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ABSTRACT

InGaAsP and AlGaAs near-IR laser diodes with a short external cavity (SXC)
were characterized and used as single-mode radiation sources for molecular spectroscopy.
A module for extended temperature-tuning of the lasers was tested to evaluate their
single-mode frequency tuning range. AlGaAs SXC lasers operating at 0.76 um tuned
up to 400 cm” in a single mode, a few wavenumbers at a time, with no gaps in frequency
coverage. InGaAsP SXC lasers operating at 1.3-1.55 um tuned up to 200 cm® in a
similar fashion. A technique was developed to control the behaviour of the longitudinal
modes and enhance laser operation. The technique employed interference fringes in the
laser output intensity distribution to produce a discriminating signal used in an electrical
feedback loop to maintain the external cavity at the optimum length for single-mode
operation. Control theory was used to optimize the operation of this feedback loop. The
SXC lasers were used in a high-sensitivity absorption spectrometer. The noise sources
of the spectrometer were assessed, and the sensitivity obtained with SXC lasers was
compared with that obtained with distributed feedback lasers. Both lasers yielded
sensitivities of =3 x 10* in units of equivalent absorbance in an equivalent noise
bandwidth of 1.25 Hz. The sensitivity was limited by etalon fringes produced by optical
components in the detection path. The SXC laser spectrometer was employed to monitor

the relative abundance of H.O/HDO and “CO./*CO,. Changes in the relative abundance
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as small as 1% could be observed. The crystal-field and impurity splitting of the
W,.(0) transition of solid hydrogen were observed with the spectrometer.  Finally,
frequency measurements were made of the 31«0 ro-vibrational band of the H/

moleculas ion.
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CHAPTER 1 - INTRODUCTION

1.1 Lasers and Spectroscopy

The study of atomic and molecular spectroscopy has undergone a revolution since
the introduction in 1960 of the laser. Tﬁis device produces intense and coherent radiation
that cannot be provided with "classical" light sources. The properties of laser radiation
allow the detection and very accurate measurement of weak atomic and molecular
transition frequencies. In addition, the high intensity of the electric field in a laser beam
can induce previously unobserved non-linear effects in both gases and solids; these
phenomena have formed the basis for a new area of research in spectroscopy. The
power and elegance of the techniques of laser spectroscopy and the importance of the
knowledge gained are indisputable. Indeed, the field of spectroscopy today is almost
unrecognizable compared to the time before the laser’s introduction.

The scientific and technological importance of the laser has incited enormous
efforts in the development of a wide variety of lasers using many different pumping
schemes and active media that emit radiation over a broad range of frequencies. Laser
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radiation can now be produced over almost the entire range of the electromagnetic
spectrum from the far infrared to the vacuum ultraviolet. Some lasers, such as the CO,
jaser, emit at discrete frequencies that are restricted by the spectral properties of their
active media. The use of such lasers in spectroscopy often depends on a fortunate
coincidence between the frequency of laser emission and the resonant frequency of the
system of interest. Other lasers such as dye, colour-centre or titanium-sapphire lasers are
widely tunable over many hundreds of wavenumbers which makes them more versatile
in spectroscopic investigations where the features of interest are spread over a wide range
of frequency.

Semiconductor diode lasers are another variety of tunable laser that have found
wide application in molecular spectroscopy. Devices based on II-VI lead-salt
semiconductor compounds have been used very extensively since the early 1970’s to
make absorption spectroscopic measurements in the mid-infrared region (3-30 um). They
are a common tool in the modern spectroscopy laboratory and in applied spectroscopic
studies of air pollution and combustion analysis [1].

The first semiconductor diode lasers were not made from a Pb-salt compound but
from GaAs, a III-1V semiconductor [2,3,4,5]. Such lasers were at the time little
more than laboratory curiosities, but were used in a small number of early spectroscopic
investigations [6,7,8]. Temary and quaternary semiconductors such as AlGaAs and
InGaAsP have since been developed that can lase at room temperature. AlGaAs lasers

can be constructed to emit radiation over a range of =20-30 nm in the 0.7-0.9 um
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region. InGaAsP lasers emit radiation over a similar range in the 1.1-1.7 pm region.
The nominal frequency of each device depends on the fractional composition of the
semiconductor. The potential application of AlGaAs and InGaAsP lasers for fibre-optic
communication systems has since 1975 fuelled a tremendous amount of activity in
research and development aimed to improve the operation and reliability of these lasers.
Today such devices are far more technologically advanced and economical than Pb-salt
devices, and they are much easier to operate because they lase at room temperature and
require far less injection current than Pb-salt lasers. The global proliferation of optical
communication systems is a testament to the success of fibre-optic and I11-V laser diode

technology.

1.2 Spectroscopy with Near-IR Diode Lasers

The availability and low cost of III-V laser diodes emitting in the near-IR have
also sparked the interest of atomic and molecular spectroscopists. AlGaAs lasers provide
excellent alternatives to dye lasers, and many spectroscopic investigations of atoms and
molecules have been pursued with these lasers in recent years. InGaAsP lasers are
important to spectroscopists because they are at present the most economical commercial
source of laser radiation in the 1.1-1.7 pm range. Until the advent of these devices, this

region has been relatively unexplored with the intensity and resolution that these lasers
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can provide. Recently, however, there have been many applications of InGaAsP lasers
to both pure and applied research in molecular spectroscopy.

AlGaAs and InGaAsP diode lasers operate on very similar principles and have
comparable output powers and spectral characteristics. However, because they operate
at slightly different frequencies, each type of laser has generally been used to investigate
distinct types of spectroscopic phenomena.

AlGaAs diode lasers cover the spectral region from 0.7-0.9 xm (14300 - 11100
cm¥), which contains mostly atomic transitions of alkali metals and noble gases, a few
molecular electronic transitions, and a few very weak molecular vibrational overtone
transitions. The majority of applications of these lasers has been in investigations of
atomic spectroscopy. By far the most actively pursued area of study with AlGaAs lasers
is high-resolution spectroscopy and optical pumping of the hyperfine transitions of alkali
metals. Of particular importance are the transitions in Rb and Cs that are used for
frequency standards. AlGaAs diode lasers have been used for some time to pump the
atoms into the lower state of the microwave "clock” transition and are then used to detect
the atoms that have undergone the microwave transition. These lasers are also used in
the “optical cooling" and trapping of Rb and Cs atoms. Reviews of the application of
AlGaAs diode lasers in atomic physics are given by Camparo [9] and by Wieman and
Hollberg {10].

InGaAsP diode lasers operate in the 1.1-1.7 pm (9100 - 5500 cm;‘) region. At

these frequencies, there are few strong atomic transitions, but there exist many molecular
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vibrational overtone transitions and a small number of molecular ¢lectronic transitions.
Overtone transitions are by their nature much weaker than the fundamental vibrational
transitions that are found at longer wavelengths. Most InGaAsP diode lasers do not yet
have both the resolution and the power to saturate these overtone transitions, and most
fundamental research so far has been restricted to the determination of the frequencies
of overtone transitions rather than non-linear spectroscopy. Several Japanese groups,
most notably H. Sasada and co-workers, have made fundamental measurcments and
assignments of near-IR overtone and combination bands of HCN [11,12], HDO and
D,0 [!3], C.H. [14], and HN,* [I15]. Vibrational transitions of NH, have been
used to stabilize the frequency of InGaAsP lasers [16,17). Electronic bands of C,
[18], C.H {19] and Rydberg transitions of N, [20] have also been obscrved. The
latter work also demonstrated the use of near-IR lasers for sub-Doppler saturation
spectroscopy, made possible by the large dipole transition moment of the Rydberg states.
Many more near-IR electronic and overtone transitions remain o be observed with
InGaAsP lasers.

InGaAsP and AlGaAs lasers have also become popular for the monitoring of trace
gases and atmospheric pollutants produced by natural or industrial processes. These
devices are attractive for such applications because of their reliability, low-cost and case
of operation. The disadvantage of these lasers is that the molecular transitions are much
weaker than at higher frequencies where, for example, Pb-salt lasers could be used. This

trade-off is acceptable in some instances, however, and many investigations have been
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performed to demonstrate the use of both InGaAsP and AlGaAs lasers in trace-gas
detection [21,22,23,24,25,26,27,28]. The sensitivity that can be
attained with these lasers permits real-time monitoring of concentrations of the ppm level,

and such systems are now being developed for industrial and environmental use.

1.3 Single-Mode Near-IR Semiconductor Diode Lasers

The spectral purity of the emission of near-IR diode iasers is critical for
applications in both spectroscopy and optical communications. An explanation of the
spectral properties of semiconductor lasers is a formidable task; only a brief review of
such properties that are important for spectroscopy is given here. For more complete
treatments of the spectral properties of semiconductor lasers, see
[29,30,31,32,33,34] and references therein.

Near-IR lasers are usually constructed se that laser emission occurs in the
fundamental spatial mode; this is critical for coupling into optical fibres. However,
fasing will typically occur on several longitudinal cavity modes, which are spaced in
frequency by c/2nL, where ¢ is the velocity of light and n and L are the group index and
length of the laser cavity. The light from such a multi-mode laser is still quite
monochromatic compared to classical light sources, but is not sufficient for high-speed

communications and many spectroscopic applications. Optical fibres are dispersive, and
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if a laser pulse is sent through a fibre, the dispersion of light of different frequencies will
result in a broadening of the pulse and a limit on the rate at which such pulses can be
sent through the fibre. In spectroscopy, highly monochromatic light is desired to act as
a frequency-selective probe of atomic or molecular energy structure. Several laser modes
oscillatng at once may simultaneously probe several encrgy levels and confuse or
obscure the signal that is ultimately detected.

A second problem for spectroscopic applications of diode lasers is related to the
tuning of the laser frequency, which is most easily accomplished by altering the
temperature of the laser. Frequency tuning results from the temperature dependence of
the peak gain of the laser and the temperature dependence of the optical length of the
laser cavity. The unfortunate situation is that, for most semiconductor lasers, these
dependences are different which results in a discontinuous tuning of the laser [requency.
At a particular temperature, for example, most of the laser emission may be in one
longitudinal mode. When the temperature is increased, the frequency of the mode will
decrease as a result of the change in optical length of the cavity. However, eventually,
the peak gain of the laser will shift to the next longitudinal mode of lower frequency
before the first mode has been completely tuned over a longitudinal mode spacing. As
a result, a gap in the frequency coverage of the laser is observed; this is a scrious
problem for a laser used as a tunable source for molecular spectroscopy.

A third property of diode laser emission that is crucial for both spectroscopy and

optical communications is the linewidth of each longitudinal mode. Even if a laser
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operates in a single mode, there is a finite purity of spectral emission. Because of the
rclatively short cavities of diode lasers (only a few hundred microns, typically), the
Schawlow-Townes linewidth is of the order of a few MHz. Further broadening is caused
by the large amount of spontaneous emission that couples into a laser mode and by the
coupling between intensity and frequency fluctuations that occur in semiconductor lasers,
which increase the Schawlow-Townes limit by a factor of (1+¢?), where « is the ratio
between the change in real and imaginary parts of the refractive index in the laser cavity
[35]. The value of « is about -5 to -6 for bulk semiconductor [32]. For most solitary
index-guided lasers, the linewidth is then typically 10-50 MHz for an output of a few
mW [31], which is often too large for some applications. Again because of dispersion
in optical fibres, this linewidth imposes a limitation on the rate at which information can
be transmitted through a fibre. In addition, some experiments in saturation spectroscopy
or high-precision measurement require very narrow linewidths of <100 kHz.

There are several schemes for resolving the above difficulties. Most techniques
to force operation in a single longitudinal mode or to narrow the laser linewidth employ
some type of optical feedback into the laser cavity. Diode lasers are extremely
susceptible to optical feedback [36). This is often a negative aspect of diode laser
operation because small amount of light reflected back into the laser cavity from the
surfaces of fibres, lenses, and other optical elements can adversely affect the operating
characteristics of a laser diode. It is possible, however, to utilize optical feedback from

an external reflector in a positive way to control the spectral properties of a diode laser.
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Mirrors, gratings, fibres and etalons have all been used as external reflectors. The laser
may or may not have an anti-reflection coating on one facet to enhance optical feedback.
All techniques have advantages and disadvantages: usually, tunability and ease of
operation must be balanced against the requirement of spectral purity. Reviews of
techniques for achieving single-mode operation of near-IR diode lasers are found in [10]

and [37] and references therein.

1.4 Goal of the Thesis

The purpose of the research reported in this thesis was to characterize a particular
configuration of external cavity diode laser, a short-external-cavity laser, for use in pure
and applied research in molecular spectroscopy. Short-external-cavity (SXC) lasers retain
the tunability of all diode lasers, but have the advantage of operating in a single
longitudinal mode; they can be also be controlled to eliminate gaps in the tuning
frequency that are exhibited by multimode diode lasers. The tuning range of both
AlGaAs and InGaAsP SXC lasers was determined. A technique was developed to control
the longitudinal modes of the laser to prevent mode hops caused by frequency tuning or
thermal or mechanical perturbations to the laser or external cavity. Once the behaviour
of both the lasers and mode control techniques was understood, the lasers were

employed to make very sensitive spectroscopic measurements of molecular absorption
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transitions. The sensitivity of the lasers was demonstrated by the detection of trace gases
and determining the accuracy with which the relative concentration of isotopic
constituents of these gases can be monitored. The lasers were used in fundamental
spectroscopic investigations of the W,.o(0) transition of solid parahydrogen and second
overtone band of the H," molecular jion. Finally, the limitations of SXC lasers as sources

for molecular spectroscopy were assessed.

1.5  Outline of the Thesis

The remainder of this thesis details the implementation of SXC diode lasers and
their application in molecular spectroscopic measurements. Chapter 2 describes the basic
layout of an SXC laser and outlines the theory used to explain the steady-state spectral
output of these devices. A description is made of the design of the SXC lasers that are
used in this thesis, and a vacuum module is used to extend the tuning of these lasers
by allowing large variation of the laser temperature. Chapter 3 relates the development
of techniques to control the longitudinal mode behaviour of SXC lasers. A method
developed by Cassidy and Bonnell [23] that uses the voltage behaviour of these lasers
is compared to a new technique that employs interference fringes in the far-field intensity
distribution of SXC lasers. The electrical feedback system for mode control is

analyzed using elementary control theory, and strategies are discussed for the
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optimization of the control system. Chapter 4 outlines the suitability of SXC laser diodes
as radiation sources in a high-sensitivity absorption spectrometer. The techniques used
to achieve sensitive detection are explained, and the factors that limit the sensitivity of
the spectrometer are determined. The performance of the spectrometer with SXC laser
diodes is then compared to that using distributed feedback laser diodes. Chapter 5
demonstrates the application the SXC laser absorption spectrometer using harmonic
detection techniques. The accuracy of measuring the relative abundance of B3CO,/MCO,
and HDO/H.O is determined. An application to the detection of the W,..(0) dipole-
induced multipole absorption transition in solid parahydrogen is also discussed, and the
crystal-field and impurity splittings of the transition are measured. Chapter 6 describes
the detection and measurement of the 3»+0 overtone band of the H,* molecular ion,
which is of fundamental importance in chemical physics and astrophysics. The
techniques to produce and detect the ion are described, and methods to enhance the
sensitivity are examined. Finally, Chapter 7 summarizes the results of the thesis and

suggests improvements to the SXC lasers and further topics of research.



CHAPTER 2 -
OPERATION AND CONSTRUCTION OF SHORT-EXTERNAL-CAVITY

SEMICONDUCTOR DIODE LASERS

2.1 Introduction

This chapter describes the theory, construction and operating characteristics of
near-infrared short-external-cavity diode lasers that can be used as radiation sources for
spectroscopy. The qualitative operation of an external cavity lasers is explained by
considering the effect of the external cavity on the net gain of the solitary laser. The
basic design, implementation, and the method of alignment of an SXC laser is presented.
The construction details of a module for extended temperature-operation of the laser is
given, and the frequency tuning ranges of SXC InGaAsP and AlGaAs lasers and

InGaAsP distributed feedback lasers [38] using the module are reported.

12
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2.2 Fundamentals of Diode Laser Operation

The steady-state spectral output of solitary semiconductor diode lasers are
explained qualitatively in this section. Detailed analyses of diode laser operation can be
found elsewhere [29,30,31].

Diode lasers are single crystals consisting of layers of epitaxially-grown
semiconductor that form a p-n junction (Fig. 2.1). Lasing occurs in the active region,
which is located at the junction in a narrow layer between highly doped p and n-type
semiconductors. The active region is usually undoped and has a band gap E,, that is
smaller than that of the surrounding semiconductor layers. When the diode is forward
biased, charge carriers (electrons and holes) are injected into the active region and are
confined there because of the lower band gap. The carriers combine in both radiative
and non-radiative processes. Radiative recombination occurs spontancously or by
stimulated emission of a photon, and the light in the active region is optically confined
and guided by the surrounding semiconductor layers because they have a lower refraclive
index than the active region. Most modern InGaAsP and AlGaAs diode lasers are index
guided: optical confinement and guiding are provided on all sides of the active region by
providing a refractive index step (Fig. 2.1).

When the carrier injection rate is sufficient to separate the quasi-Fermi levels (F,
for the conduction band and F, for the valence band) of the active region by an energy

larger than the band gap, then photons with energy
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will experience net gain. This is the condition for population inversion in a
semiconductor. Light with frequency range defined in (2.1) entering the active region

will be amplified. The total absorption coefficient is

o= -g + . (2'2)

net int

where g, is the net gain per unit length and o, is the loss of photons per unit length in
the active region. A negative value of « indicates gain, rather than absorption.

The active region is located between the two end facets of the semiconductor
crystal. These facets are partially reflecting because of the index step between the
semiconductor and the outside environment. At an InGaAsP/air interface, for example,
the reflectance is =0.32. The facets provide the necessary feedback of the photons in
the active region to sustain laser operation. The loss from the facets also governs the
threshold condition for laser operation and the Fabry-Perot cavity formed by the facets
strongly influences the spectrum of laser emission. Consider Fig. 2.2, which illustrates
the active region of a laser with length L, facet reflectances R, and R,, and a complex

propagation constant 8 given by

8 =2y sia 2.3)
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where n is the refractive index of the active region, » is the frequency of light in the
cavity, and « is the absorption coefficient of (2.2). The condition for steady-state laser
operation is that there is no change in the amplitude of the electric field in the laser

cavity after one round trip through the cavity. This leads to the approximate condition

YRR, expQ2iBL) = 1 2.4)

Equating the real parts of this relation gives

JR.R, exp(-aL)=1 2.5)
Equating the « in (2.5) with that of (2.2) gives the threshold condition

guﬂ =a, + aiﬂl (2.6)

m

where

1 }
@, = s INCURR,) 2.7

describes the cavity loss caused by light escaping through the facets averaged over the
length of the device.! For lasing to occur, carrier injection must be sufficient to produce
a net gain that (asymptotically) equals the total loss. Once this threshold gain is reached,

lasing begins and the gain is "clamped"” at the threshold value. Further pumping does

Equation (2.6) is not quite accurate: the gain never quite equals the loss
because a small number of the photons in the cavity are spontaneously emitted.
This has the effect of reducing the gain necessary for lasing to commence.
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not appreciably increase the gain, but is manifested in a larger number of photons in the
cavity.

Equating the imaginary parts of (2.4) gives the relation

sin(“""Z"L)=o 2.8)

There are multiple solutions for the frequency »:

y =J1c 2.9)
" 2nL

where m is a positive integer. These are the central frequencies of the longitudinal
modes of the laser cavity. They can also be obtained intuitively by considering the
resonance condition of the cavity, in which a half-integral number of wavelengths must
fit inside the length of the cavity. The separation of the laser modes, or free spectral

range, is given by

Av=_°C (2.10)

2"3 L

where n,is the group index of the active region. A typical InGaAsP laser has n,=4.2
and L=250 um, which gives a mode spacing of =5 cm™ (1 nm}).

Lasing does not occur on all the cavity resonance frequencies because the gain is
also frequency dependent. The gain has a peak value at v, and decreases gradually on

either side of that frequency. The gain curve for semiconductor diode lasers is very
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broad, typically ten’s of nm, so several longitudinal modes will lase simultancously. This
is a disadvantage for lasers that are used in high-speed communications systems and
spectroscopy. The loss in the diode laser is only weakly dependent on frequency, and
can be approximated as being constant over the frequency range covered by several
longitudinal modes. An illustration of the net gain, loss and cavity modes is found in
Fig. 2.3(a); a measured spectrum from a 250 pum long InGaAsP index-guided laser

operating above threshold is found in Fig. 2.3(b).

2.3 Operation of Short-External-Cavity Diode Lasers

Placing an external reflector behind one facet of a solitary laser forms a second

cavity of length L, (Fig. 2.4). The ratio of the laser length to external cavity length is

N

N2k 2.11
7 2.11)

If N> 1, then the external cavity is called a short-external cavity, since the length of the
external cavity is less than the optical length of the laser. The purpose of the external

mirror is to reflect a small amount of light back into the active region of the diode laser,
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and this light influences the spectrum of laser emission in a way that depends sensitively
on the amount of feedback and the length of the external cavity. When the external
cavity is introduced, the laser behaves as a coupled-cavity laser [39], which in general
is difficult to analyze. However, if the external mirror reflects only a small portion of
the light back into the laser active region, the description of the effect on the laser is
considerably simplified. For the geometry shown in Fig. 2.4, only = 103 to 10™ of the
light emitted from the rear facet is reflected back into the active region for L. ~ 100-200
pm, even if a highly reflective external mirror is used. The fraction of light reflected
back into the laser cavity is labelled R,,. For such small R,,, the electric field entering
the external cavity laser can be considered to make only one round trip of the external
cavity. By tracing the amplitude and phase of the electric field through one round trip,
an expression can be obtained for an effective reflectivity of the rear laser facet R,

which is given by

R o L) -Ry+(1-RYR, 3201 -Ry) R oos e 2.12)

c

The consequence of introducing the weakly-reflecting cavity, then, is effectively to
modulate as a function of frequency and external-cavity length the reflectivity of the rear
facet. R,y replaces the factor R, in (2.7), and so the loss as a function of frequency is
also modulated. This is shown qualitatively in Fig. 2.5(a). The frequencies of lowest

cavity loss are separated by ¢/2L,, which is the free spectral range of the external cavity.
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A longitudinal laser mode that is closest to the gain peak and to an external cavity mode
is enhanced at the expense of the other laser modes. If the cavity length does not allow
coincidence of laser mode and external-cavity mode, then the two laser modes with the
highest net gain will compete. Although there exist many laser modes with low cavity
loss, they are much further from the gain peak than the lasing mode if the free spectral
range of the external cavity is larger than that of the laser.

The ratio of the intensity of the strongest side mode to the lasing mode is called
the side mode suppression ratio (SMSR), and it is possible with a planar reflector and
good alignment to attain a SMSR of =0.1% to 1%. Further details of external cavity
alignment tolerances and a calculation of R.. is provided in [49].

Consecutive laser modes are selected by slightly varying the external cavity length
(with a piezo-electric positioner, for example) so that a particular externai cavity mode
becomes coincident wiik the next laser mode. Eventually, as the length of the external
cavity is varied continuously, the external cavity mode will move away from the gain
peak and the adjacent external cavity mode will become closest to the gain peak. The
effect of continuously changing the external cavity length in one direction is to
periodically cycle through approximately the number of laser modes that is given by
(2.11) .

There is an optimum external cavity length for single-mode operation. If L, is
too large, then the separation of external cavity modes will not be sufficient to prevent

two laser cavity modes that are separated by the free spectral range of the external cavity
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from lasing at one time. If L, is too small, then the width of the external cavity mode
becomes broad enough to allow several adjacent laser cavity modes to lase at onc time.
Experience indicates that for a 250 pm laser, an external cavity length of 80-200 um
results in good single mode operation.

A measurement of the effect of the SXC on the spectrum of a diode laser is

shown in Fig. 2.5(b). The external reflector was placed = 150 um behind the rear facet

of the laser,

2.4  Distributed-Feedback Diode Lasers

Another type of single-mode diode laser used in optical communications and
spectroscopy is the distributed feedback (DFB) laser. Such a laser can have a very
similar structure to the device shown in Fig. 2.1, but it incorporates a periodic variation
of refractive index in or near the active region. This variation acts as a grating that
influences the spectral output of the laser. The electric field propagating through the
laser cavity is reflected back upon itself and interferes. If the period of the grating is
chosen properly, the phase of the individual reflections of the electric field in the cavity

cause the field to interfere constructively, which occurs near the Bragg wavelength, given

by



20

M= (2.13)

where M is the order and A is the period of the grating. The interference reduces the
threshold gain of modes near the Bragg frequency, and only those longitudinal modes
will lase. If the laser parameters are chosen carefully, then only one mode will lase.
These devices therefore operate intrinsically in a single mode. Detailed theory of DFB
laser design and operation is found in [29,30].

DFB lasers have been used extensively in spectroscopy (see references in Chapter
1). Their use is limited however, by their expense and by their limited availability at
wavelengths other than those that are optimum for optical communications. The SXC
lasers therefore may provide an alternative to DFB lasers. In Section 2.7 and Chapter
4, a comparison will be made of the properties of these lasers that are important in

spectroscopic applications.

2.5  Implementation of a Short-External-Cavity Laser

The design and alignment of the SXC lasers used in the following chapters is now

described. An isometric drawing of the short-external-cavity laser mounting scheme is

shown in Figure 2.6. The lasers were mounted on an open chip carrier so that the back
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Figure 2.6

(2) An isometric drawing of the SXC assembly mounted in the tuning module and (b) an
expanded view of the module showing the laser. °a’ is the SXC assembly, *b’ is the drill
bit with attached mirror, '¢’ is the washer which attaches drill bit to 'd’, the piezo-
electric positioner, 'e’ is the laser chip carrier, ’f is a copper block with embedded
thermistor, 'g’ is the small Peltier cooler, 'h’ are the large Peltier coolers, and 'i’ is the

base of the tuning module.
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facet of the laser was accessible. The carrier was mounted with thermal epoxy on a
small copper block containing a thermistor (Fenwal Electronics 192-103LET-A01) that
allowed the temperature to be monitored. The block was mounted in good thermal
contact on a Peltier cooler (Melcor FC 0.45-32-05L), and the assembly was bolted to an
aluminum bracket that could hold a piezo-electric translator (PZT) (Physik Instrumente
Model 171). A small brass washer was bolted to one end of the PZT, and a #80 drill
bit was epoxied to the washer. A small (250 x 400 x 400 xm) optically flat gold-coated
mirror, which provided the optical feedback to the laser, was epoxied to the other end
of the bit. The alignment of the mirror and PZT is accomplished by manipulating its
position with an XYZ translation stage (Newport Model 460) that was mounted on a tilt-
and-rotate stage (Newport Model 37). The channel of the aluminum bracket was 5 mm
wider than the PZT, so a tilt of +6° could be obtained. The spectral output of the laser
is monitored in real time during the alignment with a monochromator outfitted with a
scanning mirror. The quality of alignment is determined by monitoring the side mode
suppression ratio, the number of available SXC modes, and the single-mode power.
Optimum alignment is achieved with a planar mirror when the mirror face is
perpendicular to the optical axis of the laser. The alignment tolerance is not severe:
useful SMSR and single-mode tuning can be obtained when the mirror is within 4° of
parallel [40]. Once the desired alignment is achieved, the PZT is carefully clamped in
place by the screws that are threaded through the sides of the aluminium bracket. Care

must be taken not to pinch off the piezo stacks inside the PZT; this is easily avoided by
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clamping the screws at the edges of the PZT rather than the middle. The external

positioning apparatus can then be disconnected from the PZT. This method of mounting
has been found to be very stable and compact. The entire apparatus fits in the paim of

the hand, and can be transported safely for use in another location.

2.6  Module for Enhanced Single Mode Tuning

Frequency tuning of the SXC laser is most easily achieved by altering its
temperature, which alters the frequency of the gain peak. To achieve a large range of
frequency tuning, it is therefore necessary to the alter the temperature of the laser over
as large a range as possible. A module was designed [38] that can alter the laser
temperature from -80 °C to well above the temperature that most diode lasers can
operate (~ 80 to 100 °C). The aluminum bracket that holds the SXC iaser is bolted in
the module in thermal contact with a pair of large thermoelectric heat pumps (Melcor
CP2-31-06L and CP2-71-06L). The base of the module is hollowed out to allow water
to flow through as a coolant that removes the heat from the underside of the large
coolers. The assembly is covered and the vacuum chamber is pumped down to <100
mTorr: above this pressure, electrical arcing may occur in the PZT. The electrical
connections through the wall of the vacuum chamber to the coolers, the thermistor and

the laser are made with a vacuum plug and connector (Amphenol 105-9 plug and 105-12
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socket). The high-voltage connection to the PZT is not made through this connector so
that there is no danger of arc across the insulation in the plug to the laser leads; such an
arc could destroy the laser and the laser driver circuitry. Connection to the PZT is made
through a second vacuum plug, also mounted in the wall of the chamber. The mode
control techniques described in Chapter 3 can still be implemented when the laser is
mounted in the vacuum chamber.

The cover of the module is outfitted with an aperture that holds a 5 x 5 cm plate
glass window that allows the laser radiation to exit. The aperture is cut at an angle of
25°. to the optical axis of the laser to avoid optical feedback into the laser cavity. A
neutral density filter can replace the plate glass if further isolation from feedback is

required.

2.7  Tuning Range of SXC Lasers

The frequency-tuning range of both AlGaAs and InGaAsP lasers in the SXC
configuration has been determined using the vacuum module. The measurement of this
tuning range is straightforward. The diode laser is rnounted in the aluminum bracket and
installed in the vacuum module, which is evacuated to < 100 mTorr. Water is
continuously flowed through the chamber under the large coolers. The small cooler

directly under the laser can only alter the temperature by as much as + 30 °C relative
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to the temperature of the SXC assembly. If a further change in temperature is required,
current is passed through the larger coolers, which reach thermal equilibrium with the
laser and mount within several minutes. The small cooler stabilizes in a few seconds.
The temperature is determined by monitoring the resistance of the thermistor, and is
controlled by a resistive bridge in conjunction with electronic feedback circuitry. The
laser wavelength and SMSR are monitored by a scanning monochromator. Small
changes in the alignment and length of the SXC caused by thermal expansion or
contraction can alter the SMSR and the number of available modes. At each
temperature, the highest and lowest attainable single mode wavelength (SMSR < 0.5%)
is recorded. As the temperature is lowered, care was taken to reduce the laser injection
current, since the laser threshold drops exponentiailly with temperature. For all
measurements, the laser current was kept at 1.3L,. Four to eight modes were typically
accessible over the entire temperature range in which the SXC lasers were operated.
An illustration of the frequency tuning of an InGaAsP laser operating at 1500 nm
is given in Figure 2.7. This laser tuned over 190 cm” (34 nm) with a temperature
variation of -70 °C to 60 °C. Although the number of available modes does change
somewhat with temperature, there were no gaps in frequency coverage over this region:
the laser could be tuned in steps of a few wavenumbers over the entire 190 cm’! interval.
This result is typical for InGaAsP SXC lasers, which have frequency tuning ranges of
70 to 250 cm’! (12-45 nm). Differences in tuning ranges are observed even in Jasers with

the same structure from the same manufacturer. The origin of this difference in
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Figure 2.7

Single-mode tuning range of an InGaAsP SXC laser. The laser tunes over a spectral

interval given by 4-8 laser modes that are selected with the SXC.



frequency tuning range is not known.

Similar measurements were made for AlGaAs SXC lasers operating at 760 nim.
Much wider continuous ranges of 400-500 cm® (22-27 nm) were observed. The
difference in tuning between InGaAsP and AlGaAs lasers is a consequence of the
different temperature shift of the gain peak in these materials.

An InGaAsP distributed feedback laser (DFB) (without a short-external cavity)
was also tested in the vacuum module. This laser tuned continuously over 50 cm (9
nm) in a single mode before it hopped to muitimode operation at an operating
temperature of -30 °C, below which it continued to operate multimode (Fig. 2.8). The
change in spectral characteristics of the DFB laser occurs when the frequency of the gain
peak shift sufficiently far away from the Bragg frequency of the internal grating so that
the Fabry-Perot modes at the gain peak have the highest net gain. The tuning range of

the DFB laser is shown in Fig. 2.8.

2.8  Summary

The operation of both solitary and SXC diode lasers has been qualitalively
described. The short-external cavity has the effect of modulating the reflectance of the
rear laser facet as a function of frequency and external-cavity length. When an external

cavity mode is coincident with a laser cavity mode near the gain peak, the laser mode
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is reinforced at the expense of the other laser mcdes, causing the laser to operate in a
single longitudinal mode. The realization of an SXC laser has been described, and a
module that allows extended temperature operation of the lasers has been characterized.
The extended temperature tuning allowed InGaAsP lasers to be tuned up to 250 cm” (45
nm) in overlapping segments of a few wavenumbers with no gaps in frequency coverage.
AlGaAs lasers could similarly be tuned by 500 cm* (27 nm). The continuous tuning
range of the SXC lasers rivals other methods of controlling the frequency luning range
of semiconductor diode lasers (see Chapter 1), but is considerably simpler and more

adaptable to off-the-shelf laser diodes.



CHAPTER 3 - MODE CONTROL OF SXC LASERS

3.1 Introduction

The short-external-cavity lasers described in Chapter 2 are extremely susceptible
to perturbations in the optical length of the laser and in the external cavity length. A hop
from one longitudinal laser cavity mode to the next is induced if the external cavity

length changes by

AL = M (3.1)

where A is the laser wavelength and N is given by (2.11). For an SXC laser with A=1.3
pm and N=8, a change in length of only 81 nm will induce a change in longitudinal
mode. In addition, when the frequency of the gain peak is tuned, for example, by
altering the laser temperature, the optimum value of L., for a particular mode will change

and a mode hop may again be induced. Methods of dynamic control of the external



cavity length were developea to address this problem [23,41.42,43,44]; each
method can be applied to specific lasers in specific circumstances.

A very convenient technique to control longitudinal modes was developed by
Cassidy and Bonnell [23,44]. This approach exploits the change in voltage across the
laser diode when L., is altered from its optimum value for single mode operation. When
the external cavity is optimally aligned for single mode operation the threshold current
of the laser, the separation of the quasi-Fermi levels and therefore the voltage across the
laser diode are minimized. When L, drifts from its optimum value, the voltage across
the laser increases and this change can be detected and processed to restore the external
cavity length to optimize single-mode operation. This method is elegant in that il
requires no external optics to implement, but it suffers from a low signal-to-noise ratio
(SNR) of the laser voltage. Although it has heen used successfully, this technique is
difficult to implement and has a relatively slow response time. An improved method is
therefore desirable.

This chapter describes a new method of controlling the longitudinal mode
behaviour of SXC lasers [45]. The discriminating signal for mode control is provided
by interference fringes in the far field intensity distribution of the lasers. The origin and

zhaviour of the fringes in the far-field of the SXC lasers was explained with a simple
model of interfering wavefronts. The discriminating signal produced by the fringes was
characterized and used in a negative feedback loop to control the external cavity length

so that mode hops were suppressed. The operation of this control system was analyzed,
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and the stability and response time determined. A comparison was made of the SNR and

response time of this technique with the voltage control method.

3.2 Origin of the Interference Fringes
3.2.1 Observations of the Far Field of SXC Lasers

The far field of an SXC laser operating in a single longitudinal mode is seen in
Fig. 3.1, which is a photograph of an IR viewing card onto which the laser output is
projected. This photograph reveals that the far field consists of two distinct patterns of
semi-circular rings that blend together near the plane containing the active region of the
laser. The rings in ihe upper half of the photo have a smaller angular separation than
those in the lower half. The pattern in Fig. 3.1 appears most clearly when the laser is
operating in a single longitudinal mode, and is not present when the external cavity is
removed. The image of the rings is real-- no imaging optics were used. The rings are
reminiscent of the interference pattern called Newton's rings [46], and it will be
demonstrated in the next section that the rings in the far field of the SXC lasers are
indeed the result of a similar type of interference caused by the light from the front and
back facets of the SXC laser.

Figure 3.2(a) shows a measurement of the far field of the same SXC laser
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Figure 3.1

A photograph of an IR viewing card onto which the emission of an SXC laser is
projected. The upper half of the fringe pattern is above the laser axis (see Fig. 3.4).

The surface of the card subtends a 25° x 25° angle.
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used to produce Fig. 3.1. Again, the laser was operating in a single longitudinal mode.
This scan is a vertical slice through the centre of the interference pattern in Fig. 3.1. To
obtain these data, the laser was rotated about an axis in the plane of the active region and
the light was measured with a 1 mm’ area detector placed 250 mm away from the laser,
giving an angular resolution of 0.25°. The origin for @ was chosen to be the laser axis,
which was taken to be the position at which the intensity of the far-field of the solitary
laser is maximum. It will be desionstrated that the fringes lying below the laser axis in
Fig. 3.1 and Fig. 3.2(a) (at positive §) are produced by the light from the external
reflector passing through the laser cladding and substrate and interfering with light from
the front facet. The fringes above the laser axis (negative ) are produced when the
back-reflected light passes over the top of the laser and interferes with the light from the
front facet. The transition between the two cases occurs near §=0 because the active
region of this laser is only 2 um from the top surface of this laser. The laser is 142 ym
thick.

The linear fringes seen in Fig. 3.1 are caused by diffraction of the back reflected
light by the top edge of the laser. This effect also appears in Fig. 3.2(a) as a modulation
of the intensity of the fringes at negative 07.

Figure 3.3 shows measurements of the far field of an SXC laser operating on
three adjacent longitudinal laser cavity modes which are labelled 1,2 and 3. The fringes
#i;ove the laser axis are shifted in position upon a change of mode, while the fringes

below the laser axis do not perceptibly shift position. The change in position of
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Figure 3.2
(a) Measured and (b) predicted far field intensity distributions of an SXC laser with
L,=254 pum, L.,,=92 pum, n,=3.5 and n,=3.4. Negative angles correspond to regions
above the laser axis. This is a vertical cross-section of the far field of the same laser

used to produce Fig. 1.
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(a), (b) The far field intensity distribution of an SXC laser for 3 consecutive longitudinal

modes labelled 1,2 and 3 in order of increasing frequency.
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the fringes for adjacent longitudinal modes immediately suggests a method to detect and
possibly contro! L., to prevent a mode hop. This possibility will be considered in Sec.
3.3.

The laser used for Fig. 3.1, 3.2 and 3.3 was mounted on a heat sink with the
active region near the top of the laser (active region up). When an SXC laser with the
active region near the bottom of the laser was observed, the far-field pattern was quite
different. ‘The far-field of the laser below the axis was unchanged with the insertion of
the external cavity and no semi-circular fringe pattern was observed. Above the laser
axis, a semi-circular fringe pattern was observed, but these fringes did not shift position
upon change of the laser mode. This is an important consideration: the laser must be
mounted active region up to observe the change in fringe position that can be used for
mode control.

The above observations have been recorded for several different InGaAsP lasers
mounted with the active regions up or down, and for lasers with both gain-guiding and

various index guiding structures.

3.2.2 A Model of the Interference Fringes

A simple model to explain the fringes can be obtained from Fig. 3.4, which are

schematic diagrams of the path of light emitted from an external cavity laser to a point



44

P some distance D away. For an isolated diode laser, the light emitted from each facet
is phase-related but propagates in opposite directions. The insertion of the external
mirror, however, reverses the direction of the light from the rear laser facet and this light
can interfere with light from the front facet. Light will pass over the laser (Fig. 3.4(a)),
or through the laser substrate (Fig. 3.4(b)) to point P. For InGaAsP lasers, the substrate
is transparent at the frequency of laser emission.

Consider Fig. 3.4. A plane wavefront of wavelength N is incident upon the front
facet of the laser from within the laser itself. Part of the wavefront passes through the
front facet at angle 6, to the laser axis and propagates to point P where it has intensity
1,0). The light that is reflected backward by the front facet propagates through the laser
cavity, leaves the laser at angle 6., propagates through the external cavity and is reflected
by the external mirror to point P where it has intensity L(f.). The two wavefronts will

interfere at P shown in Fig. 3.4 with intensity

16,8 = 1,6) *+ L) + 2/1(0)1,8) cosd 3.2)
where
LN 3.3)
)

is the relative phase of the two wavefronts and A is the optical path difference between

the wavefronts. 1,(6,) and L(6.) describe the usual Gaussian dependence of intensity with
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A schematic diagram for tracing the path of the wavefronts in an SXC laser above the
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Same a Fig. 3.4(a), but the rays are traced through the laser cladding and substrate.
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angle in the diverging beam of a diode laser. In Fig, 3.4(a), the optical path difference

is, assuming the refractive index of air is unity,

2L, +L, +D D

Aup = 0l + cosf, cosf, .
and in Figure 3.4(b),
R A &9
where
6 = arc sin lsin % 3.6)
nc

is the angle of refraction in the laser substrate and the subscripts 'a’,’air’ and ’c’ denote
the path difference through the active region, air and substrate, respectively.
If D> >2L,,+n.L, which is the case for the measurements presented in Sec.

3.2.1, then 6, = 8,= 8, and (3.4) and (3.5) become

A, =nlL + @L,+L) cosb 3.7

A, =nL, + 2L, cosd + nlL, cosf, 3.8)

and for constructive interference at fixed 4,
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A, =m A 3.9)

where i=air or ¢, and m, is a positive integer. Equation (3.9) describes fringes of equal
inclination in the far field of the laser, which are observed in Figure 3.1.

Figure 3.2(b) is the far field of an SXC laser predicted by (3.2)-(3.6). The length
of the laser and external cavity were chosen to approximate the laser that produced the
measured far field of Fig. 3.2(a). Refractive indices of 3.5 and 3.4 were used for the
active and cladding layers, respectively, and the i/¢* points of the Gaussian profile of the
far field in the model were chosen to fit the experimentally measured profile of the
solitary laser. Comparison of Figs. 3.2(a) and 3.2(b) indicate that the above analysis can
indeed explain the features of the far field of external cavity diode lasers,

The model also explains the change in angular position of the fringes when a
mode hop occurs. Consider the change in relative phase between the wavefronts at point

P in Fig. 3.4. In Fig. 3.4(a), if D> >2L,,+L,, then the relative phase at P is given by
(3.3) and (3.7):

=27 4
N

[~
I

a

(3.10)

3% L, + QL +L) cosf]

The resonance conditions for the laser cavity and external cavity are, respectively,
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(3.11)

and
L, =q (3.12)
(4} 2
where p and q are positive integers. Substituting (3.11) and (3.12) into (3.10) gives

5 =alp + (2q+§) cosf] (3.13)

When L., is altered to .ause a shift to the next longitudinal mode (of shorter

wavelength), then p— p+1 and q—> q and the change in relative phase at P is

A,

5(p + 1) - 5p)
(3.14)

T
« + — cosf

a

1

If the SXC laser is shifted by two longitudinal modes, then p» p+2, g+ q, and

Ab, = 8(p +2) - &(p)

9 3.15)
=27 + 2% cosh

n,

For n,=3.5 and small 8, A§, is therefore ~ 1.3, This is approximately the shift that
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is observed in Figure 3.3.

For the case described by Figure 3.4(b), a similar linc of rcasoning gives

n,
A8, = w(1 + = cosb) (3.16)
[
and
n,
A, = 27 + 2% 7;.. cosf, 3.17

For most diode lasers, n/n,= 1, so for small 8 the phase shift at P is almost a multiple
of 27, regardless of the longitudinal mode; hence, the fringe paltern remains nearly
unchanged. Again, this is confirmed by the observations in Figure 3.

Equations (3.14)-(3.17) describe the change in phase of the fringes when a
longitudinal mode hop occurs. In the limit of large n,, for fringes above the laser axis,
the phase shifts by = (the fringe pattern inverts) when the mode changes from p to p+1,
p+3,... . For a mode hop from p to p+2, p-+4,... the fringes would have a phase shift
of =0, and these modes would produce the same fringe pattern. If n/n =1, the fringes
below the axis would always be shifted by a multiple of 2+ for any mode hop, so this
fringe pattern would not change upon a mode hop. For real InGaAsP lascrs, of course,
n, is only ~3.2 to 3.5 and n,/n.=1 so the phase does not alternate by exactly = with
successive mode hops, as in the above argument for large n,.

This analysis shows that the change in the fringe pattern is caused by the change
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of relative phase between the laser facets, and not the change in wavelength of the laser.
If there are an integral number of wavelengths in the laser cavity, the facets are out of
phase by w; for a half-integral number of wavelengths in the cavity, the facets are in
phase. Hops from one longitudinal mode to the next alternate between these two
resonance conditions, and this is manifested in the change of the apparent radii of the
interference maxima above the laser axis. The positions of the maxima do vary with
wavelength, but this is a much smaller effect because of the small difference in
wavelength between the laser modes (~5 cm”) relative to the frequency of the laser

{~ 7000 cm™).

3.3 Discriminarion Signal for Longitudinal Mode Control

3.3.1 Moade Comrol using Interference Fringes

SXC lasers operate in one dominant longitudinal mode, which has 100 to 1000
times more power than the adjacent side modes. As shown above, each longitudinal
mode has a particular interference pattern, so the laser far field is actually an intensity-
weighted sum of the interference patterns of all modes. If some perturbation causes a
suppressed mode to gain intensity at the expense of the dominant mode, then the total far

field distribution will be altered. This is the origin of the discrimination signal for mode
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control of SXC lasers.

The optical arrangement for mode control is straightforward. The laser is set to
operate in a particular mode and a portion of the laser emission is split off and sent to
a detector placed in the far field above the laser axis at a point of constructive
interference. The angular size of the detector must be less than that of the interference
maximum. If the external cavity drifts in one direction, the intensity of a mode adjacent
to the main mode increases, resulting in a change in the angular position of the fringes
and a decrease in power on the detector. The power decrease is also observed if the
external cavity drifts the other way. The derivative of this power signal is obtained by
dithering the length of the external cavity and demodulating the detector signal with a
phase-sensitive detector referenced at the dither frequency. The derivative signal indicates
both the magnitude and direction of the drift, so it can be used in a feedback loop to
restore the external cavity length to its original position, regardless of the direction of
drift. A schematic of the feedback loop to achicve mode control is shown in Fig. 3.5.

To implement mode control, it is necessary to monitor a fringe that is above the
faser ux.z, siace these fringes exhibit a much greater shift in positinn upon a change of
mode than the fringes below the laser axis. It does not matter which of these above-axis
fringes are used, as long as the detector has sufficient angular resolution to distinguish
the chosen fringe. Because the relative phase between the interfering wavefrﬁnts does not
shift by exactly x each time the mode is changed, the detector must be slightly realigned

each time the laser is operated on a different mode so that the optimum discrimination
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signal is obtained.

Equation (3.9) indicates that there is a very small change in the angular position
of the interference maxima when the laser frequency changes by the equivalent of one
longitudinal mode spacing (~5 cm”). As mentioned before, it is the change in relative
phase of the light from the laser facets on a mode hop that causes the shift in fringe
position. This is important because the discrimination signal will not change appreciably
when the laser frequency is tuned over an entire mode spacing. It is therefore possible
to control a mode while the laser is tuned over one or more mode spacings. For the
lasers that have been tested to date, each longitudinal mode can be tuned over at least a
mode spacing , leaving no gaps in frequency coverage over the range of tuning of the
gain peak of the laser. Complete frequency coverage of 100-250 cm® is therefore

possible by temperature tuning the laser {38].

3.3.2 Comparison with Laser Voltage Mode Control

The use of interference fringes in the far field of the SXC lasers is a significant
improvement over the use of the laser voltage for longitudinal mode control. The
discrimination signal obtained from the interference fringes in the far field has a

significantly better SNR than the voltage signal used in past work with SXC lasers.



53

F, (s) laser detector
X(s)
—>1HV supply >—piezofl [] q |
AN
/N Kp
K, |amp osc. > Y
(ref)
£ int. —=< lock-in
i Ke: F (s)
sT,
Figure 3.5

A schematic diagram for the feedback control system to maintain single mode operation

- of an SXC laser.
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Figure 3.6 compares the signals taken with the same laser on the same mode while L.,
was moved through one FSR of the laser. The higher SNR using the fringes means
potentially faster and more stable operation of the negative feedback loop to control the
modes (Sec. 3.4).

The hardware requirements are more exact for the detection of laser voltage. Best
results are obtained using a low-noise differential preamplifier before the signal is fed to
a lock-in amplifier. The modulation of the laser current required for harmonic detection
also introduces a modulation of the laser voltage which tends to overload the lock-in that
detects the laser voltage. In contrast, the detection of changes in the far field requires
no preamplification and there is reduced potential for lock-in overload when laser current
modulation is introduced. Some additional equipment is needed to implement mode
control with the interference fringes: it is necessary to introduce a beamsplitter and
detector into the optical arrangement of an experiment. The detector must be translated
about the far field to obtain the optimum discrimination signal for each mode. A small
fraction of the tota! laser emission is required for a discrimination signal: typically only
5% of the laser emission was split off to obtain very fast and stable feedback loop
operation. The requirement of an extra detector also detracts from the compactness of
the SXC laser itself, but the improvement in control of the modes may for some
applications compensate for this disadvantage. However, it may indeed be possible to
design a compact, self-contained SXC laser module that allows mode control using the

far-field fringes, although this possibility has not yet been pursued.
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The discrimination signal from (2) the far field interference fringes and (b) the laser
voltage for the same longitudinal mode of an SXC laser. The external cavity dither

frequency was 3.85 kHz.
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3.4 Analysis of Feedback System for Mode Control of SXC Lasers

3.4.1 Implementation of Feedback Control of SXC Lasers

A schematic of the system for longitudinal mode control of SXC diode lasers is
shown in Figure 3.5. The loop uses the discrimination signal obtained from the far-field
interference fringes to maintain the optimum external cavity length for single mode
operation. The detector monitors the change in the fringe position, and the resulting
signal is passed to a lock-in amplifier referenced to the dither frequency of the external
cavity. The output of the lock-in indicates both the magnitude and direction of the
displacement of the external cavity away from its optimum position. This signal is then
integrated before it is fed back into the high voltage amplifier that controls the
piezoelectric positioner onto which the external mirror is attached. With this simple
feedback control system, it is possible to maintain single mode operation by correcting
for perturbations in the optimum value of L, caused by laser frequency tuning,
temperature changes, thermal or mechanical drift, or mechanical shocks and vibrations.
Settling times as fast as 15 ms have been obtained by optimizing the operation of the

feedback loop.



3.4.2 Time Response of Mode Control System

The goal of the feedback loop is to provide the voltage v, lo the piezoelectric
positioner that will establish the optimum external cavity length for single mode
operation. If the voltage to the positioner is not v, but some other voltage v, then an
error voltage e(v,-v) will arise to cause the system to evolve in time toward a condition
of zero error. If e vs. v,-v is linear, the time response v(t) of this system is described
by a linear differential equation which can be solved for particular feedback loop
parameters. This approach indicates how the system responds, but offers no immediate
insight into how specific parameters, such as loop gain, infiuence its behaviour.

Instead of the differential equation of motion of the loop, consider the Laplace
transform of this equation. If a voltage X(s) is input to the piezo positioner, the Laplace

transform of voltage response of the entire system is

V(s) = H(s) X(s5) (3.18)
where H(s) is the transfer function of the system. Figure 3.5 indicates the transfer

function of each component, and the system’s total transfer function is given by [47]
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F.(5)
H(s) = —
1+ K, F(5) K, — K, Fys)
5T, (3.19)
_ sF(s)
5+ AF(5) Fy(s)
The loop gain A is
A = Kn I;L Kn (3.20)

where K, K., and K,, are the voltage gains of the detector, lock-in amplifier, and high-
voltage (HV) amplifier respectively, and T, is the gain of the integrator. The transfer
functions of the filter of the lock-in amplifier and the high-voltage supply are F.(s) and

F.(s). The lock-in filter has a 6 dB/octave rolloff, and can be described by

3.21)

where 7, is the lock-in time constant. If a 12 dB/octave rolloff is used, the transfer
function must be modified accordingly. The HV supply has a time response that can also

be approximated by a 6 dB/octave rolloff, and so

1
1 + 57,

Fi(s) = (3.22)
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where the effective time constant is 7,=1.2 ms for this particular HV supply. The

piezoelectric positioner also has a time response, but its time constant is an order of
magnitude smaller than 7, or 7, and will be disregarded for this analysis.

If X(s) and H(s) are known, then the time response of the system can be found

from

V) = v, + L7 (HS) X)) (3.23)

The solution of v(t), for certain forms of H(s) and X(s), is a sinusoidal oscillation with
an amplitude that exponentially increases or decreases in time, depending on the location
in the s-plane of the poles of H(s). For stable operation, the poles must be located in the
left-hand side of the plane, and the amplitude of the oscillation will decrease in time.
An analysis of the transfer function provides the qualitative behaviour of the system
without the need for solving for v(t). The stability of the system is found from the

characteristic equation [47],

D(s)

s + AF,(s) F(5) (3.24)
0

where D(s) is simply the denominator of the transfer function of (3.19). Using (3.20)-
(3.22), the stability of the system is determined by applying the Routh stability criterion

{47] to (3.24), which requires that
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(3.25)

for the system to evolve to a finite steady-state value. Equation (3.25) gives the stability
condition in terms of known parameters of the system.

Figure 3.7(a) shows the solution of (3.23) for a unit step perturbation to the
optimum voltage for single mode operation. For such an input, X{s)=1/s in (3.23).
Time constants of 7,=1 ms, .= 1.2 ms and a gain of A=650 s were used. This choice
of gain and time constant results in slightly underdamped oscillations, with a settling time
of ~40 ms. Figure 3.7(b) shows the measured response of the control system for a unit
step perturbation using the same value of 7, 7, and A used in Fig. 3.7(a). The output
of the HV supply that controlled the piezoelectric positioner was monitored to obtain Fig.
3.7(b). The agreement between model and measurement is not exact, but the general
behaviour of the loop response can be reproduced. If the gain in the calculated response
was =25% larger, then theory and experiment agree quite closely. The discrepancy
between the model and experiment likely arises from the approximation made in (3.22);
in fact, the HV supply does not exactly follow a 6 dB/octave roll-off. Still, the model
presented here can reproduce the trends in behaviour of the feedback system, and is
valuable for understanding the behaviour of the system and optimizing its behaviour.

Approximately 5% of the laser emission was split off to obtain this mode control

response. The underdamped oscillations in Fig. 3.7 are shown for illustrative
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() Predicted and (b) measured time response of the control system in Fig. 5. The loop

gain is 650 s, ;=1 ms and r,= 1.2 ms.
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purposes: if A=260, 7,=1 ms and .= 1.2 ms, a critically damped response was

obtained with a settling time of 15 ms.

3.4.3 Compensation

The response time that was obtained with the mode control system is limited by
the values of 7, and 7.. The minimum time constant of the lock-in amplifier is 1 ms, and
the effective time constant of the HV supply is 1.2 ms. It is possible to overcome the
limits imposed by the time response of these components and increase the time response
of the system by using a lead compensation circuit, shown in Figure 3.8.

Whei the lead compensator is placed in the feedback arm of the control system,
then the characleristic equation becomes

A(s+a)

D(s)=s+
(L+st )(L+sT,)(5+b)

(3.26)

and a proper choice of a and b can have the effect of replacing one roo of the
characteristic equation with another. For example, the minimum time constant 7, of a
lock-in may be too large to achieve a desired response time. Increasing the gain of the

system will increase the period of oscillation but will also decrease the stability. If,



63

R1
O— | o Vin — (s+a)
| | ' Vout (s+b)
C
R2 a= _1...._
R,C
o, O R1C R C

Figure 3.8

Schematic diagram and Laplace transform of a lead compensator used to enhance the

response time of the feedback control system.
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however, a is chosen to be 1/7, and b=10a, then the factor (1+s7,) in (3.26) is replaced
by (10+s7,), and the pole of the system is moved to the left in the s-plane causing the
oscillations to decay much more quickly. This technique has been shown to work in the
feedback system for mode control, and is a useful technique for compensating an element

of the system that is t0o slow to achieve a desired response time.

3.4.4 Discussion

The compensation technique can in principle be used to improve the maximum
response time of 15 ms that was achieved with this system. However, it was found that
if the 1 ms lock-in time constant was compensated with a smaller value, then too much
noise would pass through the feedback loop and cause mode hops. The main source of
'noise was laser intensity fluctuations that are intrinsic in all semiconductor lasers.
Reduction of this noise would require demodulation of the discrimination signal at a
much higher frequency (MHz), but this frequency is limited to the kHz regime by the
response of the piezoelectric positioner. Decreasing the bandwidth of the lock-in
amplifier reduces the noise at the expense of stability and respunse time of the feedback
loop. It is generally true, for example, that when 12 dB/octave filtering is used to
increase the SNR, the stability and response of the feedback system are reduced. For
most applications in spectroscopy and trace gas detection, the response time and stability
provided by this feedback control system using the interference fringes is quite adequate.
The trade off between resbonse time and SNR depends on a given application.

The response time and stability of mode control using the fringes is markedly
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superior to that vsing the laser voltage technique. The small SNR of the laser voltage
requires a typical lock-in time constant of 1s with a 12 dB/octave rolloff. The response
of the loop under these conditions is typically ~ 10 s, and it is difficult to correct for
sudden perturbations in the external cavity length. In addition, the voltage signal is not
acceptable for use in a feedback loop for some longitudinal modes on some lasers.
However, the fringes appropriate for mode control are produced by most InGaAsP lasers
that are mounted active region up, and the behaviour of the fringes does not depend
strongly on the alignment of the external cavity.

Finally, it is expected that mode control using the far field fringes can be
implemented with most SXC semiconductor diode lasers provided the active region is
near the top of the laser. The fringes that are used are produced by the light from the
front facet interfering with light from the back facet reflected over the laser by the

external reflector. This situation will occur in any SXC diode laser, regardless of its

composition.

3.5  Summary

The interference fringes in the far field of SXC semiconductor diode lasers have
been described and explained. The interference occurs between light emitted from the
front facet and light emitted from the back facet that is reflected forward by the external
mirror. If the laser is mounted with the active region up, light from the back facet can
(i) reflect over the laser or (ii) through the laser cladding and substrate; each of these

instances produces a pattern of semicircular fringes of different radii. A change in
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longitudinal mode causes little change in the radii of fringes in case (ii), but causes a
substantial change in the apparent radius of the fringes produced by case (i). A simple
model was devised that successfully explains the existence and behaviour of the fringes.
It was shown that the change in .-oparent fringe radius in case (i) is caused by the change
in relative phase between the front and back facets of the diode laser.

The behaviour of the interference fringes in the far field was used to implement
a new methc:d for longitudinal mode control of SXC InGaAsP diode lasers. The
realization of a discrimination signal derived from the fringes was presented, and the
signal was used in a feedback system to control the modes of the SXC lasers. The
control system has a response time as short as 15 ms, and could prevent mode hops
caused by drift, laser tuning or mechanical shock. The system allowed complete
frequency tuning over the range of operation of the laser: there were no gaps in
frequency coverage. Finally, the behaviour of the control system was analyzed to

optimize the control system.



CHAPTER 4 -

AN ABSORPTION SPECTROMETER USING SXC LASER DIODES

4.1 Introducrion

The tunability, narrow linewidth and high power of NIR diode lasers make them
excellent radiation sources for use in molecular spectroscopy and Spectroscopic
applications. This chapter explores the suitability of SXC laser diodes described in
Chapter 2 as tunable sources in an absorption spectrometer that can be used to make
high-resolution and high-sensitivity spectroscopic measurements of molecular absorption
transitions [48]. Mode control techniques described in Chapter 3 were used to enhance
operation of the lasers. The factors that limit the sensitivity of the spectrometer were
assessed, and strategies for the optimization of sensitivity were determined. Finally, a
comparison will be made of the performance of DFB lasers and SXC lasers used as

radiation sources in the absorption spectrometer.

67
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4.2 Implementution of the Spectrometer

4.2.1 Apparatus, Alignment and Detection Techniques

The SXC laser mounted in the tuning module was used as the radiation source in
an absorption spectrometer, which is shown in Fig. 4.1. The laser light was collimated
with a broadband anti-reflection (AR) coated singlet lens, was passed through the
absorption cell and was focused with another lens onto an InGaAs photodetector. Many
absorption cells were used: the cell could be a simple glass tube 1-100 ¢m in length, or
a multi-pass White cell with an effective path length up to 100 m. A beam splitter was
used to send a fraction of the light, before it reached the absorption cell, to a scanning
monochromator for wavelength calibration and monitoring of the spectral properties of
the laser. When high-sensitivity detection was performed, the beam splitter was removed
to reduce the amount of unwanted optical feedback to the laser. Careful alignment of all
optical surfaces in the path was necessary to achieve maximum sensitivity: planar
surfaces were tilted with respect to the optical axis, the laser beam was focused tightly
onto the detector material oniy and not the surrounding case, and all components were
cleaned to reduce scattered light. Neutral density filters were often used to reduce
optical feedback and unwanted reflection between optical surfaces. The reduction in the
intensity of the light is not a problem provided the laser beam noise exceeds the detector

noise. Optical feedback can be a serious problem in a high 68
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The layout of the SXC diode laser absorption spectrometer. The box labelled "N’ refers

to a monochromator or wave-meter, used to monitor the spectral output of the laser.
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sensitivity and high-resolution spectrometer because of the degredation of the spectral
purity of the laser’s output [49].

Second-harmonic detection (2f) was used to obtain high-sensitivity spectra, since
it is well-suited to diode laser operation [S0]. With this technique, the laser frequency
is modulated at audio frequencies, while the mean laser frequency is slowly tuned
through an absorption feature. The detector signal is demodulated by a lock-in amplifier
referenced at twice the laser modulation frequency. The resulting 2f signal of an
absorption line is shaped approximately as the second derivative of the true line shape;
the background 2f signal, away from the absorption feature, is ideally zero and thus
independent of fluctuations in the laser power [51].

The optical frequency modulation of the SXC laser was accomplished by
modulating the laser injection current at audio frequencies of typically 10 to 50 kHz.
The mean laser frequency is tuned by slowly ramping the laser current or temperature.
The choice of the amplitude of current modulation depended on the particular laser and
the frequency width of the line that is to be detected. The optimum 2f signal is achieved
when the amplitude of the frequency modulation is 2.2Ap,,, where Aw,,, is the half-width
' al half maximum (HWHM) of the absorption line that is to be measured [50]. InGaAsP
:Iésers have a current tuning response of = -0.03 cm”/mi\. For a pressure-broadened
molecular transition, for example, the HWHM is typicaliy =0.1 cm", so the optimum
current modulation amplitude would be 7 mA. AlGaAs lasers tuned = -0.25 ecm'/mA,

so significantly less current modulation is required to achieve optimum modulation



n

amplitude for the same linewidth. The sweep rate of the laser frequency is limited by
the time constant of the lock-in amplifier.

Although 2f detection should provide a zero background for absorption signals,
there are always unwanted signals that appear in a 2f spectrum that arise because of the
frequency modulation of the laser. These signals limit the detection of weak absorption
features and are termed modulation noise. The peak-to-peak height of the 2f background
away from an absorption signal is taken to be a measure of the modulation noise, and an
equivalent absorption for this noise can be determined by comparing the size of the
modulation noise to the size of a 2f absorption line of known absorption. In this way,
the modulation noise is independent of laser power and the absorption strength of the line
used to calibrate the noise. The main contributions to modulation noise will be discussed
in the next section.

When the laser frequency modulation is turned off, the background noise is
substantially reduced, but is still present. This is the laser beam noise, which is caused
by random fluctuations in the laser power withia the detection bandwidth. The beam
noise is the fundamental limit to the sensitivity of the absorption spectrometer. The laser
power fluctuation is caused in part by the random spontaneous photons emitted in the
laser cavity. In addition, there is a 1/f component to the laser noise that falls off above
=10 MHz. It is possible to achieve shot-noise-limited sensitivity if the laser is
modulated at =50-500 MHz: this is one advantage of the so-called two-tone frequency

modulation spectroscopy (TTFMS) technique [52]. However, TTEMS is still affected
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by the same type of modulation noise that is observed with 2f detection, and consequently
the shot-noise limit is very difficult to reach. Aithough absorptions as small as 10° can
be seen with specially coated optics and signal processing techniques using TTFMS, the
next section will discuss how absorptions as small as 3x10*% can be measured with 2f
detection with off-the-shelf optics and. equipment and techniques that are much simpler
to implement than the high-frequency techniques. With narrowband AR-coated optics
and optical isolation of the laser, it may be possible to achieve a sensitivity of < 10°
Recent work by Silver, Stanton and Bomse [53,54] does indeed indicate that
harmonic detection and TTFMS can attain the same beam noise limit if the modulation
frequency in harmonic detection is sufficiently high. Under certain conditions, harmonic
detection may be the superior detection technique for diode laser absorption

spectrometers.
4.3  Performance of the Absorption Spectrometer
4.3.1 AlGaAs Short-External-Cavity Lasers
Five Mitsubishi ML4095 AlGaAs lasers were tested. These lasers operated in the
760 nm region and lased in a single longitudinal mode over a small range of current

before a mode hop occurred. Single-mode operation was considerabl;” enhanced by the

$XC in conjunction with mode control techniques.
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Bias current tuning and temperature tuning rates of these lasers were -0.24
cm'/mA and -0.60 cm"/mA respectively. The bias current tuning allowed 80-120%
coverage of a mode spacing at constant heat sink temperature when the SXC was used;
only 15% of a mode spacing could be covered without the SXC before a mode hop
occurred. The current-tuning rate of these lasers allowed optimum 2f detection of
absorption lines at atmospheric pressure with only 0.8 mA peak-to-peak current
modulation. This was only a small percentage of the useable range of the laser (=35
to 70 mA), so non-linearities in the LI curve did not contribute substantially to the 2f
background signal. Such signals may limit sensitivity (Sect. 4.2.2(b)). Provided
modulation noise is not enhanced at smaller modulation depths, the sensitivity achicved
for atmospheric-pressure broadened should also be obtained at lower gas pressures and
into the Doppier-broadened regime.

High-sensitivity detection of atmospheric-broadened lines of the b'E’' « X'E
electronic transition of O, was obtained with SXC AlGaAs lasers in the absorption
spectrometer. Modulation noise levels of =3x10* were achieved at a 10 kHz modulation
frequency and a 1.25 Hz equivalent noise bandwidth (ENBW). Minimal optics were
used and the sample was the lab atmosphere. This noise level was <2x beam noise.
Increasing the modulation frequency to 50 kHz reduced the beam noise by a factor of 3,
but provided no improvement in the modulation noise. Similarly, reducing the ﬂclection
bandwidth reduced the beam noise accordingly, but the modulation noise remained the

same. However, 2f signals measured with the lock-in amplifier at quadrature were close
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to beam noise at all detection frequencies and bandwidths. This suggests that the
limiting noise was some wavelength-dependent effect such as optical feedback, laser
temperature fluctuations, or etalon fringes caused by partially reflecting surfaces in the
optical path.

The modulation noise and the beam noise did not vary significantly in each of the
laser modes obtainable with the SXC. This is important if the full wavelength range of
the instrument is to be used. In addition, the presence of the SXC did not affect the
sensitivity of the spectrometer. Because these lasers operated in a single mode over a
small range of injection current, modulation and beam noise could be easily measured
in each mode with and without the SXC. Also, the response time constant and gain of
the mode control feedback loop did not affect sensitivity, provided the stability of the
external cavity was maintained.

Figure 4.2 is a plot of the 2f signal as a function of optical frequency for an
isolated and weak O, absorption at atmospheric pressure using the absorption
spectrometer. The figure shows a modulation noise of =5x10* on a gently sloping 2f
‘background, and two small absorption lines. The absorption signal indicated by the
arrow is caused by a laser side mode passing through a strong absorption line. This
effect may limit the performance that can be achieved with diode laser absorption
spectrometers.

As was discussed in Chapter 2, .ihe SMSR of an SXC laser is typically between

0.1-1% and depends strongly upon alignment and laser conditions. The effect of this
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Fipure 4.2
The signal indicated by the arrow is caused by a weak side mode passing through an O-
'O absorption line; the other signal is caused by the main laser mode passing through an
"0-%0O absorption line. This 2f scan was done with an SXC AlGaAs laser at a

modulation frequency of 10 kHz and a detection bandwidth of 1 Hz.
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finite SMSR was discovered and investigated with SXC AlGaAs lasers. The lasing

region coincided with absorption lines of both “O-*O and #0-"Q of the b'E", « XL,
transition. The ratio of the absorption coefficients of these two molecules is
approximately the ratio of the isotopic abundances, which is about [“0-"0]:[*0-"0] =
500:1. However, this is approximately the SMSR of the laser. Thus, it is possible that
when the main laser mode is tuned through a region of interest containing a *O-"0 line,
a side mode may pass through a an "“O-"O line at a nearby wavelength (Fig. 4.3). This
can cause a spurious absorption signal that can easily be confused with the "true" signal
(see for example Fig. 4.2). If the positions of the absorption lines of each isotopic
species and the mode spacing of the laser are known, then the spurious signals can
usually be identified. However, if measurements are made for a molecular species for
which the exact positions of the absorption lines of each istopic species are unknown, the
spurious signals will be more difficult to identify. An attempt was made to filter out the
laser side modes with a monochromator, but this resulted in increased noise and a non-
linear 2f background, possibly caused by feedback from the monochromator.
Fortunately, the SXC allowed the identification of these unwanted. spectra. A 2f
absorption spectrum was recorded, the SMSR was slightly altered (increased by 2x) by
changing the mode control parameters, then a second spectrum was recorded. The side
mode absorption changed relative to the dominant mode signal, as shown in Figure 4.4.
It is important to be aware that the side-mode signals may be present when detecting

weak absorption lines near stronger lines, and that care must be taken to avoid
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Figure 4.3
Three adjacent AlGaAs laser modes were selected with the SXC and a scan was made
in each mode over the identical range of laser injection current. The main mode in one
scan becomes a suppressed side mode in another scan. However, the side mode still has
sufficient power to cause a signal at exactly the same laser current as it passes through
the same strong absorption profile as it did when it was the main mode. The resulling

contamination of the spectra is clear.
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Figure 4.4

Scans through the same spectral region. For one scan, the SMSR was adjusted to alter
the fraction of energy in the side modes and yet have a negligible effect on the energy
in the main mode. This causes the absorption signal due to the side mode passing

through a strong line to change relative to the absorption due to the main mode.
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confusing the desired signals with the spurious ones. Side mode signals will occur with
any laser with a finite SMSR, including DFB lasers, although SXC lasers offer a way to
identify them by altering the SMSR. This is not possible with DFB lasers. It should
also be noted that the SMSR is not static because of small drifts and fluctuation in the
laser conditions or cavity alignment. The magnitude of the side mode signals may vary
over time and give rise to a non-reproducible background that could be interpreted as a

contribution to modulation noise.

4.3.2 InGaAsP Lasers

Multi-mode 1.3 pm InGaAsP lasers with gain-guided, IRW (inverted-rib-
waveguide} and index-guided structures were forced to operate single mode with a short-
external cavity. A SMSR of =0.5% was obtained on 4 to 12 modes. The tuning
characteristics of these lasers is different from the AlGaAs devices. The bias current
tuning rate for gain-guided lasers was -0.10 cm”/mA while IRW and index guided lasers
tuned at -0.03 cm/mA, which was considerably less that of the AlGaAs lasers;
temperature tuning was -0.4 cm'/K. Only 20-50% of a 5 cm” mode spacing could be
covered by current tuning, but complete single-mode spectral coverage in overlapping
segements could be obtained over as much as 250 cm” with these lasers.

Absorption lines of H,O at 100 Torr were used to determine the sensitivity of the

system. Etalon fringes from the collimating lens and detector surfaces limited the
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sensitivity of the system when 2f detection was used. Tilting of the optical surfaces
reduced the fringes to an equivalent absorption of 10°, The modulation noise could be
reduced to <2x the beam noise at a detection frequency of 10 kHz and detection
bandwidth of 1.25 Hz by adding ND filters between the laser and collimating lens and
between the detector and focusing lens. A total attenuation of 10-15x was required. The
beam noise was measured in each laser mode and was found to he =3x10*. Figure 4.5
shows the beam noise in three different modes. The beam noise could be further reduced
by detecting at higher frequencies or reducing the detection bandwidth, but the
modulation noise limit remained the same. The results are consistent with the results
obtained with AlGaAs lasers and suggest the modulation noise is caused by a wavelength-
dependent effect such as fringes, feedback to the laser or side modcs passing through
strong absorption lines. Again, as with AlGaAs lasers, the presence of the external
cavity did not substantially affect the modulation noise or the beam noise. The small
current-tuning rate of the IRW and index-guided InGaAsP lasers did not permit sensitive
detection of atmospheric pressure-broadened absorption lines. With tuning rates of -0.03
cm'/mA, the laser must be modulated over a considerable portion of its LI curve to
detect optimally an atmospheric pressure-broadened line, which have a HWHM of ~0.1
cm'. The difficulties arise from the non-linearities in the LI curves that become
increasingly important at larger current modulation amplitudes. Non-linearities cause
offsets in the 2f background that increase the modulation noise and obscure the

identification of weak absorption features [51]. Figure 4.6 shows the change in the 2f
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Figure 4.5
(a) Typical 2f absorption signal obtained with a 1.3 um SXC InGaAsP laser. (b)-(d) are
scans of beam noise (no laser modulation) in three different laser modes selected with
the SXC, normalized to the power in each mode. (e) is detector noise. All scans are for

a detection frequency of 20 kHz and a bandwidth of 1.25 Hz.
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Figure 4.6
Profiles of H,0 absorption obtained using an SXC InGaAsP laser and 2 detection with
optimum depth of modulation. The absorption in the upper trace is atmospheric-pressure
broadened, while the lower trace shows the same absorption at a total gas pressure of 100
torr (20 torr H,0). The 2f background obvious in the atmospheric-broadened scan is
caused by the increased depth of current modulation that sweeps over a greater range of

the slightly non-linear LI curve of the laser,
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background signa! when optimum 2f modulation was used for the same absorption line
at 100 Torr and 760 torr.

Gain-guided InGaAsP lasers that were tested allowed current tuning of -0.1
cm'/mA, which is 3.3x better than IRW and index guided lasers. The reason for this
difference is not clear, although it may be caused by the larger Ohmic heating from
lower quality of epitaxial or metallization layers in the laser structure.

Evidently, then, not all NIR diode lasers can be used with 2f dtection for high-
sensitivity measurements of broad absorption lines. The 2f background signal arising
from non-linearities in the LI curve can be reduced by detecting at the fourth or sixth
harmonics of the modulation frequency. Although this approach would be at the expense

of absorption signal, the background should decrease considerably.

¢) Distributed-Feedback (DFB) Lasers

Single mode operation is also obtainable from DFB lasers. As discussed in
Chapter 1, these devices have been used by spectroscopists to study overtone transitions
at 1.3 umand 1.55 um. However, DFB lasers are costly, difficult to construct and very
difficult to obtain at wavelengths in between 1.3 um and 1.55 pm. It is of interest,
then, to compare the operation of DFB and SXC lasers under similar conditions in an
absorption spectrometer.

Two 1.31 um DFB lasers with similar operating characteristics were tested.
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Single-mode operation was possible at an injection current of 25-65 mA (1,=20 mA) for
one laser, and 45-75 mA (I,=40 mA) with the second laser. Instabilitics in the laser
modes occurred above these limits. The SMSR was <0.1%, and the mode spacings and
current tuning and temperature tuning rates were 5 cm’, -0.04 cm'/mA and -0.5 cm™/mA
respectively. These values are comparable to Fabry-Perot type InGaAsP lasers with IRW
or index guiding. The limited current-tuning made difficult the highly-sensitive detection
of atmospheric-broadened lines, so H,O lines at 100 Torr were used for sensitivity
measurements.

The sensitivity limit of the spectrometer with the DFB lasers used as a source is
comparable to that found with SXC lasers. The beam noise was 10° at 2f=20 kHz and
a 1.25 Hz detection bandwidth; it could be reduced by detecting at higher frequency or
decreasing the detection banwidth. However, when 2f detection was attempted, ctalon
fringes limited the modulation noise to 5x10*. The fringes were caused by reflections
between the laser and the collimating lens and detector. The fringes were much more
pronounced than with the InGaAsP SXC lasers even though both types of lasers had had
similar emission wavelength and identical optical arrangements. It is possible that the
larger fringes were caused by the greater susceptibility of DFB lasers to optical
feedback.

The sensitivities achieved with these DFB lasers compare favourable with the
results of Sasada [55], who attained sensitivities of 10* with a 1 ms time constant.

The DFB lasers used here did not have a noticeably better sensitivity compared with the
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SXC lasers and may be more susceptible to optical feedback. Neutral density filters wer
required to remove fringes and feedback to the lasers, reducing the available laser power.
The DFB lasers were easier to use in practise, since different laser modes did not have
to be selected by changing the external cavity length. Also, there is little danger of a
mode hop with DFB lasers. However, the superior tuning range and fiexibility of SXC
lasers justify their use in many applications in trace-gas detection and spectroscopy.
Fiugre 4.7 is composed of plots of the 2f signal as a function of optical frequency
for detection with an SXC AlGaAs laser (a), an SXC InGaAsP laser (b), and a DFB

InGaAsP laser (¢). The plots have been adjusted such that the ordinate scale is the same.

4.4 Summary

The characteristics of a tunable diode laser absorption spectrometer with InGaAsP
and AlGaAs short-external-cavity diode lasers and InGaAsP distributed feedback diode
lasers were investigated and compared. Second harmonic detection at audio frequencies
was used to obtain noise levels equivalent to line-centre absorptions of 3x10* with all
lasers tested. The noise levels did not appea- o be affected by the presence of the
external cavity or by the operation of the electrical féedback loop that maintains single-

mode operation of the lasers. The limiting noise source was found to be modulation
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Figure 4.7
Plot of 2f signals as a function of optical frequency for operation of the spectrometer

with (a) an SXC AlGaAs, (b) an SXC InGaAsP, and (c) a DFB laser..
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noise caused by optical feedback to the laser diode and etalon fringes from reflection off
surfaces in the optical path. Contamination of the measured absorption spectra by side
modes passing through strong absorption lines while the main laser mode passed through
a weak absorption line was shown to be a limitation of the spectrometer when the ratio
of the absorption coefficients is of the order of the SMSR. This effect could be
investigated with the SXC lasers. Some lasers had small frequency-tuning rates when
the current was varied and had slightly non-linear LI curves that resulted in large 2f
packground offsets when detecting atmospheric pressure-broadened lines. These offsets
made sensitive detection (< 10*) of such lines difficult. Finally, a comparison was made
of the operation of the spectrometer with SXC and DFB lasers. Both lasers offered
similar sensitivity, but the DFB lasers may be more susceptible to optical feedback.
Although the DFB lasers are easter to use, the SXC approach is potentially less expensive
and offers greater flexibility in selecting diodc iasers that operate at wavelengths other

than what is usually available in the tight tolerances around ~0.8, 1.3 and 1.55 pm.



CHAPTER 5 -

SPECTROSCOPIC INVESTIGATIONS WITH SXC DIOL:Z; LASERS

5.1 Introduction

The diode laser absorption spectrometer described in Chapter 4 has been used
in several pure and applied spectroscopic investigations. Two such applications are
discussed in this chapter. First, the accuracy with which the relative isotopic abundances
of water vapour (HDO/H,0) and carbon dioxide (*CO./*CO,) can be delermined has been
assessed. The determination of these relative abundances is important in such diverse
fields as medicine, industrial pollution monitoring, and petroleum exploration. The results
presented here demonstrate the feasibility of using these lasers in performing such
measurements using a potentially compact and reliable near-IR laser source. Second, a
more fundamental investigation is performed of the W, .,(0) multipole absorption
iransition of solid para-hydrogen [56}. The measurement of the W,.,(0) transition at
high sensitivity and resolution yields improved parameters for the Hamiltonian that

38
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describes this unique physical system [57].

5.2, Relative Abundances of Isotopic Species of Water Vapour and Carbon Dioxide

5.2.1 Significance of the Measurements

The main purpose of the investigation of the ratio of HDO/H;O abundance
is to demonstrate the feasibility of monitoring heavy-water vapour emission from nuclear
generating plants. A rise in this ratio above the ambient natural value of =150 parts-
per-million (ppm) near a reactor could indicate the presence of unwanted leakage in some
part of the generating plant. Diode laser spectrometers could provide the sensitivity and
selectivity necessary to simultaneously determine the concentration of each of these
conslituents. [t is also possible with these lasers to monitor in real time the variation iz
this abundance ratio: this is crucial if prompt corrective action must be taken to reduce
unwanted heavy water emission. The tunability of SXC lasers provides the versatility
and sensitivity to measure this abundance ratio in the lab; the techniques and apparatus
presented here could be the basis of a field monitor for trace-gas detection.

The measurement of the relative abundance of *CO, and “CQ, has industrial,
medical, and environmental significance. The relative abundance serves as a probe of

the conditions in which the reaction of “C and “C with oxygen takes place. The rates



90

of reaction of »C and “C are slightly different bécause of the kinetic isotope eftect
[58], and the temperature and pressure of the reaction can determine the ratio of the
abundance of these isotopes in the reaction products.’ This effect can be used to probe
conditions in several disparate circumstances. For instance, "'C can be used as a tracer
in the human body to monitor metabolism and detect diseases such as diabetes and liver
dysfunction through measurement of the 13CO,/*CO, ratio in exhaled breath [59]. The
advantage of "C is that it is not radioactive, which is a major disadvantage of using “C
as a tracer in the iruman body. In addition, the relative abundance of carbon isotopes can
be used to monitor past environmental conditions and climatic variations [60] and to
trace the source of petroleum deposits [61]. Several groups using Pb-salt diode lasers
have initiated efforts to measure the “C0,/*CO, isotopic ratios of carbon dioxide and
carbon monoxide [61,62,63,64], but near-IR lasers give the possibility of
constructing a more compact, reliable, and economical monitor for such purposes. The
feasibility of using near-IR SXC lasers in this type of monitoring was considered. Diode
Jaser spectroscopy has advantages over traditional mass spectroscopic techniques because

less sample preparation and no sample purification is required.

2 Of course, the same effect occurs for other isotopic coimbinations of

carbon dioxide, but “CO, has the highest natural abundance
("CO,/™CO,=1:90) and is therefore easiest to detect.
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5.2.2 Techniques and Requirements for Monitoring Abundance Ratios

There are several methods to determine the abundance ratios. A most
convenient technique would involve scanning the laser frequency over two closely spaced
(less than a laser mode spacing) absorption lines, one from each isotopic species.
Harmonic detection could be employed to enhance sensitivity. The concentration of the
molecule is related to the strength and shape of the line profile, as will be described
below. Subsequent signal processing of the measured absorption lines can easily yield
the concentrations. The advantage of this technique is that a single laser in a single
longitudinal mode can be used to record both molecules. A scan of both lines using
harmonic detection requires only a few seconds, allowing real-time detection of changes
in concentration.

To implement this technique, a requirement is that two absorption lines, one
from each isotopic species, lie within ~5 cm of each other but are still far enough apart
to be resolved {~0.1 cm™). A further requirement is that each line that is detected be
of comparable strength so that problems of dynamic range are not encountered in the
detection electronics. The strength of the detected absorption line is proportional to the
intrinsic strength of the transition (the dipole transition moment) and the number of
absorbers in the optical path. Since there are far fewer molecules of “CO. or HDO than
*CO, or H:0, for example, the two adjacent absorption lines must have very different

intrinsic absorption strengths to satisfy the above criteria. Finally, each absorption line
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must be sufficiently strong to be detected by the SXC laser absorption spectrometer with
an adequate SNR; this allows more accurate determination of relative isotopic abundances
for a particular requivement. The effect of SNR on the accuracy is discussed below.
A compilation of spectroscopic information on absorption transitions of
atmospheric molecules, including carbon dioxide and water, is given in the HITRAN
database produced by the U.S. Air Force [65). Further spectral data on HDO was
obtained from R. Toth {66). An examination of this data indicates the strongest lines
of water and carbon dioxide occur at frequencies at which InGaAsP diode lasers are
available (1.3-1.6 um). Weaker bands can be observed with AlGaAs lasers, but thesc
bands were not used here. To determine which satisfy the frequency proximity
requirements of the lines, several bands were examined. The optimum region for
simultaneous detection of HDO and H,O was determined to be around 6620 cm” (1.51
pm), where there are strong HDO lines, many weak H,O lines, and very few molecules
such as CO, that may contaminate the spectra. Many adjacent pairs of HDO and H,0
lines lie in this region. For simultaneous detection of "CO, and “CO, with a single laser,
the optimum frequency is around 6350 cm (1.57 um), although the absorption lines here
are somewhat weak. Stronger lines are available, if necessary. The strongest “CQ, lines
in the near-IR are in the (00"3)«(00°0) band at 6780 cm* (1.475 gm). "CO; lines of
similar strength are found in the (30°1)«(00°0) band at 6490 cm’ (1.541 pm). To
determine the relative isotopic abundance using these strong bands would require two

separate lasers. This is an inconvenience, not a serious problem.
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5.2.3 Determination of Molecular Concentration from the Measured Spectra

The amount of absorption of laser light of frequency » caused by a single

absorption transition from the lower state n to upper state m is given by [67]

1) =1(1-exp(-a(V)L)) (5.1)
where [, is the intensity of light incident upon the gas sample, L is the length of the
sample, and «(v) is the absorption coefficient. This is the absorption that is detected
experimentally, and it is theoretically given by

C?

2

i 8mvig,

N, A, (L-exp(-hy,, /kT)) ®() (5.2)

where »., is the resonant frequency of the transition, g, and g, are the statistical weights
of the upper and lower states, A,, is the Einstein coefficient for the transition, N, is the
population density of the lower state, k is Boltzmann’s constant, h is Planck’s constant,
and T is absolute temperature. The function ®(») is the lineshape function which

depends on the mechanism of line broadening of the absorbing molecules. Proper

normalization requires that

I 0“' (v = 1 (5.3)

regardless of the shape of ®(»). If there is a Boltzmann distribution among the energy
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levels of the absorber, then

: N -E_ Ik
v < & N, exp(-E, /KD

(5.9
i ZMn

where N, is the total number of absorbing molecules, E, is the energy of the lower level
above the ground state, and Z(T) is the partition function. Also, at near-IR frequencies

and terrestrial temperatures, hy » KT, so the absorption coefficient reduces to

2

c* N,
a(”)=m(—n' exp(-E, 1kT) A, () (5.9)

The total strength of the line is

s=[7 d
]u a(v) dv 56

=5,(DA,

where S,(T) is a measure of the intrinsic strength of the transition and N, is the number
density of absorbers in the path.
Using the definition of line strength in (5.6), the norn:alized

phenomenological absorption coefficient is, for a Doppler-broadened transition [68]

oy )= 12 5 exp(-In2 (

T Tp o

V=¥on

) (5.7
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where the Doppler half-width at half maximum (HWHM) is

} An2kT
y, =| 20T, (5.8)
mc-

At higher gas pressure, pressure broadening of the transition dominates Doppler

broadening. For a pressure-broadened transition, which generally have a Lorenztian

frequency dependence,

o, (p =£.—7L_.._2 (5.9)
T (v-u,, ) +v,
for a pressure-broadened HWHM of v,, which is given by
= b
(5.10
o N )
i T

for a pressure P, of broadening gas with number density N,. The quantity v,° is the line
broadening constant of a given spectral line by a particular type of absorber. It is usually
given in units of (frequency/unit pressure of broadening gas), hence the above definition.
Pressure broadening is dominant when «, » v,, while Doppler broadening dominates in
the opposite case. When -+, =+,, the absorption line is a convolution of the Gaussian

and Lorenztian profiles: such a convolution is called a Voigt profile, and is given
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explicitly by
w0222 S [ " ey — g
T T U Yo (v, )+
{5.11)
|12 S Hua
P T ‘YD
where
u=Y2, (5.12)
Yo
and
a=ﬁ M (5.13)
o

and H(u,2) is a tabulated function [69].

In general, according to (5.6), it is necessary to integrate the measured
absorption line to recover the number density N, of absorbers in the path. In some cases,
however, this is not necessary: N, becomes proportional to the line centre absorption.
This simplifies the analysis of the measured data. For a Doppler-broadened transition,

for example, the line-centre absorption is
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S, N
a, v, )= |12 2T (5.14)

T Tn

Clearly, the line centre absorption is directly proportional to the number of absorbing

molecules. In the pressure-broadened regime at line centre

a, v, )= e (5.15)

If the absorbing and broadening gas are the same (self broadening in a pure gas, for
example) then the line-centre absorption is independent of the concentration of absorbing
molecules. In this case, the entire line must be integrated over frequency to recover the
absorbing pas concentration [64]. However, if the absorbing gas is present in only trace
amounts in a buffer gas of fixed partial pressure P,, and the contribution of self-
broadening is small compared to buffer-gas broadening, then (5.15) shows that the line-
centre absorption is indeed nearly proportional to the trace-gas pressure. The same
relation is true for a Voigt profile at line centre. In the cases of water or carbon dicxide
in air, then these conditions are met because these gases have much smaller partial
pressures than the main constituents of air. Therefore, the determination of the accuracy
to which a trace-gas concentration can be monitored reduces to the experimental problem
of determining the accuracy with which the line centre absorption can be measured. The

arguments made here for monitoring the concentration of a trace gas also apply when
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second-harmonic detection is used to enhance the sensitivity.

Another important consideration in monitoring the relative concentration of
two molecules is the temperature dependence of the lower state population, which is
demonstrated by (5.5). If the two molecular transitions considered hav different lower
state energies, then the measured relative concentration of molecules 1 and 2 will be

temperature dependent:

2 - K exp(-(E,, + E,, JIkT)
o,

where K is a quantity that varies weakly with temperature. Stabilization or precise

measurement of the temperature of the sample gas may therefore be necessary in some

circumstances.

5.2.4 Resulis

The spectrometer system described in Chapter 4 was used to make the
concentration measurements. To determine the accuracy with which changes in
concentration could be monitored, several scans were made over the molecular absorption
lines and the variation in magnitude of these lines was analyzed. The gas samples were

held at a constant total pressure in a 35 cm glass cell or a White cell with an absorption
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length of 12 m,

Several HDO and H.O lines were found in a 3 cm™ (0.5 nm) region at 6595
em” (1.51 pm) with a single SXC laser. Figure 5.1 shows the 2f spectra and identifies
the lines. The gas was held in a 35 cm cell with saturated H.Q in 180 torr of air. The
differences in energy of the lower states of these transitions were such that a change in
temperature of greater than 5 °C was necessary to change the relative concentration by
1%: such a change in temperature did not occur during the following measurements.
The water in this sample was enriched so that the concentration ratio of HDO/H;O was
1:25. Thirty scans were made of this region. Data in Table 5.1 shows the magnitudes
of each absorption line in Fig. 5.1 and the mean magnitude and standard deviation of
each line.* Table 5.2 contains the ratios of several pairs of HDO and H,O lines and the
mean and standard deviation (o) of these ratios. The standard deviation of these ratios
divided by the mean is the crucial quantity. Any real change in the concentration ratio
of the molecules must exceed 2¢ to be detected with 95% certainty. Hence, relative
concentration difference of 9% can be detected in this circumstance.  Further
measurements over longer paths in a White cell with natural HDO abundance gave very
similar results.

The results in Tables 5.1 and 5.2 suggest that large ratios of line centre

absorptions result in larger uncertainties. In fact, if o is plotted against ratio, the value

3 Line "F* in Fig. 5.1 is likely caused by a side mode passing through a strong

H.O line.
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Figure 5.1
A spectrum of H,0 and HDO measured using second harmonic detection. The HDO
lines are indicated with an arrow; all others are from H,0. The line marked 'F’ is

caused by a laser side mode passing through a strong H.O line.
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of ¢ saturates at 2% when the ratio approaches unity. Thus it is estimated that for two
lines of nearly equal absorption strength, the concentration could be monitored to 4%
with 95% certainty.

This limit of 4% uncertainty is not fundamental. Previous work [24,64]
indicate that concentrations can be monitored to within +0.2-0.6%. The higher limit
presented here is a result of the poor SNR caused by interference fringes. Reduced
fringes or increased signal could lead to improved results. Increasing the path length
through the White cell will in principle increase the signal. However, with the present
cell, increasing the path beyond 12 m results in no increase in SNR because of increased
interference fringes in the cell at longer pathlengths. Other contributions to the
uncertainty might include laser frequency fluctuations caused by drift in the laser current
and temperature driver electronics and frequency-pulling effects caused by small
fluctuations in the length of the external cavity.

To monitor the relative concentration of “CO, and “CQ,, two separate SXC
lasers were used. One laser measured the P(18) line of the (00°3)«(00°0) band of “CO,
at 6763.4474 cm", The second laser measured the P(18) line of the (30°1)«(0(P0) band
of CO, at 6488.6213 cm”. These transitions have very similar lower-state energies.
The gas sample was 10 torr of CO, of natural isotopic abundance in 240 torr of buffer
gas (air). This ratio approxiinates composition of exhaled human breath. The SNR for
these lines is vastly improved over the measurements for water (Fig. 5.2). The analysis

was similar to that for water. Several scans were made of each absorption line, and the
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A spectrum of the P(18) line of the (30°1)«(00°0) band of *CO, measured with second

harmonic detection. The sample path length was 12m in a multipass cell with 10 torr

of CO, and 240 torr air.
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Figure 5.2(b)
A second harmonic spectrum of the P(18) line of the (00"3)«(00°0) band of "CO,

with the same path length and partial pressures as in Fig. 5.2(a).



TABLE 5.1
Magnitude of absorption lines for H.O and HDO.

ABSORPTION LINES

Run B C D E F G
(HDO) (H.O) (HDO) (H.0) see text (H.Oj

| 157.3 714.8 157.8 8.7 19.9 72.1
2 154.5 715.1 162.1 45.7 25.2 64.4
3 148.7 693.1 151.8 48.5 19.7 68.8
4 160.7 734.4 154.5 50.8 - 70.2
5 145.0 698.5 155.5 46.9 - 71.7
6 150.4 734.4 152.6 47.3 18.0 71.8
7 144 .4 775.1 148.4 57.5 - 66.5
8 144 .8 708.3 146.0 59.7 - 60.2
9 145.8 737.8 144.1 49.0 - 61.8
10 142.1 722.4 150.0 47.6 20.4 73.0
11 142.2 702.4 147.1 47.6 16.8 65.8
12 134.5 696.5 145.7 45.0 20.3 68.5
13 154.1 747.8 151.1 44.2 26.2 75.4
14 147.6 735.1 151.5 479 24.5 75.3
15 143.2 727.8 149.9 47.3 22.6 67.7
16 158.2 754.9 145.1 50.0 29.7 77.6
17 153.1 743.4 145.8 49.3 21.6 69.9
18 149.0 730.5 147.5 39.6 25.9 72.7
19 154.3 782.9 150.3 62.2 23.9 72.6
20 158.3 744.6 150.0 534 26.6 77.5
21 150.9 725.8 143.2 55.5 28.5 72.3
22 164.6 769.0 147.4 449 324 79.1
23 153.1 750.5 153.9 68.4 21.8 71.5
24 158.0 743.7 148.0 46.1 28.6 79.1
25 152.4 728.8 143.9 51.1 26.9 73.5
26 162.9 752.4 151.9 54.4 21.9 74.2
27 154.2 741.5 141.0 50.7 26.9 76.8
28 150.7 723.6 141.8 59.8 15.6 72.9
29 170.8 755.4 141.8 56.6 19.0 AN
30 182.8 747.6 149.5 58.7 15.8 68.2
mean 153.0 734.6 149.0 51.5 23.1 71.4
o 9.3 22.1 4.8 6.4 4.4 4.6
(%) 6.1 3.0 3.2 12.5 19.1 6.5
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TABLE 5.2
Ratios of absorption line magnitudes for H,O and HDO.
ABSORPTION LINES RATIOS
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Run C/A C/B 10*G/D C/D C/E C/F C/G
l 8.7 4.5 4.6 4.5 18.5 35.9 9.9
2 9.7 4.6 4.0 4.4 15.6 28.4 11.1
3 11.7 4,7 4.5 4.6 14.3 35.2 10.1
4 [3.9 4.6 4.5 4.8 14.5 - 10.5
5 12.3 4.6 4.6 4.5 14,9 - 9.7
6 12.4 4.9 4.7 4.8 15.5 40.8 10.2
7 14.4 5.4 4.5 5.2 13.5 - 11.7
8 13.6 4.9 4.1 4.9 11.9 - 11.8
9 14.6 5.1 4.3 5.1 15.1 - 11.9
10 11.8 5.1 4.9 4.8 15.2 35.4 9.9
11 11.7 4,9 4.5 4.8 14.8 41.8 10.7
12 13.1 5.2 4,7 4.8 15.5 34.3 10.2
13 11.2 4.9 5.0 4.9 16.9 28.5 9.9
14 10.7 5.0 5.0 4.9 15.3 30.0 9.8
15 10.9 5.1 4.5 4.9 15.4 32.2 10.8
16 10.7 4.6 5.4 5.2 15.1 25.4 9.7
17 10.6 4.9 4.8 5.1 15.1 34.4 10.6
18 10.8 4.9 4.9 5.0 12,2 28.2 10.0
19 11.2 5.1 4.8 5.2 12.6 32.8 10.8
20 11.2 4.7 5.2 5.0 13.9 28.0 9.6
21 11.6 4.6 5.0 5.1 13.1 25.5 10.0
22 1.4 4.7 5.4 5.2 17.1 23.7 9.7
23 10.5 4.9 4.6 4.9 11.1 34.4 10.5
24 12.2 4,7 5.3 5.0 16.1 26.0 9.4
25 10.7 4.8 5.1 5.1 14.3 27.1 9.9
26 1.1 4.6 4.9 5.0 13.8 34.4 10.1
27 12.9 4.8 5.4 5.3 14.6 27.6 7
28 10.3 4.8 5.1 5.1 12.1 46.4 9.9
29 12.7 4.4 5.1 53 13.3 39.8 10.5
30 12.0 4.1 4.6 5.0 12.7 47.3 11.0

mean 11.7 4.820 4.8 4.9 14.5 32.9 10.3
¢ 1.3 0.2 0.4 0.2 1.6 6.3 0.6
o(%) 11.4 5.0 7.5 4.7 11.3 1.3 6.3
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mean and standard deviation of the magnitude of the lines were calculated. The results
indicate that each line could be monitored with an uncertainty of £0.5% (20 result).
The relative concentration can therefore be monitored to +1%, which is 4x better than
the water measurements.

These simple measurements demonstrate that the relative concentration of two
molecules, in this case two isotopic species of the same molecule, can be monitored to
+1% with very little specialized data processing or measurement techniques.
Opportunity remains to identify the sources that limit this accuracy and to improve on
this limit. Near-IR lasers offer the chance of developing field instruments for monitoring

the concentration of molecules of medical, environmental, and industrial significance.

5.3 Measurement of the W,,(0) Transition of Solid Hydrogen

5.3.1 Spectroscopy of Solid Hydrogen

The narrow linewidth of lasers is very valuable for measurements of the
spectra of atoms and molecules in the gas phase. Such spectra are typically characterized
by discrete and narrow spectral line profiles. Atoms and molecules in the condensed
phase usually display much broader spectral features caused by strong interatomic or

intermolecular interactions. Consequently, spectroscopic measurements of solids can
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often be accomplished with broadband light sources. Solid hydrogen is an exception to
this behaviour. The physical nature of this solid is such that rotational and vibrational
transitions have very narrow linewidths that approach those of gas-phase spectra. High-
resolution spectroscopic techniques developed for gas-phase spectroscopy can therefore
be employed to study solid hydrogen. This section describes the use of an SXC InGaAsP
laser to observe the W, (0) transition of solid hydrogen at 6441cm” (1.55 um). The
spectral purity and low noise of these lasers when used with harmonic detection allowed
the observation and measurements of the fine structure of this transition that has not been
previously observed.

Only an overview of the spectroscopy of solid hydrogen is given here. A
complete quantitative explanation of the spectroscopy of solid hydrogen requires a
detailed consideration of the simultaneous interaction of a each single hydrogen molecule
with the molecules of the entire crystal. Such a description has been given by van
Kranendonk [70,71,72].

Solid Fydrogen forms a hexagonal closed-packed (hcp) crystalline structure
with an H, molecule at each lattice site. The crystal is bound by very weak and slightly
anisotropic intermolecular forces that allow each molecule to rotate and vibrate freely
about its equilibrium position in the lattice. An isolated H, molecule has no permanent
dipole moment and therefore no electric-dipole-allowed rotaiional or vibrational
transitions. In the solid state, however, the multipole moment of each H; molecule

induces dipole moments in the surrounding molecules. Absorption of light is caused by
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these induced dipole moments through many-body interactions. These multipole-induced
dipole transitions follow the selection rules of the multipole transitions, and the intensity
of the dipole transitions is governed by the magnitude of the many-body interactions that
induce the dipole moments. Correlation of the solid spectra with gas phase spectra
indicate that the vibrational and rotational quantum numbers v and J are still good
quantum numbers, and the transition frequencies of the gas-phase and solid-state spectra
are within 15 cm".

Narrow transitions are observed only in nearly pure para-hydrogen (J=0 for
each molecule). Linewidths (HWHM) of as low as 50 MHz for the W,(0) transition have
been observed [73,74]. The presence of ortho-hydrogen (J=1) broadens the
linewidth and gives rise to impurity splitting of each transition. The transitions also
exhibit fine structure caused by interaction with the crystal field (for the U and W
branches), or by the dynamics of the rotational excitation (for the S branch). The
observed narrowness of the linewidths of the U and W transitions are as yet not fully
explained.

Several IR transitions of solid hydrogen have already been observed. The

Q and S branches* were observed in the first spectroscopic study of solid hydrogen

¢ The notation of the solid hydrogen transitions follows that of electric-dipole

induced transitions in gases, which denote a AJ=-1 transition as P, a AJ=0
transition as Q and a AJ=1 transition as R. S therefore refers to a transition with
A¥=2, U to AJ=4 and W to AJ=6, etc. The number in brackets is the J value

for the ground state and the subscript describes the change in vibrational quantum
number.
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[75]. Since then, the much weaver U,,(0) and U,0) transitions have been observed
[76,77). Most recently, the W,4(0) and W,(0) transitions were observed with a
Fourier-transform spectrometer at 6441.81cm” and 2410.538 cm™ respectively; the latter
was also observed at high resolution with a difference frequency (DF) laser spectrometer
operating in the 2400 cm® region [73,74], and the crystal field splitting was measured
[74]. The W transitions are 5 orders of magnitude smaller than the 8 branch. A 6440
em* (1.55 pm) SXC laser was used to measure the crystal field splitting and impurity
splitting of the W,_,(0) transition. The measurements are presented here: further details

on the assignment of the spectra appear in references [56,57].

5.3.2 Experimental

With some exceptions, the observation of the W,,(0) transition is
accomplished with the same absorption spectrometer and detection techniques used in
Chapter 4 and Section 5.2. The following experiments were carried out during a
collaboration with T. Oka, K.E. Kerr, T.J. Byers, and T. Momose of the University of
Chicago, Departments of Chemistry and Astronomy and Astrophysics.

The sample in this experiment is a crystal of solid para-hydrogen. The
crystal was grown in a cylindrical copper cell 11.5 cm in length and 2 cm in diameter.

The cell was fixed to the bottom of the vessel of an Infrared Laboratories HD-3 liquid
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helium dewar outfitted with wedged calcium fluoride windows. The cell was sealed with
planar sapphire windows and indium gaskets. The crystals were grown by continuously
flowing ultra-pure hydrogen gas over a cataiyst held at 20 K and into the cell, which was
kept at a temeprature of 10 K. Once growth was complete, the crystal was cooled to 4.2
K; the catalyst converts the hydrogen in the crystal to 99.8% para-hydrogen. The dewar
then had to be re-filled with liquid He every 4-5 hours. The concentration of ortho-
hydrogen was measured by integrating the absorption profile of the Q.. (1) ortho
transition measured at 4146.4 ¢m™ with a Fourier-transform spectrometer. The crystals
were nominally optically transparent at optical and near-IR frequencies. Several crsytals
were grown and measured, and the optical quality of each varied only slightly.
Single-mode near-IR radiation from the SXC InGaAsP laser was collimated
and passed obliquely (to avoid unwanted etalon fringes from the cell windows) through
the dewar and sample cell and focused onto an InGaAs detector. The SMSR of the SXC
laser was nominally ~0.5%. The laser mode was stable during the experiments: mode
hops rarely occured during laser frequency tuning. For this reason, the mode control
techniques were not implemented. About 0.2 mW of radiation was incident on the
detector. The crystal and dewar transmitted ~35% of the laser radiation when the laser
frequency was tuned away from the W,.,(0) transition. Losses were caused by reflection
at the windows of the dewar and sample cell and by scattering from defects in the

crystal.

The laser injection current was maintained at 2x threshold, which gave an
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output of ~1 mW. The frequency was tuned by changing the temperature of the small
Peltier cooler underneath the laser, or by changing the laser current, which also causes
a change of temperature of the laser through ohmic heating. Both laser current and
cooler temperature were controlled by a digital-to-analog converter and a microcomputer.

The laser frequency was modulated by applying a sinusoidal modulation on
the injection current. The a.c. tuning rate of the laser at 10 kHz modulation was 0.022

cm/mA (x 20%). The amplitude of the frequency modulation was varied to achieve
the optimum SNR for each type of spectroscopic measurement, as will be explained
below. The detector signal was sent to a lock-in amplifier referenced to twice the
modulation frequency, and the output of the lock-in was collected by an analog-to-digital
converter and a microcomputer.

A Burleigh 20 cm confocal etalon (FSR=150 MHz) was used for frequency
calibration of the measurements of the crystal field splitting. While the laser frequency
was tuned, a portion of the laser beam was split off before passing through the crystal,
mechanically chopped, sent through the etalon and focused onto a detector. A second
lock-in amplifier referenced to the chopping frequency was used to demodulate the
signal, and the output of this lock-in was simultaneously collected with the solid
hydrogen absorption signal by the analog-to-digital converter and microcomputer.

Reference lines of HCN were used for frequency calibration of the impurity
splitting. The frequencies of these lines were provided by Sasada [78]. A portion of

the laser beam was sent through a 50 ¢m long cell containing 10 torr of HCN, and the
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absorption of the reference lines were monitored with 2f detection. Absorption of the
HCN and solid hydrogen was recorded simultaneously, and linear interpolation between
the HCN lines was used to determine the frequencies of the solid hydrogen transitions.
Accuracy of this technique was estimated to be ~0.02 cm". Improved accuracy could
be achieved by using an etalon to measure the change in frequency in between the HCN
absorption lines, but such an etalon was not available. The FSR of the Burleigh etalon

described above was inconveniently small for this purpose.

5.3.3 Results

(a) Crystal-Field Splitting

The detection of the W,(0) transition was straightforward, since it was
previously observed at lower resolution [74]. It was expected from the study of the
W,(0) transition that the crystal field would split the W,.,(0) into three components {74]
that had not yet been resolved. The previous frequency measurement [74] was found to
be somewhat inaccurate: a frequency of 6441.75 £ 0.02 cm” was determined with the
SXC diode laser spectrometer,

At line centre in an 11.5 cm-long crystal, the transition absorbs about 2.7%

of the incident laser radiation. Detection of this transition was not difficult given the
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sensitivity of the laser spectrometer using 2f detection. However, when the amplitude
of the laser frequency modulation was set to produce the largest possible 2f signal, no
splitting of the transition was observed. This amplitude was determined to be 0.08 cm™
+ 20% peak-to-peak (2.4 GHz). This resuit suggests that the full-width at half-
maximum (FWHM) of the transition is around 2.4 GHz/2.2 = 1.1 GHz (see Section
4.2.1), which is unreasonably large considering the observation that each component of
the W(0) transition has a FWHM of ~ 140 MHz; there is no reason to believe that
W,..(0) should have an appreciably larger linewidth. Possibly, because the three
components are nearly blended, the combined linewidth is what is measured by 2f
detection. If each component has a FWHM of 140 MHz, then the amplitude of
modulation that produces the largest signal should be (3x140 MHz)x2.2 = 925 MHz,
which is much closer to the observed results.

The frequency-modulation amplitude had to be reduced far below the value
of 0.08 cm” required to produce the maximum 2f signal to reduce the modulation
broadening. Such broadening prevented the observation of the crystal-field splitting.
The modulation amplitude must be less than the splitting of the features to be resolved,
but must still be sufficient to provide an adequate SNR. A peak-to-peak modulation
amplitude of 60 MHz provided a good compromise between resolution and sensitivity.

Frequency scans were made with the laser emission polarized perpendicular
to the c-axis of the crystal, which is the normal case for InGaAsP diode lasers. Scans

were also made with the the laser emission rotated 90°. The result of the splitting of the
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J=6 state by the crystal field is shown in Fig. 5.3. The dependence of the amplitude of

the each component on the laser polarization is clear, and it indicates a specific
orientation of the c-axis of the crystal. By probing different regions of the crystal with
both laser polarizations, it was determined that the c-axis was oriented radially away
from the longitudinal axis of the cylindrical crystal sample. Assignment of the three
components is based on the predicted ordering of their frequencies and relative
intensities, and follows the assignment of the splitting for the W,(0) transition found in
[18]. The frequency difference between the M=+4 and the M= +3 transitions is 330
MHz (4 15 MHz) and the difference between the M=+2 and the M=+3 is 420 MHz
(£ 15 MHz).

(), Impurity Splitting

The SXC laser and harmonic detection were used to detect and measure the
splitting of the W,_,(0) transition caused by ortho-hydrogen impurities in the crystal. The
splitting consists of several very weak transitions scattered through the 6438-6444 cm’
frequency range. These transitions absorb only 10?% to 10" % of the incident radiation,
s0 high sensitivity is required to observed them. Laser frequency modulation amplitude
of 2.0 GHz (4 20%) optimized the magnitude of the detected 2f lineshapes. However,

the detected spectrum was badly contaminated by etalon fringes from the windows of the
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Figure 5.3

The crystal-field splitting of the W,.4(0) transition of solid para-hydrogen. The
incident laser radiation was polarized parallel to the crystal c-axis for the top trace,

and perpendicular to the c-axis for the bottom trace.
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sample cell, which had an FSR of 1.3 GHz. Only a few lines could be seen. However,
the impurity splitting transitions likely have a linewidth that is about an order of
magnitude smaller than the etalon fringe spacing, so the fringes and the spectral lines
have a very different dependence on the frequency modulation amplitude. It was found
that reducing the modulation amplitude to 400 MHz yielded the optimum signal for the
impurity transition lines: the detected lines were reduced in size, but the fringes were
reduced even further. In this way, a sensitivity of ~ 10°was achieved. Figure 5.4
shows a sample of second-harmonic detection of the impurity transitions near the main
W..;(0) feature. The laser polarization in Fig. 5.4(b) is orthogonal to that of Fig. §5.4(a).
From 6438 to 6444 c¢m", several transitions were observed in both laser polarizations,
Tabulation and assignment of the transitions was performed by T.J. Byers and K.E. Kerr

and appears in [56,57].

5.4 Summary

An absorption spectrometer using SXC InGaAsP laser diodes was employed
in two spectroscopic investigations. The accuracy to which the concentration of two
isotopic species of the same molecule could be monitored was determined by finding the
accuracy at which the magnitude of the secopd harmonic signal could be measured. It

was found that the concentration ratio of HDO/H,0 could be monitored to within +4%.
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Figure 5.4
A portion of the splitting caused by the J=1 impurity transitions in solid para-
hydrogen, in the vicinity of the main transition. Several more such transitions were
found in the 6437-6445 cm™ range. The signal-to-noise ratio allows transitions as

small as 10°% to be detected.
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Etalon fringes from the White cell used to hold the sample limited this number. The
ratio of "CO./*CO, could be monitored to within % 1% because of improved SNR. The
results presented here demonstrate the feasibility of using near-IR lasers in field monitors
for detecting relative molecular concentrations, Applications exist in the ficlds of
medicine, industrial monitoring, environmental studies, and petroleum exploration, The
laser spectrometer was also used to measure the crystal-field and ortho-hydrogen impurity
splitting of the W,.,(0) transition of solid para-hydrogen. The results are of inlcrest to

chemical physicists studying this fundamental quantum solid.



CHAPTER 6 - SPECTROSCOPY OF THE 3»+0 BAND OF H;’

6.1 Introduction

This chapter describes the use of SXC laser diodes in the measurement of the
second vibrational overtone (3r.<0) band of the H,* molecular ion. This ion is of great
importance in the physics and chemistry of plasmas that consist predominantly of
hydrogen, including those found in the interstellar medium and in laboratory-based
hydrogen plasmas. It is also of fundamental interest to chemical physicists because it is
the simplest stable polyatomic molecule and can provide an excellent test of ab initio
calculations of molecular structure. SXC InGaAsP diode lasers are well-suited to the
measurement of the 3»,<0 spectrum because high sensitivity is required: the strongest
absorption in the band is expected to be 10°%. The tunability of the SXC lasers is also
an advantage, since the spectrum is widely and unevenly scattered over the 6800-7300
cm” spectral range. Ab inirio calculations weer used to facilitate assignment of the
spectra and to narrow the frequency range that was searched with the lasers. The results
reported in this chapter are the first observation of the second vibrational overtone band

119
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of any molecular ion, and they demonstrate the use of diode lasers in this arca of
molecular spectroscopy [79]. The following measurements were carried out during
a collaboration with T. Oka, S.S. Lec, Z. Guo, and S. Joo of the University of Chicago,

Departments of Chemistry and Astronomy and Astrophysics.

6.2  History and Importance of the H;* Molecule

H," was first observed by J.J. Thompson in 1912 [80] during his investigations
of "positive rays" in low-pressure, high-voltage electrical discharges. Later studies by
Dempster [81] confirmed the existence of the molecule and greatly enhanced the yicld
by using electron bombardment of hydrogen gas; under certain conditions H,' was the
most abundant ion in the ionized gas. In 1925, Hogness and Lunn [82] deduced for

the first time the reaction that forms H,' in a discharge:
+ N + .l
H,+H, - H;+H 6.0

Pioneering theoretical studies in the 1930’s [83] indicaled that H,’ should have a
triangular rather than linear structure and that the above reaction is exothermic. Little
more was known about the molecule at this time, although its existence was said to be
“the scandal of modern chemistry" [84], particularly because the valency was not well

understood. Interest in H,” waned for the next 25 years, but was rekindled with the
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advent of modern digital computers that could be used to perform detailed theoretical
calculations. Since 1964 there have been dozens of theoretical papers describing the
structure of H,’. Christoffersen [85] showed that the equilateral triangle configuration
is the most stable and obtained more accurate values of bond length and formation
cnergy. The ab initio calculations of Camey and Porter [86,87] provided very
accurate predictions of vibrational frequencies and rotational and rotational-vibrational
constants of the molecule. More recently, remarkably accurate ab inirio calculations
[88,89,90,91,92,93] by Miller and Tennyson at University College,
London have mapped the energy structure of H," up to the 4, vibrational level using the
potential surface calculated by Meyer, Botschwina and Burton [94]. These calculations
have facilitated the assignment and identification of overtone, hot-band and forbidden
bands of the molecule, as will be discussed in the next section.

The exceptional interest in H,* is a result of the fundamental importance of the
molecule in the chemistry of the interstellar medium (ISM) and i plasma discharges.
The efficiency of (6.1) causes H," to be the most abundant molecular ion in hydrogen
discharges [95]. The presence of the molecule also strongly influences the chemistry
in the plasma, The abundance and distribution of H,* in the discharge can therefore yield
information on the conditions of the plasma, and measurement of these quantities can be
accomplished non-intrusively by measuring the IR spectra of the molecules.
Understanding the spectra of H," is therefore critical for spectroscopic plasma diagnostics

of hydrogen discharges produced in the laboratory or in industrial processes. Details of
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the production of H,' in a laboratory plasma discharge cell will be described in detail in
Section 6.4.1.

H,* also has a crucial role in the chemistry of the interstellar medium [96]. It
is produced by the ionization of H, by cosmic ray bombardment followed by reaction

(6.1). The molecule then causes the protonation of other molecules by the reaction
H,+X-HX'+H, (6.2)

which is favoured because of the high proton affinities of many commen interstellar
molecules compared to H, (proton affinity 4.4 eV). Some examples of molecules that
react with H,* (and corresponding proton affinities) are CO (6.1 eV), NH, (8.5 ¢V), CH,
(5.4 eV), HCN (7.5 eV) and H,O (7.3 eV). The resulting species are HCO', NH.’,
CH,*, H.CN*, and H,0*; HCO* has already been observed in interstellar space.

H,* is also responsible for the anomalous abundances of deuterated molecular ions

such as DCO* and DN.,* observed in the ISM [97]. Fractionation of H,' occurs through

Hy+HD=H,+H,D" (6.3)

which has an exothermicity of 7 meV (81 K) because of the lower zero-point energy of
H.D*. Thus, H,D* has a higher abundance in cool interstellar clouds than is expected
from the natural abundance of HD. The apparent overabundance of deuterated molecular

ions is then a result of the reaction
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HZD“+X-DX *+H, 6.9)

which is similar to reaction {6.2).

Despite the inferred importance of H,* in the chemistry of the ISM, the molecule

has not yet been observed in interstellar space. A recent search by Oka and Geballe
[98] has established an upper limit on the column density of 4x10" cm® More
searches are planned and it is expected that improvements in the technology of IR
telescopes and detectors will soon enable the detection of H;* in the ISM.
However, emission lines of H,* have been detected, quite by accident, in the northern
auroral "hot spot" in the polar regions of Jupiter’s atmosphere [99,100,101].
The detected lines were from ro-vibrational transitions of the fundamental (»,~0) and first
overtone (2v,~0) bands of H,". Analysis of the strengths of the transitions indicate a
high temperature (1100 K) in this part of Jupiter’s atmosphere. The presence of H,’
itself suggests a source of H,*; the ionizing mechanism is believed to be electron impact
on H, from the lo flux torus [102]. In addition, the presence of H,* in the upper
atmosphere may affect the chemistry of the lower atmosphere through (6.2). H,* has
most recently been discovered in the equatorial regions of Jupiter, although the lines
observed there are much weaker than in the polar regions [103].

H,* has also been discovered recently in the atmospheres of Uranus and Saturn
[103]. 1tis not known at what Jatitude the molecule was found in Uranus because of the

difficulty in locating its polar axis. However, the discovery was a surprise because
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Uranus has a much smaller magnetic field than Jupiter (~ 1/410). No mechanism has
been proposed for the production of strong plasma activity in the atmosphere of Uranus.

The H,* in Saturn is found in the polar regions, and is much weaker than in Jupiler.

6.3  Spectroscopy of H,

A brief description of the ro-vibrational energy levels and selection rules of H,'
is given here. A more detailed description of the H," spectrum is given in
[104,105), and general discussions of the spectroscopy of polyatomic molecules
is found in [106,107].

The H,* molecule has the geometry of an equilateral triangle, with a proton at
each vertex, and is classified as an oblate symmetric rotor. It has no permanent dipole
moment and therefore no purely electric-dipole-allowed rotational spectrum. In addition,
it has no stable excited electronic states and therefore no discrete electronic spectrum.
As a result, the only means of obtaining spectroscopic information is through the strongly
allowed ro-vibrational electric-dipole transitions. This spectrum also provides perhaps
the best method of detecting the molecule in space.

H,* has three normal modes of vibration (Fig. 6.1). The
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The normal vibrational modes of H,".
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v, mode is a totally symmetric stretching vibration which has energy of 3178 cm®, and
the », mode is a doubly-degenerate stretching vibration with energy 2521 cm”. Dipole
transitions between the vibrational ground state and the », state are not strongly allowed,
although weak forbidden transitions to this mode can occur. The transition between the
v, mode and the ground state is strongly allowed, and is in fact the strongest of all Hy’
vibrational transitions: it is called the fundamental transition. The »;«0 absorption band
was the first to be observed in the laboratory [108].

Transitions from the ground state to higher vibrational levels (u.}v: with quantum
number v,=2,3,... are also allowed. These are called overtone transitions. In most
molecules, the overtones are much weaker than the fundamental. In H,', however, the
light protons have very little inertia and the molecule undergoes large-amplitude
vibrations which results in the relatively large intensity of overtone transitions. In fact,
the Einstein coefficient for the first overtone 2»,+0 transition is larger than that of the
fundamental [93]. The Einstein coefficient for the 3p;«0 ro-vibrational band is ~8x
weaker than the fundamental, but still has enough intensity to be observed in the lab.

Figure 6.2 is a diagram of the vibrational levels of H,’; the transitions that have
been observed are indicated with an arrow. The first overtone was observed in emission
by Majewski et al. [109] and in absorption by Xu et al. [110]. Hot and forbidden
bands were observed by Bawendi et al. [111].

Each vibrational energy level has closely-spaced rotational levels associated
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Figure 6.2
The vibrational energy levels of the H," molecule. Transitions that have been

observed are indicated with a dashed line.
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with it. The rotational wavefunctions are associated with the angular momentum
quantum number J, and the projection of the angular momentum along the molecular
axis, described by the quantum number k which has the values k=0,...,+J. For a

completely rigid oblate rotor, the rotational energy is given by

E, = BJJ+1) + (C-B)X’ (6.5

where B and C are the rotational constants of the rotor, C<B, and K= | k| . If the
molecule is not completely rigid, there are additional terms of smaller magnitude in this
equation that are proportional to higher orders of J and K and describe centrifugal

distortion, Coriolis motion, and various types of interaction with the vibrational motion.

The ro-vibrational levels of the ground state of the degenerate vibrational mode
are described by the quantum numbers v,=0, J, and k. For the excited vibrational states
of v, there is a modification to the quantum numbers. The linear combination of the
degenerate vibrational modes produces another component of angular momentum
projected on the molecular axis described by the quantum number ¢, which has allowed
values of £=0,...+v,. This vibrational angular momentum couples strongly with the
rotational angular momentum so that k and £ are no longer good quantum numbers.
However, the combination G= | k-£ | is a good quantum number [105], so the excited
vibrational states of the », mode therefore have quantum numbers v,, J, and G. The

degeneracy between the positive and negative ¢ states is lifted by vibration-rotation
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interactions, and the quantity U is employed to distinguish between the (J,G) states. U
is defined by | U | = ¢ |, and has a negative value for the (J,G) state with lower
energy and positive value for the state with higher energy.

Requirements of symmelry and quantum mechanics greatly influence the observed
spectra of all molecules. In Hy*, the Pauli exclusion principle requires that the total
wavefunction of the molecule be antisymmetric with respect to the exchange of two
protons, because tie protons are fermions. A consideration of the symmetry of each
component of the total wavefunction in the ground vibrational state indicates that if k=0
and J is even, then the requirements of the exclusion principle are not fulfilled. These
states therefore do not exist. In addition, an analysis of the symmetry of the nuclear spin
wavefunctions shows that there are both ortho ard para rotational states. The ortho states
have K= 0,3,6,.., have total nuclear spin [=3/2, and have a statistical weight of 4. The
para states have K# 0,3,6,..., have I=1/2, and have a statistical weight of 2. The
rotational energy levels of the ground state are illustrated to scale in Fig. 6.3, which also
shows the parity of the levels, given by  (-1). The »,, 2»,(£=0) also have rotational
structure similar to that of the giound vibrational state.

The excited vibrational states have a symmetry that does not preclude the
existence of any rotational levels, but each G level is split into two, as mentioned above.

Ortho states have quantum numbers G=0,3,6,... and all other states are para.
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The rotational levels of the ground vibrational state of H,".
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shown as dashed lines, ortho levels as bold lines, and para levels as fine lines. The

parity is shown beside each level.
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The rotational structure of the », state is shown in Fig. 6.4; the 2in({ =2) and 3»,(f =1}
states have structures similar to that of »,.
The selection rules are found by determining the constraints on the quantum

numbers that are necessary to satisfy the condition

GG k| VIGR %0 (66
where ' and '’ denote the upper and lower state quantum numbers, and p is the dipole
moment operator. This expression is most easily analyzed with the help of group theory,
which gives the circumstances under which this condition is true [112]. The strongest

H," transittons for nuwe0O are found to have the selection rules

AJ=0,+1
Ak=+1
6.7
AG=0, £=+1 (n odd)

AG=3, £=12 (n even)

AJ=-1,0,and +1 correspond to the P, Q, and R branches, respectively.
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The rotational levels of the ». vibrational state of H,. Ortho levels are shown as bold
lines, and para levels as fine lines. The parity is shown beside each levei. Each

G= | k-¢ | state is split into two separate states by the vibration-rotation interaction.
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6.4. Experimental Method

6.4.1. Overview

The H,* transitions were detected by straightforward absorption spectroscopy.
The laser vacuum module described in Chapter 2 was used for all measurements.
Several SXC diode iasers with mode control techniques were used as radiation sources.
The diode iaser beam was collimated by two plano-convex /1.3 lenses, focused at the
entrance of a multi-pass a.c. discharge cell {Sect. 6.4.2) and passed through the cell.
The light was collected by an InGaAs detector with a transimpedance amplifier which
measured the change in laser power caused by absorptions from the molecules. If a
single detector was used, the laser beam was first passed through a monochromator to
filter out light from the discharge. 1f intensity noise subtraction was used (Sect. 6.4.3)
the monochromator was not necessary because the extraneous light from the discharge
was subtracted. The detector signal was demodulated by a lock-in amplifier referenced
to a multiple of the discharge frequency (Sect. 6.4.3). A sample of the laser beam was
split off before the absorption cell and sent to a wavelength meter (Burleigh model WA-
20, modified for IR use) for frequency calibration of the spectra. The wavelength meter

was calibrated using H,O absorptions lines from the AFGL database [65]. The
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SXC lasers were tuned manually to the frequency region of interest, then scanned by a
microcomputer over a range of a few wavenumbers. The microcomputer simultancously
collected the absorption spectra.

Although the basic concept of this experiment is simple, there are scveral

complications that arise in ion absorption spectroscopy that require further discussion.

6.4.2. Production of H;*

The production and behaviour of plasmas is stiil poorly understood despite a
century of study. Non-intrusive measurement of molecular and electron concentrations
and velocity and temperature distributions are notoriously difficult. The chemical
reactions that occur in a plasma are also difficult to analyze: plasma chemistry is
therefore almost like alchemy. As a result, adjusting the composition and conditions of
a plasma to yield the optimum concentration of a particular molecular ion is usually
accomplished empirically.

In this experiment, H;* ions were produced in a liquid-nitrogen-cooled a.c.
discharge cell dubbed "The Black Widow" (Figure 6.5). The cell was made of Pyrex
and has three concentric chambers: the outer chamber is evacuated to provide insulation,
the middle chamber is filled with liquid N, from an external dewar, and the central
cylindrical chamber contains the gas that is to be ionized. The bellows on the outer

chamber provide relief from the strain caused by expansion and contraction
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Figure 6.5

A drawing of the liquid-nitrogen-cooled discharge cell used to produce H,* (courtesy

of M-F. Jagod, University of Chicago).
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of the glass. Gas is delivered to and extracted from the inner chamber in a way that
ensures an even mixing of gas in the plasma-forming region. The ends of the cell are
fitted with water-cooled electrodes and sealed with CaF, Brewster windows. The
diameter of the inner chamber is i8 mm and the length of the cell is | m. These
dimensions were empirically determined to be optimum for H,* production and detection
with diode lasers [113].

Liquid-N, cooling is necessary to maintain a significant fraction of the H,*
molecules in the lower rotational levels of the ground vibrational state. Experience
indicates that the rotational temperature is roughly 500 K in the Black Widow. If a
higher temperature was needed, a water-cooled cell ("the Tarantula") was employed.

A schematic of the electrical connections to the discharge cell are shown in Figurc
6.6. An audio frequency generator outputs a 6 kHz sine wave with an amplitude of 10
V at a current of a few milliamperes and is connected to a power amplifier which
increases the voltage by a factor of 4 and increases the current to about 8 A. A 40:1
step-up transformer is then used to increase the voltage to =~ 1.6 kV and reduce the
current to 200 mA. The current is passed through a bank of ballast capacitors and then

through the discharge cell by water-cooled electrodes, which are
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Figure 6.6

The electrical schematic for the gas discharge in which H,* is produced.
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isolated from ground by 10 MQ resistors. The cell is designed so that the laser radiation

passes only through the positive column of the discharge, which has a constant electric
field as a function of position in the cell. The frequency, current and voltage of the a.c.
discharge were determined empirically to give the optimum absorption signal for the
3p,«<0 H," transition.

During plasma production, hydrogen gas was continuously flowed into the
discharge cell and the reactants were continuously pumped out with a mechanical vacuum
pump. The gas flow rate was adjusted to maintain a pressure in the discharge of I-1.5
Torr of H, gas and 0-6 Torr of He gas, depending on the desired chemistry. The
addition of helium gas into the plasma increases the effective electron temperature, and
has the effect of rendering the plasma more electrically stable. The most important
chemical reaction in the plasma is equation (6.1); the H,* is produced by clectron
bombardment in the discharge. The number density n of electrons in the discharge is

obtained from

J=nev (6.8)

where J is the current density (A/cm?, e is the electron charge and v is the drift velocity
of the electrons. The charge neutrality condition of a plasma requires the number density
of cations to be equivalent to that of the electrons. Since the electron velocity is typically
v~ 107 cm/s [114], and the current in the discharge cell (radius=9 mm) is 200 mA,

the current density is 80 mA/cm?. Assuming H,* is the most abundant ion in the plasma,
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its number density is therefere ~ 10'" cm®. This makes the abundance of ions relative

to neutrals about 107 to 10,

6.4.3. Modulation Techniques for lon Spectroscopy

The small abundance of ions relative to neutral species in the plasma discharge
is a serious hindrance to the measurement of ion absorption spectra. Often the neutral
species have absorption bands that overlap those of the ions, and the much larger
abundance of neutrals in the discharge results in the weak ion absorptions being obscured
and impossible to observe. If, for example, source modulation techniques such as
harmonic detection are used, all molecular absorptions at the laser frequency will be
observed. This problem is inherent in the observation of all molecular ion absorption
spectra. Fortunately, an extremely clever method was devised by Gudeman et al,
[115]) that discriminates between absorption signals from neutrals and ions. This
technique, called velocity modularion, exploits the Doppler shift that occurs when the ion
is accelerated toward the electrode of opposite polarity. If the polarity of the electrodes
is reversed periodically, the absorption frequency of the ion will be alternately red and
blue-shifted relative to the laser frequency. This is equivalent to modulating the laser
frequency at the rest frequency of the molecule, as in harmonic detection, but the effect

is observed only for ionic absorptions. The detector that monitors the absorption signal
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is demodulated by a lock-in amplifier, and a first-derivative-shaped signal is observed.
The amount of frequency shift observed in the laboratory frame is comparable to the
Doppler-broadened linewidth for most small ions in the positive column of a glow
discharge [116] so the sensitivity is in principle comparable to harmonic detection.
Another advantage of velocity modulation is that the etalon fringes that were detecled
when the laser frequency was modulated (Chapter 4,5) will not be present when velocity
modulation is used. As a resuit, the sensitivity will then be limited only by the laser
intensity noise, which is ~10° in a 0.1 Hz bandwidth at the 6 kHz detection frequency.

Another technique useful for ion spectroscopy is concentration modulation.
During a single cycle of the discharge, the concentration of all transient molecuics (ions
or neutrals) is varied twice, since the production of the transients does not depend on the
polarity of the discharge. The detector signal is demodulated by the lock-in amplificr at
the second harmonic of the discharge frequency. This method is analogous to using a
light chopper, except that instead of chopping the laser beam, the concentration of the
molecules themselves is "chopped" by the discharge at twice the modulation frequency.
The absorption profile detected with concentration modulation depends on the phasc of
the lock-in amplifier and whether the molecule is a neutral or an ion. For an ion, the
absorption profile has contributions from both the velocity-modulated lineshape and the
absorption caused by the presence of ions after the extinction of the discharge. Each
contribution has a different phase dependence, so the separate contributions to the

lineshape can be observed by varying the phase of the lock-in [117].
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Because the concentration of both ions and neutrals is modulated, concentration
modulation docs not allow the selectivity for ion spectroscopy that is provided by velocity
modulation. When concentration modulation was used in this experiment, for example,
the H,* spectra were obscured by previously unobserved Rydberg transitions of
molecular hydrogen. Although these transitions could be partially quenched by the
addition of helium into the discharge, they still were much stronger than the H;™ lines.
For this reason, velocity modulation was used exclusively to measure the ion spectra in

this experiment.

6.4.4. Multi-pass Optical Arrangement and Noise Subtraction

To enhance sensitivity even further, a multi-pass optical configuration was used.
Velocity modulation requires that the laser beam pass in only one direction through the
~-cell, so a "bow-tie" configuration was devised to satisfy this restriction (Fig. 6.7). Up
to 6 passes through the discharge cell were possible with this arrangement, resulting in
a total absorption path length of 6 m. The number of passes was limited by the diameter

of the multi-pass mirrors and the dimensions of the cell itself.
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The single-direction, multi-pass "bow-tie" optical configuration to increase the absorption

path through the discharge cell.
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To detect very weak transitions, the single-direction multi-pass arrangement
shown in Fig. 6.7 was modified to allow laser intensity noise subtraction {118). The
laser beam was split in two parts of equal intensity by a beam splitter and each beam was
passed through the multi-pass arrangement in opposite directions (Figure 6.8). The
beams were focused onto matched InGaAs detectors and the signals were subtracted and
demodulated by the lock-in amplifier. Any random intensity flucuation on the laser will
cause an identical fluctuation in each detector that will cancel out upon subtraction. The
jon absorption signals at each detector will also be subtracted, but because they are of
opposite phase, the net effect is to add the absorption signals from the two detectors. A
significant increase in signal-to-noise ratio can be realized with this technique: in
principle, the shot-noise limit can be reached. However, the alignment of the optics is
difficuit and even small mirror vibrations will destroy any advantage that this technique
offers. Under ideal conditions, an increase in SNR of 3x to 5x is possible, resulting in
sensitivity near 107. This is the first time noise subraction has been used with a diode
laser and the velocity modulation technique. Previous attempts with Pb-salt diode lasers

were not successful, possibly because of the poor beam quality of these lasers.
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6.4.5. Electrical Noise

The high-voltage a.c. discharge is a source of pervasive electrical noise that can
degrade the sensitivity with which H;* absorptions can be detected. The electrical noise
finds its way into the detection system through ground loops and electrical inductive
pickup. One result of this noise is an offset on the lock-in amplifer’s output. This noise
is a common problem in plasma spectroscopy, and complete isolation from the problem
is very difficult. The noise is especially difficult to filter because it is by nature at the
detection frequency of the lock-in amplifier. A second concern was a.c. pickup on the
laser current driver, which caused unwanted modulation of the laser current and resulted
in If detection of absorption lines from ambient H,O in the laboratory air. These
absorption signals had the potential for obscuring the ion signals. A systematic study of
the noise suggested some strategies that were found useful for the reduction of these
problems.

Standard practices were used to reduce pickup through ground loops. The laser
and detection electronics were grounded at the same point on the same lab circuit. The
discharge electronics were grounded on a separate line.

The high voltage electronics for the plasma discharge were located as far as was
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practical from the detection system. However, the reference signal for the lock-in had
to be carried from the signal generator on a 3 m co-axial cable past the discharge cell to
the lock-in amplifier. It was strongly suspected that there was pickup on this cable that
found its way into the lock-in and into the laser electronics. The most effective solution
was the insertion into the reference signal path of a circuit using an optical isolator chip
(Optek 4N36). This circuit reduced the offset and the pick-up on the clectronics by a
factor of 4.

Pick-up on the InGaAs detectors aiso produced an offset of the output of the lock-
in amplifiers, which increased the noise level. This offset was minimized by operating
the detectors from batteries rather than the d.c. supply used to power the laser
electronics. The aluminum casing of the detector had also to be grounded to the batiery,
and the detector had to be electrically isolated from the optical table. These precautions
limited the offset of the lock-in output to less than 20 gV, which was comparable to the

size of the absorption signals from H;*.

6.5  Results and Discussion

Fifteen H;* ro-vibrational transitions of the 3v,(1}«0 band have been observed to
date. The observed frequency, predicted frequency and assignments are found in Table
6.1. The accuracy of the measurements are estimated to be 0.01 cm™, limited by the

accuracy of the wavelength meter. Figure 6.9 is an example of the absorption



Observed transitions of the 3v,(1=1)«0 band of H,*.

Table 6.1
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Spectral Transitions Observed Theoretical (Obs.-Theo.)
Term J',G",Ue)" K" (cm™) (cm™) (cm?)
*R(4,4) 54,1 44 7265.852 7262.594 3.258
*R(1,0) 2,0,1 1,0 7241.211 7238.493 2.718
*R(1,1) 2,1,1 1,1 7237.243 7234.512 2.731
"R(3,3) 43,1 373 7234.920 7231.753 3.167
"R(2,2) 32,-1 2,2 7192.913 7189.700 3.213
"R(1,1}) 2,1,-1 1,1 7144182 7141.177 3.005
*Q(4,3) 43,1 473 6891.792 6888.499 3.293
*Q(5,3) 531 53 6883.061 6979.669 3.392
"P(2,2) ,2,1 2.2 6877.512 6874.953 2.55%
*Q(5,0) 5,0, 5,0 6866.338 6862.913 3.425
"P2,1) 1,1 2,1 6865.708 6863.040 2.668
*P(3,0) 2,0,1 3,0 6811.374 6808.713 2.661
*P(3,2) 2,2,1 3.2 6807.714 6805.114 2.600
*P(3,3) 2,3,1 33 6807.275 6804.796 2.479
*P(3,1) 2,1,1 3,1 6806.633 6804.010 2.623
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A frequency scan of three closely space H," absorption transitions in the P-branch of

the 3»,(1)<0 band. The time constant was 3 s, and laser intensity noise subtraction

was used.
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spectrum measured using noise subtraction.

To confirm that each line was from an ion, the polarity of the discharge was
reversed and the spectrum measured again. If the line shape reversed polarity, then it
was caused by an ion or possibly a Rydberg state of H,. The spectrum was also
measured with and without the addition of about 5 Torr of helium into the discharge.
If the strength of the absorption did not change appreciably, then the ion was surely H,*,
rather than an ion with helium as a constituent. Helium also reduced the intensity of the
H. Rydberg states appreciably so that they could be distinguished from H,".

Figure 6.10 shows the effect of laser intensity noise subtraction. An increase in
the signal-to-noise ratio of 3 to 5 was achieved with extremely careful alignment of the
multi-pass optics. The light from the glow discharge is also removed by subtraction, so
the need for a monochromator was eliminated, resulting in an increase of 5x in laser
power incident on the detectors. The main difficulty in implementing this technique was
separating the exit beams from the entrance beams. Optimum alignment of the optics
requires the two beams to be exactly colinear, which makes such separation impossible.
It was therefore necessary to slightly "dealign” the optics by diverting each input beam
into the multi-pass optics at a small angle. The resulting output beams were displaced
from the input beams and could tben separated with appropriate mirrors. Unfortunately,
this strategy was hampered by the spherical mirrors at the heart of the multi-pass optical

system, which were of limited aperture and left little room for the separation of the input
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Figure 6.10
The effect of laser intensity noise subtraction on the H,* spectra. For the upper
scan, the signal from two matched detectors was subtracted and demodulated with a

lock-in amplifier. For the lower scan, one detector was blocked. The detection time

constant for both scans was 3 s.
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and left little room for the separation of the input and output beams. It was difficult to

keep all the reflection on the mirrors over a 4 m path. If one beam only partially hit the
mirrors, then any small vibration destroyed the equality of the optical paths and the
resulting noise would increase rather than decrease. Larger mirrors of identical focal
length would solve this problem, and would also allow additional passes through the
discharge cell resulting in a longer path length.

The upper state of H;* in this band is highly vibrationally excited and because the
molecule consists of light atoms, the vibrational amplitude of motion is large and the
spectrum is expected to deviate significantly from that of an ideal oblate symmetric rotor.
Even if the entire band could be observed, it would be very difficult to assign the lines
on the basis of the spectral pattern. For these reasons, the assignment was accomplished
using the ab initio calculations of Miller and Tennyson, which make no assumption of
small vibrations about equilibrium geometry or coupling of vibrational and rotational
motion. The ab initio calculations were assigned by Miller and Tennyson on the basis
of symmetry, energy and line strengths. Ab initio calculations have been used in the past
to assign the fundamental, first overtone, hot-band and forbidden bands of H,*
[108,110,111). Figure 6.11 shows the predicted frequencies and intensities of some
strong H,’ transitions in the 6600-7400 cm” region; the transitions that have been
observed are indicated. |

Two lines could not be assigned strictly on the basis of the ab initio calculations.

The "Q(5,0) and the *P(2,1) transitions fall within 0.7 cm™ of each
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Figure 6.11
The predicted positions and intensities of the second vibrational overtone of H,', from
Miller and Tennyson’s calculation assuming a temperature of 300 K. The strongest

line is 1.18 x 10™ cm/molecule. The lines marked with an inverted triangle have

been observed in this thesis.
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other, and they could not be distinguished. Assignment was made by studying the
behaviour of the ratio of the intensities of the lines when the molecule was produced in
both a liquid-N, cell (T,,~500 K) and a water-cooled cell (T,.~700 K). The *Q(5,0)
line should be stronger in the water-cooled cell because of the higher rotational
temperature, while the opposite holds for the “P(2,1) line.

The availability of accurate ab initio calculations is unusuval in molecular
spectroscopic studies, and it simplifies the analysis of the observed line frequencies.
Traditionally, the observed line frequencies are fitted to a phenomenological Hamiltonian
that describes the various contributions to the energy of the transition. The accuracy of
the ab initio calculations limits the usefulness of such a Hamiltonian. Also, because only
fifteen lines were observed, no such attempt could be made. Many more lines would be
necessary for an accurate fit: for example, the Hamiltonian for the fundamental », band
has 23 parameters that fit 44 transitions [119]. In the present case, the highly excited
vibrational state of the molecule is expected to introduce many more interaction and
perturbation terms,

The observed frequency of all transitions was higher than the predicted frequency
by an average of 3.370 cm™' for the Q-branch transitions and 2.598 cm™ for the P-
branch. These differences indicate that the potential surface used by Miller and
Tennyson is somewhat "soft" for the higher vibrationally-excited states, although the
accuracy of their calculations is still remarkable. Unfortunately, the absolute strengths

of the transitions could not be evaluated because the number density of H,* in the
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discharge and the rotational temperature of the discharge were not accurately known.
However, the observed relative intensity of the lines qualitatively followed the theoretical
intensities that were expected for a rotational temperature of ~500 K. It is hoped that
the observed frequecies will allow these researchers to adjust the potential surtace to
allow more accurate predictions of the third vibrational overtone of H;*; an experimental

search for this overtone will be attempted in the near future [120].

6.6  Summary

Near-infrared InGaAsP SXC diode lasers have been successfully used to obscrve
the 3v,(f =1)«0 band of the H;* molecular ion. Observation is made possible by the
unusually large dipole moment for this overtone band and by the high detection
sensitivity that can be achieved with SXC diode lasers. The results presented in this

chapter are the first observation of the second vibrational overtone of any molccular ion.

The observed frequencies fall within <3.5 cm™ of predicted frequencies of the
ab initio calculations of Miller and Tennyson. The Q-branch transitions were further off
than the P-branch transitions. Absolute linestrengths could not be determined from the
observations, but the relative intensities of the transitions agreed with the theoretical

calculations. The observed frequencies can be used as a test of the calculations and allow
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further refinernents 1o be made to the molecular potential energy surface. Refined
calculations can then be used to predict the frequencies of higher vibrational overtones
and to obtain a better understanding of the highly-vibrationally excited states of this
molecule. Finally, it is hoped that the results of this chapter will allow the observation
of the second overtone band of H,* in the auroral hot-spot of Jupiter’s atmosphere, and

that such observations will lead to improved understanding of this planetary system.
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CHAPTER 7 - CONCLUSION

7.1  Summary of the Thesis

This thesis has described short-external-cavity semiconductor diode lasers for use
in pure and applied research in molecular spectroscopy. The frequency of emission these
lasers can be tuned over a wide range by altering their temperature, and the external
cavity forces the laser to operate in a single longitudinal mode, The operation of SXC
diode lasers was explained in Chapter 2, and an apparatus for extending the range of
temperature operation of the lasers was presented. This apparatus allowed frequency
tuning of 1.3-1.55 um InGaAsP lasers over a range of ~200 cm (45 nm), and 0.76 um
AlGaAs lasers over ~500 cm™” (27 nm). A method for controlling the operation of the
longitudinal modes of the laser was discussed in Chapter 3, and the technique was
optimized using the principles of control theory. The SXC lasers and mode control
techniques were used as radiation sources in an absorption spectrometer, which was
discussed in Chapter 4. Using harmonic detection lechniques, the spectrometer could

measure absorptions as small as 3x10*% with an ENBW of 1.25 Hz, and a sensitivity |
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of 10" % was routinely attainable. The sensitivity was limited by etalon fringes caused
by optical elements in the detection path, but is not a fundamental limitation of the
system. A comparison was also made of the operation of the system with both SXC and
distributed feedback InGaAsP laser diodes. The spectrometer was used in Chapter 5 to
investigate the accuracy with which the abundances of HDO and H,O and “CQ, and “CO,
could be measured. The results indicate that changes as small as 1 % could be detected
in the concentration of the one isotopic species relative to another. Chapter § also
described the investigation of the W _,(0) ro-vibrational transition in solid hydrogen. The
crystal-field and ortho-hydrogen impurity splittings of this transition were measured.
Finally, Chapter 6 described the measurement and assignment of the 3u(1)«<0 ro-
vibrational band of the H,' molecular ion. It is hoped that this measurement will lead
to better understanding of the highly excited states of this molecule, and perhaps facilitate
the detection of this particular band in the highly ionized auroral regions of the

atmosphere of Jupiter.

7.2 Suggestions For Further Research and Development

Several areas remain to be investigated. An improvement in the signal-to-noise

ratio of the absorption spectrometer would allow more sensitive detection of molecular

absorption transitions. Subtraction of laser intensity noise is a means of achieving shot-
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noise-limited sensitivity with diode lasers, but the noise subtraction method presented in
Chapter 6 did not achieve this limit. It was not clear what prevented the shot noise limit
from being reached. A better matching of detectors or processing of the detector signal
may help.

Ample opportunity exists for the development and commercializa.tion of a diode
laser-based trace-gas monitor for clinical or field use. The work presented in this thesis
demonstrates the sensitivity that can be achieved in the laboratory with single-mode diode
lasers, and careful and creative engineering can lead to the development of such
monitoring systems. In addition, it is not understood what limits the accuracy to which
the concentration of two molecules can be determined. It is possibie thal the answer lics
with the frequency stability of the lasers.

The short-external-cavity system can be modified to narrow the linewidth of a
single longitudinal mode of these lasers to the kilohertz level. The addition of a high
finesse, long external cavity to the SXC lasers has already been attempted [121].
Such modifications reduce the linewidth at the expense of the continuous tuning range,
however. A laser with such spectral purity would have applications.in hole-burning
spectroscopy of gases or in coherent communications systems. The mechanical stability
of tht=T SXC may also be improved by replacing the external mirror with an InP
waveguide which has an optical length that can be controlled electrically.

An attempt should also be made to use the SXC configuration with other types

of diode lasers based on III-V semiconductors, such as InSb lasers which operate in the
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1.7-2.2 um region. These lasers are attractive for use in trace-gas detection because the
molecular transitions in this region are intrinsically much stronger than the 0.7-1.5 um
region, so that much smaller concentrations of trace gases can be observed.

The work presented in this thesis has demonstrated the utility of short-external-
cavity near-IR diode lasers as versatile and economical radiation sources for molecular
spectroscopy. The devices currently fill a niche in diode laser instrumentation by
providing a low-nioise, tunable, single-mode laser source that compares favourably with
more expensive lasers structures. The techniques described in this thesis may continue

to have application for some time to come,
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