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Abstract

This manuscript presents the development of a two-color laser-absorption-spectroscopy (LAS) sensor capable of providing
calibration-free measurements of temperature and H,O at 1 MHz in particle-laden combustion environments. This sensor
employs scanned-wavelength-modulation spectroscopy with first-harmonic-normalized second-harmonic detection (scanned-
WMS-2f/1f) with two distributed-feedback (DFB) tunable diode lasers (TDLs) emitting near 1392 nm and 1469 nm. The
wavelength of each laser was modulated at 35 or 45.5 MHz to frequency multiplex the lasers and, more importantly, enable
simultaneous wavelength scanning across the peak of each H,O absorption transition at 1 MHz. This method provides an
absolute, in situ wavelength reference which improves measurement accuracy and robustness. Methods to characterize the
lasers’ wavelength and intensity modulation at frequencies above 10 MHz are presented. Measurements of temperature and
H,0 mole fraction within 0.3-2.5% and 2-10%, respectively, of known values were acquired in a static-gas cell at tem-
peratures of 700-1200 K. The sensor was applied to measure the path-integrated temperature and H,O column density in
fireballs produced by igniting 0.75 g of grade 3, class B HMX with and without H-5 micro-aluminum powder (20% by mass).
Temperature measurements were acquired in the fireballs with a 1-o precision of 50 K, 30 K, and 15 K for measurement rates
of 1 MHz, 250 kHz, and 25 kHz, respectively. The results are the first to demonstrate that calibration-free measurements of

gas properties can be acquired at 1| MHz using WMS-2f/1f.

1 Introduction

Fireballs of detonated and/or suspended energetic materials
are utilized in a variety of important defense applications
(e.g., to destroy chemical and biological weapons of mass
destruction). Such fireballs represent an extremely complex
and hostile combustion environment, often consisting of
strong shock waves and turbulent, multi-phase combustion.
A variety of high-speed optical diagnostics are needed to
understand the combustion chemistry and physics govern-
ing these environments, as well as provide validation data
for models used to predict the performance and behavior
of such applications. Unfortunately, fireballs present sev-
eral challenges which complicate the use of optical diag-
nostics, namely large optical transmission losses (e.g., from
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particulate scattering), high luminosity and opacity, beam-
steering and, in field-scale tests, the need to utilize fiber-
coupled optical equipment or large standoff distances [1, 2].
These challenges are exacerbated when aluminum is added
to energetic material charges [1, 2], which is often done to
increase combustion performance and increase the gas tem-
perature [3, 4].

Optical diagnostics have been widely utilized to meas-
ure various parameters in fireballs of energetic materials.
Emission spectroscopy of AlO has been used to determine
the temperature of aluminum combustion products [5-8],
and broadband, single-shot, dye-laser-absorption meas-
urements of Al, Ti, and AIO [9] and temperature via AIF
and MgF [10] have been acquired in fireball environments.
Several laser-absorption diagnostics operating in the near-
and mid-infrared have also been utilized to characterize
post-detonation gases and explosive blasts [11-13]. Carney
et al. [11] used a broadband near-infrared light source and a
spectrometer to measure H,O absorbance spectra between
1335 and 1380 nm and determine temperature and H,O con-
centration at 20 kHz in the expansion of a high-explosive
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detonation. Murzyn et al. [12] utilized a rugged fiber-optic
probe and scanned-wavelength direct absorption with near-
infrared tunable diode lasers (TDLs) to measure temperature
and H,O at up to 30 kHz in air that was shock heated via an
explosive blast wave in a constant volume chamber. Most
recently, Phillips et al. [13] utilized an external-cavity quan-
tum-cascade laser (EC-QCL) to measure path-integrated
concentrations of CO, CO,, H,O, and N,O (via absorbance
spectra from 2050 to 2300 cm™) at a repetition rate of 100
Hz in post-detonation gases of explosives. In addition, the
authors acquired measurements of fireball emission and
transmission at 500 kHz. Despite this prior work, diagnos-
tics that can provide temperature and species measurements
at rates approaching 1 MHz in harsh, optically dense fireball
environments remain needed to quantify rapid transients in
gas conditions and, perhaps, to improve measurement qual-
ity by enabling time averaging on short timescales.
Laser-absorption spectroscopy (LAS) has been widely
used to achieve measurement rates of 10 s of kHz (see
[14] and references therein); however, far fewer LAS diag-
nostics have been able to achieve a measurement rate of
100 kHz or greater (excluding fixed-wavelength LAS diag-
nostics which are significantly less robust and generally
not preferred in harsh combustion environments [14]). To
mention a few examples, a broadly and rapidly tunable
MEMS VCSEL emitting near 1350 nm has been used to
provide temperature and H,O measurements at 100 kHz in
a rotating-detonation combustor [15]. In addition, recently
several researchers have utilized quantum-cascade lasers
to achieve measurement rates of 100 kHz and beyond via
direct absorption spectroscopy. For example, Rein et al.
utilized three time-division-multiplexed QCLs to measure
temperature, CO, CO,, and N,O at 100 kHz in detona-
tion gases [16]. More recently, Naasir and Farooq used
an intrapulse approach to measure gas temperature at 100
kHz in high-pressure (15-20 atm) gases within a rapid-
compression machine by using two pulsed QCLs emitting
near 5.46 and 5.60 pm [17]. In comparison, Pineda et al.
[18] scanned the wavelength of a continuous-wave QCL
across five rovibrational absorption transitions near 2008
cm™! to measure temperature, '>CO and '*CO concentra-
tions simultaneously at 100 kHz in shock tube experi-
ments to study reaction kinetics of isotopically labeled
hydrocarbon mixtures. Regarding LAS measurements con-
ducted at rates greater than 100 kHz, Chrystie et al. used a
pulsed-QCL emitting near 7.6 pm to generate frequency-
chirped pulses and provide intrapulse measurements of
H,O absorbance spectra and temperature in shock-tube
gases at a repetition rate of 250 kHz [19]. Most recently,
Nair et al. [20] developed a scanned-wavelength direct-
absorption-spectroscopy (scanned-DAS) diagnostic for
measuring temperature, CO column density, and pressure
at 1 MHz in detonation gases. The wavelength of a QCL
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was scanned across a cluster of CO transitions near 2008.5
cm™~! spanning three vibrational levels for high-temper-
ature sensitivity. Measurements were demonstrated in a
methane—oxygen-fueled rotating detonation rocket engine.

While highly useful, all of the aforementioned LAS
techniques utilized direct-absorption techniques which
can suffer from higher noise levels (compared to wave-
length/frequency modulation techniques) and they all
rely on the ability to infer the baseline light intensity. The
latter of which can be extremely difficult, particularly in
cases with large optical transmission losses and at elevated
pressures where collisional broadening can prevent in situ
determination of a non-resonant baseline intensity. As a
result, ultra-high-bandwidth (> 100 kHz) LAS diagnostics
employing wavelength/frequency modulation spectroscopy
(WMS or FMS) remain needed.

Wavelength-modulation spectroscopy (WMS) is a LAS
technique often utilized to improve measurement precision
by rejecting noise and canceling out intensity fluctuations
due to non-absorbing losses in harsh, optically dense envi-
ronments [21, 22]. While numerous high-bandwidth (>
10 kHz) WMS sensors have been deployed in combustion
environments [23-28], to our knowledge WMS diagnostics
providing a measurement bandwidth greater than 100 kHz
have not been previously developed. In addition, most of
the high-bandwidth WMS diagnostics have employed fixed-
WMS techniques [23-25] which are susceptible to laser drift
(particularly at low to moderate pressures where absorption
lines are narrow) and, potentially, unknown pressure shifting
of the transition linecenter. For these reasons, work has been
done to develop high-bandwidth scanned-WMS diagnostics
to provide an in situ wavelength reference via measurement
of WMS spectra. For example, Goldenstein et al. [27] devel-
oped a two-color, peak-picking scanned-WMS-2f/1f diag-
nostic to provide measurements of temperature and H,O
concentration at 50 kHz in the exhaust of a rotating deto-
nation engine. In this method, small amplitude wavelength
scanning was performed sinusoidally at 25 kHz to resolve
the peak WMS-2f/1f signal at the transition linecenter at
50 kHz which required using modulation frequencies of
225 and 285 kHz. Alternatively, the wavelength of the laser
can be scanned across an entire absorption line to enable
scanned-WMS-2f/1f spectral fitting [22] to be performed and
avoid the need for temperature- and species-dependent col-
lisional broadening models. Unfortunately, the large ampli-
tude wavelength scanning that is required in combination
with high-frequency wavelength modulation has limited this
technique to measurement rates of 25 kHz using modula-
tion frequencies approaching 1 MHz [22, 26]. That being
said, achieving larger measurement rates via scanned-WMS
requires using even larger modulation frequencies (typically
at least 10-100x larger than the scan frequency).
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This paper presents the development of a scanned-
WMS-2f/1f sensor capable of providing measurements
of temperature and H,O at 1 MHz and its initial applica-
tion to characterizing laboratory-scale fireballs of HMX
(1,3,5,7-tetranitro-1,3,5,7-tetrazoctane) with and without
micro-aluminum particles. Several complications associ-
ated with performing ultra-high-frequency (i.e., >10 MHz)
injection-current modulation of telecommunication-grade
TDLs are addressed, and new laser-characterization tech-
niques which enable calibration-free WMS measurements in
this regime are presented. To the best of our knowledge, this
work presents the first calibration-free WMS-2f/1f sensor
which is able to achieve a measurement rate of 1 MHz. This
represents a 10X or 20X improvement in measurement rate
compared to previously developed fixed-wavelength WMS
(i.e., fixed-WMS) and scanned-WMS sensors, respectively.

2 Fundamentals of LAS and WMS
2.1 Laser-absorption spectroscopy

In LAS, laser light is directed through a test gas, and the
transmitted light intensity at a given wavelength is measured
and related to gas properties of the absorbing species via
Beer’s law, given by Eq. 1.

L,(v)
Iy(v)

= exp[—a(v)]. (1)

Here I, is the transmitted light intensity, / is the incident
light intensity, v is the optical frequency, and «a is the spec-
tral absorbance. If the gas conditions vary along the line-of-
sight, the spectral absorbance is given by Eq. 2:

L
a(v) = / S(Tn.p(v)dl 2)
0

where S (cm™!-molecules/cm?) is the transition linestrength,
T (K) is the gas temperature, n; (molecules/cm?) is the
absorbing species number density, ¢ (cm) is the transition
lineshape, d/ is a differential length element, and L (cm) is
the total path length through the absorbing gas. A Voigt pro-
file is typically used to model the lineshape and accounts for
both Doppler and collisional broadening [29]. The integrated
absorbance of a given transition j, 4;, is given by Eq. 3:

L L
A= / / S{(Tn;p(v)didv = / S;(Tndl, (3)
vJO 0

which removes dependence on the transition lineshape since
it has an area of unity.

For a nonuniform line-of-sight, the two-color ratio of A,
or a(v) can be used to calculate a path-integrated temperature

of the absorbing species and a measurement of A; or a(v)
from a single transition can then be used to determine a
path-integrated species number density or concentration,
both of which depend on the spectroscopic parameters and
distribution of gas properties along the line-of-sight, the lat-
ter of which is typically unknown. That being said, if the
linestrength of each transition exhibits a linear dependence
on temperature (across the range of the temperature nonu-
niformity), the temperature inferred from comparing the
measured two-color ratio of A; with that simulated assuming
a uniform line-of-sight is precisely equal to the absorbing-
species number-density-weighted path-averaged temperature
given by Eq. 4 [30].

L
7= Jo Tndl

"

Once Tn’ is known, the absorbing-species column density,
N; (molecules/cm?), can be calculated from the measured
A, using Eq. 5.

L A
N; = / ndl = ——. 5
0 ST,) ©)

“

These relations are significant since they connect the path-
integrated two-color measurements to physical quantities
which can be more easily compared with those predicted
by combustion models. Further, Eq. 4 clearly illustrates that
the temperature inferred is inherently species specific when
gradients in temperature and species concentration are pre-
sent along the line-of-sight.

2.2 Scanned-WMS-2f/1f

In scanned-WMS-2f71f, the nominal wavelength of the laser
is scanned across an absorption line or portion thereof while
the laser’s wavelength is simultaneously modulated at a
much higher frequency. The wavelength modulation encodes
absorption information at harmonics of the modulation fre-
quency which are typically more isolated from noise [31],
and the wavelength scanning provides spectrally resolved
measurements of the WMS harmonic signals (e.g., 1f, 2f)
[22, 32] which are extracted from the raw detector signal
using lock-in amplifiers or filters. The 2f signal is normal-
ized by the 1f signal to actively account for non-absorbing
transmission losses produced by, for example, beamsteering,
particulate scattering, and window fouling [33].

Here, the peak scanned-WMS-2f/1f signal at linecenter,
Sr/17(v,), was used to determine the path-integrated tem-
perature and concentration or column density of H,O. This
was achieved by comparing measured signals with those pre-
dicted as a function of gas properties using the calibration-
free WMS-2//1f model developed by Rieker et al. [21]. That

@ Springer



189 Page4of17

G. Mathews, C. Goldenstein

said, in the interest of clarity and brevity the most pertinent
fundamental relationships governing Sy;,(v,) will be dis-
cussed under simplified conditions that are appropriate for
the measurements reported here. For an optically thin gas
(a <0.05) using a laser with first-order intensity modulation
and a phase-shift between intensity and wavelength modu-
lation of &, Sy/1,(v,) is given by Eq. 6 for a nonuniform
line-of-sight.

1 b3 L
Sory1p(Vo) & lo_”/—n/o S(Tn; ©
X ¢(v, + acos(8))dlcos(26)d.

Here, i, is the DC-intensity-normalized intensity-modulation
amplitude and a is the frequency modulation amplitude (i.e.,
the modulation depth) of the laser. In this limit, S;/;,(v,,)
scales linearly with absorbance for a given lineshape and
modulation depth and, as a result, traditional absorption-
spectroscopy relationships can be exploited to determine
gas properties. For example, for a uniform line-of-sight the
two-color ratio of Sy/,,(v,) can be used to determine the
gas temperature since it is nearly a function of temperature
only, exhibiting only a weak dependence on pressure and
composition through the lineshape which can be accounted
for via iteration. Similarly, with temperature, pressure, and
path length known, S,,,,(v,) can be used to determine the
absorbing species mole fraction [21].

For a nonuniform line-of-sight, the two color ratio of
Sar/17(V,) can be used to determine Tn[, and N, can then be
determined from S,;/,¢(v,) from either laser if: (1) two tran-
sitions with linestrengths that exhibit a linear temperature
dependence are used and (2) the path-integrated lineshape
can be determined in situ (e.g., via spectral fitting) and then
constrained in the WMS model used to simulate Sy/,,(v,)
as a function of temperature [30]. In these limits, Sy:/,,(v,)
scales linearly with A; and known or empirically derived
constants. As such, 7, and N, can be obtained analogous to
as described for direct absorption in Sect. 2.1 [30]. While
the aforementioned requirements could not be precisely
met here, synthetic (i.e., simulated) measurements suggest
that the temperature inferred from the two-color ratio of
Sy /17(V,) measured in HMX fireballs will agree within 1-4%
of T, . Similarly, the column density inferred from S,/,,(v,)
of either laser is expected to agree within 2-4.5% of Ny g
depending on Tn, and the line-of-sight nonuniformities
encountered. The synthetic path-integrated measurements of
Sar/17(v,) were generated following the approach described
by Goldenstein et al. [30, 34] using the calibration-free
WMS model developed by Rieker et al. [21] and estimated
line-of-sight distributions for temperature and H,O that are
representative of those expected in HMX fireballs.

It is also important to note that the magnitude of the
WMS harmonic signals is influenced by the modulation
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depth. In scanned-WMS-2f/1f performed with injection-
current-tuned lasers and small absorbance (o <<1), the 1f
signal is dominated by intensity modulation of the laser and
is primarily used for simply normalizing out variations in
light intensity. In contrast, the 2f signal is dominated by the
spectral absorbance and a sufficient modulation depth is
required to maximize the 2f signal. Specifically, a modu-
lation index, m (i.e., the modulation depth divided by the
transition half-width at half-maximum), of 2.2 is required to
maximize the 2f signal and larger values of m can be used to
desensitize the 2f signal to the transition lineshape [21]. This
is particularly relevant as it may not be possible to achieve a
modulation depth that is large enough to generate maximum
2f signals, for example, when collisional broadening is large
or when a sufficient wavelength-modulation amplitude can-
not be achieved. Achieving a modulation depth large enough
for maximizing the 2f signal motivated the use of near-GHz
modulation frequencies as discussed further in Sect. 3.

3 Advantages of near-GHz WMS

There are three primary advantages associated with perform-
ing WMS with near-GHz modulation frequencies. First,
using higher modulation frequencies typically increases the
signal-to-noise ratio (SNR). This can be understood by rec-
ognizing that using higher modulation frequencies encodes
absorption information at higher frequencies where, for
example, laser and detector noise are reduced [35]. This
effect was demonstrated here by acquiring fixed-WMS-2f/1f
measurements of H,O in ambient air using different modu-
lation frequencies and lock-in filter bandwidths. Figure 1
shows the SNR of the WMS-2f/1f signal at the linecenter
of the H,O absorption transition near 7185.59 cm~!. The
modulation index was held constant for each experiment. For
a given lock-in filter bandwidth, the SNR increases as the
modulation frequency increases. For example, using a modu-
lation frequency of 50 MHz instead of 500 kHz improves
the SNR by approximately a factor of 2 for a lock-in filter
bandwidth of 100 kHz.

Second, using higher modulation frequencies enables
higher measurement rates. This is most obvious in the case
of fixed-WMS where the lock-in filter bandwidth dictates
the measurement bandwidth of the sensor [27]. In this case,
using higher modulation frequencies increases the separa-
tion between harmonics which in turn enables larger band-
width lock-in filters to be used to extract the WMS harmonic
signals. In scanned-WMS, the scan frequency dictates the
measurement rate, and it must be ~10-100x smaller than
the modulation frequency depending on the scan amplitude
[27]. It therefore follows that higher modulation frequencies
enable higher scan frequencies to be used in order to achieve
larger measurement rates.
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Fig.1 SNR as a function of lock-in filter bandwidth for the WMS-
2f/1f signal measured at the linecenter of the H,O transition near
7185.59 cm™! at atmospheric conditions. Increasing the modulation
frequency increases the SNR of the signal for a given lock-in filter
bandwidth

Third, performing WMS with near-GHz modulation
frequencies (i.e., f >10 MHz) enables larger modulation
depths to be achieved (in comparison to modulation fre-
quencies near 1-10 MHz) with injection-current-tuned
TDLs. This may be required to maximize the 2f signal
at the conditions of interest, particularly those with large
collisional broadening [e.g., at number densities near or
above those encountered at standard-temperature and pres-
sure (STP)]. This somewhat surprising result originates
from a transition from one laser-wavelength-tuning mecha-
nism to another. For example, when injection-current tun-
ing TDLs at frequencies less than 1 MHz the dominant
wavelength-tuning mechanism is thermal expansion of the
wavelength-selection grating which results from ohmic
heating induced by the injection current. The efficiency
of this mechanism degrades as the modulation frequency
is increased which results in a decrease in wavelength
tuning amplitude. However, at higher frequencies (i.e.,
> 10 MHz), the wavelength tuning is dominated by car-
rier density modulation within the semiconductor which
provides an increase in the wavelength-tuning amplitude.
Carrier density modulation arises from coupling between
the injection current and the electron and photon densities
within the active region of the semiconductor laser. Modu-
lation of the electron density changes the refractive index
of the semiconductor resulting in frequency modulation
(FM) of the laser’s output. The FM frequency response of
semiconductor lasers operating on interband transitions
exhibits a resonance peak due to relaxation oscillation
in the semiconductor resulting in enhanced FM at high
modulation frequencies [36-39].
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Fig.2 Modulation depth per unit injection-current amplitude that was
applied to the TDL (results shown are for the TDL emitting near 1392
nm). The modulation depth decreases rapidly with increasing modu-
lation frequency at frequencies less than 1 MHz. The modulation
depth partially recovers and becomes nearly independent of modula-
tion frequency at modulation frequencies between 10 and 50 MHz

Figure 2 illustrates the wavelength tuning response of our
TDL emitting near 1392 nm while being injection-current
modulated in these two regimes. The results show that the
modulation depth decreases rapidly as the modulation fre-
quency is increased to 1 MHz (the 3 dB bandwidth of the
laser current controller). At modulation frequencies between
10 and 50 MHz (tested via injection-current modulation
through a bias-T), the laser’s modulation depth recovers to
that which is achievable at 450 kHz via modulation applied
directly to the laser-current controller. The modulation
depth at frequencies from 3 to 10 MHz is limited by the
frequency response of the bias-T circuit used to apply the
injection-current modulation which has a cut-on frequency
of 10 MHz. Carrier density modulation within the TDLs
enables the near-GHz WMS diagnostic reported here to
achieve maximum 2f signals in combustion gases at 1 atm
while using modulation frequencies that are large enough to
provide scanned-WMS-2f/1f measurements of temperature
and H,O at 1 MHz.

It should be noted that as f is increased to frequencies
that are comparable to the transition HWHM (i.e., near-GHz
levels at STP), dispersion can significantly alter the WMS
harmonic signals [35, 40] and traditional laser-characteriza-
tion techniques are no longer practical; the latter is discussed
in Sect. 6. Regarding the former, we recently developed a
new calibration-free model to account for the influence of
optical dispersion upon WMS or FMS signals [40]. This
model is analogous to the scanned-WMS model developed
by Goldenstein et al. [22]; however, the new model retains
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optical phase information by simulating how a wavelength/
frequency-modulated electric field is absorbed and dis-
persed in the presence of an absorption line. As a result,
this approach is valid across a wide range of modulation
frequencies (e.g., kHz—GHz). Simulations performed with
this model showed that dispersion has a negligible impact
on the WMS-2f/1f signals measured here using modulation
frequencies of 35 and 45.5 MHz. As a result, traditional
calibration-free WMS-2f/1f models were used here due to
their reduced complexity.

4 Sensor design
4.1 Line selection

Two TDLs emitting near 1.4 pm were used to access the
H,O0 absorption transitions near 7185.59 cm~! and 6806.03
cm™!. The most pertinent spectroscopic parameters for these
transitions are provided in Table 1. These transitions were
used due to: (1) the high temperature sensitivity provided by
this pair of lines, (2) availability of spectroscopic parameters
that were experimentally validated at high temperatures [27],
(3) isolation from interfering absorption transitions, and (4)
sufficiently strong absorption levels expected at the gas con-
ditions and scales of interest.

Figure 3 shows simulated absorbance spectra of H,O
for the transitions of interest at conditions representative of
those encountered in HMX fireballs (7' = 2800 K, Xy o =
0.2, P =1 atm, L = 10 cm). At these conditions, the spectral
absorbance at linecenter is 0.042 and 0.029 for the transition
near 7185.59 and 6806.03 cm™!, respectively. Absorbance
spectra and WMS-2f71f signals were simulated using the
spectroscopic model described by Goldenstein et al. [42]
in combination with the HITRAN2012 database [41] and
experimentally refined linestrengths, N,- and H,0-broad-
ening parameters for the transitions near 7185.59 cm~! and
6806.03 cm™! (see Table 1) which were taken from [27].

Table 1 Spectroscopic parameters for dominant H,O transitions

Parameter Transition

V,, cm™! 7185.59* 6806.03*
S(296 K), cm~%/atm 1.96 x 1072 6.40 x 1077
E”, cm™! 1045.1 3291.2
7x,(296 K), em™atm 0.045 0.0105

ny, 0.51 ~0.108
yH20(296 K), cm™'/atm 0.198 0.205

0 0.53 0.86

v, and E” taken from HITRAN2012 [41]
All other parameters taken from [27]

?Denotes a doublet transition
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Fig.3 Simulated absorbance spectra for the H,O absorption transi-
tions near 7185.6 cm™! (a) and 6806.0 cm™! (b) at gas conditions rep-
resentative of the HMX fireballs studied here (7' = 2800 K, P = 1
atm, XHZO =0.2,L=10cm)

Neighboring absorption transitions located from 7184.10
to 7187.00 cm™! and from 6805.16 to 6807.10 cm™! were
also included in the simulation to account for their far-wing
absorption near the dominant transitions; however, this has a
minor (<1%) impact on the absorbance at linecenter for the
dominant transitions. The transition collisional widths were
modeled assuming a binary mixture of H,O in N, (for domi-
nant transitions) or air (for all other transitions) due to the
limited availability of collisional-broadening coefficients.

4.2 Selection of WMS technique

A scanned-WMS-2f/1f technique employing small amplitude
wavelength scanning and near-GHz modulation frequencies
was used for three primary reasons. First, WMS-2//1f was
used to (i) account for optical transmission losses induced
by particulate scattering and beamsteering in HMX fire-
balls and (ii) to provide high-SNR measurements despite
relatively small absorbance (< 0.05) and large environmen-
tal noise. Second, near-GHz modulation frequencies were
used to leverage the advantages discussed in Section 3,
primarily, to enable two-color scanned-WMS-2f/1f meas-
urements of temperature and H,O be acquired at 1 MHz
while also avoiding the need to use GHz electronics. Third,
small amplitude wavelength scanning was performed to (i)
improve measurement accuracy and robustness by providing
an in situ wavelength reference (the peak WMS-2/1f signal
at linecenter) and (ii) to enable lock-in filters to be used
with a minimum bandwidth [i.e., a bandwidth near equal to
the measurement rate (1 MHz here)]. This is not possible
when trying to resolve the entire WMS-2f/1f spectrum which
requires use of much larger bandwidth lock-in filters [27]
which inherently pass more noise.
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5 Experimental setup and procedures
5.1 Optical equipment

Figure 4 illustrates a schematic of the experimental setup
used to characterize fireballs of HMX. Two fiber-coupled,
distributed-feedback TDLs (NTT Electronics) were used
to access the H,O transitions near 7185.59 cm~! and
6806.03 cm~!. The lasers were mounted in butterfly-type
laser mounts (ILX Lightwave LDM-4984-BTB) with bias-
T inputs to accommodate high-frequency modulation, and
the lasers’ temperature and current were controlled with a
commercial laser controller (ILX Lightwave LDC-3908).
The wavelength and intensity of the lasers emitting near
1392 and 1469 nm were injection-current modulated at
35 MHz and 45.5 MHz (via the bias-T) with modula-
tion depths of 0.107 cm™! and 0.082 cm™!, respectively.
In addition, simultaneous injection-current scanning was
performed through the laser controller using a 500 kHz
sinewave. Frequency-scanning amplitudes of 0.045 cm™!
and 0.040 cm™! were utilized. Two 240 MHz bandwidth,
two-channel, arbitrary function generators (Tektronix
AFG-3252) were used to produce the waveforms that were
used to scan and modulate the wavelength of each laser.
The first AFG generated both modulation waveforms and
output a 10 MHz reference clock signal which was used to

Representatlve |mage of alummlzed flreball

Fiber
Combiner

Function Generator

(Modulation) Bias-T

Function Generator
(Scan)

W\O

Laser Controller
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= | aser 2:
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NVVV\ Clock out I—lA 1392 nm  1AN| 1469 nm
PQOO
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synchronize both AFGs. The second AFG generated both
scan waveforms.

The light emitted by the two TDLs was combined into a
single fiber using a fiber combiner/splitter, and the output
was collimated (Thorlabs F240APC-C) to a beam diameter
of 1.7 mm and pitched through the test gas within a gas cell
(see Sect. 5.2) or combustion chamber (see Sect. 5.3). The
transmitted laser light was directed through a 6.5-mm-diam-
eter iris and a long-pass spectral filter (Thorlabs FELH1350)
with a cut-on wavelength of 1350 nm was used to prevent
detector saturation in tests involving aluminized HMX fire-
balls. The laser light was then collected using a 25.4-mm-
diameter, 40-mm focal length, anti-reflection coated lens
(Thorlabs LA1422-C) and directed onto a photodetector
with a 3dB bandwidth of 150 MHz (Thorlabs PDA10CF).
The detector signal was AC coupled using a DC block
(Crystek CBLK-300-3) with a passband from 300 kHz to 3
GHz and recorded at 3 GS/s using a 12-bit data acquisition
card (GaGe CSE123G2) with a +1 V dynamic range. The
WMS-1fand -2f signals were extracted from the raw detec-
tor signal during post-processing using lock-in filters with a
1.1 MHz bandwidth.

In addition, scanned-WMS-2f/1f measurements were
also acquired in a static-gas cell while using more con-
ventional scan and modulation frequencies (100x smaller
than the near-GHz scanned-WMS-2//1f diagnostic reported
here) to further evaluate the SNR enhancement provided by

Detector

‘ Baffle Plate Iris Lens

| |

Long pass
filter

DC Block []

Data Acquisition System

Fig.4 Schematic of experimental setup used to characterize fireballs of HMX and micro-aluminum with the scanned-WMS-2f/1f diagnostic
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modulating at near-GHz frequencies. Specifically, the two
TDLs emitting near 1392 nm and 1469 nm were injection
current modulated at 350 kHz and 455 kHz with modula-
tion amplitudes of 0.107 cm™' and 0.085 cm™, respectively,
while being simultaneously sinusoidally scanned at 5 kHz
with scan amplitudes of 0.044 cm™! and 0.043 cm™, respec-
tively. In this operation mode the WMS-2f/1f signals were
extracted from the detector signal using lock-in filters with
a bandwidth of 11 kHz (i.e., 100x smaller than that used to
acquire 1 MHz measurements with near-GHz modulation
frequencies).

5.2 High-temperature gas cell

The accuracy of the scanned-WMS-2f/1f diagnostic was
evaluated by acquiring measurements of gas temperature and
H,O concentration in a static-gas cell. The gas cell is thor-
oughly described by Schwarm et al. [43], most critically it is
equipped with 0.5 inch diameter, 4-inch-long sapphire rods
with a 1° wedged face to provide an optical path length of
9.7 cm. Sapphire rods were used instead of CaF,, since CaF,
reacts with H,O at the high-temperatures of interest here.
The gas cell was heated to temperatures from 700 to 1200
K in a high-uniformity tube furnace, and the temperature
was maintained within +/- 5 K (measured by three equally
spaced type-K thermocouples) across the measurement path.
For each test condition, the gas cell was evacuated to a pres-
sure < 1 mBar and then filled with pure H,O up to its vapor
pressure at room temperature (=~ 30 mBar). After which, the
cell was filled with ambient air (= 1% H,O by mole) up to
1 atm. This procedure was employed to increase the con-
centration of H,O in the cell above that which is achievable
via thermodynamic phase equilibrium at room temperature.
Laser light was directed through the gas cell as described
in Sect. 5.

5.3 Combustion chamber and fireballs

Fireballs were produced in Purdue’s high-pressure combus-
tion chamber (HPCC) which is described thoroughly by
Tancin et al. [44] and shown in Fig. 4. A 3-D printed sample
holder with a conical cavity was secured to the base of the
HPCC and held samples consisting of (1) 0.75 g of grade 3,
class B HMX powder or (2) 0.60 g of grade 3, class B HMX
powder and 0.15 g of H-5 micro-aluminum powder (4.5-7.0
pm diameter particles). An electric match (i.e., e-match) was
inserted into the bottom of the sample holder and used to
ignite the test samples. A 5 A current generated by a DC
power supply (Rigol DP711) was passed through an electric
relay (Songle SRD-05VDC-SL-C) and used to ignite the
e-match with precise timing.

The line-of-sight for the scanned-WMS-2f/1f measure-
ments was directed across the HPCC approximately 12.5
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cm above the sample holder. A 5-cm? aluminum baffle plate
was placed 15 cm above the sample holder to promote fire-
ball expansion and increase the optical path length through
the fireball to a maximum diameter of ~15 cm. Before each
test, the HPCC was sealed and evacuated to near vacuum
and then filled with dry air to 1 atm. This procedure was
followed such that there was no water vapor in the chamber
prior to initiating combustion. As a result, the path-inte-
grated scanned-WMS-2f/1f measurements are not influenced
by the gas conditions outside of the fireball. Prior to ignit-
ing the sample, the top plug of the HPCC was removed and
replaced with an exhaust duct to enable the fireball to escape
the chamber and provide a near-constant-pressure test.

6 Laser and detector characterization

Calibration-free WMS models require accurate submodels
describing the wavelength and intensity modulation of the
laser in order to simulate WMS-2f/1f signals as a function
of gas conditions [21, 22]. In this work, the calibration-free
WMS models developed by Rieker et al. [21] and Golden-
stein et al. [22] were utilized and these models both assume
sinusoidal frequency (first order only) and intensity (first
and second order) modulation according to Eqgs. 7 and 8,
respectively.

v(t) = V + acos(2xft) @)

Io(0) = Iy (1 + igcosQRaft + w) + ircos(4nft + y,)). ®)

Here, v is the nominal frequency of the laser, a is the modu-
lation depth, I, is the DC light intensity, i, and i, are the
first- and second-order DC-normalized intensity-modulation
amplitudes, and y and y, are the phase shift between first-
and second-order intensity modulation and frequency modu-
lation. These parameters are required inputs into the cali-
bration-free WMS models used here. It is important to note
that Eqs. 7 and 8 only account for the modulation waveform
and, thus, ignore the influence of injection-current scanning
which can be accounted for using the model developed by
Goldenstein et al. [22]. This was done to determine y as
described in Sect. 6.2.

Methods for characterizing the frequency and intensity
modulation of TDLs using modulation frequencies up to
several MHz and in the absence of simultaneous injection-
current scanning have been well-documented [45]. In this
case, a Fabry-Perot etalon can be used to quantify the laser’s
frequency modulation amplitude by resolving the interfer-
ence fringes (i.e., peaks) that occur each time the laser’s
frequency has tuned one free-spectral range (FSR) of the
etalon. Increasing the modulation frequency beyond several
MHz requires utilizing a GHz detector to accurately resolve
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the many peaks produced within each period of modulation
and even this becomes impractical at modulation frequen-
cies beyond 10 MHz. Further, at such high modulation fre-
quencies slight differences in the time-of-flight of the laser
light across multiple paths or optical instruments severely
complicates determination of the phase difference between
intensity and frequency modulation using traditional WMS
laser-characterization methods [45]. Last, the presence of
simultaneous high-frequency injection-current scanning
introduces a time-varying intensity-modulation amplitude
which must be accounted for [22].

This section thoroughly describes experimental proce-
dures and data processing methods (similar to those used
in FMS) for inferring the necessary parameters describing
the laser’s frequency and intensity modulation, specifically,
a,y, and a time-varying i,. In addition, methods for quanti-
fying the frequency-dependent detector gain are presented.

6.1 Determination of modulation depth (a)
6.1.1 Model for laser-intensity spectra

The frequency modulation depth can be determined by simu-
lating the intensity spectrum of a frequency- and intensity-
modulated electric field and comparing that with measured
intensity spectra [35, 40, 46]. The electric field and inten-
sity spectrum of a frequency- and intensity-modulated laser
beam can be modeled using Egs. 9 through 12 [35].

E(t) = Eo(1 + Mcos2xft + y))X

exp(i27:cvct + iﬂsin(Zﬂft)). ®)

Here, E(¢) is the time-varying electric field, E, is the ampli-
tude of the electric field without modulation, M is half of
the DC-intensity-normalized intensity modulation amplitude
(i.e., M = iy/2), v, [cm™'] is the carrier frequency of the
laser light, f [Hz] is the modulation frequency, ¢ [cm/s] is
the speed of light, y is the phase shift between intensity- and
frequency-modulation, and f is the ratio of modulation depth
to modulation frequency (i.e., f = a/f where a and f have
units of Hz). This equation can be rewritten as an infinite
series of exponential terms which describes the laser light as
an electric field at the carrier frequency with a series of side-
bands spaced by the modulation frequency. The frequency
and magnitude of each electric field component are given by
Egs. 10 and 11, respectively.

Vi = Ve +kf/c (10)
E, = J,(p) + ﬁ—fe"m_l(ﬂ) - ge—fWJk+l(ﬁ>. (11

Here, k is an integer from —oo to oo, v, [cm™'] and E,
[a.u.] are the frequency and amplitude of the electric field,

respectively, at the kth harmonic of the modulation fre-
quency, and J is the Bessel function of the first kind. In
Eq. 11, fis divided by c such that all components have units
of cm™!. The intensity spectrum, /, is given by Eq. 12.

I= Y L= Y |E[ (12)

k=—00 k=—00

6.1.2 Measurements of laser-intensity spectra

A scanning Fabry-Perot interferometer (FPI) with an FSR
of 10 GHz and a spectral resolution of 67 MHz (Thorlabs
SA210-12B) was used to measure intensity spectra of fre-
quency- and intensity-modulated laser light. The interferom-
eter operates by scanning the separation distance between
two confocal spherical mirrors in order to selectively trans-
mit a narrow band (set by FPI resolution) of optical fre-
quencies. A photodetector is used to measure the intensity
of each frequency [47]. Accurately modeling the measured
intensity spectrum requires precise knowledge of the relative
frequency axis of the data (obtained via calibration) and the
instrument response function (IRF).

The relative frequency axis was determined as follows.
Fixed-frequency laser light was directed into the FPI while it
was scanned over its full FSR several times. In this case, one
interference fringe (i.e., peak) appears each time the FPI has
scanned 1 FSR (10 GHz here). A second-order polynomial
was fit to each peak location (in time) in order to obtain a
relative frequency axis.

Next, the FPI's IRF was determined experimentally by
recording an intensity spectrum of fixed-frequency laser
light (i.e., no modulation). The FPI’s IRF is governed by
the physical characteristics of the interferometer (e.g., reso-
lution, finesse) and the coupling/alignment of the laser light
into the cavity. As a result, the IRF was determined prior
to each experiment that was conducted to characterize the
frequency modulation amplitude in order to ensure that the
IRF was accurate for each dataset.

The modulation depth of each TDL was determined by
measuring the intensity spectrum of the frequency- and
intensity-modulated laser light and least-squares fitting a
simulated intensity spectrum to the measured spectrum. In
the fitting routine, first an infinitely resolved intensity spec-
trum was calculated using Eqs. 11 and 12 (for example, see
Fig. 5a) including a sufficient number of harmonics (i.e.,
values of k) to span the measured spectrum. The infinitely
resolved intensity spectrum was then convolved with the
measured IRF and normalized by its peak value to produce
the final intensity spectrum which was compared with the
measured peak-intensity-normalized spectrum. The fitting
routine employed the following free parameters: a, v, f (due
to extreme sensitivity to this parameter), a constant intensity
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Fig.5 Simulation of discrete intensity spectrum and measured instru-
ment function (a). Measured and best-fit intensity spectra correspond-
ing to the TDL emitting near 1469 nm while being modulated with f

offset, and a constant relative frequency offset. Figure 5b
shows an example of a measured and best-fit intensity spec-
trum corresponding to the TDL emitting near 1469 nm with
f=45.5MHz and a = 0.0795 cm™'. The good agreement
between the measured and simulated intensity spectra sug-
gests that the model used to produce the best-fit spectrum
is accurate and that the modulation depth obtained from the
best-fit spectrum is accurate.

Of the parameters being varied in the fitting routine, the
simulated spectrum and, therefore, quality of the fit is most
sensitive to the modulation depth and modulation frequency.
The overall width of a spectrum for a given modulation fre-
quency is governed by the modulation depth and, therefore, a
modulation depth that is accurate within 1% can be obtained
even if each individual peak is not well resolved (i.e., fis less
than the FPT’s resolution). Much smaller variations in modu-
lation depth provide further tuning of the relative magnitude
of each peak within a spectrum.

6.2 Determination of phase shift (y)

While Eqgs. 9 and 11 are dependent on y, it was not pos-
sible to determine it with sufficient accuracy from the best-
fit intensity spectra since they are relatively insensitive
to y. To address this, measurements of the full scanned-
WMS-2f/1f spectrum for each transition were acquired in
a heated static-gas cell using the same modulation param-
eters, but with a reduced scan rate (1 kHz) to minimize
the influence of injection-current scanning on the laser’s
response to modulation. Simulated scanned-WMS-2f/1f
spectra were least-squares fit to the measured scanned-
WMS-2f/1f spectra following the general procedure given
by Goldenstein et al. [22]; however, y was treated as
an additional free parameter. The scanned-WMS-2f/1f
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=45.5 MHz and a = 0.0795 cm™! (b). The best-fit spectrum shown in
(b) was obtained from the convolution of the discrete spectrum and
measured instrument function shown in (a)

spectrum is significantly more sensitive to the phase shift
than the laser’s intensity spectrum (from FPI data). Ulti-
mately, this enabled an accurate measurement of y to
be obtained from the best-fit scanned-WMS-2f/1f spec-
tra. Figure 6 shows an example of measured and best-fit
scanned-WMS-2f/1f spectra that were used to determine
y for the TDL emitting near 1392 nm with /=35 MHz and
a=0.107 cm™.
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Fig.6 Example of measured and best-fit scanned-WMS-2f/1f spec-
trum that was used to determine y for the TDL emitting near 1392
nm while modulated with f = 35 MHz and a = 0.107 cm™! and
scanned at 1 kHz with a scan amplitude of 0.512 cm™!. For this meas-
urement, L = 9.7 cm, XHZO =11.5%,and T =294 K
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6.3 Intensity tuning

While each laser’s intensity response to the modulation
waveform can often be characterized in the absence of the
scan waveform [22], coupling between the scan and modula-
tion waveforms can become non-negligible when the laser’s
current is scanned and modulated more aggressively (i.e.,
at larger frequencies and amplitudes). To account for this
coupling, a time history of the intensity of the laser light was
measured with a photodiode while the scan and modulation
waveforms were simultaneously applied to the laser’s injec-
tion current. During post-processing, the instantaneous value
of i;, (i.e., the intensity modulation amplitude normalized by
the local nominal intensity) for each modulation period was
calculated to provide a measurement of the time-varying .
The value of i, corresponding to the location of the transi-
tion linecenter within the wavelength scan was used in the
WMS model to calculate WMS-2f71f signals at linecenter
as a function of gas conditions. It is important to note that
the value of i, at linecenter differs between up-scans and
down-scans due to the phase shift between intensity and
wavelength scanning.

Accurately measuring i, required precise alignment of
the laser beam onto the center of the detector chip when
modulating at the near-GHz frequencies used here. Mis-
aligning the laser beam onto the edge of the detector chip
caused i, to decrease compared to the true value (obtained
with the laser beam focused onto the center of the detector
chip). This effect was never observed when using modula-
tion frequencies on the order of 100s of kHz. Interestingly
and fortunately, misalignment never impacted the magnitude
of the WMS-2f/1f signals. Regardless, error in the perceived
i, must be avoided since it would ultimately result in simu-
lating WMS-2f71f signals (at a given thermodynamic con-
dition) with a magnitude that is different than measured,
thereby introducing systematic error into the measurement
of gas conditions.

6.4 Detector frequency response

The detector’s frequency response was measured to account
for differences in the detector gain between the WMS-1f
and -2f signals. This is particularly important when the har-
monics of the modulation frequency approach the detector
bandwidth where pronounced variations in gain often exist.
A frequency-swept waveform varying from 1 to 240 MHz
was applied to a given laser’s bias-T, and the laser’s intensity
time history was measured simultaneously on the 150 MHz
bandwidth detector (Thorlabs PDA10CF) and on a second
detector with a bandwidth from 1 MHz to 1 GHz (Menlo
Systems FPD 310). The power spectrum of the 150 MHz
detector (calculated from an FFT of the raw detector signal)
was normalized by that of the 1 GHz detector to cancel out

the laser’s frequency response and provide a measurement
of the 150 MHz detector’s frequency-dependent gain (see
Fig. 7). This approach assumes that the 1 GHz detector has
a frequency-independent gain at the frequencies of interest,
and this assumption was found to be accurate based upon
the scanned-WMS-2//1f measurements acquired at known
gas conditions in the static-gas cell. The 150 MHz detector’s
response to each laser was characterized separately, and a
small wavelength dependence was observed. For the laser
emitting near 1392 nm (modulated at 35 MHz) and the laser
emitting near 1469 nm (modulated at 45.5 MHz), the ratios
of detector gain at the second and first harmonics (i.e., sz
/G y) were 1.146 and 1.327, respectively.

7 Experimental results
7.1 Calculation of gas properties

The WMS-1f and -2f signals were extracted from the raw
detector signal during post-processing as described in
[22]. Background subtraction was performed according to
[21] to remove the signal components resulting from non-
linear laser-intensity modulation and ambient absorption.
The intensity time histories measured with the test gas and
without the test gas (for the background measurement) were
multiplied by reference cosine and sine waves at frequencies
corresponding to each WMS harmonic and low-pass filtered
to extract the X- and Y-components of each harmonic sig-
nal. Equation 13 was then used to calculate the background-
subtracted WMS-2f71f signal.
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Fig.7 Measured relative detector gain of the Thorlabs PDA10CF
detector near its 3 dB bandwidth (150 MHz)
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Xy Xy 2
WMS-2f/1f = H<—> - (—) ] +
Ry ) \Ry/y,

).~ &).)

Here, R, is the root-sum-square of the X and Y components
of the 1fsignal, X,, and Y, are the X and Y components of
the 2f signal, and the subscripts raw and bg correspond to
the data collected with and without the test gas, respectively.
In addition, the measured WMS-2f/1f signals were then
divided by G,,/G; to account for differences in the detec-
tor’s frequency response between harmonics. Alternatively,
this could be accounted for by multiplying the simulated
WMS-2f/1f signals by the measured G,,/G;.

The path-integrated temperature of H,O was determined
by comparing the measured two-color ratio of scanned-
WMS-2f71f signals (at the transition linecenters) to that pre-
dicted by the calibration-free WMS model [21] assuming a
uniform line-of-sight with the known pressure and for an
estimated bath gas composition (note: this two-color ratio is
nearly independent of mole-fraction [21, 27]). As mentioned
previously, the measured temperature is expected to agree
within 1 to 4% of Tano' Once the temperature was deter-

mined at a given moment in time, the magnitude of the
scanned-WMS-2f71f signal at the linecenter of the transition
near 7185.59 cm™! was used to determine the measured H,0
column density (Ny, o). This procedure was conducted itera-
tively (typically requiring 2 iterations) until the H,O column
density converged within 1% between iterations. It is impor-
tant to note that the scanned-WMS-2/71f signals were simu-
lated using the local value of i, (obtained while the laser
wavelength was scanned and modulated) at the transition
linecenter. This enabled the use of the calibration-free WMS
model developed by Rieker et al. [21] (which does not
account for the influence of injection-current scanning on
the laser parameters). In addition, the aforementioned cal-
culations were performed separately for up-scan and down-
scan signals due to their unique i,

7.2 Sensor validation

Measurements of temperature and H,O concentration were
acquired in a heated gas cell to validate the accuracy of the
scanned-WMS-2f/1f diagnostic employing near-GHz mod-
ulation frequencies and to compare its performance with
that provided using more conventional modulation frequen-
cies (i.e., f < 1 MHz). Measurements were acquired in the
static-gas cell described in [43] at 700-1200 K with H,O
concentrations ranging from 8 to 13% by mole at a pres-
sure of 1 atm. WMS measurements were compared with
the temperatures measured by type-K thermocouples and
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the water concentration measured using scanned-DAS with
the same lasers.

Figure 8 presents WMS measurements of gas temperature
acquired in the static-gas cell while using different modu-
lation frequencies. The measurements acquired at 1 MHz
using modulation frequencies of 35 and 45.5 MHz exhibit
a l-o precision of 10.8 K, and the measurements acquired
at 10 kHz using modulation frequencies of 35 and 45.5 kHz
exhibit a slightly larger 1—o precision of 11.2 K. The results
shown in Figure 8 also illustrate how time averaging the 1
MHz measurement down to 10 kHz improves the measure-
ment precision to 1.7 K which is 6.5x smaller than the 10
kHz measurement acquired using modulation frequencies of
35 and 45.5 kHz. This shows that, for a given final measure-
ment rate, it is advantageous to use higher modulation and
scan frequencies, likely because this can isolate signals from
noise and enable additional time averaging.

Figure 9 presents a summary of the temperature meas-
urements acquired using scanned-WMS-2f/1f at 1 MHz in
the gas cell at 700-1200 K. In all cases, the measured tem-
perature is within 20 K of that measured by thermocouples.
The error bars represent a 2-¢ precision in the measurement
and demonstrate the sensor’s high precision across a range
of temperatures. For the data acquired at 900 K, the 2-0
precision is 17.7 K and the absorbance was approximately
0.29 and 0.027 for the transitions near 7185.59 cm~! and
6806.03 cm™!, respectively. The measurement precision for
this experiment is primarily limited by electronic noise from
the detector and data acquisition system, a portion of which
is passed by the large bandwidth lock-in filters.

In addition, across the range of conditions studied, the
measured H,O mole fraction agreed within 2-10% of the
mole fraction measured with a 1 kHz scanned-DAS meas-
urement. We suspect that baseline errors in the scanned-DAS
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Fig.8 Comparison of scanned-WMS-2f/1f measurements of gas
temperature acquired at measurement rates of 1 MHz (with /=35 or
45.5 MHz) and 10 kHz (with /=350 or 455 kHz). The measurement
acquired at | MHz and time averaged to 10 kHz exhibits 6.5x smaller
precision compared to the measurement acquired directly at 10 kHz
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Fig.9 Scanned-WMS-2f/1f measurements of gas temperature
acquired in the static-gas cell at 1 atm and 700-1200 K. The results
illustrate that the WMS measurements agree within 20 K of the
known temperature (from thermocouples)

measurements are largely responsible for the differences in
H,O concentration measured by scanned-WMS-2//1f and
scanned-DAS. In addition, time-varying adsorption of H,O
onto the walls of the inconel gas cell may also contribute
to these differences since these measurements could not be
conducted simultaneously.

7.3 HMX fireballs

Measurements of temperature and H,O column density were
acquired to characterize HMX fireballs with and without
micro-aluminum (pAl) particles and to demonstrate the
sensor’s ability to characterize dynamic, high-temperature
combustion environments with large optical losses.

Figure 10 shows a time history of the WMS-1f signal
measured in a fireball of HMX and pAl using the TDL emit-
ting near 1392 nm. The signal envelope results from the
laser’s intensity and, therefore iy, varying sinusoidally at 500
kHz due to injection-current scanning. The magnitude of the
1f signal is dominated by laser-intensity modulation when
the absorbance is small (¢ << 1) as is the case here. As a
result, variations in the 1f signal occurring at f <500 kHz
primarily result from optical losses due to beamsteering and
particle scattering. Therefore, the 1f signal can be used to
estimate the optical density of the fireball along the line of
sight. For the data shown, the minimum 1f signal occurs at
~ 20 ms and this corresponds to a maximum optical depth
of 0.72 (calculated on a natural log basis).

Figure 11a shows time histories of the WMS-2f71f signals
measured in a fireball of HMX and pAl. In contrast to the
WMS-1f signal, the magnitude of the WMS-2f/1f signals

0.16

— 1 =71856 cm™

0.08

0.06 ; ' :
0 25 50 75

Time, ms

Fig. 10 Time history of the WMS-1f signal measured in a fireball of
80% HMX and 20% pAl by mass using the TDL emitting near 1392
nm. Variations in the WMS-I1f signal primarily result from non-
absorbing transmission losses

exhibit a relatively smooth rise throughout the majority
of the test time due to (1) fireball growth and some cool-
ing which led to increased absorbance and (2) the use of
1f~normalization to cancel out non-absorbing transmission
losses. Figure 11b shows a zoom view of the WMS-2f/1f
signal time histories to demonstrate the signal structure and
quality across several scans. The magnitude of the WMS-
2f1f signal varies between up-scans and down-scans due to
the phase lag between wavelength and intensity scanning
and this is accounted for in the calibration-free WMS model
that was used to determine gas properties as described in
Sect. 6.3.

Figure 12 presents temperature time histories measured in
fireballs of pure HMX and mixtures of 80% HMX and 20%
pAl by mass. Due to varying ignition delay times between
tests, time zero for each test was defined as the time where
the WMS-2f71f signal for the laser emitting near 1469 nm
was large enough to provide a reliable temperature meas-
urement. The results are shown for a measurement rate of
1 MHz and with time averaging down to rates of 250 kHz
and 25 kHz to improve measurement precision. The 1-¢
measurement precisions at the temperature plateau in the
pure HMX fireball were 50 K, 30 K, and 15 K for measure-
ment rates of 1 MHz, 250 kHz, and 25 kHz, respectively.
These values of precision were achieved with an absorbance
of 0.061 and 0.031 for the transitions near 7185.6 cm™! and
6806.0 cm™~!, respectively. While there are additional sources
of noise in fireball experiments (e.g., from beamsteering,
particle scattering), the noise is applied to the raw inten-
sity signal and is largely (but not completely) rejected by
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Fig. 11 Time histories of WMS-2f/1f signals that were measured in a fireball of 80% HMX and 20% pAl by mass (a). The zoom view shows the
time-varying structure of the WMS-2/1f signals and the peak values which are used for calculating gas properties (b)
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Fig. 12 Comparison of temperature time histories measured using scanned-WMS-2f/1fin a fireball of pure HMX and a fireball of 80% HMX
and 20% pAl by mass. Both fireballs burned in an atmosphere of dry air. The aluminized fireball exhibits a larger peak temperature and sustains

a temperature above 2000 K for much longer

utilizing 1f normalization. The larger measurement preci-
sion, compared to gas cell measurements, is primarily due
to a reduction in absorbance (4.8 times smaller) for the tran-
sition near 7185.6 cm~!. Based on the SNR of the WMS-
2f/1f signal at the temperature plateau in the HMX fireball,
the minimum detectable absorbance is 6.3 X 10~* and 6.2 x
10~ for the transitions near 7185.6 cm™' and 6806.0 cm™',
respectively, at a measurement rate of 1 MHz.
Immediately following ignition, the path-integrated
temperature of H,O increases at a rate of 60 K/ms in the
pure HMX fireball and 260 K/ms for the HMX and pAl
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fireball. This suggests that the aluminum leads to a more
rapid and complete ignition event. In the pure HMX fire-
ball, the temperature decreases below 2000 K at approxi-
mately 80 ms. In contrast, the temperature of the HMX
and pAl fireball remains elevated above 2000 K for the
duration of the test, thereby demonstrating an increase
in burn duration as expected. In addition, the peak path-
integrated temperature of H,O was = 2700 K for the HMX
and p Al fireball, which is &~ 400 K larger than the fireball
of pure HMX. Collectively, these results support three key
findings about the addition of 20 wt% pAl to HMX test
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samples in the experimental apparatus studied here: this
increased (1) the peak path-integrated temperature of H,O
in the fireball, (2) the energy release rate, and (3) the burn
duration. It is important to note that these results may be
specific to the experimental apparatus and procedure for
initiating the fireballs. Most importantly, in our experi-
ence the geometry of the sample holder and the ignition
voltage can influence how readily the sample ignites and,
subsequently, the ensuing fireball expansion and mixing
processes within the test chamber. That said, these vari-
ables were held constant in the tests discussed here.

Figure 13 compares time histories of H,O column
density scaled by temperature (i.e., Ny, X T) which
were measured in a fireball of pure HMX and a fireball
of 80% HMX and 20 % pAl by mass. The H,O column
density was scaled by temperature to remove the impact
of temperature on number density and, therefore, highlight
changes in Ny ¢ due to production and transport of H,O.
The results are shown for a measurement rate of 1 MHz,
along with time-averaging down to rates of 250 kHz and
25 kHz. The H,O column density measured in the pure
HMX fireball indicates that the fireball grows for the first
40 ms and that a quasi-steady ball of combustion gas exists
in the line-of-sight from 40 to 70 ms. After which, cooler
combustion products reach the line-of-sight as the gases
cool and exhaust out of the combustion chamber.

In contrast, the H,O column density measured in the
fireball of HMX and pAl indicates that the fireball growth
is more rapid and high-temperature combustion products
are sustained in the measurement path for longer. These

results further support the conclusion that the addition of
pAl increased the energy release rate during ignition and
increased the burn duration of the fireball. In addition,
the fact that the aluminized fireball exhibits larger column
densities of H,O and for a longer period of time suggests
that the addition of aluminum improved the combustion
efficiency of HMX particles. This could be explained by
recognizing that burning aluminum particles can pro-
mote combustion due to their high flame temperatures (>
3000 K) and by acting as local ignition sources for HMX
particles.

8 Conclusions

The design of a two-color scanned-WMS-2f/1f diagnostic
and its application to characterizing the evolution of temper-
ature and H,O in HMX fireballs at rates up to 1 MHz were
presented. Notably, this work demonstrates that the use of
scanned-WMS-2f/1f with near-GHz modulation frequencies
provides two critical benefits for combustion applications:
(1) the ability to measure gas temperature and species at
higher rates (1 MHz here) and (2) improved measurement
precision. In doing so, to the best of our knowledge, this
work presented the first calibration-free WMS-2f/1f meas-
urements of gas properties acquired at rates greater than 100
kHz.

Achieving the aforementioned advancements required
several technical challenges to be addressed. Most impor-
tantly, new methods for characterizing each TDL’s

350 -
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N
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N4
(0]
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|_" L i
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T L .
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Fig. 13 Comparison of H,O column density time histories (scaled by temperature) measured using scanned-WMS-2f/1fin a fireball of pure
HMX and a fireball of 80% HMX and 20% pAl by mass. The results are scaled by temperature to normalize out variations in Ny o due to tem-
perature and the results correspond to the temperature time histories shown in Fig. 12
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wavelength and intensity response to near-GHz injection-
current modulation were developed. The modulation depth
of each laser was obtained from least-squares fitting sim-
ulated laser-intensity spectra to that measured using an
FPI, and the phase shift between wavelength and intensity
modulation was inferred from least-squares fitting simu-
lated scanned-WMS-2f71f spectra to measured spectra. In
addition, the frequency-dependent gain of the detector was
characterized and accounted for to provide calibration-free
WMS-2f/1f measurements of gas properties using near-GHz
modulation frequencies.

Measurements of temperature and H,O column den-
sity were acquired in fireballs of HMX (with and without
aluminum) to demonstrate the sensor’s ability to perform
precise, high-bandwidth measurements in particle-laden
combustion environments. In the fireball of pure HMX at ~
2300 K, 1-o precisions in temperature of 2.3%, 1.4%, and
0.7% were achieved at measurement rates of 1 MHz, 250
kHz, and 25 kHz, respectively. Similar results were obtained
in the aluminized fireball. In addition, the results show that
the addition of 20% (by mass) H-5 micro-aluminum led to
(1) a more rapid ignition event, (2) a larger path-integrated
fireball temperature (of H,O), and (3) combustion gas which
sustained a high temperature (e.g., > 2000 K) for a longer
duration. The measurements of H,O column density support
these findings and, in addition, suggest that the addition of
aluminum led to a greater combustion efficiency of HMX.
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