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Application of Highly Sensitive Spectroscopic Techniques to
the Study of Intramolecular Dynamics and Remote Sensing

by Hlia A. Dubinsky
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Doctor of Philosophy in Chemistry

ABSTRACT

A highly sensitive Pulse Amplified Frequency Modulation based spectroscopic
technique for remote sensing applications (FMRS) is developed. A detailed consideration
of noise sources in the experiment is followed by a sensitivity analysis for the technique
and comparison with the existing absorption and fluorescence detection-based remote
sensing techniques. A model, describing FMRS signal in the case when light falling on
the detector is scattered by a large diffuse scatterer, is presented. Estimates of sensitivity
and signal levels, expected in realistic remote sensing environments, indicate feasibility
of implementation of the technique in the nearest future.

Isocyanogen (CNCN) was synthesized by flash pyrolysis of N-cyano-2,3-
diphenylcyclopropeneimine. Modification of the precursor synthesis, pyrolysis process,
and apparatus and purification procedures are described in detail. The results of the study
of CNCN using a diffraction grating spectrometer are reported. Although the sensitivity
of this method was insufficient for detection of isocyanogen, the appearance of cyanogen
in the spectrum suggests isomerization of CNCN on the excited state potential energy
surface as a result of excitation by the broadband UV source (hydrogen discharge). The

spectroscopy of the A'A”state of isocyanogen is discussed and simulations of the
expected spectra are reported.

A Cavity Ring Down setup, constructed for conducting spectroscopic studies deep
in the ultraviolet, is described. Improvements of the experimental technique, allowing for
measurements in spectral regions where high reflectance mirrors are not available, with
sensitivities comparable to those achieved when very high reflectivity “super” mirrors are
used, are reported. The nature and origin of the intensity noise (previously assumed to
originate in energy redistribution among the transverse cavity modes) is explained. A
simple and elegant way to eliminate this important source of noise is given. Theoretical
and practical issues of sensitivity of CRD are discussed. The design of a specialized
CRD cell, constructed for the isocyanogen experiment and containing no metal parts, is
presented.
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1 Introduction

The main part of this dissertation is centered around the development and
improvement of two highly sensitive spectroscopic detection methods, which are based
on Pulse-amplified Frequency Modulation Spectroscopy (PFMS) and Cavity Ring-Down
Spectroscopy (CRD).

The first method, Frequency Modulation facilitated Remote Sensing (FMRS),
grew out of our previous work on the development of Pulse-amplified FM spectroscopy
as a natural extension made to accommodate a useful and important application. Very
often, working in the basic sciences environment, our group addresses esoteric and highly
specialized questions. Few people around the world get excited by our findings, and few
of our efforts bear practical fruit that can benefit the society in the immediate future. That
is the reason why, when we understood that we are able to develop a tool that would
provide the remote sensing community with a much needed versatile, absorption based
spectroscopic technique, we jumped on the opportunity. Although, due to technical
limitations of our laboratory, we can not make a viable “field” device, we carried out
experiments and analysis that demonstrate the feasibility of the method and suggest a
technological solution to the problem. The method is discussed in the first part (Section
2) of the thesis.

While working on this project, we have started the investigation of the
spectroscopy of the first excited singlet state of isocyanogen (CNCN). This is the first
step in our effort to use this molecule to study intramolecular dynamics of isomerization
and dissociation. In many respects, CNCN is an ideal system for such studies. It is a
stable molecule which has a stable isomer (cyanogen). According to ab initio
calculations, the first excited state of isocyancgen would provide good Franck-Condon

access to the barrier of the isomerization region on the ground electronic potential energy
surface. In order to utilize the A siate as the intermediate state in a SEP-type experiment,

spectroscopic characterization of the A state will be necessary. Section 3 describes the
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synthesis of isocyanogen and provides the latest results of the study of the spectroscopy of
the excited state. Although we have successfully synthesized CNCN, our attempts to
record its spectrum using a grating spectrometer failed due to a lack of sensitivity of the
experimental setup used. This prompted us to build a Cavity Ring Down (CRD)
spectrometer, which will be used in further studies.

Thus, the second spectroscopic method discussed in the Thesis, CRD
Spectroscopy, has been employed in our efforts to detect the firsi excited singlet

electronic state of isocyanogen (CNCN).
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2 Frequency Modulation Enhanced Absorption
Based Remote Sensing (FMRS).

2.1 Intreduction.

In the following sections I will discuss the possibility of using the spectroscopic
technique of Pulse Amplified Frequency Modulation Spectroscopy (FMS) in remote
sensing applications requiring very high sensitivity detection of various atmospheric
molecules. Recent advances in laser technology suggest that construction of a mobile,
easy to operate remote sensing FM spectrometer might be both technically and
economically feasible. Namely, we are seeking to improve techniques that are effective
for distances of up to a mile and do not require (or rely on use of) a back-reflector or solid

scatterer at the remote end of the optical path.

If scattered light is
(i) of sufficiently high intensity to be used with heterodyne detection methods,
(ii) retains the FM signal due to the absorption of the species under study, and
(iii) does not have any amplitude modulation as a result of the scattering process itself

it might provide a very useful technique for variou. remote sensing applications.

In this chapter I will address the following issues:
1. A short introduction to the current state of the field of remote sensing (RS) will help
us to understand requirements faced by designers of a new RS technique. This review
will stress the main features of these methods that demand improvement (Section

2.2).
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2. An overview of FMS, including exact and approximate theories of FM signal,

sensitivity and signal-to-noise analyses, are given in Sections 2.3 and 2.4.

Comparison of sensitivities for direct absorption and fluorescence spectroscopies with

that of FMS is presented. Results of this analysis show that use of FM spectroscopy

is likely to provide necessary improvements to existing RS methods. The

development of Pulsed Amplified FMS (PFM), the reasons for its development and

the importance of PFM for FMRS are briefly discussed in Section 2.5.

3. Experiments using FMS for sensing of important molecules in ambient atmosphere

are well known. The caveat is that in all the cases light has been directed onto the

detector either by a mirror or by a solid point scatterer. Can FMS be used for FMRS

when no solid back-scatterer is present? Following are the questions that will be

considered in the next two sections and will help us to build a model of FMRS.

a.

Is the intensity of light that reaches the detector sufficient for heterodyne
detection?

Is the coherence of the RF modulation preserved in the scattering event?

Even if coherence is preserved, does this imply that scattering from the
distributed scatterer will result in interference, canceling the FM signal on the
detector? If some signal will still be present, hew will its magnitude compare
to that of an FM signal in the light returned by a mirror with the reflectance
equivalent to the scattering efficiency of the cloud under consideration.
Sensitivity issues specific to the operation of an FM spectrometer at ambient
pressures in the field conditions will be discussed. An exemplary setup will be
introduced. Some of the issues are: use of dye versus diode lasers, fiber
amplifiers, fiber EOMs, collection optics, and seeding of the photodetector

with the source beam to improve sensitivity.
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2.2 Spectroscepy in Remote Sensing and Environmental

Science.

In today’s fast changing , heavily industrialized world, the topic of sustainability
of mankind’s growth, and, in fact, its very existence, is closely connected to the
understanding of the factors that control and cause environmental change. Development
of new powerful experimental and theoretical tools is especially important to be able to
more effectively address numerous problems posed by environmental science. A great
number of global (such as stratospheric ozone destruction and global warming) and local
(such as smog, carbon monoxide, tropospheric ozone, PAHs, etc.) atmospheric problems
have major environmental consequences and, therefore, require serious study.
Spectroscopic methods have proved to be invaluable in the context of atmospheric

351L13  The following short overview will provide a starting point for the

science
discussion of our method and will focus on the spectroscopic techniques that give

information about the presence and concentration of chemical species of interest.

LIDAR Methods.

e Raman scattering based techniques.

Raman-based techniques have great potential for measuring concentrations of
certain atmospheric gases by monitoring the corresponding wavelength-shifted returns.
On the other hand, as is true for all Raman-based techniques, they suffer from relatively
small cross-sections. A basic set-up for such an experiment would include a laser with a
very high pulse energy and high repetition rate which, if possible, would operate at
frequencies taking advantage of the fourth-power dependence of the cross-section on
optical frequency. The detection system must include a spectrometer or a tunabie
acousto-optic or interference “notch” rejection filter matched to the Raman-shifted

wavelengths.
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Most of the Ramanr-scattering based instruments were built to monitor water
vapor concentration as a result of the acknowledged importance of water as an
atmospheric constituent and a dominant greenhouse gas. For atmospheric water
measurements, the Raman signal generated by nitrogen is observed simultaneously with
the Raman signal generated by water. Ratioing of the two signals gives a water vapor
mixing ratio. Similarly, very important information about the aerosol scattering ratio can
be obtained by ratioing the contributions from Rayleigh and Mie scattering. A variety of
aerosol and cloud parameters can be derived from such measurements.

Most of the systems in use employ frequency tripled output (355nm) of a
Nd:YAG laser at for excitation and a set of interference filters in the detection channel
(Melfi et al.' and Vaughan et al.?). To date, all the water-vapor Raman measurements had
to be conducted at night due to difficulties of discriminating Raman signals from the solar
background. Various groups have examined possibilities of working during the daytime
using Raman lidar systems operating either in the solar blind ultraviolet spectral region,
or with a very narrow spectral bandpass and restricted angular field of view. Analysis of
such a system, carried out by Goldsmith et al.?, showed that collection of water profiles
with 10% precision for altitudes up to 4km would require a sampling time of at least 10
minutes. The most recent Raman lidar system™ uses a flash-lamp pumped Nd-YAG laser
(Continuum 9030) with a KDP-based third harmonic generation at the source. The
system operates at 355nm, producing Sns 400mJ pulses at a repetition rate of 30Hz.
Dichroic beamsplitters, incorporated into the receiving telescope, separate the photons
into three groups: water vapor return at 408nm, nitrogen return at 387nm and
Rayleigh/aerosol scatter at 355nm. Each group is then detected by a photomultiplier. In
this system, a very high power of the source laser, along with a narrow field of view
(FOV~ 0.3mrad) and narrowband filters, allows daytime operation. Temporal resolution
is nominally one minute, but shorter times are, in principle, possible. A wide FOV mode
(2mrad), intended for night use, is employed when weaker Raman signals must be

detected.
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e Differential absorption (DIAL)

Differential absorption lidar (DIAL) is the most widely used lidar-based remote
sensing technique directed at composition measurements in the troposphere and
stratosphere. The technique has been extensively used for detection of various trace gases
since the mid-1960’s and was most successful in the ultraviolet and visible spectral
regions with ozone, nitric oxide, nitrogen dioxide, sulfur dioxide and chlorine (Grant et
al.* and references therein). The main difficulty in the use of this technique in the
infrared spectral region (which is a potentially more useful region for detection of many
species as most everything absorbs at wavelengths longer than 2.5 pm, spectra are sharp
and species specific) was the absence of high power continuously tunable light sources.
The most commonly used lasers were line tunable systems such as DF (operating between
3.5 and 4 um) and CO, (covering the wavelengths between 9.1 and 11 um) lasers.
Modern infrared laser systems, based on OPOs and difference frequency mixing as well
as on new powerful diode lasers, would permit detection of a large number of species of
interest.

The basic principle of DIAL is that it uses radiation at two wavelengths - one, Aqp,
which is tuned to the absorption feature of interest, and the other, Ao, tuned off this
feature. The attenuation of the backscattered light at these two wavelengths is compared
and the absorption spectrum of the species of interest is extracted from the difference.
The main limitations of the technique become apparent from the following
considerations. In addition to absorption by the substance of interest X , the extinction

coefficientx(A) is affected by absorption by other species and by extinction by aerosols.
o(A)=N,o,(A)+N,o,(L)+a,(4), [2.01]

where N is concentration of molecules, o(Ad) is an absorption cross-section, and

subscripts X, o, and a specify the molecule of interest, other molecules, and aerosols,

respectively. If the difference between parameter values at Ao and Ao is A, then the

concentration of the molecule of interest can be expressed as:
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__ 1 |d| [(nA,.0)) d] [BA,.h)
Nx(h)— 2AO’X [dh {ln(";(loﬁ’h)J}-l-dh {ln(ﬂ(laﬁ’h)J}}—

——1—-[N (h)Ac, - Aa, (h)]
Aax 0 o a

[2.02]

where n; is the number of photoelectrons generated by the backscattered pulse, & is the
height of the sample volume of interest, and B is a volume backscatter coefficient®. It is
quite easy to see from this expression that, when aerosol loading is negligible, the second
term of the expression on the right side of the equation is largely determined by the
Rayleigh scattering and is a constant. The fourth term is small and can be neglected. The
third term can be accounted for by adopting an atmosphere density profile. Then, the
concentration N, (h) may be derived solely frem the first term. Unfortunately, such an

ideal situation is rarely , if ever observed.

In the presence of aerosols, the second and fourth terms become very significant.
Detailed information about the composition, shape and size distribution of the aerosols is
necessary to calculate (usually using Mie theory) the wavelength dependence of the
scattering, and, therefore, to determine its contribution to the B and o coefficients.
Hence, in such a situation it is extremely difficult to extract information about the
concentration (or even the presence) of species of interest, especially when widely
separated probe wavelengths are used®. It is interesting to note here that the Raman signal
in the backscattered radiation is d:pendent only on molecular terms and has no
dependence on the presence of aerosols. So, one possible solution to the aerosol
“uncertainty” problem: would be to continuously calibrate DIAL against a Raman-
scattering signal. It is clear that such a solution, although feasible, would be quite
complicated and expensive to implement.

Another important sensitivity limitation of this technique arises from the fact that
DIAL is in essence a direct absorption (homodyne) measurement. Even if the uncertainty
due to the presence of aerosols is small and can be neglected, it is difficult to detect small

changes on a large fluctuating background (an estimate of absorption-based detection
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sensitivity and a comparison to the sensitivities of fluorescence-based and FM-based
techniques will be presented in Section 2.4). In other words, the remote sensing
community would greatly benefit from a zero-background technique.

Although differential absorption lidar systems are based on the same measurement
principles as DOAS (Differential Optical Absorption Spectroscopy - very long absorption
path technique using broadband sources) systems and the spectral range is similar, DIAL
devices have substantial advantages, most notably a monostatic configuration (i.e. such
that the source and detector are in the same location) that permits measurements in any
direction and spatial resolution. The main deterrent to DIAL’s wider use until recently has
been the high cost of the laser source and the complexity of the system. A description of
two recently developed DIAL systems will be provided to illustrate the preceding
discussion.

The first system is a NASA airborne DIAL for measurement of atmospheric water
vapor'®. The system is based on a solid-state Alexandrite laser as an “on-line” source
and a frequency doubled YAG pumped dye laser as an “off-line” source. In a subsequent
paper'', a second Alexandrite laser was added to replace the dye laser as the “off-line”
source. This new modified “double ring cavity injection-seeded” system has a number of
advantages over the older one. One of the major ones is that the near-identity of the two
lasers simplifies the data reduction procedure. Avalanche photodiodes have been adopted
for detection. A numnber of in-situ measurements were performed with this system and the
authors state that the H,O mixing ratios can be determined with an accuracy of almost
10%.

The second work I will mention here is interesting for its unusual choice of the
source. DIAL wavelengths are often generated using a tunable laser (such as a Nd:YAG
pumped dye laser). Sunesson et al.'? used a fixed frequency UV laser together with
stimulated Raman-shifting. The main advantage of this scheme is that it is relatively
maintenance-free. The system described in the paper used two Nd:YAG lasers and two
Raman cells - with H, and with D, providing radiation at 266, 289 and 299nm. Ozone
profiles have been obtained at altitudes from 600 meters up to approximately 5 km.
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Uncertainties in ozone concentration determination were reported to be up to 50 per cent
in hazy weather.

The last work I would like to mention here is the most recent DIAL system
reported'”. It was constructed by CISE (Milan, Italy) and features the most advanced, to
date, laser system. The source consists of a doubled Nd:YAG pumped Ti:sapphire laser
that produces 100mJ pulses. Its radiation is subsequently frequency mixed with that of
the YAG laser to produce 10mJ pulses, tunable in the 220-300nm range. This DIAL
system was used in industrial and urban pollution studies to monitor pollutants such as
SO,, NO, NO,, G3 and VOC'’s, and the data obtained were compared to the data obtained
from conventional sensors. Unfortunately, no error analysis or performance information
was given in the article.

The previous discussion suggests that DIAL is plagued by two inherent problems:
aerosol dependent returns and homodyne detection. Frequency Modulation methods,

therefore, look very promising!

e Fluorescence based techniques

Although in principle a zero background technique, and, therefore, intrinsically
more sensitive than direct absorption, fluorescence detection has not seen nearly as
prolific use as DIAL or Raman based schemes. The main reason lies in the restriction
imposed by collisional quenching, which is very rapid even in the stratosphere. Because
of this difficulty, the only substance that has been relatively extensively studied by the
fluorescence method is the hydroxyl radical. It is well known that hydroxyl radical plays
a major role in the chemistry of the troposphere'®. It is a primary oxidizing agent and is
responsible for destruction of all major pollutants as well as carbon dioxide and methane.
Measurements of hydroxyl cencentrations with sensitivity better than 102 m? s

desirable. The traditional method of fluorescence based detection’ of OH is based on its
excitation from the X *IT (v"=0) state to the A2Z(v' = 1) state by laser radiation at 282nm.

As a result, some of the OH radicals in v'=0 and v'=1 emit radiation near 310nm.
Some interference is caused by non-resonant fluorescence from species other than OH,

such as aerosol particulates and sulfur dioxide molecules. Another significant difficulty

22



in this measurement is caused by the photolytic production of hydroxyl radical by the
probe laser itself. Laser light at 282nm photolyses ozone and produces O('D) atoms,
whose reaction with water results in hydroxyl radical formation. This probe laser
generated hydroxyl is subsequently excited by the probe laser and fluoresces during the
same laser pulse. Two improvements have been made to the original technique. The first
one® uses an infrared-UV double resonance scheme to excite the hydroxyl radical. The
first laser pumps OH molecules into the v"=1 vibrational state, while the second laser,
tuned to near 343nm, excites hydroxyl into the A state. Neither photon has sufficient
energy to generate O('D) atoms, so photolytic production of hydroxyl does not occur. A
laboratory version of this experiment has been successful, but its “field” implementation
awaits the IR laser capable of pumping a sufficient number of OH radicals into the
v"=1excited state.

The second method® that improves the basic experimental scheme is based on
rarefaction and purification of the air sample prior to LIF detection and requires the
presence of the sensing system in the location under study (which implies expensive
airborne experimental setups). Finally, an important limitation of LIF based detection
methods should be emphasized one more time: the species under study must have a very
strong fluorescent signature. In addition, these methods are not useful even for most of

such species due to fast collisional relaxation at atmospheric pressure.
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2.3 Frequency Modulation Spectroscopy.

Section 2.2 gave a brief overview of experimental techniques currently used for
optical remote sensing. A new, universally applicable optical spectroscopic technique that
is capable of higher sensitivity and higher signal to noise ratio is necessary to address a
large number of atmospheric sensing problemms and to improve the quality of
experimental data obtained in field experiments. In this section we will introduce the
method of Frequency Modulation Spectroscopy (FMS), rigorously derive the FM signal
expression for all possible values of experimental parameters, and look at the simplified
version of the theory applicable to small modulation indices.

A discussion of signal to noise and sensitivity issues and the comparison of FM
spectroscopy with direct absorption and fluorescence based techniques follows in Section
2.4. We hope to show why we expect significant sensitivity improvements when FMS
instead of direct laser absorption spectroscopy (LAS) or Fluorescence Detection (FD) is
used. This section will also prepare the foundation for building a model describing FM-
Remote Sensing (FMRS) and addressing the sensitivity issues of this technique, which
will follow in subsequent sections.

Frequency modulation spectroscopy was born out of the need for a sensitive
absorption based spectroscopic technique to study atomic and molecular physics and
chemistry. Absorption spectroscopy is, perhaps, the most generally applicable and
versatile spectroscopic method. Its primary disadvantage lies in the fact that the
measurement relies on the detection of a change of energy of a light beam that passes
through a sample. In most interesting cases, absorption signals are very small, due either
to minute amounts of detected substance or tiny transition strengths or both. At the same
time, the sensitivity of the direct absorption technique is limited by random noise in the
laser intensity that causes strong background fluctuations. Ordinary direct absorption
spectroscopy does not distinguish between the changes in intensity of a laser beam caused
by molecular absorption and those caused by laser noise or environmental interference.
On the other hand, absorption spectroscopy has several major advantages. It is a linear

technique - the magnitude of the absorption signal linearly and directly relates to the
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amount of the substance. This relation is very simple and requires knowledge of just one
parameter, the absorption cross section. In contrast, some other techniques require
knowledge of more than one parameter (e.g. for fluorescence detection one needs to know
absorption cross section and fluorescence quantum yield), while in other techniques (such
as four-wave mixing) the signal may depend non-linearly on the laser power, absorption
cross section and other possible experimental parameters. Another important feature of
absorption spectroscopy is that it is largely non-destructive and does not depend on the
stability of the species under investigation (in contrast to such techniques as fluorescence,
which cannot be applied to species which undergo rapid dissociation or non-radiative
deactivation).

FM spectroscopy was not the first attempt to extend the sensitivity limits of
traditional absorption spectroscopy, but one of the most successful ones. It was first
introduced in 1980 by G. Bjorklund' to solve problems inherent to direct laser absorption
spectroscopy (LAS), while retaining the positive features of LAS. Modulation techniques
are often used to extract weak signals from a noisy background. Examples of using
sample modulation as well as source intensity modulation are well known, but are not
always practicable. It is, in general, quite difficult io modulate the amount of sample at a
high enough frequency to escape outside of the laser noise spectrum (which, for a typical
cw single longitudinal mode laser, is on the order of magnitude of several MHz, while for
typical pulsed lasers can be up to a few GHz). Intensity modulation of a light source has
the disadvantage of modulating both signal and noise simultaneously.

Frequency modulation (or phase modulation, which is a different name for the

234 sensitivity

same phenomenon) provides a significant, up to 10 orders of magnitude
improvement over traditional LAS. However, often FMS fails to reach its ultimate
sensitivity limit because of its own very specific limitations, the source and character of

which will become clear from the discussion in Section 2.4.
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2.3.1 A complete non-approximate theory of FM signal .

In this sub-section, a complete, approximation-free treatment of FM spectroscopy
will be presented. A simple, approximate treatment will follow in order to create a more
intuitive physical picture of the technique.

The expression relating the photocurrent on the detector to the electric field of the

laser beam is

l T
1= Qu [Ex()EL(t)dt, [2.1]
0

where I(t) is the photocurrent, Eg(t) is the electric field at the detector, T is the period of
optical oscillation, and Qy,, is the quantum efficiency of the detector. The electric field is
presented as a scalar because we can treat light as being linearly polarized without
sacrificing generality. Subscript “R” stands for real. Eg(t) is the real electric field of the
laser beam. This is emphasized because, although electric field is an observable (and,
therefore, real) quantity, it is often desirable to treat it as a complex vector, E(%), to

simplify calculations. In this case, Eg(t) is the real part of E(z):
1 <
E.(t)=Re[E(t)]= E[E(t)+ E() 1, [2.2]

where E(t)” ic the complex conjugate of E(z). To avoid confusion we will always specify
which form of electric field expression, real or complex, we are using. The averaging
over the optical period introduced in expression [2.1] is n=cessary because no
conventional optical detector is fast enough to respond at optical frequencias®,

A simplified outline of a typical FM experimental setup is presented in Figure 2.1.
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Figure 2.1 Simplified experimental setup for a typical FMS experiment. LO stands for
local oscillator, IF is a standard notaticn for low frequency output.

Light from a single longitudina: mode dye laser is frequency (phase) modulated by an RF-
field driven electro-optical modulator (EOM)®. Light exiting the EOM is directed
through a sample cell and onto a photodetector. The output of the photodetector is
conditioned (filtered using bandpass filter centered at the RF modulation frequency, then
amplified) and sent into an RF mixer, which is a device that extracts the component of the
photocurrent that oscillates at the frequency of the RF modulation. This photocurrent
component is the FM signal.

The mathematical theory of FM has been developed earlier in a number of papers,

1,11,19,

so the treatment presented here is not completely new . On the other hand, in most

of the previous treatments, authors tailored their discussions to the particiiar FM

d*'®  Our treatment is

experiments involving further refinements of the FM metho
unique in that it will be both very general and will, for the first time, introduce
dependence of the frequency modulated optical rield on the spatial position. This last

feature will later allow us to develop a model for FM-enhanced remote sensing.
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The optical field of laser light entering the EOM is

E (t)=E "™, [2.3]
where E(t) and E, are, respectively, complex field and complex field amplitude of the
carrier (hence subscript “c”), i.e. the field at the frequency of the source laser. The
optical frequency of the carrier is denoted £2 and the phase is ¢ . We can set ¢ to be zero
without loss of generality. Ideally, the electric field after the modulator is purely phase
modulated. In other words, an ideal EOM does not introduce any amplitude modulation.
Then, the field, upon exiting EOM, is

E (8) = E e/ MrMsntona [2.4]
where M sin(ax + ¢) is the time dependent phase shift introduced by the EOM, M is the

modulation index, @ is the modulation frequency and ¢ is RF phase (we can assume ¢ to
be zero without loss of generality). The modulation index is the peak phase retardation,
which is determined by the non-linear response of the crystal as well as the magnitude of
the applied RF field®>. The modulation index should not be confused with the modulation

depth, which is the ratio of sideband to carrier powers. Rewriting the expression for the

modulated field

E(t)=E, e gMrin(en [2.5]
we notice that e™*"* is a periodic function and, therefore, can be represented as a
Fourier series:

eMsinen) = Zc e" [2.6]

n=-oco

The Fourier coefficients, c,, are found using the standard formula:

c, = ZL iM sin(ax) —maxdx J (M) [27]

g'—oﬁ

where J,(M) is an n-th order Bessel function of the first kind, of argument M. Expression

[2.7] is a generating integral for Bessel functions®.
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Combining equations [2.5]-[2.7] and introducing the field dependence on the
spatial coordinate, we can rewrite the frequenc- modulated field as

E.(1)=E, i],,(M)e""“""""’. [2.8]

R=—oe

21 _ 20(Q+no)

where k, = is the wave number for each sideband.

Light passing through the sample interacts with it. Attenuation of the intensity of light at
frequency @, is expressed by &,, where 6, is related to the pathlength through the sample,
L, and the frequency dependent intensity (as opposed to amplitude) absorption coefficient
Oy as

6, = 5 [2.9]
The notation is chosen to simplify the expression
0, =Q+no. [2.10]

Analogously, we can introduce a phase shift of a frequency component ¢, ,which is
related to the frequency dependent index of refraction n, as

n,Lo,

¢ = . [2.11]

c

Then the overall effect of the light field interaction with the sample for each frequency
component will be expressed in terms of the function 7,:

T =ebe ™™, [2.12]
Using equation [2.12] we can express the effect of the sample on the light electric field as

+oo

EL(0)=E, Y, T,J,(M)e"®+hn, [2.13]
Using equation [2.1] we can calculate the photocurrent on the detector. It is easy to
notice that each component of the sum in equation [2.13] can be represented as a product
of two terms, a rapidly oscillating (optical frequency) term and a slowly oscillating term
(containing all the constants) at multiples of the RF frequency:

ET ()= [E iTAJ,, ( M)e“""'*-”] ] [2.14]
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Denoting the slowly varying part as
4o
§=E Y TJ (Mt [2.15]

we can calculate the photocurrent as
l T
LORT M= [EnDE (1)ar
Q 3
== [ (B + B0y XEG) + By yat = [2.16]
0

Ou | . .
= ﬁ ! (E*(t)+ E(t)* + 2E(0)E(s) Y.

The integral over the first two compeonents is zero because

T T 2
[edt=[e™ar=0 for 7= 2. [2.17]
0 0 Q

In the cross-term, the rapidly oscillating terms cancel each other while the slowly
oscillating terms can be pulled out of the integral, because on the time scale of the optical
period, the slowly varying terms can be considered constant. Thus, the total photocurrent
caused by the frequency modulated electric field impinging on the detector is given by the

Iy (1) = gz-‘iE(t)E(t)‘

equation: [2.18]

- QdatEcz ET‘I (M)el(ml-t,x) ET.J (M)e-l(mal—k_x)
- 2 “ 141 el mY m .
A double balanced mixer extracts the current component oscillating at w (@ is the
modulation frequency) from the photocurrent represented by equation [2.18). Therefore

we need to take into account only terms with Il-mi=1:

m= m+

P
1%, (n) = —Q—‘;—E- DIESN | & P TaT,ye @40 [2.19]

where I7, (¢,x) is a photocurrent component oscillating at the modulation frequency, and

2nw
c

[2.20]

kRF =

is a wave number corresponding to the RF modulation. This expression for the current is

31



a sum of RF waves, whose phases depend on position along the propagation path. This
is a very important result that will be discussed in the following sections.

The mixer has two inputs - signal input (RF) and local oscillator (LO). It works
by extracting the component of signal input which is oscillating at the same frequency
and in-phase with the local oscillator (analogous to what a lock-in amplifier does with a
modulated signal). The output of the mixer is a product of LO and signal (RF) inputs:

V(t)= Rl ()5 cos(w+ ¢p ). [2.21]
Therefore, the mixer output contains frequency components at DC and at twice the
modulation frequency, 2. Either component can be used for further signal processing,
but the high frequency component is most often removed by low-pass filtering and only
the DC component is used. The constant { is inserted into the equation to show that the
output signal will be somewhat reduced by losses in the mixer.

Now, we can write the FM signal in the output of the mixer as a sum of all terms

in equation [2.18] with Il-m| =1:

Ez N . ~i(@pp X ’ -+ gp X
Veu-sic(t) = RC O, T‘ Z"m‘]m-c-l [Tmele War thars) 4 T.,.T,,,,,,e“”" ke )]. [2.22]
Remembering that the sidebands with +n and -n are related by

J_(M)=(-1)"J (M), [2.23]

2
and renaming R{ Q,,, T‘ as Z and @y, + ko-x as ¢ we can rewrite [2.22] as

Vem-sic(t) = Ei I i [(Tan:u - T-.mT—m-l )e—w + (TmlT;. - T-'m—IT—m )ew]
m=0

e—sm_amol (e_'.(.n_¢nd+’) + ei('n'¢nol+*)) -—

]
1]
M:

« Jm"m-H _ e-s_..-&_(,"n (e‘.('—n =0 (me1)~9) [2-24]

+ e _i(o—u_o-(n'l)—’) )

3 J T €5 COS(B, = s + )= €5 COS( ) 0, + o))
m=0 )

This expression describes the FM signal dependence in the most general way for any
modulation index and transition strength. The signal on the output of the mixer will have

two components which can be simplified by presentation in the form of quadratures: in-
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phase and 90° out-of-phase relative to ¢. The implications of this quadrature feature for

detection schemes will be discussed later. These two components are:
Viusic = Vensic Cos(9)+ V.24, sin(9), [2.25])

where

m-sm Z J Jml[ ~Ou e °°3(¢ ¢..+|) A °°s(¢-(m+|)"¢-m)]'
ma= {2.26]

Ve = z J ".m[ Rl Sin(¢-(m+|)—¢-m)_ e sin( ¢ ¢m+|)]‘

mm—e

If no sample is present, the terms within the brackets cancel and the entire
expression is equal to zero, as expected. These expressions are useful when very accurate
simulations of FM signal are necessary, although such a task would require use of a
computer.

On the other hand, an understanding of the physical nature of processes leading to
noise cancellation in FMS is obscured by the large number of parameters and terms
involved in expression [2.24]. This is the main reason we are going to develop a
simplified model of FMS in the following section. As we shall see later, the simplified,
approximate theory, valid only for small modulation indices M, is a special case of this
treatment. All further discussion, although illustrated by the examples using the
simplified model, will be applicable to the general case of FMS as well.

A few important questions should be addressed before we proceed to development
of a simplified theory. The first one illustrates energy conservation in the frequency
modulation. Namely, if only frequency (or phase) is modulated, then no amplitude
modulation should have been introduced and the light energy before and after the
modulation should be equal. Indeed, there is a theorem for Fourier series (Parseval’s
Theorem) that states that the total average intensity of a periodic signal is equal to the
sum of the squares of its Fourier coefficients. For FM spectroscopy, the Fourier
coefficients are Bessel functions of the first kind. A Bessel function series relation

S =1 [2.27]

n=-—os
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says that, regardless of the value of modulation index (including M=0), the average
energy remains the same.

Another important note concerns the transition from the strict to a simplified
treatment. The approximate form of FMS equations are applicable when the M-parameter
size justifies considering only a carrier and its first order sidebands, neglecting all higher
order sidebands. From expression [2.22] we can see that the retained accuracy, after such
an approximation is made, depends mostly on the size of theJ,(M)J,, (M) terms.
Figure 2.2 shows the sizes of these terms for some values of k and M. Clearly, this
product for larger values of k will have an even smaller magnitude and can therefore be
neglected.

Equation [2.24] can be optimized for the largest FM signal. It has been found in a
number of previous studies that the largest FM signal is obtained when the modulation
frequency is on the order of the linewidth of the absorption feature under study'®'"""?. For
such a value of the modulation frequency the optimal modulation index is around
M=1.4"

Figure 2.2 shows the dependence of the magnitude of the first several terms in
FM signal expression. It is quite obvious that, for small modulation index M, the first
order sidebands dominate and all other orders can be neglected (see next section for more

discussion).
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a) Jg?

Figure 2.2. Products of Bessei functions of the first kind.(see text)

A decrease in modulation frequency decreases the signal magnitude. This
relationship between modulation frequency, linewidth of the speciral feature and
sensitivity is very important for the assessment of parameters of the model for the remote
sensing experiment. Because of significant pressure broadening at ambient conditions,
the choice of modulation frequency becomes crucial to the design of an optimally

sensitive spectrometer.
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2.3.2 Approximate Theoretical Treatment of FMS signal.

Let us again introduce a frequency modulated complex electric field of the laser:
EFM (t) = Ecel(ﬂ.H-M nin(ano)). [2-4]

For small values of the modulation index, M, Bessel function cf the first kind can be

approximated as:
J. (M <<1)=(-1)" —&nL- [2.28]
2"n!

For small M we shall assume that only the first order sidebands are important, all others

are too weak to have significant influence on the signal and can be omitted from the
M
discussion. Thus, Jp=1 and J,, =¥?, while other terms vanish. In such a case,

frequency modulated light has a spectrum with a strong carrier at frequency Q and two
weak sidebands at frequencies Q+@. Additionally, to simplify the transition to the
discussion of FMS-based remote sensing, we will introduce the dependence of the
frequency modulated optical field on the spatial position. The overall sample effect (recall
formulae [2.9]-[2.12]) on each frequency component, in terms of the transmission

function T, is:

T, =ee'™, [2.12]
Then, the transmitted field is:
[ . M (oia
E,,(t,x)= Ecl_T—l % el(ﬂr—al-.t_lx) +T, £/ -ko¥) ~T 3_ er(m ay klx)]’ [2.29]
Q+
where k, = iﬂ = 272+ no) is the wavenumber for each sideband.

Recalling the derivation of the photocurrent expression given by formulae [2.16]-

[2.18], the photodetector current caused by frequency modulated light is
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I ()= %EFME;‘M =

M it Y
-T_,T; ?e fex-i(ko-k_,) _rl%_a_em i(ky-t_y)

2.301
E 2 M M [
; c |4 7(')71.. e-m-m,-t.,)x I T.o T, m emﬂu.-t.,)x_'_lToIz

+ 2 (. + 1) + {2 Y]

Differences in wavenumber values for the carrier and sidebands in the expression above
are equal to the wavenumber k, which corresponds to the modulating RF field:

2w
ko—k_,=k,—ko=%= . [2.31]

The term oscillating at twice the modulation frequency can be omitted because the double
balanced mixer will allow us to chose only the term oscillating at the modulation

frequency. Analogously, the DC term can be omitted from consideration. Terms
M2
containing e will also be neglected because of their size.
Calculating values of products of transmission functions:
IT|" = ;)
T—IT(; - e'zao e50'5-| e‘(’n"—l);

T T, = e o b1g7iht), [2.32]
T,To. = e-25oe5o-5| e""’"");
7’;' To - 8_260 e60-6| e-‘('o-'—l ):

and using [2.28], the photodetector current can be written as:

s M —6.1) —i(ar- —ieo-
1—e'% 6_.)7(‘3:«0 9.)gmier-ke) 4 ,-ildy "')e'("'”‘"))

E2
I, (t,x)= Qe s, M [2.33]
2 + =80 . (e h-wgriter-so) o )

Assuming that the absorption and dispersion introduced by the sample are weak (in fact
all we need is a small difference between either absorption or dispersion experienced by

the carrier and sidebands) we can expand the exponentials in the expression [2.33]:
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1+%(5-| _qxemw; +e'“"'"")

I, (8,x) =%e-2% )
2 +£(¢ ~0+4 —%Xem”h _e-m-.h)
2™ [2.34]
_ QB [1+ M(5., - & )cos(ax — kx)
2 : +M(¢-l+‘h‘2%)sin(ax_kx)]'

Once again we notice that the functiorial form of the photocurrent is the same as for the
RF wave. This is a very important result that we will use in the development of the
FMRS theory. One can imagine a simplified picture of the propagation of frequency
modulated light, where the current from the detector is connected to the amplitude
modulation intensity envelope, resulting from the imbalance of the sidebands. Another
nice feature of the simplified treatment is that the nature of the FM signal is very clearly
illustrated by equation [2.34]. Figure 2.2, which shows the values of products of the
several largest Bessel function coefficients, justifies our use of the simplified theory,
because for all practical values of the moduiation index, the first-order sidebands will
have the strongest impact on the FM signal.
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2.4 Sensitivity and Signal-to-Noise of the Frequency
Modulation Spectroscopy.

noise and background sources in traditional FM Spectroscopy. We will explain how the
background level depends on the signal and how the sensitivity cf the technique depends
on the background. Results of this discussion will be applied to analysis of sensitivities
of three major laser based Spectroscopic techniques - ordinary Laser Absorption
Spectroscopy (LAS), Frequency Modulation Spectroscopy (FMS) and Fluorescence
Spectroscopy (FS). Additional sources of noise due to the pulse amplification process
will be addressed in the final section, Discussion of sensitivity issues has been presented
in a number of papers published to date®’. In most previous publications the authors
specifically addressed questions of achieving the limiting sensitivity of the FM
Spectroscopy. Our goal is to determine the noise sources for all signal levels and to
include background in the noise analysis. Several sources of noise must be addressed:
laser intensity fluctuations and noise in the modulation and demodulation circuitry, the
detector and the amplifiers. All the noise components will be analyzed based on the
electrical signals they generate,

Whenever a measurement of an FM signal is made, the photocurrent from the
detector has two components to it - the “theoretical” signal itself and noise:

Uroat = kg F g, (1) {2.35]
The signal current iry, is constant because we assume that the laser is locked at a certain
wavelength. Thus, the time dependence of the total current comes solely from the noise.
In the previous section we introduced a relationship between the photocurrent and the

electrical field on the detector [2.1]. Detector efficiency Q,,, can be expressed as:

en
Qdet = ;Z,_Gde! = Gdetp’ [236]

where e is electron charge, 7) is quantum efficiency of the detector (probability of
generation of an electron by a photon falling on the detector), G,,, is the gain of the

detector (in current units) and p is detector responsivity in araps/(watt of optical power).
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Quantum efficiency and detector responsivity are frequency dependent, but change slowly
enough with laser frequency to be considered the same for all the components of the
frequency modulated light. At this point we consider a situation where there is no stable,
constant parasitic background in the FM signal. The contribution to the total current that
is due to the time dependent noise is a signed quantity, which adds or subtracts to the

signal and has a zero time averaged mean:

T
ipy = ;I_I’E I Frouat (1At = sy
0

T [2.37]
iNoer = ;.l_ili j iNaLu (t) dt =0.
0
Then, the total noise power is given by:
2 . . )2
ioise R = (lTotal(t)_ 'FM) R. [2.38]

Signal-to-Noise Ratio (SNR or S/N) is often used to quantify the level of noise
contamination of the signal for a given signal level. It can be expressed in units of power
or units of current. Which units are used has to be made clear because the expressions
differ:

.2

SNR, == (sNR,)". [2.39]

Noise
It is very important to note that the noise magnitude depends on the signal level. Thus,
the usual practice of estimating the noise as the background signal and then calculating
the SNR using the FM signal value when the FM signal is quite substantial, can lead to
errors. Sensitivity can be calculated using formulas [2.24]-2.26] or [2.34] for the smallest
detectable FM signal, which, in term, can be inferred from the smallest SNR that is

tolerable for the given experiment.
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2.4.1 Definition of Noise Sources in FMS experiment.

In our analysis of noise sources we will treat shot noise first. For simplicity we
will assume ﬁse of cw laser and that there are no other sources of noise present. Although
this is clearly an ideal, it sets a benchmark on the expected noise levels against which we
will judge other noise sources. In a classical physics picture, shot noise arises from
unavoidable fluctuations in rates of arrival of photons onto the detector, or the resulting
fluctuations in the number of photoelectrons. The shot noise of the photons giving the
optical noise power can be obtained, or, equivalently, the shot noise of all the
photoelectrons generated by the laser beam can be calculated. The process of signal
detection can be iooked at from the point of view of counting these photoelectrons®. If an

average number of N electrons is counted, the counting error will be (according to the

uncertainty of Poisson distribution) equal to JN.
The frequency spectrum of shot noise is flat (hence its other name - “white”
noise). This means that shot noise power will depend on the detection bandwidth . Thus

we can write the shot noise power due to a cw laser of total average power of Py as’:

i, = 26GL\i%,,, Af = 26GLPop Of [2.40]
where Af is detection bandwidth in Az and x is an additional exponential factor necessary

to .ccount for additional shot noise found in the detectors with gain.

Because shot noise power is proportional to the square root of the optical power,
- when the optical power increases, the fraction of the total current corresponding to shot
noise decreases. Taking as an example’ ImW of cw laser at 600nm detected with a
photodiode having p = 0.5A/W, Af=1 Hz and G,4.~=1, the total current will be 500pA,
while the shot noise current is 1.4x10"''A. It means that if shot noise were the limiting
noise source, 1mW of optical power of the laser would provide six orders of magnitude of
dynamic rarige from the noise floor to the total current. This is clearly not the case in the

traditional LAS, where laser intensity fluctuations limit the sensitivity of the technique.
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Now that we have determined the shot noise contribution to the total noise, we
will turn to the noise sources specific to the detection system. At this point we are
assuming that no other noise is present.

If the goal is to create a shot noise limited detection system, all other noise
sources have to be eliminated, or their noise powers have to be reduced to a level below
the shot noise power, since the total noise power in the experiment is the sum of all the
individual contributing noise powers. (This, of course, is true only if the noise sources
are uncorrelated, which we assume to be the case here.)

Let us separate the detection system into several “blocks” to facilitate the analysis.
Figure 2.3 shows three such blocks: receiver (photodetector and preamplifier),
demodulator (double balanced mixer) and recorder ( lock-in amplifier for cw experiment,
boxcar or digitizer for pulsed experiment - the device that sets the bandwidth of the
detection system). Each “block” will be considered separately.

Receiver Demodulator

..........................................................................................................................

Recorder

..........................................................................................................................

Figure 2.3 FM detection system. Simplified representation.



There have been many discussions of the available optical photoreceivers*>®°,
Because our discussion is directed at laying the ground for development of the FM
enhanced remote sensing technique, we wiil only touch upon the most promising
detectors for this type of application. It is quite clear that a detector with internal gain
would be desirable for field measurements, especially if the source of the signal is a
backscatter from a diffuse object. Until recently, such a detector was not available, or at
least was not available cheaply; PMTs were relatively narrowband and avalanche
photodiodes had gain of only 10-50 times. A solution to this problem is the
Microchannel Plate Photomultiplier Tube (MCP-PMT). MCPs (for example
Hamamatsu’s R3809U series) are relatively fast, with typical rise time of 150
picoseconds, sensitive over a broad spectral range (various models covering from 115nm
to 1200nm) and have a current amplification on the order of 10°. Moderately priced
(under $1000), they are good candidates for the FMRS detectors.

The standard arrangement is that the current cutput of a fast photodetector, be it
photodiode, biplanar photoelement or MCP, is connected across a 50 Ohm impedance to
a fast RF preamplifier. The choice of RF preamplifier is determined by the application.
If FM spectroscopy is conducted in the cw arrangement with a very narrowband laser,
any standard broadband RF amplifier can be used, as they are commercially available,
inexpensive, and easy to operate. If, on the other hand, a pulsed experiment is conducted,
one should be careful to use an amplifier that will not distort the pulse shape, as that will
result in parasitic frequency generation that may dominate the noise. A good choice in
such a case is to use traveling wave amplifiers, which are designed for amplification of
short pulses.

Even when there is no light on the photodetector, it still produces some current
which is called dark current, i;. This dark current is due to the thermal generation of
electrons. Lowering the operation temperature will lower the dark current. There is a shot
noise that is associated with the dark current itself and it must be added to the shot noise
due to the light. Shot noise due to both light and dark current is the only significant noise

source in the photodetector.
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The next source of noise is the motion of thermal electrons in the load resistor on
the output of the detector. This statistical motion of electrons generates so called
Thermal (also known as Johnson or Nyquist) noise, iz5. Thermal noise, due to its
statistical nature, is a white noise, analogous to the shot noisc, and can be written as™*:

- AKkTAf

Ira ’
R
L

[2.41]

where k is Boltzmann constant and T is temperature.
The next element after the load resistor is the preamplifier. Every amplifier, in

addition to providing gain of G,, adds noise N,. This can be illustrated by the equation:

GaNa
SNR GN,_, +N G,N
( )ow ——a__in a a_in <1 [242]
(SNR)M _S_Ill GaNin +Na

N

in
The reason this device is kept in the detection circuit notwithstanding the fact that it
actually decreases the SNR is that some sort of amplification (either external or internal
to the recorder) is necessary to record a signal. The reason amplification of the high
frequency signal is preferred to amplification after demodulation is that the RF amplifiers
are actually lower noise than low frequency amplifiers, and much less expensive as well.
A traditional way to describe and quantify an amplifier’s noise is to use a parameter
known as effective noise temperature T, Then, the equation for the thermal noise can be

modified by substitution of effective noise temperature instead of ambient temperature T:

i = LI [2.41a]
R,
and where effective noise temperature is given by:
T.=T+T,, [2.43]

where T, is amplifier noise temperature. Two other characteristics of noise performance
of an amplifier are noise factor, F (unitless), and noise figure, NF (in dB). All three of

them are related as:

T

= . = ~a . 2.44
NF =10log F; F 1+290K [2.44]
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The next element in the detection system is the mixer. From the previous
discussion we can recall that only half of the output signal from the mixer is used - the
low frequency component. Thus part of the mixer’s action is attenuation. On the other
hand, the photo-signal is multiplied by the local oscillator wave, which can yield effective
amplification. This is why it is advantageous to use the highest level mixer for
demodulation of weak signals. Cheap, commercially available mixers can work with as
much as 23dBm of local oscillator power. As any other active device, mixer adds noise.

If before the mixer SNR is expressed as

SNR = 2RE. [2.44a]
Lrr
then after the mixer SNR will be

.
SNR = e " lato [2.44b]

lrr
because in the mixer, multiplication of two currents - RF and LO is taking place:

(ige +ige) (Lo +ino) =igrlio Figriio ol + irrluo [2.44c]
Assuming, for simplification, equality of RF and LO terms, and neglecting of the last
term due to its small value, one will obtain expression [2.44b}.

The most important role of the recorder, the generic device we introduced to
represent lock-in amplifier or transient digitizer, is that it determines the bandwidth of the
measurement. Of course, in a pulsed experiment, bandwidih can be determined by the
pulse length, but the final result wili be the same. The reason the noise added by the
recorder is not considered is that, in a properly designed experiment, noise due to the first
amplifier is always larger than any added by the following amplifiers, simply because
amplified input noise should be greater than the noise of the device itself.

We can summarize the noise contributions of the detection systein by writing it as
4KT,Af

i§,=i§~+i}w+ﬁ=2mf( i2+p G}:,'R,)+ == [2.45]
L

It is quite clear that if one’s objective is to design a shot noise limited detection system,
the last term in the equation{2.45] should be made small compared 1o the first one. The

reason I am disregarding the dark current is that it is usually very small (~1nA for MCP-
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PMT). It means that, for the majority of cases, dark current noise is small compared to
the shot noise, except for situations when the intensity of the detected light is very low.
This situation should be avoided by all means.

The most important contributions to the noise are laser noise (shot noise and laser
intensity fluctuations) and preamplifier noise. To indicate a level of amplifier noise we
can take two amplifiers - with noise figure NF=1dB and with NF=10dB. For the low
noise model T,=75K, while for the noisier one T,=2610K. It is quite clear that the
amplifier with lower noise figure is preferable as a first amplifier in the detection circuit.
It is, in principle, possible to build (or to buy) an amplifier with noise figure iess than

unity, but such an amplifier has to be cooled to achieve specified noise level.

The next, and arguably most important, source of noise is laser noise. Shot noise
has already been considered and will be excluded from laser noise. The part of optical
noise we are going to study is laser intensity fluctuations. Until now we avoided talking
about it, because it would be advantageous not only to characterize it, but to discuss how
FM spectroscopy deals with it, because FM spectroscopy was developed in an attempt to

create an absorption based spectroscopic technique which is immune to laser intensity

fluctuations. There is little doubt that the total laser noise i; is much larger than the shot

noise. The FMS can increase the SNR because it is designed to detect only a small part
of the noise. A few attempts have been made to describe the dependence of this part on
internal laser noise, signal level and imperfections of phase modulating circuitry”®. The
authors tried to determine the source of additional noise (which was, in fact, laser noise
“leaking” in) and find ways to minimize it. Various extensions of the FM technique were

121014 Following is an attempt to

introduced to eradicate this laser noise leakage
describe how laser noise leaks into the FM detection and how it depends on various
experimental parameters.

FMS is a zero background technique. It is not very obvious why it is, because if a
laser before the modulation has time dependent amplitude and phase that each contain
noise, then in the process of modulation this noise is being copied to every resulting

frequency component. Phase modulation does not remove any noise. In fact, just as the
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average power of light was not changed by the modulation (recall [2.27]), the average
noise power is not <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>