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Optical diagnostics of gas-phase pressure are relatively unusual. In this work we demonstrate a novel,
rapid and robust method to use laser-induced grating scattering (LIGS) to derive this property in real
time. Previous pressure measurements with LIGS have employed a signal fitting methodology but this is
relatively time consuming and requires specialist understanding. In this paper, we directly measure a de-
cay lifetime from a LIGS signal and then employ a calibration surface constructed using a physics-based
model to convert this value to pressure. This methodology was applied to an optically-accessible sin-
gle cylinder internal combustion engine, yielding an accuracy of better than 10 % at all tested conditions
above atmospheric pressure. This new approach complements the existing strength of LIGS in precisely
and accurately deriving temperature with a simple analysis method, by adding pressure information with
a similarly simple method. © 2021 Optical Society of America

http://dx.doi.org/10.1364/ao.XX.XXXXXX

1. INTRODUCTION

Pressure is an important metric in a wide variety of gaseous
flow systems and is conventionally measured using transducers
embedded in the wall of a vessel or chamber. These typically
provide robust and accurate measurements of the local pres-
sure at the wall surface which for many purposes is an effective
representation of the bulk pressure. For applications requiring
high spatial resolution of surface pressure gradients, pressure-
sensitive paint provides a spatially resolved alternative to dis-
crete transducers [1]. There are however many situations where
spatial variation or rapid fluctuations in pressure away from the
walls is of interest such as high-speed wind tunnels, shock tubes
and internal combustion engines [2–4]. In such environments
it is either undesirable or impractical to disturb the flow with
an intruding physical probe. Non-invasive optical techniques
provide remote measurement of pressure within the flow, en-
abling studies of localised pressure variations within flow fields
such as those associated with auto-ignition leading to damaging
‘knock’ in internal combustion engines.

Several optical methods exist for remote measurement of pres-
sure in gases that provide both temporal and spatial resolution.
Various approaches have been used to estimate the pressure
fields associated with particle-imaging velocimetry (PIV) mea-
surements of flow fields. One such method to utilise snapshot
PIV data to infer instantaneous pressure information uses Tay-
lor’s hypothesis. A study by Van der Kindere et al.[5] used this
approach to approximate pressure distribution in separated and

re-attaching flows within 4 % of the dynamic pressure trans-
ducer measurement (≈ 2 Pa). An alternative method for obtain-
ing pressure from PIV data uses an Eulerian and Lagrangian
approach performed by De Kat et al.[6], which was also veri-
fied using surface-transducer pressure data for validation. In
their work, the pressure at the side-wall and base of a square
cylinder could be determined from PIV data with a difference
with respect to the pressure transducers of 5 % and 2 %, respec-
tively [6]. PIV inherently lends itself to 2D measurements with
planar illumination of particles either naturally present in or,
more often, seeded into the flow. Sequential 2D measurements
may then be stacked to give an averaged 3D result, such as the
3D pressure and velocity fields in the vicinity of a propeller tip
[7]. Time-resolved volumetric pressure fields may be evaluated
from tomographic PIV using volume illumination and multiple
simultaneous camera views [8, 9].

Both temporally and spatially resolved measurements have
also been performed using non-linear optical techniques such
as coherent anti-Stokes Raman scattering (CARS) [10–13]. Si-
multaneous temperature and pressure measurements have been
made using dual-pump CARS in a gas cell covering the range
0.1 atm to 20 atm with a mean absolute error of less than 8 % [14].
Hybrid fs/ps CARS in nitrogen where the collisional environ-
ment is well known has shown accuracies of 7.5 % or better for
pressures of 0.4 atm to 3 atm by exploiting the increased pressure-
sensitivity of long pulse delays at the expense of several orders
of magnitude of signal intensity [11]. The upper pressure limit
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of this approach is expected to be of order 5 atm to 10 atm due
to the need for collision-free thermometry at short probe delays
as a precursor to the pressure derivation. Dual-probe hybrid
fs/ps rotational CARS for simultaneous single-shot tempera-
ture, pressure, and O2/N2 ratio has recently been demonstrated
for temporally resolved one-dimensional measurements [15].
Accuracies of < 1 % and precisions from 0.83 % to 2.44 % were
achieved for pressures close to atmospheric from 1 bar to 1.5 bar.

A less complex non-linear technique that does not require
fitting to a spectrally-resolved signal is laser-induced grating
scattering (LIGS), also known as laser-induced thermal acoustics
(LITA) [16–18]. LIGS/LITA experiments measure the speed of
sound in a gas directly and models of the LIGS signal evolu-
tion can be used to determine transport properties such as the
acoustic damping rate and thermal diffusivity, of key interest
for studies of fundamental fluid physics [19]. Previous studies
have demonstrated the capabilities of the LIGS technique for
temperature measurements, which can readily achieve sub-1 %
precision and accuracies of order 1 % [20–24]. Under ideal con-
ditions of high pressure (10 bar) and a binary mixture of known
gases (NO2 and N2) this can improve to an accuracy of 0.42 %
and precision of 0.16 % [25].

In this work, we focus instead on the recovery of pressure
information using the LIGS technique. Pressure measurements
using LIGS have been made in a gas cell held at constant pres-
sures, with an overall accuracy of 5.7 % and precision of 1.4 %
achieved over a range of 3 bar to 40 bar [25]. When applying
LIGS to a high pressure flame, measurements exhibited single-
shot precisions of the order of 10 %, with a pressure-dependent
accuracy of 7 % and 22 % for 40 bar and 20 bar respectively [26].

The accuracy of LIGS pressure measurements typically di-
minishes with decreasing total pressure as the signals become
shorter. An alternative method utilising the downstream trans-
port of counter-propagating acoustic wave packets in supersonic
flows does enable an accuracy of 4 % for very low pressures,
0.06 bar to 0.14 bar, however it cannot be applied to subsonic
flows [27]. The present work focuses on measurements made
at an intermediate range of pressures from 0.5 bar to 6.5 bar, in
an optically accessible gasoline direct injection (GDI) internal
combustion engine, for which a recent extension of the model
fitting approach for LIGS analysis presented accuracies of better
than 10 % and precisions between 4 % to 10 % for measurement
of motored in-cylinder pressures between 1 bar to 6.5 bar [28].

In this work a novel and rapid method of evaluating the decay
lifetime of an acquired LIGS signal and then using a calibration
surface to recover a pressure measurement is presented. The
accuracy and precision of pressure recovery is evaluated over
the range 0.5 bar to 6.5 bar and compared to the model fitting
method of Sahlberg et al. [28]. This signal lifetime approach has
the potential to permit real-time data processing for spatially and
temporally resolved remote pressure measurements in dynamic
environments using LIGS.

2. LASER-INDUCED GRATING SCATTERING

Laser-induced grating scattering (LIGS) is a four-wave mixing
technique based on opto-acoustic effects that arise from the
interference of two crossed pulsed laser beams. The principles
of LIGS are well described in the literature [17, 29, 30] and only
a brief summary is provided here.

A typical LIGS experiment is arranged using two parallel
polarised pump laser beams from the same laser source, crossed
at an angle, θ. The overlapped beams generate an interference

pattern within the crossing volume, with fringe spacing, Λ, de-
termined by the crossing angle and the laser wavelength, λ,

Λ =
λ/2

sin(θ/2)
(1)

The interaction of the light field in this interference pattern
with the medium arises from two possible mechanisms, resonant
absorption and electrostriction. The first mechanism, resonant
absorption, produces excitation of molecular energy levels and
subsequent relaxation processes lead to thermal energy being
transferred to the bulk medium and, consequently, to a temper-
ature and density perturbation in the form of the interference
pattern. This perturbation results in a spatially-periodic modu-
lation of the refractive index in the form of a grating, referred
to hereafter as a thermal grating. The second mechanism, elec-
trostriction, leads to a similar refractive index grating as a result
of spatial modulation of the density and the grating, in this case,
is referred to as an electrostrictive grating. In both cases the rapid
perturbation of the density launches two counter-propagating
acoustic waves which establish a standing acoustic wave. In the
first case, the temperature perturbation provides a stationary
grating and the standing acoustic wave, so that scattering of a
probe beam from the grating creates a signal beam in the pro-
cess referred to as Laser-induced Thermal Grating Scattering,
LITGS. In the second case, the grating arises only from the stand-
ing acoustic wave and is called Laser-induced Electrostrictive
Grating Scattering, LIEGS. In the case of LITGS, the acoustic
standing wave oscillates in and out of phase with the stationary
component of the thermal grating. As a result, the modulation
depth, and hence the scattering efficiency, of the grating oscil-
lates periodically at a frequency, f, that is determined by the local
sound speed, cs, at which the acoustic waves traverse the grating
spacing, Λ. For a probe beam incident at the appropriate Bragg
angle, θB,

θB = sin−1 λ

2Λ
(2)

to the grating, the intensity of the scattered signal beam is pro-
portional to the scattering efficiency of the grating. The LITGS
signal therefore oscillates at the frequency, f, given by,

f =
cs

Λ
= 2

cs

λ
sin

θ

2
(3)

The stationary thermal and oscillating acoustic components
of the overall density perturbation, and consequently the grating,
decay over time due to thermal diffusion and viscous damping.

The temporal profile of the LITGS signal may be recorded
and used to derive the local temperature and pressure within
the probed measurement volume. Under ideal gas conditions,
temperature, T, is related to the oscillation frequency of the
signal, f, via

T = f 2Λ2 m
γkB

(4)

where m is the mean molecular mass of the gas mixture, γ
is the ratio of specific heats, and kB is Boltzmann’s constant.
Pressure influences the rate of decay of the signal, allowing
the local pressure within the medium to be evaluated via the
methods discussed in Section 4.

In absorbing media the LITGS signal usually dominates, typi-
cally being several orders of magnitude stronger than the concur-
rent LIEGS signal. In this work toluene is used as an absorbing
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component within the fuel-air mixtures so that all LIGS data
presented here can be considered to arise from LITGS signals.

Deriving a temperature measurement from the temporal os-
cillations of a LIGS signal therefore relies on accurately deter-
mining the oscillation frequency, which is typically achieved by
locating the dominant peak in the power spectrum of a LIGS
signal [31, 32].

3. EXPERIMENTAL ARRANGEMENT

A. LIGS apparatus
The laser-induced grating was created by the interference of two
pump pulses from a frequency-quadrupled Nd:YAG laser (Con-
tinuum Minilite II) produced by splitting the output beam at a
50 % beam splitter. Each pump pulse at 266 nm had an energy
of 2 mJ and a duration of 5 ns. The CW probe beam at 660 nm,
with a continuous power of up to 750 mW, was provided by
the output of a diode-pumped solid state laser (Laser Quantum
Ventus 660).

Fig. 1. LIGS system optical layout.

The pump and probe beams were directed through opposing
fused silica windows at the top of the cylinder, intersecting at
its centre. The measurement volume had an effective length of
approximately 10 mm and a width of 1 mm as defined by the in-
tersection of the two pump beams at an angle of 2.0° in a forward
folded BOXCARS arrangement [33]. Lenses placed upstream of
the crossing lens in each beam path ensured the pump and probe
beams were collimated at the crossing point with diameters of
∼ 1 mm via a telescope arrangement. The oscillating component
of the LITGS signal decays both by decay of the refractive index
grating as a result of dissipative relaxation processes and by
transit of the acoustic waves out of the interaction region. The
use of comparatively large collimated beams, as opposed to fo-
cused beams with a waist of order 100 µm, minimises the decay
of signal oscillations resulting from the transit of the acoustic
perturbation. Maximising the number of recorded signal oscilla-
tions in this way is beneficial for accurate determination of the
oscillation frequency and subsequently temperature.

Bragg-scattering of the probe beam off the formed grating
generates the signal beam with a time varying intensity. The
beam-like signal is spectrally filtered to remove scattered light
from the pump beams and directed to a photomultiplier tube-
based photosensor module (Hamamatsu H10721) with a rise
time of <1 ns. The detected signal is then digitised using a
fast digital oscilloscope (LeCroy Waverunner 625Zi) having a
bandwidth of 2.5 GHz and a sampling rate of 20 giga-samples
per second.

B. Optical engine
For this study, LITGS signals were generated in fuel/air mixtures
inside an optically accessible single-cylinder engine, based on a

Jaguar Land Rover gasoline direct injection (GDI) engine. Mo-
toring this engine provided conditions of varying pressure and
temperature with which to develop the LIGS pressure measure-
ment technique. The cylinder has a bore of 85 mm and a stroke
of 90.3 mm and its combustion chamber geometry includes a
pent-roof with two intake and two exhaust valves. Just below
the cylinder head, a removable steel annulus with inset 26 mm
clear aperture fused silica windows forms the upper section of
the cylinder. The optical engine was run at an approximately
constant motored engine speed of 800 rpm with a compression
ratio of 12.5:1. The experiments of this work only consider mo-
tored operation in which the pressure and temperature variation
of the in-cylinder mixture is due to compression and expan-
sion as a result of the externally driven piston motion, without
combustion.

Toluene acted as the absorbing species for the LIGS pump
beams, added to the non-absorbing base fuel, iso-octane, to give
a concentration of 30 % toluene by volume. The fuel was injected
via a centrally mounted fuel injector at 280° before top-dead-
centre (bTDC) in order to provide a nominally homogeneous,
stoichiometric fuel-air mixture during late compression [34].
The resulting toluene number density of approximately 0.5 % is
sufficiently low to minimise any laser-induced perturbation in
local temperature and pressure, due to energy absorption from
the pump beams, while providing sufficient signal intensity [35].

A data acquisition and synchronisation system was used to
control the LIGS system timing for engine measurements. In-
cylinder pressures were measured with a water-cooled Kistler
6041A pressure transducer mounted within the cylinder head
and were recorded at a rate of one sample per crank angle degree
(°CA) using a National Instruments PCI-M10-16E-1 card. All
pressures in this work, whether derived from transducer mea-
surements or LIGS signals, are presented as absolute pressures.

4. LIGS PRESSURE MEASUREMENT METHODS

LITGS signals are transient events in which a temperature and
density perturbation is rapidly formed (in approximately 10 ns)
due to energy deposition by the pump beams, resulting in a
modulation in the refractive index, the grating, which gradually
dissipates, returning to a locally homogeneous environment.
The dissipation rate is affected by changes in the thermal and
mass diffusivities of the gas with temperature and pressure. For
constant temperature, the signal decay lifetime increases with
increasing pressure owing to the decrease in thermal and mass
diffusivities. This presents an opportunity to measure pressure
using LIGS signals by evaluating the duration or decay lifetime
of the signal. While measuring the signal lifetime is , in concept,
straightforward, conversion of the lifetime to pressure requires
further thought.

A. Model-fitting method (MFM)
One approach for deriving pressure measurement from LIGS
signals is the model-fitting method (MFM) outlined by Sahlberg
et al. which finds the best fit for a modelled LIGS signal to the
experimental data, then extracts the pressure values from the fit
parameters [28]. A brief summary is provided here.

The evolution of the spatially-periodic modulation of the
refractive index (grating) is modelled using the solution to the
linearised hydrodynamic equations derived from the principles
of conservation of mass, momentum and energy [16, 26]. The
MFM implements the Fourier domain approach of Stevens and
Ewart [25] which incorporates quenching processes occurring on
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multiple time scales. The solution is a function of five parameters
which encompass the relevant geometric and thermodynamic
properties of the refractive index perturbation and the energy
deposition process.

The grating evolution may be characterised in terms of the
Reynolds number, Re, and the inter-fringe transit time, τg, de-
fined as the time taken for the acoustic waves to traverse between
fringes and given by τg. For LITGS signals, τg also corresponds
to the time period of the oscillations in scattered signal intensity.
The electronic excitation of the absorbing/tracer molecules trans-
fers energy locally to the bulk gas via many possible multi-stage
collisional quenching pathways. These may be collectively rep-
resented by two nominal quenching processes: one ‘fast’ process
with rate, Q1, and one ‘slow’ process with rate, Q2 [28]. The rel-
ative contribution of each process is described by the branching
ratio, r, defined as the fraction decaying via the slow pathway.

The values of these five parameters which provide the best fit
to an experimental signal may then be used to extract properties
of interest. Of relevance to this work is the Reynolds number,
Re, which when combined with the ideal gas equation of state
gives an expression for pressure,

p =
µkBTRe

csΛm
(5)

where kB is the Boltzmann constant. Temperature, T, and
sound speed, cs may be measured directly from the oscillations
in the LIGS signal via Equations 3 and 4. The mean molecular
mass, m, and the viscosity, µ, may be evaluated using knowledge
of the gas composition.

Allowing five parameters to vary in a fitting process is un-
likely to produce a single optimal value for each parameter.
To mitigate this, the model fitting method utilises a multi-step
fitting method in which initial educated guesses of the five pa-
rameter values are iteratively improved by attempting to isolate
their influence on specific parts of the LIGS signal. While this is
a successful approach, achieving accuracies of better than 10 %
for pressures above 1 bar, a consequence of the multiple fitting
stages is a long processing time per signal of approximately 4
seconds. This prevents the MFM approach being applicable
to real-time processing at typical pump laser repetition rates.
These issues of complexity and slow processing rate provide
motivation for a faster, more direct approach - the signal lifetime
method.

B. Signal lifetime method
In contrast to the computationally-intensive multi-parameter
fitting of the MFM approach, the signal lifetime method is de-
signed to directly and rapidly extract the pressure-dependent
decay lifetime of a LIGS signal and then convert it to pressure via
a calibration surface. This potentially enables real-time readout
of pressure at the expense of requiring preliminary measure-
ments to build the calibration surface.

Extracting the decay lifetime from an acquired LIGS signal is
achieved by firstly determining the signal’s oscillation frequency
by locating the dominant peak in the power spectrum. The oscil-
lations of the signal may then be suppressed by smoothing using
a moving average filter with a window size that is equal to the os-
cillation period. This isolates the contribution to the LIGS signal
intensity arising from the stationary component of the grating.
The evolution in time of this oscillation-suppressed LIGS signal
may be approximated by an exponential decay (Equation 8).

Deviations from this exponential decay occur at the begin-
ning of the signal (high intensity), due to the finite rate of grating

formation via quenching effects, and at its end (low intensity)
where the signal intensity approaches the baseline noise level.
If included, both these early and late signal contributions tend
to perturb the average slope of the signal to smaller magnitude
(shallower) values. Upper and lower intensity thresholds of 80 %
and 20 % of the signal’s peak intensity were selected, maximis-
ing the gradient magnitude derived from various sample LIGS
signals, in order to determine the valid region of decay.

Having established fixed thresholds to define the valid
pressure-calculation region of the LIGS signals, the natural log-
arithm of each smoothed signal is taken and the resulting gra-
dient, mfit, is evaluated by a linear fit. The decay lifetime of the
LIGS signal, τsignal, can then be defined as

τsignal =
−1
mfit

(6)

increasing with increasing pressure but requiring translation
via a calibration surface to recover absolute pressure. An illus-
tration of this process is shown in Figure 2.
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Fig. 2. Example of signal decay lifetime recovery. a) An exam-
ple single-shot LIGS signal at 2.78 bar and 375.7 K. b) Illustra-
tion of the calculation of m f it from a linear fit (red dashed line)
to the natural logarithm of the example signal of a) (blue line)
between threshold values (yellow circles) defined to avoid the
deviations from exponential decay at the start and end of a
LIGS signal.

Complicating this analysis is the fact that the signal decay
lifetime depends not only on pressure, but also on composition
(including associated changes in quenching rates), and on tem-
perature. An increase in temperature leads to faster thermal
diffusion, which results in a more rapid decay of the grating
and therefore signal intensity. For a given gas composition,
the calibration surface must therefore cover the range of both
pressures and temperatures encountered during a measurement
campaign.

The simplest approach to generate an empirical calibration
surface is to fit an arbitrary (e.g. polynomial) relationship be-
tween pressure, temperature and signal decay lifetime values
derived from LIGS signals under known conditions. This is
likely to generate good estimates of pressure when applied to
‘unknown’ LIGS signals at conditions between the ’known’ cali-
bration points. However, achieving a sufficient density of cali-
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bration conditions to accurately recover pressures may be costly
in terms of time and requires prior knowledge of the calibration
conditions over the entire range of relevant pressures and tem-
peratures (or simultaneous measurement with an independent
technique). Being a simple polynomial fit, it will also be highly
unreliable to extrapolate beyond the calibration conditions and
will require a fresh calibration surface to be generated for each
new experimental setup.

A better approach is instead to consider a physics-based
model of the pressure and temperature dependence of the signal
decay lifetime. Being underpinned by the relevant physics of the
processes involved, such a calibration surface may be more re-
silient to extrapolation and application to multiple experimental
setups using just a single range of calibration conditions.

C. Pressure recovery
In an attempt to physically evaluate what shape the surface of
decay lifetime as a function of p and T would take, expressions
developed by Paul et al. that describe the temporal evolution of
the grating signal were considered [16, 36, 37]. Paul et al. states
that there is a contribution to the laser-induced grating from both
a stationary temperature modulation and the standing acoustic
wave. However, in the processing of the signal to estimate the
decay lifetime, the signal oscillations are filtered out of the data
(discussed in Section B), leaving only the contribution from the
stationary thermal component, which is expressed as

Signalst ∝
[

exp
(
−(2π)2cst

RePrΛ

)]2

(7)

and is dependent on the Reynolds number, Re = csΛρ0
µ , where

ρ0 is the probed medium density, and the Prandtl number, Pr =
cpµ

k . Note that the expression is squared in order to represent
a scattering efficiency rather than a refractive index variation.
By analogy with Equation 6, this exponentially decaying signal
contribution may be expressed as

Signalst ∝ exp(
−t

τsignal
) (8)

with a time constant, τsignal , equivalent to the measured
signal decay lifetime of the oscillation-suppressed LIGS signal
(Equation 6) and given by

τsignal =
RePrΛ

2(2π)2cs
=

csΛ2ρ0cpµ

2(2π)2csµk
=

Λ2ρ0cp

2(2π)2k
(9)

However, it is not known how τsignal varies with both pres-
sure and temperature. Examining parameters in Equation 9,
some informed assumptions can be made. For example, the
fringe spacing, Λ, is a constant and the probed medium density
can be obtained from the ideal gas law

ρ0 =
p

RT
(10)

where R is the specific gas constant. The specific heat at
constant pressure, cp, is a function of temperature, although
its value for air varies by only about 5 % when considering an
increase from 300 K to 600 K, which is comparable to the range
of temperatures observed in motored engine operation. Thermal
conductivity, k, is also a function of temperature but not pressure.
Tabulated values for nitrogen at 300 K and 600 K nearly double
from approximately 26 mW/mK to 45 mW/mK, respectively
[38–41]. Theory suggests that this variation scales as T0.5 but

observations have found the variation to scale faster, around
T0.75 at these considered temperatures [42, 43].

As pressure tends towards zero, the decay lifetime of an
experimentally-measured LIGS signal cannot tend to zero due
to the finite duration of the pump pulses and the finite detector
bandwidth. The signal decay lifetime is therefore assumed to
consist of both a constant term and a term that, neglecting the
variation in cp over the range of motored temperatures, depends
on pressure and temperature as a result of variations in density
and thermal conductivity. We model the signal lifetime by the
following expression,

τsignal = A + B
( p

TC

)
(11)

where A, B and C are unknown constants to be determined
empirically and the temperature exponent, C, is expected to
have a value within the range 1 < C < 2.

5. RESULTS

LIGS measurements were performed during motored operation
of the optical engine to satisfy two objectives.

Firstly, in order to determine the values of the A, B and C co-
efficients of Equation 11 and hence generate a calibration surface
relating the LIGS signal decay lifetime to pressure and tempera-
ture, LIGS signals were recorded during the compression stroke
of the motored optical engine between 90° and 40° bTDC for
various inlet conditions. The accuracy and precision of pressure
recovery using this calibration surface, compared to pressure
transducer measurements, was evaluated using LIGS signals
recorded under conditions of pressure and temperature within
the range spanned by the calibration datasets.

Secondly, the applicability of the signal lifetime method to
LIGS signals obtained with a) a different optical geometry and
b) spanning a wider range of pressures and temperatures to
that of the calibration surface was investigated. This permit-
ted a) testing of the ability to transfer the calibration surface
between instruments and b) investigation of the reliability of the
calibration when extrapolated.

A. Calibration surface generation and evaluation
During the compression stroke, pressure and temperature vary
as a function of crank angle following a polytropic process. Un-
der ‘baseline’ inlet conditions of 1 bar and 20°C, mean temper-
atures each derived from sets of 50 LIGS signals recorded in
increments of 10°CA between 90° and 40° bTDC are displayed
as blue circles in Figure 3 against the corresponding pressure
transducer measurements. By also varying the inlet temperature
(20°C to 60°C) and pressure (1 bar to 1.16 bar) between datasets,
LIGS signals covering a range of pressures (1.8 bar to 7.6 bar)
and temperatures (343 K to 497 K) were obtained (Figure 3).

The three datasets of Figure 3 represent the extrema of the
intake conditions of this work, being a ‘standard’ intake at atmo-
spheric pressure and a temperature of 20 °C, a ‘high temperature’
intake heated to 60 °C and at atmospheric pressure, and a ‘high
pressure’ intake raised to approximately 1.16 bar while main-
tained at a temperature of 20 °C. These datasets were used to
construct a three-dimensional calibration surface that relates in-
cylinder pressure transducer measurements, LIGS signal decay
lifetimes and LIGS derived temperatures.

The values of the A and B coefficients of Equation 11 were
determined by allowing the exponent, C of T, to vary from 1
to 2 in an increment of 0.01, and taking the difference between
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Fig. 3. LIGS temperature as a function of transducer pressure
for three calibration datasets covering ‘baseline’ (1 bar, 20°C),
‘heated’ (1 bar, 60°C) and ‘boosted’ (1.16 bar, 20°C) inlet condi-
tions. Each datapoint corresponds to the mean of temperatures
derived from 50 LIGS signals at a fixed crank angle during the
compression stroke.

the resulting estimate of τsignal using the transducer pressure
data and τsignal measured directly from the LIGS signal. An
optimal value of 1.70 was found for the temperature exponent,
C. The corresponding A coefficient was 9.42 × 10−9 s and the
B coefficient (evaluated for pressure in bar and temperature in
Kelvin) was 5.19 × 10−4 s.

Figure 4 displays the calibration surface obtained via Equa-
tion 11 using the best fit values of the A, B and C coefficients. The
shape of the surface is constrained by the physical relationship
between the parameters and provides a good match to the cali-
bration data (filled circles). All calibration datapoints lie within
5.1 ns of the calibration surface, with an RMS error in τsignal
of 2.4 ns, or 3.1 % of the mean τsignal. Reducing the number of
calibration points reduces the investment in time, experimental
effort and the number of known conditions required to generate
a given calibration surface at the expense of accuracy. Using
only the extremal 3 datapoints of highest temperature, highest
pressure and lowest temperature doubles the RMS error in pres-
sure of the surface from 0.11 bar (18 datapoints) to 0.21 bar (3
datapoints).

To quantify the accuracy of pressure recovery using this cali-
bration surface, pressures derived from LIGS signals were com-
pared to transducer pressure measurements for datasets at dif-
ferent intake conditions to those included in the calibration pro-
cedure. Figure 5 illustrates the transducer pressures and LIGS
temperatures of the ‘test’ data (red squares) whose conditions
lie within the bounds of the ‘calibration’ data (blue circles).

The error in the LIGS pressure measurement, defined as the
difference to the corresponding transducer pressure measure-
ment, is shown in Figure 6 as a function of signal to noise ratio
(SNR). LIGS derived pressure measurements are sorted by the
SNR of the LIGS signal, then divided into groups of 75 to show
the trend in mean error and standard deviation of LIGS pres-
sures. For the SNR calculation, the ‘signal’ is defined as the max-
imum value of the LIGS signal, typically the height of the first
peak of the oscillating waveform. The ‘noise’ was estimated us-
ing the difference between the maximum and minimum values

Fig. 4. Calibration surface relating transducer pressure, LIGS
temperature and LIGS signal decay lifetime. Filled circles rep-
resent the datapoints of Figure 3 used for generating this cal-
ibration surface. The colour of each circle, as detailed in the
colour bar, shows the difference in signal decay lifetime be-
tween each datapoint and the corresponding point on the
calibration surface with the same pressure and temperature.

of the the last 5 % of the signal, which represents the worst-case
variation in signal baseline after the LIGS signal was no longer
present.

Within the range of pressures and temperatures spanned
by the calibration conditions, the LIGS pressure measurements
of Figure 6 are insensitive to the SNR of the LIGS signal. The
LIGS pressures are well centred around the pressure transducer
values, with a mean error of −0.5 %. While the mean pressure
derived from LIGS is not strongly affected by SNR, the variation
in derived pressure is increased for SNR below 10 (standard
deviations from 9.7 % to 17.1 %) compared to SNR above 10
(standard deviations from 5.6 % to 8.8 %).

The error in LIGS derived pressure as a function of trans-
ducer pressure is shown in Figure 7. Similarly to Figure 6, LIGS
pressure measurements are sorted by the corresponding trans-
ducer pressures and divided into groups of 75. The horizontal
trend and mean error of −0.5 % are consistent with the error in
LIGS measurement being independent of transducer pressure.
The increased variation apparent for the lower pressures, below
2.3 bar, is in part due the lower SNR earlier in the compression
stroke as the larger in-cylinder volume corresponds to a lower
number density of the toluene tracer, resulting in weaker LIGS
signals.

Sources of error in LIGS measurements, common to many
coherent beam techniques, include fluctuations in intensity of
the incident lasers, changes in local gas composition, beam steer-
ing and window fouling which may lead to uncertainties in
the measurements of temperature and pressure. The LIGS tech-
nique, however, is distinguished from a range of established
intensity-based diagnostics because the temperature is derived
from a measurement of the frequency of signal oscillations rather
than intensity. Thus, temperature measurement with LIGS is
inherently more robust to errors arising from factors that affect
the signal intensity. Measurement of the signal decay lifetime
relies on the relative rate of change of signal intensity over the
duration of the signal, rather than an absolute value. Pressure
measurement with LIGS therefore also has some inherent re-
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Fig. 5. Experimental conditions under which LIGS signals
were recorded. Blue circles represent the bounds of the pres-
sure and temperature range of the calibration data, cf. Figure
3. Red squares represent the pressure and temperature condi-
tions of the ‘test’ data used to evaluate the performance of the
calibration surface of Figure 4. Each datapoint corresponds to
the mean of temperatures derived from 50 LIGS signals at a
fixed crank angle during the compression stroke.

silience to signal intensity fluctuations, provided they occur on
timescales longer than the duration of the LIGS signal, for this
work > 1 µs.

Variations in local gas composition will contribute to the
variability of the LIGS pressure measurements by affecting the
measurement of both temperature (Equation 4) and τsignal (Equa-
tion 9). Without time-resolved knowledge of the composition
fluctuations at the measurement location, the gas composition
for each recorded LIGS signal must be assumed constant and
equal to the composition used to derive the calibration surface.
Considering a representative upper limit of 23 % variation in
fuel number density at the measurement location, as measured
previously under similar conditions to this work [34], the esti-
mated uncertainty in derived pressure due to gas composition
is 3 % at 3.5 bar and 400 K.

B. Calibration surface applicability
It is relatively straightforward to generate a self consistent cali-
bration surface for a particular experimental set-up, but such a
calibration surface is in general not globally applicable to other
experiments. The utility of the calibration procedure demon-
strated in Section A is greatly improved if it is possible to apply
the calibration surface to LIGS signals collected using a range of
experimental set-ups utilising the same LIGS tracer species.

To test the wider applicability of the calibration surface de-
rived in Section A (Figure 4), a previously acquired LIGS dataset
used to demonstrate the Model Fitting Method for LIGS pres-
sure recovery in Sahlberg et al. [28] was investigated, enabling
a direct comparison between the two pressure recovery meth-
ods. While broadly similar to the setup described in Section 3,
the LIGS optical layout used a different probe laser and pump
crossing angle, θ, resulting in a different LIGS grating spacing,
Λ. This dataset of LIGS measurements was obtained using a
modified piston with a rectangular slot to allow the transmission
of the pump and probe beams when the piston was at top-dead-
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Fig. 6. Percentage errors of pressures derived from LIGS com-
pared to signal-to-noise ratio (SNR). The LIGS ’test data’ of
Figure 5 is sorted by SNR and divided into groups of 75 LIGS
signals. Each datapoint represents the mean error and mean
SNR for the 75 LIGS signals within a group, with errorbars
corresponding to the standard deviation.

centre, enabling measurements to be made for a full 360°CA
covering the entire compression and expansion strokes. The
range of pressures and temperatures covered within this dataset
is therefore greater than those of the calibration measurements
of Section A.

In this work, a single known point of reference at atmospheric
pressure has been found to be a suitable way to rescale the cal-
ibration surface to accommodate changes in geometry and so
on. In effect, this results in a modification of the B coefficient
of Equation 11. Figure 8 presents the results of applying the
calibration surface of Figure 4 re-scaled to match the pressure
transducer reading at the single reference point of 80° bTDC
(0.94 bar). The LIGS pressures show very good agreement with
the transducer pressures, even near TDC where recorded pres-
sures of over 6 bar are far from the re-scaling reference value of
0.94 bar. The majority of the mean LIGS pressure values, each
averaged over 50 LIGS measurements, are within one standard
deviation of the mean pressure transducer data.

The LIGS pressures early in the compression stroke in the
range 0.5 bar to 0.55 bar overestimate the transducer pressures
of 0.44 bar by approximately 20 %. However, given the small
absolute pressure difference of 0.1 bar and that the target pres-
sure of 0.44 bar is significantly extrapolating beyond the lower
limit of the calibration data (1.8 bar), this reasonable agreement
indicates the re-scaled surface approach is performing robustly.

The error in LIGS derived pressure as a function of transducer
pressure for the slotted piston dataset is shown in Figure 9. Due
to the slow pressure rise during the first half of the compression
stroke there is a very uneven distribution of pressure values,
heavily weighted towards low pressures (<1 bar). Therefore for
clarity, instead of sorting by transducer pressure and grouping
into sets of 75 (as for Figure 7), the LIGS pressures are binned
every 0.5± 0.25 bar in Figure 9. Despite the departure from the
original calibration conditions, the mean errors of LIGS pressure
measurements are below 9 % for pressures in the range 1 bar to
6.5 bar.



Research Article Applied Optics 8

1 2 3 4 5 6 7 8

Transducer Pressure [bar]

-20

-15

-10

-5

0

5

10

15

20

L
IG

S
 P

re
s
s
u

re
 e

rr
o

r 
[%

]

Fig. 7. Percentage errors of LIGS-derived pressure compared
to transducer pressure. The LIGS ’test data’ of Figure 5 is
sorted by transducer pressure and divided into groups of 75
LIGS signals. Each datapoint represents the mean error and
mean transducer pressure for a group of 75 LIGS signals, with
errorbars corresponding to the standard deviation.

C. Discussion & comparison to MFM
The present results achieve comparable accuracy and precision
to the Model Fitting Method of Sahlberg et al. [28] for the same
slotted piston dataset (Table 1).

Model fitting Signal lifetime

Accuracy > 1 bar < 10% < 9%

Precision > 1 bar ± 4 - 10% ± 3 - 7%

Accuracy < 1 bar < 20% < 25%

Precision < 1 bar ± 15 - 20% ± 7 - 34%

Processing time 4 seconds 0.06 seconds

Preference required single single

Requirements gas parameter data calibration surface

Table 1. Comparison of pressure recovery from LIGS sig-
nals using the Model Fitting Method and the Signal Lifetime
Method for the slotted piston dataset of Figure 8.

Both pressure recovery methods perform well at pressures
above 1 bar, reporting LIGS pressures within 10 % of the cor-
responding transducer readings. The signal lifetime method
shows a marginally improved precision with standard devia-
tions for the sets of 50 LIGS pressures at each crank angle in the
range 3 to 7 %, compared to between 4 and 10 % for the model
fitting method. While these values also contain the cycle-to-cycle
variability in the in-cylinder pressures, the fluctuations in the
pressure transducer readings are approximately 1 % suggesting
the dominant source of variability within the reported pressures
is the uncertainty in the LIGS pressure measurement.

Below 1 bar the LIGS signals are shorter and weaker and
so the decaying tail of the signal occupies a relatively smaller
proportion of the signal. As a result, the effects of quenching
and grating formation affect the form of the signal to a larger
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Fig. 8. LIGS-derived pressures and transducer pressures as a
function of crank angle for the motored compression and ex-
pansion strokes of the optical engine. Data was obtained using
a modified piston with a rectangular slot to enable measure-
ments near TDC. Each LIGS datapoint represents the mean of
pressures derived from 50 LIGS signals at a fixed crank angle,
with errorbars corresponding to the standard deviation.

extent and this has a negative impact on both the MFM and the
signal lifetime method, reported here, because both methods
rely upon these effects having little impact on the tail of the
signal that determines the accuracy of the extracted pressure
measurement. While the mean error and variability in absolute
terms remain similar, each approximately 0.1 bar, the relative
values increase significantly due to the lower pressures involved.
Below 1 bar the errors in the mean LIGS pressures are below
25 % for both methods with standard deviations up to 20 % for
the model fitting method and up to 34 % for the signal lifetime
method. Additionally, the signal lifetime method requires suffi-
cient visible oscillations in the LIGS signal to accurately derive a
temperature measurement for conversion of τsignal to pressure
via the calibration surface. As shown in Figure 9, the variability
of signal lifetime-derived LIGS pressures significantly increases
for pressures below 1 bar, in part due to the reduction in tem-
perature measurement precision for these LIGS signals with
typically only 3 visible oscillations.

The Model Fitting Method, MFM, [28] nominally enables
pressure measurements without relying on preliminary mea-
surements under known conditions. This MFM method does,
however, require calibration using known parameters under at
least a single condition in order to constrain the possible values
for the rates of the ‘fast’ and ‘slow’ quenching processes and the
branching ratio between them. As such, once the original cali-
bration surface is calculated, the prior knowledge requirements
for the present work – the signal lifetime method, and for the
MFM are equivalent, since both require measurements under
one known pressure condition.

One of the key advantages of the signal lifetime method is the
rapid determination of pressure from LIGS signals. The multiple
fitting steps involved in the MFM result in a processing time per
measurement of approximately 4 seconds. In contrast the deriva-
tion of pressure from a LIGS signal using the signal lifetime
method (derivation of temperature, calculation of τsignal then
application of the calibration surface) takes only 0.06 seconds
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Fig. 9. Percentage errors of LIGS-derived pressures compared
to transducer pressure for the slotted piston data. The LIGS
data of Figure 8 is binned every 0.5± 0.25 bar. Each datapoint
represents the mean error for the LIGS signals within each bin,
with errorbars corresponding to the standard deviation.

on a laptop computer (Intel Core i7-8665U). This corresponds
to a pressure readout rate of up to 16 Hz, in principle enabling
readily achievable real-time measurement of both pressure and
temperature using LIGS. However, data analysis remains the
rate limiting step for LIGS systems with higher repetition rate
pump lasers. With code optimisation and hardware improve-
ments to reduce the time taken to perform the FFT-based tem-
perature measurement, higher repetition rates would be feasible.
A factor of 60 increase in processing speed over this work would
be required to achieve ‘real-time’ measurement for 1 kHz LIGS
measurements under diesel engine conditions [44].

6. CONCLUSIONS

A novel and rapid method to recover pressure measurement
from laser-induced grating scattering (LIGS) signals has been
demonstrated using data acquired from an optically-accessible
single cylinder engine.

A pressure-dependent ’signal decay lifetime’ was extracted
from LIGS signals recorded under various engine operating
conditions. Using a model based on the effect of pressure and
temperature on LIGS signal decay lifetime, a calibration surface
was generated relating transducer-based pressure measurements
and LIGS derived temperatures to the measured LIGS signal
decay lifetimes from a sparse subset of the data. For the data not
used to create this calibration surface, the LIGS-based pressure
recovery had a mean absolute error of −0.5 % when compared
with transducer measurements and the errors showed no dis-
cernible trend with either signal-to-noise ratio or pressure.

The portability of the calibration surface and its extrapola-
tion has been demonstrated by applying the method to data
acquired previously, over a wider range of pressures and tem-
peratures, from transducer measurements and data acquired
simultaneously using a different optical LIGS system, which
used a different grating spacing. The signal lifetime method
of this work was able to measure pressure to an equivalent de-
gree of accuracy (9 %) and precision (3 % to 7 %) to the existing
model fitting method for pressures above 1 bar. Translation of
the calibration surface, for signal decay lifetime as a function of

pressure and measured temperature, for use with different in-
struments required only comparison of data obtained at a single
reference point, in this case, one corresponding to atmospheric
conditions of temperature and pressure. Extrapolation of the
calibration surface was possible due to the physics-based model
defining the shape of the calibration surface, enabling pressure
measurements as low as 0.5 bar, albeit at a reduced accuracy of
25 %, which is comparable to the accuracy of the model fitting
method for pressures under 1 bar (20 %). It should be noted
that the shape of the calibration surface is expected to be depen-
dent on the tracer species (since this affects the photophysics of
grating formation) and the gas composition.

While collimated beams were used in this work, the signal
lifetime method is also applicable to focused beam geometries.
The limiting factor would be the generation of a sufficiently wide
grating such that the transit of the acoustic waves out of the
interaction region causes minimal additional decay of the signal
oscillations, enabling an accurate temperature measurement.
In principle the decay of signals from electrostrictive gratings
would allow a pressure measurement to be derived but would
require a different analysis which is beyond the scope of this
paper.

Currently the signal lifetime method represents a 60-fold
reduction in processing time compared to the model fitting
method, at 0.06 seconds per measurement. This provides an
opportunity for simultaneous real-time pressure and temper-
ature measurement at rates of over 10 Hz, potentially higher
with further development. The pressure accuracy determined
in this work is competitive with literature values for other di-
agnostics. In comparison to CARS in particular, it is noted that
LIGS is a complementary approach since it achieves best results
at super-atmospheric pressures. Collisional dephasing has a
pressure-dependent influence on the CARS spectra which must
be either modelled, a complex matter compared to the modelling
or signal analysis required for LIGS, or minimised via the use of
short pulse (fs) lasers.

Future application of the LIGS signal lifetime method for pres-
sure recovery could be combined with other one-dimensional
LIGS measurement techniques to carry out spatially-resolved
optical pressure measurements, for example, measuring the
propagation of a disturbance in a combustion chamber or other
complex flow field.
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