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ABSTRACT 

The objectives of this research are to develop stimulated scattering as a diagnostic for 
supercritical fluids, and to evaluate reaction kinetics inputs involving 2-4 carbon atom species for 
combustion modeling and optimization.  On the stimulated scattering task, we have tested new 
methods for rapidly scanning stimulated scattering measurements, achieving a factor of 1,000 
improvement in the single shot spectroscopy measurement rate; developed models for two-tone 
stimulated Rayleigh scattering signals; published a paper on our new two-tone stimulated 
scattering method, implemented frequency domain measurements for refractive index 
measurements, and tested our supercritical cell. On the reaction kinetics task, review and 
evaluation of reactions, rate parameters, and uncertainties for combustion of 2-carbon species for 
the initial foundational fuels mechanism optimization was completed.  We identified reactions 
needing further study and C-2 and C-3 species to add to the mechanism. 

OBJECTIVES 

The objectives of this research are to develop stimulated scattering as a diagnostic for 
supercritical fluids, and to evaluate reaction kinetics inputs involving 2-4 carbon atom species for 
combustion modeling and optimization.  The goals of this research are:  
• Making improvements on our optical stimulated scattering method to enable rapid 

measurement of stimulated Brillouin scattering. 
• Combining the stimulated scattering measurements with in-situ refractive index 

measurements to convert spectroscopic properties to physical properties. 
• Comparing measured properties on single component hydrocarbons with the NIST 

REFPROP database in the supercritical regime. 
• Performing measurements on jet fuel under supercritical conditions. 
• Developing an evaluated and optimized combustion kinetics model for unsaturated and 

other hydrocarbon fuels containing up to 2 carbon atoms. 
• Updating and expanding this model with additional kinetics and optimization targets to 

accommodate unsaturated C3-4HX fuel fragments. 

DISTRIBUTION A: Distribution approved for public release.



 4 

RESULTS OF EFFORT 

STIMULATED SCATTERING 

• We have tested new methods for rapidly scanning stimulated scattering measurements, 
achieving a factor of 1,000 improvement in the single shot spectroscopy measurement 
rate. 

• We have developed models for two-tone stimulated Rayleigh scattering signals. 
• We have published a paper on two-tone stimulated scattering. 
• We have developed a frequency domain system for the refractive index measurement 

required to convert stimulated Rayleigh/Brillouin scattering measurements to thermal and 
viscoelastic properties. 

• We have tested our high pressure high temperature cell to 4800 psi and 600 C. 

REACTION KINETICS 

• We developed and evaluated a pressure and temperature dependent kinetics mechanism 
for combustion of hydrocarbon fuels containing up to 2 carbon atoms, including 
uncertainties. 

• We identified key reactions and additional species for mechanism refinement, including 
additions for 3 carbon species oxidation. 

ACCOMPLISHMENTS / NEW FINDINGS 

STIMULATED SCATTERING DIAGNOSTICS 

Instrumentation and Methods 

We have demonstrated the two-tone frequency modulation stimulated Rayleigh 
spectroscopy method.1 This method combines high spectral resolution (~1 MHz), excellent 
pump-probe detuning accuracy, and near-shot-noise limited signal-to-noise ratios.  These are all 
important properties for the measurement of supercritical fuel properties.  Our prior studies have 
shown that the stimulated Rayleigh linewidths become very narrow in the supercritical regime, 
preventing use of conventional Q-switched laser systems and separate pump and probe laser 
sources.2 Our new instrumentation meets the needs in the supercritical regime.  The two-tone 
method derives both pump and probe beams from a single laser source, with the tuning provided 
by electrooptical modulation.  Pulse amplification of the pump laser allows much narrower 
linewidths than the Q-switched laser. 

DISTRIBUTION A: Distribution approved for public release.
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We are the first to perform two-tone 
stimulated scattering.  The phase dependence of 
the two-tone signal showed unusual behavior 
with the antisymmetric (gain/loss) features 
having the same sign for the two sidebands, while 
the symmetric (phase change) features are 
opposite in sign (Figure 1).  We have examined 
the theory for the two-tone signal and derived the 
new expression for the sample gain/loss and 
phase as described by exp(-δj–iφj) 

− δ+1 +δ−1( )cos Ωt( )− φ+1 −φ−1( )sin Ωt( ) 
where Ω is the two-tone frequency pair 
separation frequency and j = +1 and -1 denote the 
upper and lower sidebands, respectively.  This 
behavior is in agreement with that observed in 
Figure 1. 

With electrooptic modulation, we have shown that the two-tone method can provide a 
very rapid sweep over a scattering peak in a single laser shot at a repetition rate of 10 Hz.  With 
support from a National Science Foundation Major Research Instrumentation grant, we have 
been able to upgrade our instrumentation for these measurements.  The new instrumentation 
includes a higher power probe laser and a continuous-wave pumped amplifier for the pump 
beam.  Using this apparatus, we have been able to acquire single-shot spectra at a repetition rate 
of 10,000 spectra per second, an increase by a factor of 1,000 over our previous result.  Single 
shot acquisition will enhance our ability to obtain accurate property measurements in 
supercritical fuels by avoiding the problems associated with intensity fluctuations produced by 
fluid fluctuations when performing a spectral scan using many point measurements from a 
pulsed laser.  The high spectra acquisition rate is essential for monitoring fluctuations known to 
exist in supercritical fluids. 

Frequency Domain Refractive Index Measurement 

Refractive index measurements are required to convert the stimulated Rayleigh/Brillouin 
spectroscopic measurements to thermal and viscoelastic properties for supercritical fuels.  We 
are applying frequency domain measurements to the measurements of refractive index.  This 
approach works well for measurements in a supercritical cell for a number of reasons.  First, we 
can perform the measurements at the same wavelength as the stimulated scattering 
measurements, which is ideal since the refractive index varies with wavelength.  Second, the 
method only requires that a laser beam pass through the cell, so that it can be performed even 
when optical access is limited as is the case for high pressure, high temperature cells.  Finally, 
although the signals are periodic in refractive index, the period is well-matched the measurement 
requirements.  This is in contrast with conventional interferometry, for which the period of the 
signal (one fringe) occurs for an optical pathlength change of a half wavelength.  This is far too 
sensitive for practical use in a high pressure, high temperature cell, in which case the enormous 
number of fringes in the cell leads to difficulty counting fringes and makes it easy to lose count.  
For frequency domain measurements, the light is amplitude modulated and the phase of the 
amplitude modulation is measured rather than the phase of the light itself.  We use a modulation 
frequency of ~480 MHz.  This leads to a modulation wavelength in the cell of ~4 cm.  Thus it is 

 
Figure. 1.  Variation in experimental two-tone 
FM stimulated Rayleigh spectra in hexane as a 
function of delay between probe and reference 
signal to the I/Q demodulator. 
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impossible to lose count of the modulation phase.  Using the improvements described below, we 
can measure phase with frequency domain measurements to approximately 0.1 degree.  This 
leads to an uncertainty in the refractive index of less than 1%, which is more than adequate for 
the required property measurements. 

The apparatus we have developed for frequency domain refractive index measurements is 
shown in Figure 2.  Photographs of the apparatus are shown in Figures 3 and 4. A number of 
modifications were required to achieve good phase stability, which is what determines the 
refractive index accuracy.  Frequency domain measurements are susceptible to interference from 
both optical and electrical background at the measurement frequency.3 Both types of interference 
can produce phase drift or systematic phase offsets that degrade the accuracy of the 
measurements.  We have performed careful studies of the influence of these backgrounds using 
both homodyne and heterodyne measurements.  For the heterodyne measurements, the two 
phase-locked frequencies were provided using two channels from an arbitrary waveform 
generator.  We found that the dominant source of background was RF pickup at the input to an 
amplifier driving the laser diode.  Placing the laser diode and amplifier in an aluminum box 
shielded this background quite effectively. 

 
Figure 2.  New apparatus for frequency domain refractive index measurements. 

 
Another systematic source of error proved to be phase drift between the electrical signal 

to the laser diode and the light emitted by the fiber pigtail of the laser.  This may be related to 
temperature changes in the laser diode output and phase drift or phase-motion sensitivity in the 
fiber pigtail.  We found that waiting for the laser to warm up reduced this drift, but it was still too 
large.  To eliminate this drift, we are using the laser diode to provide the reference frequency.  
This configuration requires that the signal and reference frequencies are the same. We are 
performing heterodyne mixing to convert these two signals to lower frequency. 

With a laser reference source, we require two detectors, one for the reference beam and 
one for the measurement or signal beam.  We had planned to use 80 to 100 micron diameter 
photodiodes for this purpose, which offer ample bandwidth for the 480 MHz signal, but the small 
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detector diameter makes light collection more difficult.  We found that combining low 
capacitance 0.5 mm InGaAs photodiodes with low input impedance transimpedance amplifiers 
we were able to get good response beyond 500 MHz. This provides a factor of 25 to 40 times 
larger detection area compared with the smaller photodiodes. 

With the optical reference method, we found one additional source of background 
interference.  We use two frequencies for the optical reference method, one for the laser diode 
and a second as a heterodyne.  The detector signal and heterodyne signal are combined in RF 
mixers to bring the frequencies down to lower frequencies for lock-in detection.  We found that 
there was RF crosstalk between the two channels because of the common circuitry used to split 
the RF reference signal.  We were able to bring this crosstalk down to acceptable levels by 
placing amplifiers and attenuators between the RF reference splitter and the mixers. 

 

 
Figure 3.  Photograph of electronics for frequency 

domain measurements showing box containing 
laser diode and amplifier (top), laser diode current 
and temperature controllers (middle), and lock-in 

amplifier (bottom). 

 
Figure 4.  Photograph of optics for frequency 

domain measurements showing fiber source, beam 
splitter, detectors, and RF electronics. 

Supercritical Cell  

In preparation for new supercritical measurements, we have tested our cell at high 
pressures and temperatures.  Although we desire operation to 1500 psi and 600 C, the cell is to 
be tested to 4 times the pressure to meet safety requirements.  While the operating pressure and 
temperature are achievable, getting the cell to a test condition of 6000 psi at 600 C proved very 
challenging.  The only seal type that can operate at these high temperatures and pressures is 
graphite, and 6000 psi and 600 C is very high for even graphite.   

A photograph of the cell with the window configure indicated is in Figure 5. A diagram 
and photographs of the test setup are shown in Figures 6 and 7, respectively. For testing we used 
nitrogen gas. An ultrahigh pressure (6,000 psi) nitrogen cylinder with regulator was used as the 
pressure source.  An Omega PX309-10KG5V pressure transducer was used to measure the 
pressure.  A Cole-Parmer 89000-10 temperature controller controlled the heater.  A secondary 
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thermometer was installed for the additional reference.  Both temperature and pressure were 
monitored by a laptop.  The setup was located in a high pressure containment cell at SRI.   

We tried a number of conditions to reach the full test conditions.  The windows were 
tightened with cone washers under the nuts to maintain pressure on the seals during thermal 
expansion.  Cone washers were stacked either in one direction to maximize the force or in 
opposite directions to maximize the potential deflection.  With lower torque on the nuts, the 
graphite seals failed.  At higher torque, the windows cracked.  The cracks did not form 
immediately, but formed as long as a day later.  We tried using very thin graphite seals on the 
hypothesis that there would be a smaller area subject to the pressure with the same surface 
contact to support the seal.  This did not help achieve the higher pressures.  To achieve a testable 
pressure, we replaced the windows with steel windows only for the purpose of the test.  With this 
configuration, we were able to reach 4800 psi and 600 C.  This test confirms that the cell itself 
can withstand the required pressures. If the windows fail, they will be contained with a Lexan 
box. 

 
Figure 5.  High pressure cell configuration. 

 

 
Figure 6.  Test set up for high pressure cell. 
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Figure 7.(a) shows the presure cell/heater, temperature controller and thermocouple;  

(b) an enlarged view of presure cell/heater and thermocouple. 

REACTION KINETICS 

The development of accurate and reliable chemical mechanisms and models to predict the 
combustion behavior of jet fuel surrogates and compounds (petroleum, synthetic, and biological), 
is an important Air Force goal relevant to maintaining aircraft performance and safety.  The 
chemical mechanisms for combustion of all of these fuels share the same set of elementary 
reactions of smaller-fragment hydrocarbons, and thus a reliable submodel accurately describing 
the pyrolysis and oxidation kinetics of small species, both hydrocarbons and partially oxygenated 
intermediates, is critical to these efforts.  In fact, for most complex fuels and mixtures under 
combustion conditions, the initial decomposition into smaller fragments is fast, and the models 
are sensitive to the product identities and the shared small fragment chemistry.  SRI has worked 
with Prof. Hai Wang (Stanford) and DOE-CEFRC- and AFOSR-sponsored colleagues to begin 
development of an evaluated and optimized foundational fuels mechanism for this base 
chemistry.  Acknowledgements are due to Prof. Wang, Dr. Enoch Dames, Ms. Yujie Tao for 
their assistance in this effort, as well as to many colleagues engaged in similar efforts recorded in 
the literature.  Optimization of the initial evaluated C1-2 mechanism is near completion, 
considering 45 reactive species and 450 reactions.  (For a discussion of the optimization 
philosophy and procedure, which is designed to accurately model basic combustion property 
target experiments while being consistent with known kinetics values see references 4, 5, and 
citations therein).  A full and quite lengthy listing of the base and optimized mechanisms with 
source information for the rate constant parameters will be prepared and made available to the 
community, with proper acknowledgement, via the Internet, when the mechanism optimization 
calculations are completed and validated.  Some important kinetics issues raised in the rate 
constant evaluation effort are summarized below.  This is an ongoing effort, revised as new 
information on key reactions becomes available.  Obviously the optimization target modeling 
reaction sensitivities and their uncertainties guide which reactions merit further attention, some 
of which are mentioned below. 

To ensure consistency and accuracy, the complex fuels combustion models should share 
the same H2/CO/C1-4 pyrolysis and oxidation submodel, optimized to available experimental 
combustion data for these smaller fuels.  This submodel development begins with a critical 
evaluation of reaction steps and rate parameter expressions to choose the most reliable and 

(b) (a) 
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consistent values (over suitable temperature and pressure ranges), and to ascertain uncertainties.  
These judged uncertainties, often hard to fix precisely,  determine how much key rate constant 
parameters will be permitted to vary in the mechanism optimization procedure. 

In the course of evaluating the reactions and pressure and temperature dependent rate 
parameters for the oxidation chemistry of two-carbon fuels, several specific revision needs were 
identified.  These will be incorporated into the second optimized foundational fuels mechanism.  
Several are of particular importance due to the prevalence of ethylene as a major breakdown 
intermediate of larger real fuel mixtures. 

Two stable isomers of CH3CHO are not included in the current mechanism and needed to 
be added, namely vinyl alcohol and ethylene oxide (oxirane), C2H3OH and cy-C2H4O.  C2H4O 
kinetics in particular have a significant effect on ethylene ignition, via the HO2 + C2H4 
production reaction and then subsequent C2H4O decomposition to CH3 + HCO, which is highly 
chain branching.  (Production of extra radicals accelerates the chemistry.)  Inclusion should 
remedy a significant omission.  In considering vinyl alcohol, the OH + C2H3 chemical activation 
reactions which have received little attention were also reevaluated.  Faster rate constants to the 
CH3 + HCO and H + CH2CHO products are indicated.  A few extra HO2 reactions were also 
added for mechanism completeness, especially HO2 + C2HX. 

Ethylene decomposition in the current mechanism is very poorly parameterized, the result 
of an attempt to account for in-progress Stanford data,6 with limited success.  Rates under many 
conditions are, we believe, too fast in the 1.0 base mechanism.  There are issues of both 
experimental and theoretical interpretation or consistency, and relatively little data exist for this 
important step forming reactive vinylidene H2CC.  We will work with the Stanford group for 
prompt resolution.  This is particularly important because ethylene is the main pyrolysis product 
of larger hydrocarbon fuels.7 

Product identity can be as important an issue as the rate constant, although not always 
recognized, and may also be temperature and pressure dependent.  Proper treatment most often 
relies on quantum calculations of potential energy surface properties, then to be employed in 
master equation rate calculations.  Competitions between chemical activation and 
recombinations form one example.  Reactions where product choice alters the number of radical 
species or their degree of reactivity are of greatest importance.  In the course of this combined 
evaluation/optimization mechanism development, several such reactions were identified for 
further needed study.  These include H atom yields from the O + CH3 and CH2 + O2 oxidation 
reactions, and product branching fractions for the C2H3 + O2 reaction. 

To illustrate our approach to rate constant and uncertainty evaluation for multiple product 
reactions, we present an example of results for the pressure dependence of recommended rate 
constants for OH + CH3 at 1000 K.  There are two main product channels, recombination to form 
methanol (CH3OH), and a nearly thermoneutral reaction producing 1CH2 + H2O (followed by 
additional reactions).  At high pressure all nascent hot methanol is collisionally stabilized and 
recombination dominates; at low pressure the hot complex decomposes either back to reactants 
or to methylene product, and the chemical activation step dominates.  The evaluated mechanism 
rate constants for these two paths are shown in Figure 8, based on RRKM rate theory 
calculations from GRI-Mech done to match high temperature shock tube methanol 
decomposition data and room temperature OH + CH3 rate constant measurements.  Note the 
clear, expected, pressure-dependent switching in the main products as pressure increases.  The 
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star points in the figure represent recent measurements (both channels) at Stanford8 and 
Argonne,9 which indicate somewhat lower values, and that a factor of 2.5 uncertainty on the low 
side should be accommodated in the chemical activation rate constant.  A theory study,10 marked 
T in the figure, significantly underpredicts the rapid rate for the chemical activation pathway. 

 
Figure 8.  Bimolecular Model Rate Constants for OH + CH3 at 1000 K vs. Pressure for Two Product 

Channels.  Stars and T are experimental and theoretical total rate constant values near 1 atm; 
see text for details. 

 Inclusion of  more species was also considered.  For acetylene oxidation, the adduct 
C2H2OH has a modestly strong bond, probably should be added, and its kinetics were developed 
for later inclusion.  There may also be some problems accurately simulating very rich kinetics 
until C3-4 species associated with presooting kinetics are included in later mechanism versions. 

We examined adding peroxide kinetics for lower temperature scenarios and provide 
recommended rates.  Methyl hydroperoxide kinetics begin to matter (>30%) for methane ignition 
below 1000 K.  While optimization targets are generally not available and low temperature 
oxidation is usually insignificantly slow in most scenarios, inclusion of this chemistry is 
recommended in the future.  Ethyl hydroperoxide kinetics has less impact for ethane oxidation 
and ignition.  Small ~25% effects are seen at 900-1100 K, as Glarborg has previously noted.11  
Other more weakly bound species we considered, C2H5O and C2H4OH, can be assumed 
decomposed and omitted from the mechanism.  We also do not include CH3CHOH, and C2H3O2. 

We have also developed some lightly-reviewed high temperature kinetics for the 
oxygenated C2 fuels that do not appear to have any significant impact on the normal 
hydrocarbon oxidation kinetics.  These are ethanol, dimethyl ether(DME), and methyl formate  
(C2H5OH, CH3OCH3, CH3OCHO), and could be added to the mechanism for these fuels.  This is 
for completeness, with no performance guarantees; for DME all the lower temperature peroxy 
kinetics were truncated and omitted.  Other added species to these mechanisms are CH3OCH2 
and CH2OCHO. 
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In many instances, pressure dependent expressions for reactions had to be adapted from 
theory/experiment literature for use, and more precise calculation would be useful.  The multiple 
channels and pressure dependent chemical activation steps are becoming more prevalent with 
larger species and can have more complex dependences that are harder to parameterize.  It might 
be better to treat these with separate interpolatable expressions for specific pressure levels, rather 
than current older Chemkin formulations. 

An initial review was undertaken for species and reactions that must be added to describe 
C-3 hydrocarbon oxidation.  Most useful available inputs come from Curran’s Aramco 
model.12,13  Key questions include which aldehyde and alcohol intermediates require inclusion, 
and whether cyclic compounds also need consideration.  At this point we face an evaluation task 
involving at least 16-24 species and 215 reactions.  Data is sparse, more so for C-4 species, and 
greater reliance on theory and analogy to similar reactions is anticipated. 
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We have demonstrated two-tone frequency-modulation (FM) stimulated Rayleigh spectroscopy. This method can
provide high spectral resolution (∼1 MHz), excellent pump/probe detuning accuracy, and near-shot-noise-limited
signal-to-noise ratios using a single narrowband laser as the master oscillator. Pump/probe detuning and FM side-
band generation are produced with an electro-optic modulator. A double-pass two-rod Nd:YAG amplifier provides
peak powers near 1 kW for the pump beam. Unlike with two-tone FM absorption spectroscopy, the phase signal is
retained for two-tone FM Rayleigh spectroscopy. Measurements confirm that the shape of the phase component of
the stimulated thermal Rayleigh peak agrees with theory. © 2014 Optical Society of America
OCIS codes: (190.5890) Scattering, stimulated; (190.1900) Diagnostic applications of nonlinear optics; (290.5870)

Scattering, Rayleigh; (300.6320) Spectroscopy, high-resolution; (300.6420) Spectroscopy, nonlinear.
http://dx.doi.org/10.1364/OL.39.004615

Rayleigh scattering, which is produced by nonpropagat-
ing thermal or entropy fluctuations in transparent media,
can provide information on thermal diffusion, molecular
mass diffusion, density, and other material phenomena
[1]. Stimulated Rayleigh scattering methods are generally
used to provide strong coherent signals. While early work
on stimulated Rayleigh scattering was performed using a
single laser [2], better resolution and linearity can be
achieved using multibeam (pump-probe) methods.
Rayleigh scattering methods that use two pump beams
to produce a refractive index grating that diffracts the
probe beam include forced Rayleigh scattering [3] and
grating methods [4], which detect scattering in the tem-
poral domain, and coherent Rayleigh scattering [5] and
phase-coherent Rayleigh scattering with detection in
the spectral domain [6]. We are using a stimulated
Rayleigh gain spectroscopy configuration, which uses
a single pump beam, simplifying alignment. Interference
between the pump and probe beams produces a grating
that diffracts power from the pump onto the probe beam
with detection in the spectral domain [7,8].
Compared with other nonlinear scattering methods,

such as stimulated Raman spectroscopy and stimulated
Brillouin spectroscopy, stimulated Rayleigh scattering
provides much weaker signals when relying on electro-
striction for coupling between the optical radiation
and the material fluctuations [8–10]. However, signals
can be made much larger when there is absorption of
the laser light to support light/matter coupling, an ap-
proach called stimulated thermal Rayleigh scattering
[11], which has the same shape as with electrostrictive
coupling, but differs in sign [8–10]. For measurements
in liquids, we use a wavelength of 1064 nm, at which
wavelength OH and CH overtone or combination bands
produce weak absorption, providing relatively strong
stimulated thermal Rayleigh scattering [7].
An important challenge for stimulated Rayleigh

gain spectroscopy involves the narrow linewidths for

Rayleigh scattering, which for a counterpropagating
geometry are on the order of 10 MHz [9,10], and even nar-
rower in the supercritical regime [12]. By comparison,
the linewidths for the pulsed lasers typically used as
the pump laser are larger, constrained by the Fourier-
transform limit to around 15 MHz [8,13]. Narrow line-
widths can be achieved using continuous-wave (CW)
lasers for the pump beam [6,14,15], but at the expense
of weaker signals. In addition, when using separate pump
and probe lasers, maintaining a stable pump/probe
detuning may require active stabilization or heterodyne
calibration [8,15].

In this Letter, we apply two-tone FM methods to mea-
surement of stimulated Rayleigh scattering. FM spectros-
copy is a very sensitive method, typically applied to
optical absorption measurements [16]. Radio frequency
(RF) phase-modulation (PM) is applied to a laser, pro-
ducing FM sidebands with no amplitude modulation.
When interaction with a sample produces absorption or
phase shifts between the sidebands, the resulting imbal-
ance produces amplitude modulation at the modulation
frequency. Because laser noise is typically quite low at
RF, this provides a sensitive detection method. To
achieve both large frequency shifts for absorption mea-
surements while keeping the detection bandwidth low, a
modified method has been developed using two modula-
tion frequencies, called two-tone FM spectroscopy [17].
Single-tone FM methods have been applied to Brillouin
scattering using separate pump and probe lasers, but
FM methods have not been applied to Rayleigh scatter-
ing. We demonstrate two-tone FM methods applied to
stimulated thermal Rayleigh scattering that allows use
of a single master oscillator. The frequencies for the
pump and probe lasers are defined by RF frequency shift-
ing, providing exceptionally accurate pump/probe detun-
ing without active stabilization. We achieve a stronger
stimulated scattering gain by pulse amplifying part of
the master oscillator. Pulse amplification allows much
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longer pulse widths than using Q-switched lasers,
enabling high-resolution measurement of the Rayleigh
peak (∼1 MHz linewidth if Fourier-transform limited).
The optical system for our experiments is shown in

Fig. 1. The master oscillator for both the pump and probe
beams is a narrowband fiber laser (NP Photonics model
RFLS-25-1-1064.175), producing 54 mW at 1064 nm. A fi-
ber beam splitter delivers 30% of the power to the probe
beam path and 70% to the pump beam path. The probe
beam passes through a fiber-coupled electro-optic modu-
lator (EOM), in this case a Photline model NIR-MPX-
LN-10-P-P that provides both the probe frequency tuning
and the FM sidebands. The pump beam passes through a
fiber-coupled acousto-optic modulator (AOM), in this
case a Brimrose model IPF-200-20-1064-2FP that upshifts
the pump frequency by 200 MHz. The AOM serves two
roles. First, because of the 200 MHz frequency shift in
the AOM, the degeneracy of the EOM sidebands relative
to the master oscillator frequency is broken. Without this
pump frequency shift, the pump would create stimulated
scattering with both upper and lower sidebands of the
EOM simultaneously, and interference between the
two sidebands would produce undesirable variation in
the signal. Second, we pulse the RF power to the AOM
with an RF switch, allowing adjustment of the pump
beam pulse width. Typical pulse widths are 1 μs. After
the AOM, the pump beam passes a fiber collimator to free
space and then goes through Faraday isolators to prevent
feedback into the master oscillator. The pump beam is
subsequently amplified to peak powers of roughly
1 kW by double-passing two lamp-pumped Nd:YAG rods
(Quantel model SF51107) operating at 10 Hz. The polar-
ized input beam passes through a polarizer and the two
Nd:YAG rods, with two spatial filters to reduce parasitic
amplified spontaneous emission. A quarter-wave plate
and mirror at the far end of the amplifier rods retrore-
flects the beam while rotating the polarization by π∕2
so that the polarizer redirects the retroreflected beam
to the output path. The pump beam then passes a high
power Faraday isolator to prevent feedback from the ex-
periment into the pulsed amplifier. The pump and probe
beams are focused with long focal lengths (∼2 m) into
the measurement cell in a counterpropagating geometry
similar to previous experiments [7,8,12].
The electronics for tuning, modulation, and detection

are shown in Fig. 2. For the pump beam (bottom of Fig. 2),
a 200 MHz RF source is amplitude modulated by the RF

switch to produce a pulse, which is amplified and sent to
the AOM. For the probe beam, an RF source with fre-
quency ν0 tuned by computer control, is mixed with a
35 MHz source to produce two sidebands 70 MHz apart
(the center frequency is suppressed in the mixer). These
sidebands are amplified and sent to the EOM. Stimulated
Rayleigh scattering resonances are found when either
sideband is near the pump frequency, i.e., when the tun-
able RF frequency νt is equal to 200! 35 or 165 and
235 MHz. A typical measurement scans νt from 100 to
300 MHz.

Two-tone modulation produces several pairs of
frequencies separated by the detection frequency
(70 MHz), with the most prominent ones centered at
ν0 " νt, ν0–νt, and ν0, where ν0 is the master oscillator
frequency. We use the upshifted sideband pair at
ν0 " νt for these experiments. Previous two-tone FM
spectroscopy has been performed on broad absorption
features and both sidebands interact with the sample si-
multaneously. In contrast, for the narrow linewidths of
Rayleigh scattering, only a single frequency in the side-
band pair interacts with the sample at a time, resulting
in spectra similar in appearance to single-tone FM sig-
nals. The two-tone FM absorption spectroscopy analysis
of Janik et al. [17] for dual sideband interaction may be
extended to perturbation of a single sideband. In this
case, the resulting two-tone intensity signal I#Ωt$ for
ν0 " νt at the FM pair separation frequency, Ω, (70 MHz
for our experiment) and the sample interaction described
by exp#−δj − iϕj$ will be

I#Ωt$ % −#δ"1 " δ
−1$ cos#Ωt$ − #ϕ"1 − ϕ

−1$ sin#Ωt$; (1)

where δ and ϕ are the amplitude attenuation and phase
shift from the sample and j % "1 and −1 denote the
upper and lower sidebands, respectively. Thus, unlike
two-tone absorption spectroscopy, which provides only
gain/loss measurements, two-tone FM Rayleigh scatter-
ing provides both gain/loss and phase terms in quadra-
ture. As is typical for FM spectroscopy, Eq. (1) shows
that the single-sideband signal at the sideband difference

Fig. 1. Optical arrangements for producing probe and pump
beams.

Fig. 2. Electronics (left) and frequency content (right) for sig-
nal detection, probe, and pump (from top to bottom). For
clarity, electronic filters and amplifiers are not shown. The
frequencies of the master oscillator, pump, and probe (Stokes)
beams are denoted as ν0, νp, and νs, respectively. LO refers to
the RF local oscillator used for the mixing steps.
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frequency Ω is zero unless a sample perturbation δj or ϕj

is present. Typical gain/loss is 10−3 of the probe beam.
The detection electronics are shown in the top of Fig. 2.

The 70 MHz FM signal is detected using an InGaAs photo-
diode, bandpass filtered, amplified, and passed to an I/Q
(in-phase and quadrature) demodulator. At 70 MHz, the
noise on the probe laser is near shot-noise limited. The
70 MHz RF reference frequency (local oscillator) for the
I/Q demodulator is produced by frequency doubling a
portion of the output of the same 35 MHz source that
produces the sidebands, providing phase coherence be-
tween the FM signal and the RF reference frequency. The
two outputs of the I/Q demodulator are low pass filtered
and captured in two channels of a digital oscilloscope. A
LabVIEW program controls scanning the RF frequency
and storing the stimulated scattering signals.
From Eq. (1), both gain/loss and phase changes are

present in the two-tone FM Rayleigh signal. The line-
shapes of the gain/loss and phase shift on the probe beam
for stimulated thermal Rayleigh scattering are described
by the imaginary and real parts of the nonlinear suscep-
tibility χ!Δω", which is given by [10,11]

χ!3"STRS!Δω" # K
−1 − i!2Δω∕ΓR"
1$ !2Δω∕ΓR"2

; (2)

where Δω # 2π!νp − νs" is the pump/probe detuning as
an angular frequency, K is a constant that depends on
the pump frequency and the sample material properties,
and ΓR is the Rayleigh linewidth as an angular frequency.
The laser linewidth contribution to the Rayleigh line-
shape is very small for our experiment.
When the phase between the EOM and I/Q demodula-

tor is varied, different linear combinations of the real and
imaginary parts of the complex scattering lineshape ap-
pear in the I and Q channels. The variation in the FM
stimulated Rayleigh scattering signal in hexane as a func-
tion of the RF reference frequency phase is shown in
Fig. 3, which covers a full 2π phase change. Note that
there are two peaks, one at 165 MHz and one at 235 MHz,
corresponding to the cases in which the upper and lower
FM sidebands are resonant with the Rayleigh gain signal.
As the phase changes, each Rayleigh line gradually
changes shape from purely antisymmetric (gain/loss) to
purely symmetric (phase shift) and then repeats each
shape with the opposite sign. The two peaks in Fig. 3
show the expected relationship from Eq. (1): the antisym-
metric (gain/loss or δ) features have the same sign for the
two sidebands, while the symmetric (phase change or ϕ)
features are opposite in sign.
The I/Q modulator detects the signal for two RF phases

simultaneously. An I/Q signal pair for stimulated Rayleigh
scattering is shown as the dots in Fig. 4. Note that each
scan measures the same peak four ways: there is an in
phase and a quadrature measurement for both νt # 165
and 235 MHz. We have selected the RF reference phase to
produce the antisymmetric gain/loss peaks in the I chan-
nel (the upper set of points in Fig. 4; this peak shape is
well known from prior stimulated thermal gain spectros-
copy experiments [7]). The Q channel peaks (bottom
points in Fig. 4) correspond to the phase-only changes
for stimulated Rayleigh scattering that have not been

observed previously with stimulated Rayleigh gain
spectroscopy, although a similar complex pair of peaks
have been observed using phase-coherent Rayleigh
scattering [6].

The results from fitting Eq. (2) to experimental points
are shown as the solid lines in Fig. 4, where ΓR and K are
used as fitting parameters. The experimental measure-
ments have the expected relationships between the gain
or loss and phase shift of Eq. (2), with the maximum of
the symmetric phase shift profile twice as large as the
maximum of the antisymmetric gain/loss peak. Perform-
ing such fits on multiple Rayleigh peaks yields a Rayleigh

Fig. 3. Variation in experimental two-tone FM stimulated
Rayleigh spectra in hexane as a function of delay between the
probe and the reference signal to the I/Q demodulator. The
waterfall graph is reproduced as an image inset at the upper
right.

Fig. 4. I and Q channels for two-tone FM stimulated Rayleigh
scattering in hexane. There are replicate peaks centered at 165
and 235 MHz. The upper axis (pump/probe detuning) and lower
axis (tunable RF frequency) apply to both traces.
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linewidth ΓR∕2π ! 7" 1 MHz, in agreement with
theory [7].
Note that the gain/loss lineshape at the top of Fig. 4 has

an antisymmetric shape (often called “dispersive,”
although here this is an absorptive feature) while the
phase shift lineshape at the bottom of Fig. 4 has a sym-
metric profile (sometimes called “absorptive,” although
here this is a dispersive feature). This situation is the op-
posite of that found in prior experiments on FM spectros-
copy using absorption or Brillouin scattering, which have
a symmetric (“absorptive”) lineshape for a gain or loss
signal and an antisymmetric (“dispersive”) lineshape
for a phase signal [15,16]. The source of the unusual
behavior for the stimulated Rayleigh scattering can be
understood from the underlying scattering process.
The scattered pump light that forms the stimulated

Rayleigh gain signal is automatically phase-matched with
the probe, i.e., the two light fields have the same wave
vector, k. This phase-matched condition is assured be-
cause the grating that scatters the pump in the probe di-
rection is produced by interference between the pump
and probe beams. As a result, the grating satisfies a Bragg
condition to scatter the pump collinearly with the probe,
and the Doppler shift resulting from the moving grating
(the grating moves with nonzero detuning) shifts the
pump beam frequency by the necessary amount to match
the probe frequency. Although the scattered pump and
probe have the same wave vectors, the phase of the
two beams is not the same.
How this phase shift for the scattered pump produces

the Rayleigh peak shapes can be understood from Fig. 5,
which shows the output probe beam electric field as a
vector sum of the electric fields of the input probe beam
and the scattered pump. When there is no detuning
(Δω ! 0), the scattered pump light is π∕2 out of phase
with the probe beam. This leads to a maximum phase
shift and no change in the magnitude of the output elec-
tric field for the probe beam when Δω ! 0, as seen in
Fig. 5. In the detuned case, the magnitude of the scattered
pump decreases and the scattered pump phase shifts

away from π∕2. These positive and negative detunings
lead to gain and loss, respectively, for the magnitude
of the output probe electric field, and a reduction in
the phase change as seen in Fig. 5.

Two-tone stimulated scattering has multiple advan-
tages for Rayleigh spectroscopy, including high fre-
quency resolution and precision with a pulsed laser
(1 MHz), near-shot-noise-limited signal-to-noise ratios,
and measurement of both absorptive and dispersive
peaks. The technique should prove valuable for studies
in supercritical fluids and can be extended to Brillouin
spectroscopy as well.
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