiconductor
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Fig. L. - Doppler-free saturation spectrum of the red Batmer-z line of atgmic hydrogen

with resols 'd fine-structure components as recorded in Munich (ref.[4]) using a free-run-

ning InGaAll laser diode.

diode lasers in atomic and molecular spectroscopy by deseribing experiments
recently performed in the visible ((650 ~690)nm) and near infrared
({750 + 850) nm),

2. - Overview on diode laser characteristics and operation.

The diode laser basieally works as a p-n junction biased in the forward direc-
tion. The recombination of electrons and holes takes place at the Jjunction and
leads to the emission of radiation at a frequency depending on the energy gap
between the conduction and the valence bands. The reflectivity of the cleaved
facets of the diode is sufficient to have dominance of stimulated emission.

In order to have continuous-wave operution of the laser, it is necessary to
confine the carriers and the photons in a well-defined region in order to have
enough gain. This is commonly obtained using double heterostructures, where
the active region is sandwiched between two layers of semiconductors with a
larger band gap. This prevents the carriers from escaping the active region, but
also light is confined in the same active region hecause a higher band gap corre-
sponds to a smaller index of vefraction. In the first iasers, confinement was
achieved only in the direction in which the current was injected (gain-guided
lasers), while now also «index-guided- lasers are available, in which the active
region is limited in all directions by a higher-band-gap material. It is evident
that real devices have complex structures and require important technological
advances[5]. More recently. also quantum-well and multiple-quantum-well
lasers became available, with lower threshold currents and higher output pow-
ers compared with normal double heterostructures.
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Important characteristics which are relevant for the use of SDL sources in
atomic and molecular spectroscopy are speetral coverage, tunability, spectral
linewidth and amplitude stability.

The emission wavelength depends on the band gap and in prineiple it should
be possible to construct lasers at all wavelengths by choosing the proper stoi-
chiometric abundance for the dopant element, provided that direct interband
transitions can occur. For instance, one could obtain emission from 1100 to 1660
nm using InGaAsP, or cover the (700 = 890)nm and (630 = 690) nm intervals by
means of GaAlAs and AlGaInP, respectively. Of course, the material must have
good optical and electrical characteristics in order to minimize losses. For this
reason, for instance, room temperature operation in the blu-green region was
only recently demonstrated. In practice, laser diodes are commercially avail-
able only at sparsely distributed emission wavelengths and the experimentalist
soon faces the problem of tuning the laser to the precise atomic or molecular ab-
sorption. At a first attempt, one can change the emitted wavelength by chang-
ing the diode temperature. Indeed, the semiconductor gap depends on the tem-
perature and overall spans of the order of some 20 nm can easily be obtained,
considering that operation at low temperatures is even more effieient and that
operation down to liquid-helium temperature has been demonstrated. Tuning
by temperature, however, is discontinuous, and this is a significant limitation.
Changes in temperature lead to a change of the cavity length and henece of the
cavity modes. Typical tuning with this effect is of the order of 0.06 nm/°C
{~ 30 GHz/°C). At the same time, the gain curve shifts by about 0.25nm/°C.
Since the two temperature dependences are different, we have a continuous
tuning {—~ 30 GHz/°C) until the longitudinal-mode hopping caused by the gain
curve shift: the general aspect is that of a staircase with sloping steps, essen-
tially causing wavelength changes in a rather unpredictable way. From the
above considerations we also learn that an extremely good thermal stability
(better than 1 mK) is required in view of narrow-linewidth operation. Thermal
tuning is also obtained via Joule effect by changing the current of oparation,
This tuning, at a rate of about 3 GHz /mA, is rather slow while a faster control,
of about 300 MHz/mA, can be obtained thanks to the change in the medium re-
fractive index caused by the change in the current density. Also in this case we
deduce that an injection current stability of at least 1 wA is required to reduce
effects on the linewidth.

Let us now in fact diseuss the problem of spectral linewidth. An exhaustive
treatment of the different factors determining the linewidth can be found in
ref.[6]. However, these lasers are so small, 100 to 500 wm long, 0.1 to 2 um thick
and Z to 20 ym wide, that the predominant broadening is caused by the quantum
fluctuations of the phase as early described by ScHawLow and Townes[7], who
showed the limit linewidth to be inversely proportional to the output power and
to the square of the optical-mode volume. Here we report, from ref.[8], the
modified formula which, by the introduction of a factor a, takes into account the
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dependence of the refractive index on the carrier density:

2
(1) Avmﬁg%(ﬁ)[aLHn(%)]ln(%)nsp(l+a2),

where P, is the output power, L is the cavity length, R is the facet reflectivity,
a gives the distributed losses in the cavity, ¢/n the group velocity, and ny, the
spontaneous-emission factor which is of the order of unity. In the case of a typi-
cal diode laser (P, = 10mW, L = 300 um, R = 0.3, a ~ 4 + 5), a linewidth of sev-
eral MHz can be estimated. An increase of the cavity length or, more generally,
of the cavity quality factor @ is hence needed to reduce the linewidth. As we
shall see, this is at the base of the development of external optical cavities for
line-narrowing purposes.

As for amplitude stability, the intrinsic stability of the structure of the
semiconductor laser reduces the sources of noise. The properties of the active
medium give rise to a pecutiar AM and FM noise spectrum, which has been ac-
curately investigated by HoLLBERG at NIST[9]. However, in the low-frequency
range (frequencies lower than 10 MHz}, typieal for simple absorption spec-
troscopy experiments, an amplitude noise only (10 -+ 20)dB above the shot
noise level has been measured[10], while the corresponding one for dye lasers
can be even two orders of magnitude larger. At 800 nm and 5 mW power, we
can compute a shot noise level of the order of 10 ¥, hence a factor 10 dB worse
vields for the SDL a relative amplitude stability of the order of 1078 = 1077, at
1 Hz bandwidth. This impressive stability is at the hase of the development of
high-sensitivity absorption spectroscopy, for instance applied to molecular for-
bidden transitions, as we shall discuss in the last section of this contribu-
tion,

3. — Line narrowing and tuning with grating feedback.

We have seen that the linewidth of commereial SDLs is too large for applica-
tions in high-resolution spectroscopy, however it can be easily reduced by
means of electronic or optical feedbacks|[10].

In electronic-feedback schemes, the injection current is changed and very
fast electronics is needed since the FM noise extends to high frequencies. The
change in the injection current produces changes not only in the emitted fre-
quency but also in the emitted power and this introduces an additional ampli-
tude noise. Of course, the electronic stabilization methed does not provide any
control of the emission wavelength,

More popular are certainly optical-feedback methods. They are based on the
simple idea of increasing the @ factor by coupling the diode to another cavity.
Weak-feedback and strong-feedback regimes are both successful. The first is,
for instance, ensured by the coupling with a high-Q Fabry-Perot interfercme-
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beam splitter

laser
diode PZT

collimating tilting grating
lens

Fig. 2. ~ Scheme of the «pseudo-external-cavity configuration adopted for the frequency
narrowing and tuning of eommercial semiconductor diode lasers.

ter, while in the second the laser is operated in an external cavity. If the feed-
back is selective in wavelength, it is possible consequently to control the emis-
sion. In this lecture we concentrate on the scheme using the strong feedback,
which has been the most used in our laboratory after learning the art from
HoLLBERG during his visit to LENS(11). Our design, as the many others nowa-
days used all over the world, is a sort of compromise between easy construetion,
reliability, good spectral characteristies for high-resclution and high-sensitivity
spectroscopy. Typically we can obtain a reduction by about two orders of mag-
nitude of the emission linewidth and achieve a continuous wavelength tuning
within a range of several nanometers at fixed temperature. In general one
should use antireflection coating on the diode facet in order to increase the
amount of feedback light coupled in. However, many of the best diode lasers
available on the market are already provided with a high-reflectance coating on
the back facet and a reduced-reflectance coating on the output facet. This allows
one to operate the diode lasers in a pseudo-external-cavity configuration, as
schematieally shown in fig. 2. The first-order diffracted beam from a grating,
mounted in the Littrow configuration, is fed back into the laser diode. An intra-
cavity beam splitter ((20 — 30)% reflectance) provides an additional output to
the zeroth-order one and somewhat controls the feedback amount. Indeed a
higher feedback reduces the out-coupled power, but also increases the wave-
length tuning range. Further details concerning collimating lens and in general
the actual construction can be found elsewhere[12], as well as the description of
how the diode temperature and injection current stability stringent require-
ments can be fulfilled.

The simple rotation of the grating allows the coarse tuning of the extended-
cavity lasers over a range of ~ 10nm. In particular, because of the finite reflec-
tivity of the chip facets, the longitudinal modes of the solitary laser diode do not
change, while the feedback from the grating allows one te select one of these
modes and to drastically suppress other side modes. Fine tuning to the fre-
quency of interest can then be achieved by slightly changing the temperature
and the injection current of the diode. Continuous frequency scans of the order
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transmittance

S D DU N T N N N |
taser frequency

Fig. 3. -~ Superimposed transmission speetra from a 75 MHz free-spectral-range Fabry-
Perot interferometer as the frequency of the diode laser is scanned up and down without
optical feedback (broad peaks) and in the presence of apticai feedback from a grating (nar-
row peaks). In the first case, the laser frequency was scanned up and down by sending a
ramp (shown in the top of the figure) to the injection current supply. In the second case,
the ramp was also sent to the PZT on the grating in order to simultaneously change the
length of the external cavity.

of — 10 GHz are accomplished by synchronously sweeping the length of the cav-
ity, by means of a piezoelectric transducer on the grating, and the injection cur-
rent. The effect of the increased @ factor in the cavity and consequent line nar-
rowing can be evidenced by recording the transmission peaks of a Fabry-Perot
interferometer as the laser frequency is scanned. A typical situation is illustrat-
ed in fig. 3. Broad peaks are recorded by blocking the return beam from the
grating (i.e. with the laser as is commercially available), while much narrower
peaks (the figure is essentially a recording of the Fahry-Perot finesse) are ob-
tained in the presence of the optica) feedback. Figure 3 has been taken using an
InGuP laser at 690 nm [13], but the results are rather general as we have experi-

Fig. 4. - Beat note from the heterodyne hetween two frec-running AlGaAs multiple-quan-
tum-well lasers mounted in extended-cavity configuration. Wavelength is grating-tuned at
A = 850 nm and the two emissions are about 2.2 GHz apart. From the recording, a value of
about 50 kHz can be estimated for the laser Yinewidth in the millisecond time seale.
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enced with AlGaAs lasers operating at 780, 820 and 850 nm, both using double
heterostructures and muitiple quantum wells. A more accurate analysis of the
spectral properties of extended-cavity semiconductor diode lasers can be per-
formed by observing the beat note from two of them superimposed in a nonlin-
ear detector. This is illustrated in fig. 4 for the mixing in a fast photodiode of
two extended-cavity multiple-quantum.well lasers at 850 nm. In the millisec-
ond time scale the laser linewidth is of the order of 50 kHz, corresponding to
avfv=10"", while acoustic noise is responsible for the increase to about 400
kHz over longer time scale. Heterodyne measurements require particular care
in the optical isolation hetween the lasers, to avoid injection locking which ean
be caused by even a slight feedback,

4. - High-resolution spectroscopy of atoms.

The impressive characteristics of the conductor diode laser configurations so
far deseribed have already allowed a large number of interesting applications in
atomic spectroscopy. Here we shall concentrate on very few of them particular-
ly interesting to show the potentialities of these compact laser sources.

Let us start with the investigation of forbidden transitions. This is in gen-
eral an important task for atomic spectroscopy mostly related to the possibility
of developing laser-based frequency markers in the visible. We chose to detect
the 5s 'S%56p *P| intercombination transition of strontium at 689.488 nm. This
wavelength is accessible Lo the newly available InGaP lasers and the sub-
Doppler recording ean provide a significant test, as the atomic line has a radia-
tive width of only 8 kHz[13]. Strontium atoms were produced in a hollow-cath-
ode discharge designed to allow access to the counterpropagating beams necess-
ary for the Doppler-free recording[14}. Indeed, in spite of the weakness of the
transition, a 1% absorption signal could be directly detected with a small satu-
ration dip (- 5%) on top, thanks to the low-amplitude noise of the diode laser.
The Doppler-free contribution to the signal could be consequently enhanced
using a polarization speetroscopy scheme[15). A typical recording is reported in
fig. 5. Except for the radiation source, which in that case was a more conven-
tional dye laser, a description of the experimental details can be found in{16).
The recorded linewidth was mostly determined by collisional effects due to the
discharge environment and the laser jitter contribution could be estimated to be
less than 1 MHz. More recently, the same intercombination transition has been
observed and investigated in a Sr atomic beam[17] for a more careful analysis of
the laser linewidth.

Let us now further illustrate the potentialities of grating-tuned semiconduc-
tor diode lasers showing and discussing some applications to the spectrum of
atomic oxygen. Elusive to continuous-wave excitation from the ground state,
this atom can conveniently be studied by means of laser spectroseopy of transi-
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polarization signal

laser frequency —
Fig. 5. - Noppler-free palarization spectroscopy ol the bs 'Sy-bp :"P} intercomhinatiqn
transition of strontium at 689,488 nm as recorded with an InGaP semiconductor laser in
extended-cavity configuration.

tions starting from excited levels produced in the same Ar or He discharge used
for the dissociation of O, added in traces[18], As evidenced in the scheme of
fig. 6, transitions starting from the lowest triplet and quintet states are well
suited for the investigation by means of AlGaAs lasers. The transition at 777
nm has immediately been recognized as interesting [11] because its lower level
is metastable and possibly involved in a novel scheme for radiative cooling of

triplet quintlet
I D . -
(" lP "D ﬁ‘g 5P ‘:D
~ —6 =g, —ad
M..-% - . o
T dp 3p
-t 845 nm .~
= . 777 nm
L. —£ s As(r- 180 pst
T
™
-0
~
i
A
L £, o tground states

Fig. 6. - Simplified energy level scheme of atomic oxygen. Transitions studied with high
resolution by means of AlGaAs diode lasers are evidenced.
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Fig. 7. - Oxygen abserption on the "N, -, transition at 777 nm as detected with a grating-
tuned AlGaAs semiconductor diode laser. Two counterpropagating beams are present in
the cell and a saturation dip ean be recorded at the line centre. This is evident in the
derivative signal (£)) where phase-sensitive detection is applied.

oxygen. Also, the metastable level can be efficiently populated in a weak ra-
diofrequency discharge and fig. 7a} reports the absorption signal as recorded on
the transmitted light after passing twice through the cell: the laser beam was
retroreflected by a mirror to allow saturation spectroscopy. It is worth noting
the low noise level which reflects the extreme reduction in the laser amplitude
fluetuations. By adding a modulation in the seanning piezo voltage, frequency
modulation of the laser output can be easily achieved. This, in combination with
phase-sensitive detection, ailows the recording of a derivative signal and the
enhancement. of the saturation dip at the line centre, as displayed in fig. 7b).
Let us now use this same atomic transition to illustrate more in general the ver-
satility of the semiconduetor laser as combined with different nonlinear spec-
troscopy techniques. The scheme of a general apparatus[19] is shown in fig. 8.
A key role is played by the electro-optic modulator (EOM) which, in eombina-
tion with the proper choice of the A and B optical devices, ean act as a simple
amplitude modulator, an alternate = *-z  polarizer, a = polarizer and so on. For
instance, when A is not used and the EOM is placed between two parallel linear

4 - Rendiconti S} F - (XX
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Fig. 8. - A general experimentul apparatus used to combine ads_en;icr;r!}lfuctort ccl)lggtcea?;ir
ith vari ic schemes. A and B indicate differen -

with various Doppler-free spectroscopic sc _ et of e
i i i ique. A high-finesse Fabry-Perot interferom=
rices depending on the detection techmque_ y d ;

:11??;?) is }l)JSEd for the frequency scan calibration, while laser wavelength is determined 1y a
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polarizers, the system is equivalent to a mechanical (.:hopper anfi th'e scheme s
essentially a Hinsch-type one. Consequently, a ty:p]cal recordmg‘ is S}‘]Jo“:.d“:-
fig. 9a). As expected, only the sub-Doppler signal‘@ recorded, w‘hﬂe a I'Oc‘ e

pedestal is caused by the veloecity-changing colllsmrzal ef.'fects [20]. The Hne-
shape can be fitted to the sum of a Lorentzian and a Gaussian anfi the two eon-
tributions are separately shown in the lower part of fig. 95). As is well kncwn,
the velocity-changing collision contribution to thf? signal can be.reduced hl;_y
changing the physical observable under investigatl({n in the technique. init is
respect an important example is provided by po}arlz?tlon spectrﬂscopy, \: ere
the vapour hirefringence, instead of the ahsorptlon,‘ is recorded. F‘or_ ins an;:e,
the recording previously reported in fig. 5 for strontium showed no evndenci or
veloeity-changing collisional pedestal, which on the contrary would have eeg
rather important in a simple saturation spectroscopy schem(.e, the ()bservle1

transition being originated from an atomic ground lstate. Coming back t;) :nii
scheme of ﬁg.l §, the pump beam can be mampulateg in order to create an atc

orientation X, #,, m, # 0 or an atomic alignment 2; n,, mi = (/830 + 1) =0
A,

with », and Qn,, respectively, the relative population and the eigenvalug of the
Zeeman sublevel J,. Differently from the level population, observa.bie invoived
in simple saturation spectroscopy, both the orientation and the allgpment are
significantly affected by collisions and the atoms emerging from a collision d3 no
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Fig. 9. - Examples of different sub-Doppler lineshapes obtained using the apparatus illug.-
trated in fig. 8. In a), the saturation spectroscopy signal (Hinsch-type configuration) is the
superposition of a Lorentzian and a Gaussian pedestal caused by the velocity-changing eol-
lisions, as evidenced by the fit in b). In ¢} the «glignment» spectroscopy configuration al-

lows the elimination of the Gaussian contribution to the lineshape which in d) is fitted to a
pure Lorentzian.

longer contribute to the recorded signal in the probe beam. This is clearly evi-
dent in fig. 9¢), where the same transition of fig. 9a) and 7 is recorded using a
configuration of -alignment» spectroscopy. The lineshape can be fitted using
only a Lorentzian as shown in fig. 9d). The width of the Lorentzian is affected
by some collisional broadening, since the experiment is performed in a cell
However, the sensitivity of the technique allowed the operation with low pres-
sures (~ 100mTorr of Ar buffer gas) and the extrapolation to zero pressure led
to a determination of the radiative lifetime of the upper level of the transition
Py, - = Tns). This lifetime is an important parameter for the real feasibility of
the oxygen radiative cooling scheme proposed in[11] and analysed with a Monte
Carlo simulation in|21].

The simplicity of the semiconductor lasers makes easy,
most laboratories, the aperation of many of them in the same experiment. This
is, for instance, useful when the experiments consist in the precise measure-
ment of isotope shifts or atomic structures. Direct frequency measurements can
indeed be obtained by heterodyning two independent lasers frequency-locked

and accessible to
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200 MHz

Fig. 10. - Sub-Doppler spectrur of the three stable isotopes of atomic oxygen as ol.)serve_d
in an enriched sample (°8,-P,; transition at 777 nm). The third-derivative signal is

shown.

on two different atomic signals. For atomic oxygen this was the case for the
15, 17.18() jsotope shift and for the hyperfine structure of 70, In fig. 10 the 777 nm
transition using an enriched atomic sample[22] is recorded. A 3f detection
scheme was used to eliminate the background slope, which instead is present in
the first-derivative signal. The sample absorptien was ~ 5% and the Lamb dip
sighal was - 5% of the absorption. The recording reported in the figure was ob-
tained with a lock-in time constant of 1 ms. A servo loop (bandwidth ~ 10 Hz)
was then used for frequency-locking each laser on the selected isotope signal.
The scheme typically consisted of a lock-in, an integrater and a high-voltage
amplifier; the output of the integrator was fed back to the high-voltage ampli-
fier, which controlled the grating position by means of the piezoelectrie trans-
ducer. The intrinsic frequency stability of such a laser system is determined by
the increased @ of the optical cavity, which reduces the fast frequency fluctua-
tions; only a relatively slow electronics is then required to correct long-term
drifts. The beat note between two lasers can be observed using a spectrum anal-
yser, as already shown in fig. 4. However, in the actual measurements with the
lasers locked on the atomic third-derivative signals, a broadening of the beat
note arises from the frequency modulation of the lasers and can be minimized by
in-phase modulation. The accuracy of the heterodyne measurement is deter-
mined by the signal-to-noise ratio and width of the locking signal. From signale
like those shown in fig. 10, isotope shifts and hyperfine structures could be
measured with an accuracy of the order of 100 kHz. It is evident that hetero-
dyne of semiconductor diode lasers can be a powerful and straightforward
method for precise laser spectroscopy, in particular in combination with mixing
schemes based on fast photodiodes or, even better, on GaAs Shottky
diodes (9,23, 24].
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5. - High-sensitivity spectroscopy of forbidden molecular transitions,

- As anticipated, the extremely good amplitude stability of semiconductor
diode lasers opens the possibility of performing high-sensitivity absorption
measurements directly on the light transmitted by the sample.

A first example is given by the detection and investigation of molecular oxy-
gsn‘ _at 760 nm. Transitions of O, in the visible-near infrared belong to the
¥ .Lg.-b‘),‘g* band first observed by BaBcock and HERZBERG[27] in the atmo-
spheric absorption from Mount Wilson. These are magnetic-dipole transitions
with an absorption coefficient as Jow as « ~ 10 % em~!, In the laboratory, they
could be detected only by means of intracavity techniques involviné dye
lasers [28, 29]. The powerfulness of stable diode lasers for the datection of these
ff)rbidden transitions was early suggested to us by the recording of an absorp-
tion from the room atmosphere after a path length of only 20 c¢m[30). This
opened the possibility of performing more systematic investigations using an
extended-cavity semiconductor diode laser speetrometer. The scheme of the
spectrometer, which, as we shall discuss, is also used more in general for over-
tone molecular spectroscopy, is shown in fig, 11. The laser frequency is con-
trolled by changing PZT voltage and injection current as done for ato;nic spec-
troscopy. A dither (fast modulation) is added when phase-sensitive detection is
used. The radiation transmitted by the sample is detected by means of a photo-
diode, while a second photodiode is used to obtain a reference for the laser am-
plitude and to eliminate the buseline (due to the amplitude modulation) by
means of differential detection. The absorption cell is 150 em long. Typical
measurements for oxygen are illustrated in fig. 12. An absorption recorded

monochromator
laser diode
W—D N apectrum analyser
slow to PZT
modulation ahsolute

tu current scaled-off cell j_.)f"“““'
driver

slow fast reference signal
modulation} | modulation N

sweeper  computer sCOpe lock-in ]-{-

differcnce amglitude

Fig. 11. - Scheme of the diode laser s i ipati
spectrometer used for th
molecular absorptions, e investipation of weak
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Fig. 12. - Absorption of melecular oxygen on the "P(K" = 9), v = 0-0 component of the for-
bidden y®X', -b* %, band (). In &) the dependence (on two different components) uf.the
homogeneous contribution to the linewidth on the pressure is repqrted. In ) the behawou_r
of the collisional broadening on the same compenent at two different temperatures is
shown.

with a gas pressure of 120 Torr is shown in fig. 12a), The lineshape is fitted to
the convolution of a Gaussian and a Lorentzian. The latter contribution is due to
collisional broadening and can be investigated at different pressures[31] The
results of different measurements in the (0 + 1000) Torr range (on two different
components) are plotted in fig. 125), while in fig, 12¢) the behaviour of the colli-
sional broadening at two different temperatures is shown. This demonstrates
how important parameters for atmospheric physies can be extracted from a rel-
atively simple spectrometer. Wider applications can certainly be found in over-
tone molecular spectroscopy. Fundumental vibrations of molecules produ.ce
spectra ‘n the medium infrared. The anharmonie contribution to the poFentlal
makes possible the excitation of overtone frequencies which can occur in the
visible-near infrared, where more convenient tunable laser sources and room
temperature sensitive detectors are available. Specially for polyatomic
molecuies, where also combination vibrations are present, overtone spectra are
rich and interesting to be investigated also for a better modelling of the molegu-
lar strueture. However, it i alse well known that the intensity of successive
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Fig. 13. - Recording of the absorption of CH,, methane, around 886 nm by means of
AlGaAs laser. Temperature and pressure are, respectively, 293 K and 100 Torr in q)

and 77 K and 1 Torr in &). The total frequency scan is 42 GHz, as determined by the
transmission of a reference Fabry-Perot ().

overtones and combination transitions decreases very rapidly with the increase
of the number of vibrational modes and/or quanta involved, As a consequence,
overtone molecular absorption in the visible is very weak (a ~ 10 % em ! can be
again a typieal absorption coefficient) and constitutes an interesting challenge
for the spectrometer based on our semiconductor diode lasers, A comprehensive
list. of the most interesting molecules and of the wavelengths at which they are
accessible can be found elsewherei32]. Let us illustrate the powerfulness of the
technique using the detection of CH,, methane, at 886 nm, where a number of
combination bands are superimposed (3v, + vy, 2v, + 2vy, vy + 3vy, 4vy). This
preduces an almost continuous absorption[33] as, for instance, shown in fig.
13a). The spectrum is part of a systematic investigation performed at different
temperatures to study the behaviour of the various components and possibly fa-
cilitate the line assignment. Indeed the room temperature recording, taken
with CH,, pressure of 100 Torr, is simplified when the temperature is lowered
to 77 K. as shown in fig. 13b), In this case also the pressure could be reduced to
1 Torr and the linewidths are narrower because of the reduced Doppler and col-
lisional broadenings. It is obvious that the signal-to-noise ratios observed for
the detection of these overtone transitions, as well as of the oxygen forbidden
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transitions, can constitute a good base for the development of high-sensitivity
absorption measurements. Indeed, the transitions in methane provide a system
to test and compare all the existing techniques mainly based on the modulation
of the laser radiation[34]. Semiconductor lasers offer the advantage of achiev-
ing an easy and fast frequency modulation of the laser output itself by acting on
the injection current. For this reason the diode lasers constitute optimal candi-
dates for detection techniques as wavelength and frequency modulation.

In the wavelength modulation technique an a.c. component is added to the
injection current of the dicde laser; the frequency of modulation must be small-
er than the linewidth of interest, so that the abserption is probed simultanesus-
ly by a number of sidebands. If the modulation frequency is increased to exceed
the linewidth, only one sideband will be abserbed at a time, giving rise to a
characteristic heteredyne beat signal at the modulation frequency. If the modu-
lation index is chosen so that only one higher sideband and one lower sideband
have appreciable amplitude, we are in the case of frequency modulation spec-
troscopy {ne-tone FM).

A varisidon on the theme of the FM speetroscopy with respect to the cne-
tone technigue, previously described, is represented by the two-tone spec-
troseopy: in this case the laser emission is simuitaneously modulated at two dis-
tinet but closely spaced angular frequencies. Also here a heterodyne signal is
obtained, but it occurs at the difference frequency between the two sidebands
eliminating the need of high-speed detectors and making large-linewidth detec-
tions possible.

The trick of the modulation techniques is to observe the absorbed signal
with an associated noise typical of the modulation-demodulation frequency and
the electronic bandwidth chosen. Because of the 1/f behaviour of the amplitude
noise in the power spectrum of semiconductor diode laser emission, the possibil-
ity of obtaining more sensitive detections is bound to the choice of higher de-
modulation frequencies.

In fig. 14a) the direct absorbed signal of one CH, component without any de-
modulation at 100 Torr is shown (corresponding to a relative absorption of
3.6%): the associated 8/N is more than 20 and the bandwidth equal to 100 Hz.
In fig. 148 the demodulated signal (third derivative) is shown at 1 kHz, 100 Hz
of handwicdth and a pressure of 100 mTorr, eorresponding to a 8/N of about 10.

Finally, in fig. 14¢) the demodulated signal with the two-tone technigue
at frequencies around 500 MHz and 1 Hz of bandwidth is shown (pressure of
500 mTorr) corresponding to a S/N ratie of a few thousands.

A winimum detectable absorption has been demonstrated|34] {correspond-
ing to a S/N ratio equal to 1) for the low-wavelength modulation (1 kHz).
high-wavelength modulation (100 MHz) and two-tone frequency modulation
((3%0 > 5) MHz) techniques, respectively, of 45(1)-10 7, 9.7(3)- 107" and
6.4(2)- 10 ",

Considering the absorption limit derived by the caleulated shot noise, the

&5
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Fig. 14, - @) represents the direct absovbed signal of one CH, component without any de-
rr_odu!atmn at 100 Torr (corresponding to a relative absorption of 3.6%): the associated
S~/N is more thn 20 and the bandwidth equal to 100 Hz. b) represents the dem(;du]ated
stgnal_(thlrd derivative) at 1 kHz, 100 Hz of bandwidth and a pressure of 100 mTorr, corre-
spond_mg to a 8/N of ahout 10). ¢) represents the demodulated signal with the t\;xn-tnn(‘
technigue at frequencies around 500 MHz and 1| Hz of bandwidth (pressure of 500 mTorr)
corresponding to a 8/N ratio of a few thousands.

minirr!um detectable absorptions measured in the high-frequency detection
techniques are about 6 dB over this value.

6. - Conclusions.

. This overview should have convineed that semiconductor diode lasers are
important coherent sources for atomic and molecutar spectroscopy. They can
potentially cover the visible and the near infrared, with gaps which ean be re-
duced with optical feedback techniques and with the development of new ma-

57
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terials. Coverage can be extended to blue and near ultraviolet by frequency
doubling. Optical feedback techniques can drastically reduce the linewidths to
the level which allows also very narrow transitions to be investigated. Avail-
able powers start to be comparable with that of dye lasers and, however, the
extremely reduced amplitude fluctuations are making high-sensitivity meas-
urements possible even with low power. Further important possibilities are
opened by the possibility of fast frequency control of the laser emission. Com-
plex experimental schemes can be simplified by the use of semiconductor disde
lasers and experiments which could not even be conceived before can now be
performert.

Progresses in the fascinating world of laser spectroscopy have always de-
pended on the development of new sources of radiation and we are sure that the
availability of these new laser devices will allow new important chapters to be
written.
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INTRODUCTION

All fundamental vibrational transitions of molecules are in the infrared region. At
the same time only few molecules have electronic absorption bands in the visible. Such
situation is not favourable for performing molecular spectroscopy measurements in the
visible range which is very convenient for several reasons {tunable laser sources, sensitive
detectors). On the other hand, due to transparency of molecular gases for visible
radiation, the Sun light can easily penetrate through the atmosphere what is of the
primary importance for all kind of life on the Earth.

The vibrational motion of a molecule besides of the fundamental frequencies, cor-
responding to different normal vibrational medes »,, contains also overtone frequencies
2v,,3v; ... Actually overtone frequencies are not exactly two or three times the fre-
quency of the fundamental. They are slightly less. For convenience, however, it is
conventionally written 2u,3v,. In addition, in polyatomic molecules combination vi-
brations as v; + vy, 2, + 2u; are also present,

Absorption lines corresponding to overtone and combination transitions are weak
enough from the point of view of the atmosphere transparency, but at the same time
they may be sufficiently strong for spectroscopic applications. However, such measure-
ments require suitable laser sources and sensitive detection.

It has to be emphasized that the intensity of successive overtone and combination
transitions decreases very rapidly with increasing number of vibrational modes and/or
quanta involved. For irstance, in the case of HC] molecule the intensity of the fourth
overtone is more than four orders of magnitude weaker than that of the fundamental
transition.

Recent progresses in semiconductor diode lasers'and in particular their output
power, reliability, low cost, room temperature operation, and large spectral coverage
have been of great importance for a continously increasing use both in pure and ap-
plied spectroscopy. In particular, the extension of operation from the infrared to the
visible, have really made accessible the wide and important field of absorption measure-
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ments concerning the overtone molecular transitions. Various applications are possible
with this sources in the field of the high resolution spectroscopy and high sensitivity
detection. One of them is real time, non coatact polution measurement.

As it was already mentioned, moving from the infrared fundamental vibrational
transitions to the overtones in the visible, absorption coefficients decrease several or-
ders of magnitude. On the other hand, in comparison with laser sources operating in
the infrared including lead salt diodes, semiconductor diode lasers in the visible (and in
the near IR} offer the advantage of much simpler operation and much better amplitude
stability. Moreover, remote sensing of atmospheric species could be more useful in the
visible than in the infrared because of the reduced opacity of the atmosphere.

TECHNIQUES DEVELOPED TO DETECT VERY WEAK ABSORPTIONS

In order to reach a satisfactory sensitivity in absorption spectroscopy several de-
tection methods have been proposed and successfully applied. The simplest possible
technique is the direct absorption measurement which consists on sweeping the fre-
quency and detecting the signal against the constant background. The sensitivity of
such a method is obviously very low. We can improve it by modulating the amplitude
of the light source, but we are stil! limited by background contribution.

In order to understand the motivation for developing specialized techniques for
direct absorption spectroscopy (i.e., the direct measurement of the optical attenuation
of 2 light beam through an absorbing sample) let us consider some general requirements
concerning the signal-to-noise ratio (SNR).

The signal is usually a detector photocurrent and may be written as § = k1, where
k represents the net attenuation of the laser intensity I incident upon the absorption
sample. Noise contributions may be separated into three terms: N,- originating {rom
the detection electronics, and then independent of I, N,~detector shot noise propor-
tional to +/T and N, 7 - contribution of amplitude ~ fluctuation background proportional
to I. The SNR may then be written?

— &l
SNR = NI+ (BN + (N, 1) 2

As the intensity [ increases, the SNR increases proportionally to | until the I-dependent
erms in the denominator exceed N,. The SNR will then saturate at some value of [
zhat depends on the relative values of # and N,. As we can see the laser light amplitude
modulation can not solve our problem, as this imparts a time dependence to I, which
's commot to both numerator and the denominator in the equation for SNR. However,
by using frequency modulation, one may effectively modulate the signal kI without
modulating the noise terms. In view of high sensitivity measurements this method has
been developed in three different ways.

1. Wavelength Modulation (WM) Spectroscopy?4*

The single frequency laset is modulated at a relatively low frequency (10°Hz), small
compared to the width of the spectroscopic feature of interest, so that the absorption is
probed simultaneously by a number of sidebands. WM is a sensitive form of derivative
spectroscopy. Unlike direct absorption methods where signal is detected as a change
against a constant background, in WM spectroscopy the signal arises from the differ-



ence in the absorptions of different sidebands. Therefore, the sensitivity and spectral
resolution are greatly enhanced, provided that the laser shows 0o or very little varia-
tion of intensity with wavelength and responsivity of the detector is independent of ).
Consider the current £ from the detector, ¢ =1GT, where [ ix the laser light intens:ty,

T is the transmissivity of the sample, and G is responsivity of the detector. We can
then write for the detector signal

M= 1AL+ LAN 4 1A
where AJ is the wavelength modulation depth. Only the last term in the above =x-
pression should give a contribution to the signal. Unfortunately d1/d} is not negligisle
in the case of diode Jasers and gives an unwanted contribution to the noise level.

II. Frequency Modulation {FM) Spectroscopy®’

FM spectroscopy is a kind of extension of WM spectroscopy to much higher frequen-
cies (= 10°H 2). Frequency modulation produces sidebands which are widely spaced in
frequency so that the spectral feature of interest can be probed by only one sidebaad
at a time. Viewed in frequency space, the spectral distribution of the modulated lazer
field consists of the strong carrier at w, and two sidebands of the same amplitude bt
180° out of phase, displaced by the angular modulation frequency w,, from the carrier.
When there is no absorption Present, the beat signal at w,, between the carrier aad
the upper sideband exactly cancels with the beat signal between the carrier and the
lower sideband. If, however, the laser frequency is tuned over an absorption, so that
one of the sidebands is absorbed, the imperfect cancellation of two beats produces s
FM signal.

If the modulation frequency does not exceed the absorption linewidth, the techniqie
is usually called High Wavelength Modulation (HWM).

1. Two-Tone Frequency Modulation (TTFM)3*

If we wish to investigate broad spectral features, such as absorption lines broadened
by atmospheric pressure to 2 — 3 GHz, we must have correspondingly high mod ula-
tion frequencies. The TTFM technique was applied iz order to reduce the detection
bandwidth requirement since detectors with bandwidth in GHz range are not easdy
available.

In the TTFM, the laser is modulated simultaneously at two distinct but close.y
spaced angular frequencies w;, = we + $2/2 and wy = w,, — /2 (fwm < 107%). The
TTFM absorption signal arises from the difference beiween the absorption of the carrisr

signal. In both cases, however, there is no backgro

The most attractive feature of TTFM resides in t
Q instead of w,,.

Unfortunately pure frequency modulation is rarely achieved. There is always somre
residual amplitude modulation (RAM) present, especially in diode lasers w
change in the injection curregt changes not only the
output power. It is evident that RAM is und

und signal if there is no absorption,
he fact that the signal is detected gt

hete amy
frequency of the laser but also jis
esirable feature in all kinds of frequency

modulation spectroscopy. It gives rise to a background signal with accompanying noise,
even when there is no absorption present, and thus limits the detection sensitivity.

It is worthwhile to mention here that a wide variety of laser techniques allowing high
sensitivity and high resolution have been proposed and successively applied. Let us give
few examples as laser-induced fluorescence (LIF)™, optoacoustic spectroscopy(0A)Y,
optogalvanic spectroscopy (OG)"), resonance ionisation spectroscopy (RIS)", and laser-
intracavity absorption’®. With the exception of direct absorption methods described
above, all these techniques monitor some indirect effects of the optical absorption.

Any qualitative comparison of each of these methods would be extremely difficuit
since their applicability depends essentially on specific aims and experimental condi-
tions of the desired measurements. However, two important sdvantages of the ex-
tracavity direct absorption should be emphasized: simple callibration procedure and
remote-sensing possibilities. All of them are very important from the point of view of
environmental studies.

OVERTONE SFECTROSCOPY

Several overtone transitions of various molecules have been already studied using
various light sources and different detection techniques. Tabie 1 contains selected in-
formation concerning molecules with overtone or combination absorption lines in two
spectral ranges (630 — 690 and 750 — 900rm) covered by diode lasers. As one can see
only in a few recent works diode lasers have been applied. Other data were obtained
with dye lasers or even with methods of pre-laser spectroscopy. Some overtone transi-
tions in the selected ranges refer to reported numerical values and can be considered
as potential candidates for future experimental research.

Table 1. Overtone and combination transitions in spectral ranges
covered by diode lasers.

Molecule absorp.  transition  laser and  semsitivity  reference

line det.tech.  other inf.
{nm})
H,0 818 2y +vy+vs  Diode min.det.abs. H

WM 31z1074
FM 2.8z10°4
TTFM 2.4z10°*

789 vy + 3, Diode 18
FM 3z10-*
818- 2+ 12 + V3 Diode 18
831 FM
HI 820 v=6<«10 Diode 18




Table 1. (cont'd)

C;H, 7189  + 3ug Diode min.det.conc. 7
WM 0.2ppm per km
640 37 Dye intra-cav. 15
670 i+ +rn 0A
848 21+t s #
CH, 886 3y + 15 Diode min.det.abs. ¥
LWM 452107
HWM 9.7z1078
TTMF 6.4z10°
360 21 + 2 Diode 3z10-% a
682 vy + v White cell 33
782 2u 4+ v+ 2, »
C,Hg 741 540 0OA u
CH sir.
NH, 7190 41 Diode min.det.abs. #
2u + 21y FM 3104
792 41y Diode s
647 Siy Dye intra-cav b
41’; + vy
647 duy + 1 photoplate ¥
CaHs 865 40 opto-thermal e
877 CH str.
H,0y 793 Svon + voo Dye »
HCL 640 wv=6+0 Dye intra-cav 0
750 v=5<«10 OA
CO, 869 Bus 2
789 2u; + i
783 v + Su
CaH, 787 4y QA M
737 5«0
HCN 7190 411 32
CO 804 v=6«0 b
NG 800 v=T«0 £
HF 8717 v=3410 »
675 v=4 &0 3
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Results obtained for ;0 and CH, were used for comparing the seasitivity of dif-
ferent frequency modulation techniques. In the first experimental work'! dedicated to
H30 the authors found that the difference in sensitivity between FM and TTFM was
about two orders of magnitude. In other work™ the minimum detectable absorption
was measured using methane - the gas of obvious interest because of environmental
applications. A component of a combination band at 886nm has been chosen as a test
transition, mainly because of its strength. Two recordings are shown in
Figure 1:a) pure absorption signal at pressure of 100 Torr correaponding

=30 GHz

=600 MHz

Figure 1.0} Pure absorption signal on the third overtone of methane at 100 Torr in 1.5m
pathway. b) Derivative lineshape of a two-tone recording at 500 mTorr.

to an absorption of 3.6z107%(1.5m pathway, 100H z detection bandwidth, 5/N ratio
of about 20);8) derivative lineshape of a iwo-tone signal at pressure of 500 mTorr
corresponding to an absorption of 1.82107*(1.5m pathway, 1Hz detection bandwidth)
with a measured S/N ratio of a few thousands.

Minimum detectable absorption for the HWM and TTFM techniques turned out
to be of the same order of magritude, while for the value referred to LW modulation
it is about one order of magnitude less, as indicated in Table 1. In the last case the
detection limit value is determined by the laser amplitude 1/ f excess noise, while in the
first two cases this noise contribution is negligible with respect to other ones as detector
induce shot noise, thermal and RAM noises. The detection limits well agree with the
calculated "quantum limited” values based on measured laser power, modulation index,
noise of the electronic components, and other parameters of the apparatus.

In most of the measurements with diode lasers the frequency modulation was pro-
duced by modulating the injection current. In the case of C,H; the diode laser was



used in an extended cavity configuration. Low frequency modula_tion could be then pro-
duced by both changing the injection laser current a.nc!/or varying t-he external cavity
length (by means of a PZT). With the extended cavity configuration we have mea-
sured a reduction of the linewidth (to less than 1 MHz} and better short term st:bxl‘lty
(100 ms). Another advantage of such a configuration is that'wa,veiengt.h mo‘di._lat!o_n
by varying the cavity length leads to the lower level RAM noise than direct indection
currept modulation. _ ,
The experimental apparatus used for CyH, overtone absorphorf me.a.suret'r_ents.
is schematically shown in Figure 2. The extended cavity configuration is ocutlized in
Figure 3. The first order beam diffracted from a grating was de-b.M:k into the laser
diode. The tilting of the grating allows to select one of the longitudinal modes within
tuning tange of about 20nm. . .
Molecular transitions could be observed either in pure absot'ptign orin & phase
gensgitive detection scheme. In the latter case, the lock-in derivative signale were

f— ]

laser diode menocromator
N

I
to pz8 lo current

spacirum analizer
sealed off cell

abs. sign.
|
|5 J J

air in  acel. in sample out
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Igﬂlg \ ;r?osdl \Tiraf. sign.

Figure 2. Schematic of the experimental apparatus for measuring the overtone abscrption
in acetylene.

beam splitter

Iéser b1

diode

colflimation
lens
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A

Figure 3. Schematic of the extended cavity diode laser conﬁguration using a gratmg for
wavelength control,

recorded by introducing a kHz modulation on the cavity length. The derivative signal
for the P(11) component of the 12646.966cm™ trangition is shown in Figure 4 at two
different gas pressures. We measured aS/N value of a few thousands and an
absorption of about 6% at 30 Torr (trace a), and S/N = 6 at 36 mTorr (b). The latter
measurement gives a minimum relative absorption of 10* which is comparable with
that obtained by means of TTMF". This result is also consistent with the recent
report™ where WM and TTFM techniques have been compared for lead salt digdes.

Figure 4. Derivative signal for the P(11) component at 10 Torr (a) and 36 mTorr (b).

Regarding possible environmental trace gases detection we have also extracted the
minimum acetylene pressure in presence of air at atmospheric pressure still keeping
a signal with a $/N ratio of a few units. We are able to detect 0.1 ppm per km of
acetylene in air,

The narrow linewidth emission obtained with the extended cavity configuration
has also permitted to perform the lineshape analysis measuring self and air pressure
broadening parameter for two different components of the combination band. The
Pade method  has been used to extract the collisional Lorentzian contribution from
the Voigt profile and thus the pressure broadening parameter. Air broadening mea-
surements have been performed on the P(11) and R(5) components. Qur results are
reported in Table 2 together with earlier measurements of other components of C) H,
as well as recent measurements of pressure broadening for H,0,CH, and NH, using
diode lasers. As one can see the air broadening coefficients for overtone transitions are
very close to that for the fundamental transition.

For many practical applications it is requested to monilor gas traces in open-path
configuration in the atmosphere. For this reason the knowledge of air broadening
parameters can be useful. However, some problems arise for such experiments at at-
mospheric pressures. Widths of absorption lines due to pressure broadening are of
the order of GHz what leads to the substantial decrasse of the detection sensitivity.
Moreover, the overlapping of different lines may also occur and it has to be taken into
consideration.

o

7

£



Table 2. Pressure broadening parameters.

Molecule Transition 7 (MHz/Torr) | Refer.
air self
789(1y + 3u) o
P(11) 80| 110
R(5) 9.0
Cy,H, 862(x3 + 3vs) 38
R(7) 12.3
849(2e + iy +11) %
R(7) 9.9
vy
R(5) 7.0 a
P(11) 6.2
H,0 822(2vy + v, + va) | 5.9 t5
CH, 860(24 +2uy) |32] 37 2
NH, T90(2u, + 214) 21.7 u
792(41,) 27.2 n

As for the sensitivity of diode laser systems destinated to monitoring the atmo-

sphere one should think about its improvement. The stabilization of the diode lasers
operating at wavelength below 1urm could alse be important for use in conjunction with
efficient pulsed solid state laser {such as Titan Saphire) operating in the same region.
This can be interesting in the frame of LIDAR® measurements, where amplification
or injection seeding control could make possible to petform detection at larger distances
with an improved sensitivity and an easier spectral control.
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Figure I: The specirum of Jrion-KL, Omitted for clarily are
numerous molecular rota “onal lines in the millimeter-
wavelength region which o~ " present with anfenna tempr’ra-
tures as high os about 20 i., the free-free conlinuum emis-

sion of M42 and all of lhe )' ‘drogen recombination lines but
as.
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5000 COAXIAL LINE
80° CORNER REFLECTOR

OFF - AXIS
PARABOLOIDAL
REFLECTOR

BETTER Couej HAT iON
LiNEAR Lag, AT ION

Extension of the precision typical of the neighbouring
microwave region (Heterodyne techniques)

Use of frequency stabilized infrared sources (CO2
lasers)

Tunable Far Infrare tr I

Continuous tunability (0.3 - 6 THz; 1000 - 50 |Lm)

Doppler limited resolution (FIR linewidth: a few tens
of kHz)

1/104 minimum detectable absorption (1 sec time
constant)

1/108 average accuracy
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LITHIUM HYDRIDE

v'Simplest neutral heteronuclear diatomic
molecule

vTest for theoretical models and
breakdown of Born-Oppenheimer approx.

v'Search in astrophysical environments
(ISO satellite)

Cosmological implications:

+ Search in high redshift regions
* Primordial nucleosynthesis

\7

Need for accurate values of frequencies to

detect these lines or to extrapolate to
uninvestigated regions.

Yo
i H
MOTIVATIONS

EXTRENELY LIGHT

(:)h !'l'l!';f'!‘O !“'!@_t‘”(s, Been. CPN.M!'&:P'W
gppreximadicn baeak dprem )

7
VERY t4R%€ DIPcLe (5.90)
(.(e? 1 foma 1, te st c"f Cl',P"‘)f. - r?'lr}ﬂ".'/.

COSMOLOGIe O
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PROBLEMS
ProducTIon REQUIRES MI4M
TENPERAT 43 Y. Hig e DIStoeraTa
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EXPERIMENTAL SETUP

Gasout

Healing wire_ ﬂ

LiH powder or metallic Li U
““-_4\ ’ H_‘_,_-'
Water out T
%
i

Deu‘,’-&rium e nriched s.em}oz.c.

¢ Cell temperature:  ~ 500 + 600 °C

*+ All possible combinations of "Li, SLi, H, D

* Various vibrational states, from ground
to v =2 excited level

£L;/?[_; .':: 0.08 ngtural abundance

S

1,806,336

v (MHz)

(SHuUn -qeey Aysuaiug

|
|

2,207,631

(S3TUn "que) Ansuaiug

1,806,256

v (MHz)

2,207,531

{siun "q1e) Ayrsuaqug

(s1un 'qre) Aj1suajuy

1,554,571

v (MHz)

1,554,511

1,499,441

v (MHz)

1,499,501



ALL THE POSSIBLE ISOTOPE €O MBINATIOL

.
o Intensity (arb, units) g Intensity (arb, units) _C\
5 % 5 ' D
2 W
: 8 = O
£ C
3 <
L)
2 o
Z <
= < < -—
2 2 iy
T L o]
N L)
1,499,501 v (MHz) 1,499,447 b =
O
5 . X
] - g e
Pl (ko) - 5 i
= ia LV~ O) E S S
= —
s ) «
: 3 *
g 3
E v=1 < 4 Intensity (arb. units) & Intensity (arb. units) >
J:5-» 6 e E ‘g a
o .
o -
1,467,147 v (MHz) 1,467,087 »
~N =~
0 -2
, @ R 'P’
¢ ;
=200 (ko) 5 LiD 2 2 3
. £ 4 £ R
E oo €L
5 N ) ~
3
-~
3 | >
-g v=2 m
- IZ 7-= 8 p—t q%_ — Q
= =
G : 3
1,906,578 v (MHz) 1,906,643 = g e
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FREQUENCY MEASUREMENT OF TIIE J = | — 0 ROTATIONAL TI ANSITION OF iD'

K. M. Bvemsox, D. A. Jenbings, J, M. Brown, L. R, Zing, K. R, Lroratp, M. T Vasek. anp 1. G. NoLt
Time andl Frequency Divslon, Natlonal Busey ol Siandards, Boulder
Ruccloed 1988 A pril 13 accepred 1980 Aprit12

ARSTRACT

— 708 —
I b § A L #A, T TR 1
il T N ("_“—31:3-'| - -'l_]_axl )_-' =il T Wt 3:'

« Jda altire analoglie.
Nelle () it 2* termine al 2* mewbro s ouiene <on un procedimnenty gy

« ( 3.4@) ; 1 . ] 2A
7l Tl Bl end Bl 13 Gl K TE B Rl T CER YT i N
The frequency of the astronomleally Iimporlant J w 1« 0 rotatioon! Bonsition § hydrogen dsuteride (110) e Me =T imm m g hi—ine ¢ T,
21 2.7 THz (90 cm™") hing been measurcd with tunable far-infrared radiation wiss pn accuracy of 150 kHaz. e 24 '
This frequency is nuw known tu sulficient aceuracy for use In future astrophysical heterodyne abservations of foe—iho ‘-\il; o ?—:< ece,
HD in planetury ulmospheres repocied by Bezard e ol. in 1996 sl the interstells. mediume reporied by Busy. ’ o
oletti et of. in 1975,
Subject headings: intersteltar: molecules — Inboratory spectra ~ molecular proces. 2
A spectrometer using the coherent radiatlon resulting from  of, 1988), 117 {fennings ¢ ol. 1987, and CO and HC (Nolt «r Fisica. — Sullo spettro di oscillazione ¢ rotazione della ‘ma
the nonlinear mixing of two CO, lasers in & metal-Insulator- al 1987). la HD. Nota di G. C. Wik, presentatat” | H I
metal diode (Evenson, J2unings, and Pelersen 1984) way uscd The TID way obterve: in a 19 mm inside disnicter and tw - Ne ! g’—(;-l-—z-p dal Socio E. F
to generate (he far-Infrared radistion. The spectronteter, pre- 194 m long copper tube, n slugle transit of about 10-7 W sf o

viowsly described {Evenson et al. 1985}, has been used to

far-infraved radiation wsed 10 detect the slgnal shown in tee

LY

ncusune totulional apectra in Mgt (Leopold ef of. 1985%), Nai|

IvrropuzioNk. - Si suole chiamare spevtro di oscillaziane e ‘Totay]
{Lcopold ef al. 1987), OH (Brown ¢ al, 1386), Arlt" (Brown et

di una molecola quella parte deb suo spettro che & Jovula a oscillazii
dei puclet intorno alle loro posizioni di riposo e rotazioni della malecdl
in bloceo, non accompagnate da oscitlazioni elettroniclie; in’ altre pai—o
quella pacte dello spettvo che corrisponde a transizioni in coi non vdf'i i
1 numeri quantici eletteonici. X .
Tute spetro nen viene mai osservato in molecole biatomiche omd

cleari come H,, N, , O, ecc,, fatto che, com's note, si spiepa mediante O.e

plici cousiler:zioni di simmetria . Esso & stato invece osservato in malR

. cole fortemenme asimmetriche (molecole polari} come HCI, Hie ecc, ]

I La molecola HD non ¢ rigorosaments omonucleare ¢ deve quing!
passedere uno spettro di oscillazione e rotuzione; tuttavia & presomiblle’|
data Iala siwmetria della struttuea elettronica della molecola, lo spétfs
sia ssremamente debole, Vedremo infatil che lo spettro ha un'origine
versa i: quella vrdinaria, essendo dovuto alla asimmetrin Jeloscillazion
dei nuclei (Ja ditferenza essenziale tra 11, e HD & questa: nella molecdl§
di HD i punto di mrerzo Uella congiungente dei niclei oscilla; si ha quind!
per inerzia, uno scuotiments del sistema elettrenico, che produce. il':l}"
- mento escillante): ls sua intensith teorica risulta non nulla softanto i_r}
approssimazione pit elevata di quella di cui ¢i si contenta ordiyariq‘

nella teoria delle molecole. Essi non ¢ perd cosi piccola da esclude
possibilitd di osservare sperimentalinente lo spettro 01,

figure. HID wan crented 1 a hollow cathode discharge in a
wixlure of equal parly of 1, and Dy by tunning the dischne e
for about 3 minutes. A 20, peak absurplion was shsersed at
pressure of 930 Pa (7 1o o) See Figuie L This ubxurptien i
! Contsibutlon of the Unitsd Stutes Gevetnmenl, not yubeet tu copy right, somewhat lorger than -hat expected using a2 value of
Wotk partially vuppurted by MASA contract W 1 §-047, BRI » 107* debye fur tl:  dipole moment [Drakepoulos ned

10.9 Hix

{1} Nella sedura del 19 maggio 1935. 5

{2} Vedy per un oricnuaniento generale, ik librg JI F. Fermu, Mofecole ¢ trflfﬂ}l' i
Ia dimostrazione rlgorosa -ved. I. pe L. Krowig, . Baud Spectra wnd Moleerdar S

(1) 11 dote. 11 Deutler mi la genilmente laformats che yooo in corse esperie .
questa proposite. Deve anche ringrazinre il dott. eutler, aveido lo appreso 1'eslwentdy
problema qui traltate dx una sun Jetters, contesemente wnstratami dal dott. Us E‘ .

6 LLUN 1TSS T

ul’l!\: Ty wt1orptlon YIne taken M OINPY (T Lorr) with 8115 £alnie contiuns, A 35 m puthien hwnd a § MHzEequency modulatlon wi o $
*6rva the signal. A gallive-germnnivm phutucunductor detector was used to ubseeve the sbr. clion vsing apptoximately W™ W of tuna|s

LiJs , AH‘ R‘ ACCQJ HJZ. Lihcei

Hem. Cﬂ Sci. fis. Hat "Lﬁ'
21,708 (1935)

1. L—Derivalive
11z rate was uzed tn e
farsinfrared rudivsiun
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