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Published online: 09 July 2018 : Aset of algorithms is presented that facilitates the evaluation of super continuum laser absorption
. spectroscopy (SCLAS) measurements with respect to temperature, pressure and species concentration

without the need for simultaneous background intensity measurements. For this purpose a non-linear
model fitting approach is employed. A detailed discussion of the influences on the instrument function
of the spectrometer and a method for the in-situ determination of the instrument function without
additional hardware are given. The evaluation procedure is supplemented by a detailed measurement
precision assessment by applying an error propagation through the non-linear model fitting approach.
While the algorithms are tailored to SCLAS, they can be transferred to other spectroscopic methods,
that similarly require an instrument function. The presented methods are validated using gas cell
measurements of methane in the near infrared region at pressures up to 8.7 bar.

Strict regulations of pollutant emissions as well as the economic demand for efficiency necessitate the optimi-
zation of combustion systems and other high temperature and pressure processes. Measurement systems that
allow for the in-situ aquisition of concentration, temperature and pressure data with high temporal resolution
and without influencing the process itself, are an important tool in this optimization process. Tunable diode laser
absorption spectroscopy (TDLAS) fullfills these requirements. But unless a complex laser modification of the
standard diode laser setup is used**, TDLAS is limited to a small spectral range of several cm™! (DFB ~2-3cm ™,
VCSEL ~10-20cm™!). Therefore the application of TDLAS in high pressure environments is difficult because of
the broad spectral lineshapes due to collisional broadening. On the other hand there are spectrocopic techniques
like classic fourier transform spectroscopy (FTS), that cover a broad spectral range with high spectral resolution
but lack the time resolution to resolve the progress of chemical reactions or process fluctuations. These disadvan-
tages have partially been reduced in new FTS methods like dual comb spectroscopy® (DCS) which increases the
time resolution while also avoiding moving parts in the setup. Nonetheless DCS still requires the sampling of sev-
eral laser pulses for recovering one spectrum. This limits the theoretically achievable repetition rate. The recently
introduced super continuum laser absorption spectroscopy (SCLAS) is theoretically able to measure a whole
spectrum in a single laser pulse while still covering a broad spectrum of several 100 wavenumbers®’. The broad
spectral range that is covered facilitates the simultaneous detection of several species® as well as the simultaneous
determination of pressure and temperature from a single measurement®. This supercontinuum laser absorption
spectroscopy is based on spectrally broad pulses with a duration in the order of 100 ps. First of all this pulse is
filtered to limit its spectral bandwidth to the wavelength region on interest. These filtered pulses can then either
be dispersed in time®” or in space® to resolve their spectral content. This work focuses on the dispersion in time,
but the presented method is applicable to the space dispersed variant of SCLAS as well.

To achieve the dispersion in time the initially short pulse is passed through a dispersion compensation module
(DCM), which results in a temporally stretched pulse with a duration of several 100 ns. This temporal pulse profile
reflects the spectral distribution of the initial SCL pulse. The dispersed pulse then passes through the measure-
ment volume where it gets partially absorbed. This step can also be swapped with the DCM as the results are the

. same in stationary measurement volumes. In instationary volumes passing the pulse through the measurement

¢ volume before the DCM can have advantages in terms of a higher signal to noise ratio as a temporally short pulse
avoids additional averaging over transients in the system. Nonetheless the evaluation procedure for both cases is
the same.
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Figure 1. Working principle of a time dispersing SCLAS spectrometer. The initial SCL pulse is spectrally
filtered, temporally stretched in a DCM, partially absorbed in the measurement volume and detected on a photo
diode before being recorded on an oscilloscope.

Afterwards the intensity profile is detected by a fast photo diode and recorded on a high bandwidth oscillo-
scope. This measurement principle is summarized in Fig. 1 and is similar to the ones proposed by Orofino et al.,
Kaminski ef al., Dupont et al. and Blume et al.>”*1°. For details we refer to Blume et al.'’, as this work will give a
general discussion of the analysis methods for SCLAS measurements.

While a simultaneous reference measurement of the initial intensity distribution simplifies the evaluation
procedure, it also introduces disadvantages regarding setup complexity and applicability to harsh industrial
environments. E.g. in combustion environments broadband absorbing materials can easily agglomerate or con-
dense on optical measurement accesses. The absorption bands of these solid or liquid materials are significantly
broader than gas absorption features but are still covered in the broad spectral range of SCLAS. Thus applying
the measured initial intensity distribution in the evaluation would introduce a low frequency distortion in the
signal. Furthermore the short time scales of the laser pulses make an accurate tuning of the light path lengths of
the reference beam path to the measurement beam path necessary. Otherwise the two measurements would be
shifted on the time axis. To avoid these disadvantages the procedure presented here does not rely on a reference
measurement, but uses a fitted background model for evaluation.

Current challenges in the SCLAS data analysis are the high absorption line count that needs to be evaluated,
the determination and application of the instrument function and the unknown initial intensity distribution prior
to absorption. The high number of absorption lines of a species that is covered in a single measurement on the one
hand improves measurement precision. On the other hand it makes the evaluation using a model fitting approach
computationally very expensive. Regarding the achieved spectral resolutions”"!? in the order of 0.1cm™! the
instrument function of a SCLAS spectrometer can not be neglected. An important influence on the instrument
function is the photo diode whose influence can become visible as so called diode ringing'!. Blume et al. neglect
the instrument function and evaluate only the line areas. Therefore this approach does not allow for the evalu-
ation of pressure values. Werblinski et al. determine the instrument function of the photo diode by a separate
measurement, but the influence of the initial SCL pulse length and profile are neglected. To overcome these disad-
vantages a comprehensive approach has been developed for the in-situ determination of an instrument function
covering all effects given by the SCL source, the photo diode and the data acquisition. Furthermore many of the
current evaluation procedures evaluate the data in the absorbance domain and not in the intensity domain. Hence
a discussion of the advantages of the evaluation in the intensity domain is given. These advantages mainly become
visible in measurements with strong absorption, which are often unavoidable due to boundary conditions of the
experiment. Regarding the unknown initial intensity distribution a simultaneous fitting approach’? is applied,
while previous evaluation procedures used estimation algorithms for the background'"!*. These components are
combined to a comprehensive SCLAS data analysis method, that enables the evaluation of mole fraction, tem-
perature and pressure from SCLAS measurements even for partial total absorption. To estimate the potential of
SCLAS for measuring different quantities under various conditions a detailed uncertainty estimation regarding
noise, uncertainty in wavenumber axis and uncertainty in the instrument function is given.

Methods

For the processing of broadband absorption spectroscopic measurements different methods have been proposed.
These methods can be distinguished regarding the amount of physical knowledge that is utilized in the data anal-
ysis. Statistical methods like partial least squares (PLS) do not require any knowledge of the physical system but
rather calibrate a purely statistical model using several calibration measurements'>. Hybrid methods like indirect
hard modeling (IHM) utilize physical knowledge, like line shape functions, to reduce the measurement data and
calibrate a more robust statistical model'®. An approach that does not depend on calibration data is the fitting of
a comprehensive physical model. This model can be derived from a physical model and certain fixed parameters
(e.g. line data). This approach has already been applied to SCLAS data®'"!4. The preference for the physical model
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approach is easily explained regarding the availability of line databases like HITRAN'” and the possibility to avoid
calibration measurements. Therefore the method explained in this article will also follow this approach.

In the following sections a model for the measured voltage signal is developed, that incorporates the actual
absorption effects as well as the behaviour of DCM, photo diode and oscilloscope.

Absorbance calculation. The first part of this physical model is a model for the absorbance depending on
the temperature T, the pressure p and the absorber mole fraction q. The line data that is needed for such a simu-
lation can be taken from databases like HITRAN2016'7, which is used in this work. According to Beer-Lambert’s
law the absorbance of several absorption transitions can be described as

L, T, p, q)

A(Va T> > ) = _ln
e T

=gNL ESi(T)i)(y — 1 Avg Avp ).
i (1)

In equation (1), I, is the transmitted spectral intensity at wavenumber v, I, is the initial spectral intensity, g is
the absorber mole fraction, L is the absorption path length, S(T) is the line strength of the line i, ®(v, p, T, g) is the
line profile function and v, is the center frequency of transition i (already regarding pressure shifts). N describes
the number density in the measured gas sample, which in the case of ideal gas can be calculated as N=gp/(k, T)
with the Boltzmann constant k. For many technical systems the line profile function ®(v, Avg; Ay ) is suffi-
ciently described by a Voigt profile, which is a convolution of a Gauss profile with a full-width-at-half-maximum
(FWHM) Avg;and a Lorentzian with a FWHM Auw ;. These profile widths are calculated using line data supplied
by HITRAN and therefore are limited to self- and air-broadening.

Using HITRAN reference line strengths S;(T;), the line strength at temperature T can be calculated as

S(T) = S(T,) Z(Ty) exp(—Ei/':/(ka)) ) 1 — exp(—hey, ;/(k,T)) .
Z(T) exp(—E//(kyTy)) 1 — exp(—hey, ;/(kyTp)) (2)

In equation (2), Z(T) is the total partition sum at temperature T, E”; is the energy of the lower state of transi-
tion i and A is PlancK’s constant.

The calculation of absorbance spectra for the evaluation of SCLAS data can be computationally very expen-
sive, because the number of lines to be simulated can easily reach several thousands (depending on the analysed
species and spectral coverage). The calculation of the Voigt profile constitutes the largest part of the calculations
during the absorbance simulation. Therefore the Voigt approximation approach of McLean et al.'® was chosen for
its reduced computational effort.

Background intensity. The initial or background intensity I, of the SCLAS measurement can either be
measured simultaneously® or be estimated from the actual measurement signal. In the SCLAS spectrometer
regarded in this work, the incident background intensity I, before absorption is not measured separately or simul-
taneously. For modeling this unknown background intensity, different approaches are possible. The first approach
is to estimate the background using only the measured I with absorption lines'. This approach relies either on a
certain shape of the absorption lines or on a difference in the frequency content of absorption lines and the back-
ground. According to an approach originally developed by Kranendonk et al. the derivative of the intensity 4. is
evaluated instead of the intensity itself. This way the low frequency content of the background is damped while
the higher frequency content of the absorption lines is emphasized in the fitting process. This approach has
already been applied to SCLAS measurements in combination with a measured I,®. While these two approaches
either estimate the background or limit the influence of the background on the fitting result, it is also possible to
create a background model that is fitted to the measurement data simultaneously?. This approach promises good
accuracy and is already used commonly in TDLAS data analysis. In the context of SCLAS the fitting process
grows in complexity due to the additional background variables that need to be optimized. Nonetheless the simul-
taneous fitting approach was chosen for the implementation in the current work as it promises the best results.
Therefore the raw model of the intensity is described by

L, T, p, q, By> --- B,) = L, By ... B,,) exp(—A(v, T, p, q)). 3)

Here 8y, ..., 8, are the background parameters, that define the shape of the background. Polynomials are often
chosen as parametric background functions® but due to the strong fluctuations in the SCL intensity distribution
the polynomial approach is not expected to describe the profile sufficiently accurate. Therefore a cubic spline
function with equidistant support points is chosen to describe the background. The number of support points
of the spline has to be adapted to the problem and the regarded spectral window. It has to be high enough to
describe the background sufficiently, but if the number of support points is chosen too high the background tends
to partly approximate the absorption lines. This effect can influence the fitting results and has to be avoided. As of
now the maximum allowable number of support points has to be estimated according to the maximum expected
absorption line FWHM Av,,,. Under the assumption that collisional broadening is the dominant broadening
mechanism the maximum line widths are reached at maximum expected pressure and lowest expected temper-
ature. For these parameters the Lorentz FWHM of all absorption lines in the regarded range are calculated. As
collisional broadening is also dependent on the collision partner, these widths have to be calculated twice: once
for absorber concentrations approaching zero (e.g. 4=0.001) and once for a pure absorber (q=1). The largest
Lorentz FWHM of both cases is used as Av,,,. As a rule of thumb the distance between the equidistant spline
support point should not be chosen smaller than Av,,,,.
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Figure 2. The time-wavenumber relation. The function D(t) assigns the corresponding wavenumber to the time
points in the measurement.

Instrument function. The instrument function of the SCLAS spectrometer is influenced by different parts
of the system: the finite length and temporal pulse profile of the undispersed SCL pulse, the dynamic response
of the high bandwidth photo diode and the finite sampling rate and pulse response of the oscilloscope. The
sampling rate is known and the pulse response function of the high bandwidth photo diode is either supplied by
the manufacturer or can be measured using pulsed lasers'*!"°. Nonetheless the SCL pulse profile is still unknown
and the transfer of the manufacturer supplied photo diode response function to a different measurement system
with even minimal deviations in the electrical characteristics is critical. Therefore we present an approach for
the determination of the instrument function directly from a measurement with known absorber mole fraction,
temperature and pressure. The three already mentioned influences on the instrument function will be discussed
separately before finally describing the combined method. Note that in the following discussion transmission
loses other than the absorption in the measurement volume will be neglected because they do not influence the
spectral resolution or instrument function in the absorbance signal.

Influence of the finite SCL pulse. 'The initial SCL pulse spectrally typically covers wavenumber regions that are
not needed for the actual measurement. Therefore the pulse is bandpass filtered for the spectral region of interest
in order to maximize the achievable repetition rate. This filtering does not influence the instrument function as
it only limits the covered spectral region. The resultant SCL pulse can be described by a time dependent spectral
intensity distribution I,,¢c; (£, v). Due to dispersion and other effects during super continuum generation a signif-
icant wavelength dependent delay can be introduced. In other words, the peak wavelength is dependent on time
during the pulse. To simplify the modelling of the SCL pulse this wavelength dependent delay is incorporated into
the model of the DCM discussed below. Thus the model for I, (¢, ) discussed here neglects this time depend-
ency of the spectral content of the pulse.

Therefore the qualitative spectral intensity distribution of the pulse is assumed to stay constant over the whole
pulse duration while only the intensity is dependent on time. Put differently the normalized spectral distribution
fV,SCL(Z/) of the pulse is assumed to be independent of time:

. I (t, v) 00
I (v) = SCL T — const,  with L (f) = f I, oo (8, v)dv.
,SCL Ly () scL o vSCL @
This assumption allows the spectral intensity distribution I, sc; (¢, v) to be described by
L ser(t V) = It (D], s (@) (5)

Note that this model of the initial SCL pulse is still a rough approximation of the SCL pulse, but allows for a
simple derivation of the instrument function and gives good results in practical application as will be shown in
the experimental results.

By passing through the DCM the spectral components of the pulse are delayed according to their wavenum-
ber. Hence a function D: t — v can be defined, that assigns a wavenumber to every time step in the measurement.
An example for this function D(t) is given in Fig. 2. As already mentioned this function also incorporates wave-
length dependent delays introduced during the super continuum generation. A estimate of this function can be
accquired using methods described by Blume et al.®. But as D() needs to be known accurately, a method using the
absorption lines as a reference is applied!!. Using the DCM dependent function D(¢) the time dependent spectral
intensity distribution after the DCM is described by

L peu(t v) = 1, ser (t = D7), v) = Iy (t — Dil(y))iz/,SCL(V) (6)
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After the DCM the dispersed pulse is passed through the measurement volume and partially absorbed:

L ans(t ¥) = Iy (t = D@D, sy (v) €. (7)

Influence of the photo diode.  'The dispersed pulse, modulated with the absorption features (equation (7)) is then
detected by the photo diode. Note that in the current context photo diode refers to the whole detection system
including the measurement amplifier as it significantly influences the response of the photo diode. Furthermore
only the dynamic response of the photo diode is regarded in the following section.

The wavelength dependent sensitivity of the photo diode will be neglected at this point as it does not have
any effect on the instrument function such that only the time dependent pulse response of the photo diode is
regarded. Thus it is reasonable to only consider the time dependent intensity I,ps(f) at the photo diode instead of
the spectral intensity distribution. The intensity I,pg(¢) is defined by the integral

Las) = [ Ticalt = D7 0D, sca ) €MV ®

The normalized spectral intensity distribution fy sc(v) is always limited to a certain wavenumber range
defined by the capabilities of the SCL itself. Outside of this wavenumber range I, s (1) is zero. Therefore an
expansion of the lower integration limit in equation (8) to —oo will not change the value of the integral. Hence
equation (8) can be rewritten to

Las(®) = [ Iu(t = D7), ey v)e V. ©

The relation between time delay and wavelength is given by D(t). Thus Equation (9) can be transferred to the
time domain by a substitution in the integral:

Lys(t) = f_ O;ISCL(t — D', g () e AWy

f Y It = D g (D) e*‘“D‘T))%dr.
—00 T

(10

As I, (f) describes a short pulse in the vicinity of =0, it is valid to assume that Is¢; (¢) is only non-zero in a
short time interval 0 <t < Atg;. Thus for a constant time f the integral in equation (8) is only dependent on a
interval in the time shift 7 of length Atg;. The pulse length Aty is in the order of 100 ps and thus too short for
any significant change in 42(7) (see Fig. 2). Therefore for every t in equation (10) the derivative 42 (T) in the integral

can be assumed to be a constant 42 (T) . Equation (8) can thus be rewritten to

dD(t) o0 ~A(D(7)
Las®) = =2 [ " Iyt = D, s (D) AP dr.
ABS T Jow scu(t SCL (1)
Equation (11) describes a convolution in the time domain.
With these integration limits the integral describes a convolution. Therefore for all t >0 equation (11) can be
written

L) = L2 [ 1 = D s (D7) €4y

dD(t) »

= Iy (1) * VSCL(D(t)) e AP

(12)

with * being a convolution. The factor 42 in equation (12) describes the trade-off between spectral resolution
and signal intensity. A higher spectral réSolution requires the SCL pulse to be further dispersed in time. This is
equivalent to a lower derivative dz it) as in an equal time less wavenumbers should be scanned. With a lower 42 “)
the intensity I,5() at the photo diode decreases. This behaviour is intuitively explained as the SCL pulse only
consists of a limited amount of energy. Thus an elongation of the pulse in time results in a smaller intensity.
Furthermore the factor 42 (t) can be assumed to be constant during a typical signal window for evaluation (e.g.

for methane 5995 cm " to 6145 cm™!). Thus the derivative dl; () can be replaced by a constant mean value

t
g= L fzmdrzconst.
L, —t dr (13)

Here ¢, and t, describe the regarded measurement window. This approximation is illustrated in Fig. 2. Note that
even if the change in 92*) was significant, the only effect would be a relatively slow variation of the intensity signal
that does not affect the instrument function or the evaluation. In fact this variation could not be distinguished
from variations in the initial intensity distribution or transmission properties of e.g. optical windows in the exper-
imental setup. Therefore the final description of the intensity at the photo diode is
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Lps(t) = Icp (t) * [gf,,,SCL(D(t)) eiA(D(t))] = I (1) * [I(D(1)) eiA(D(t»]- (14)

The photo diode itself is modeled as a linear time invariant system and is therefore fully described by its pulse
response hpp(#)%. The resulting voltage at the photo diode is given as the convolution

Upp(t) = hpp(t) % Ligs(t) = hpp(t) * Iy (£) % [I(£) e AP, (15)

Influence of the data acquisition. Similar to the photo diode the finite sampling rate and pulse response of the
oscilloscope is modelled as another pulse response hip,q(t):

Upag(t) = hpaq(t) * Upp(t) = hpaq(t) * hpp(t) * Igc () * [I(t) e AP0
hocras(®) * [I(t) e AP, (16)

where hgcp 45() is the pulse response of the whole spectrometer.

Due to the stochastic process involved in the creation of a SCL pulse, the spectral intensity distribution of a
single pulse and therefore Ij(v) is highly unsteady. Thus several pulses have to be averaged in accordance with the
trigger of the pump pulse:

1< _ 1< _
n > hscras(®) * [(t) e APOY = hgep ps(8) = Lt e A
i=1 M-y

= hgepas(t) * T(t)e APM)

Upag(®)

17)

In equation (17), the measured pulses [IO),.(t)efA(D ()] are shifted such that =0 always refers to the trigger of
the corresponding pulse. Furthermore equation (17) assumes that the absorbance A(D(t)) is constant and thus
that the gas state does not change during the measurement interval. The averaging results in a less noisy averaged
measurement signal Uy, o(t) due to the less noisy, averaged initial intensity distribution Ij(t). The Comparison of
equation (17) to equation (16) shows that the averaging has no influence on the instrument function. Thus the
averaged signal and the signal of a single pulse can be treated similarly in the evaluation.

Determination of the instrument function. ~According to equation (16) all instrumental influences on the meas-
urement signal can be described by a convolution with a certain pulse response fi5cy 55 in the time domain. Due to
the discrete sampling of the oscilloscope, measurements are only available at the time points #;= At 1, With
I € Z. Thus the continuous convolution is approximated as a discrete one:

Upaqlll = hscrasll] * [ll] e AP (18)

To determine hgcy s [1] from measurements, Up,q[l] and I[]] e4®M have to be known. Up,q[l] is easily
attained as it is a SCLAS measurement, whereas I,[I] e A°!") can not be measured directly. Therefore I [/] e 4P
needs to be simulated according to theory. Thus SCLAS measurements with known temperature, pressure and
mole fraction are used, which allow the simulation of A(v) from HITRAN data. The background intensity distri-
bution model I;[/] (a spline function) is then fitted to the measurement using an estimated instrument function.
The result is a discrete deconvolution problem with the measured Up,q[/] and the simulated I, = I,[I] e A, The
discrete convolution can be described as a linear equation system

hscrasl — 1
Upaqli] _ Ili—pl o Il oo Igli+pl | | hscraslO]
Upaqli + 1] Lli —p+ 11 0 Igli+ 1] . Igli + p 4+ 1] hgcrasl1]
hscras(id
= A hg,s (19)

It is valid to assume that the SCLAS pulse response function is narrow compared to the actual measurement
duration. Thus non-zero elements in the vector hgc; 5 are limited to a small range —p <1< p with ¢4 € Z sym-
metrical around t=1[=0. The elements outside of this range are neglected. With n > (2u 4+ 1) measurement
samples the n X (2t + 1) matrix A describes an overdetermined linear equation system for which the least square
solution hgcy 55 can be found. This yields a valid estimate for the instrument function that can be used for different
measurements with the same setup. The best value for 1 has to be determined empirically. Too low values will cut
away parts of the pulse response function and therefore distort the profile. Too high values increase the number
of variables and thus increase the instability of the equation system and the influence of noise on the result.

Cost function and fitting. The cost function is chosen to compare modelled voltage Uy and measured
voltage Uy at all measurement points i:
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Figure 3. Flow diagram of the evaluation and fitting procedure. A signal model with temperature, pressure,
mole fraction as well as several background variables as parameters is iteratively fitted to a measurement signal.

_ 0 ) 2
Z(T, p, 4 By --» B) = Zzg _ Z(UDAQU:" T.p g 50(72 B) — Upag(t)) oo

The measurement uncertainties o; at the time points ¢, are assumed to be equal ;= 0;. As the standard devia-
tion o; can not be estimated beforehand, it is set to o;= 1, because the result of the fitting is not dependent on a con-
stant factor in the cost function. Whereas the commonly used cost function compares absorbances'?, equation (20)
directly compares the measured voltage values to simulated ones. The advantage of this domain for comparison
emerges when strong absorbance peaks are evaluated. The uncertainty o, of an absorbance value due to an inten-
sity (or equivalent voltage) uncertainty oy is given by equation (1) and Gaussian error propagation as

> 1 5
Of = 2 oy (1)

Hence the absorbance uncertainty increases inversely to the measured intensity (or voltage). Thus strong
absorption lines with a small measured intensity lead to big uncertainties in the absorbance, that are not con-
sidered in the cost function as they are not known beforehand. Therefore the direct evaluation of the measured
voltage promises better evaluation results in measurements with strong absorption features.

The cost function is minimized using the non-linear least-square optimizer function Isqnonlin in MATLAB.
To increase the numerical efficiency of the optimization the Jacobian of the signal model Up,q is calculated
directly and supplied to the optimization algorithm.

The optimization process yields the optimum values T', p’, ¢’ and 3, for the parameters T, p, g and 3;. These
values minimize the cost function and therefore represent the evaluation result of the measurements in tempera-
ture, pressure and mole fraction. This evaluation procedure is summarized in Fig. 3 including all model compo-
nents with their respective parameters.

Fit uncertainty estimation. To evaluate the capabilities of the SCLAS measurement and analysis method,
the resulting uncertainty of the model fitting approach is calculated. Uncertainties of the HITRAN parameters
are not an essential part of the SCLAS measurement and analysis method described here and can be replaced
with higher quality line data. Therefore the uncertainties of the HITRAN parameters are neglected in the fol-
lowing uncertainty estimation to allow for an unbiased estimation of the potential of SCLAS. Put differently, the
uncertainty estimation presented in this paper sets a maximum limit for the achievable precision in the regarded
SCLAS setup by assuming perfect line data. The practically achievable precision and accuracy of course still
depend on the quality of the line data.

The uncertainty of the SCLAS measurement and analysis can be divided into the uncertainty induced by
measurement noise, by the determination of the wavenumber axis and by the instrument function. These factors
will be discussed separately and are combined in the end.

To determine the influence of the noise of the intensity measurement on the fitted parameters p’, T’ and ¢/, the
variance of the measurement noise is estimated. With k sampled points and m fitted variables a; (p, T, g and £,

..., 3,) the standard deviation of the signal noise is estimated to be:
1

1 2
k—m

>

> r

O'I:

(22)

where r, is the final fit residuum

= UDAQ(ti) = Upaglts T> P> @5 By -5 B)- (23)

Equation (22) considers the reduction of the degrees of freedom of the residuum by the number of fitted
parameters m. The determination of fitting parameter uncertainties from measurement data uncertainties is well
known for linear fits. But the nonlinear model demands the consideration of inter-parameter dependencies.
According to Burell*' the uncertainties g, .., of the determined fit parameters g; for this non-linear model can
be calculated as !
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2

5 k [m 1 9
O moise = 212 —€ii—Upaq(ti )] -
aj,noise e Pl ]laal DAQ\%i (24)
where the matrix ¢; is the inverse of the matrix ay:
k 2
_ 1|0 0
) =a; = —||=—Upaq(ts @) | - | = Upag(ts @) | — 1 Upaq(ts @)

jl 7l P 0_2 aaj DAQ\%i aﬂl DAQ\%i laﬂjaﬂl DAQ\%i (25)

The model derivatives of first and second order are estimated using finite differences.

The experimentally determined time-wavelength-relation D(t) is also subject to measurement uncertainty.
This uncertainty is similar to an uncertainty in the measurement times ¢, Solutions to this uncertainty problem
for nonlinear models are discussed by Cecchi®* under the assumption of uncorrelated uncertainties. But the
assumption of uncorrelated errors in the measurement time ¢; is not valid for this case since the deviations are
correlated by the function D(t). Hence the methods applied by Burrell and Cecchi need to be adopted to account
for this correlation. First an assumption concerning the correlation has to be made. One systematic source of such
a correlated error could be introduced by the determination of D(f). But the results for D(t) lead to no visible devi-
ations between measured absorption lines and HITRAN line positions. Even if a small deviation was present, the
method used for the determination of the instrument function is able to compensate small and constant devia-
tions in the wavenumber axis. A possible source for a stochastic error in the wavenumber axis is given by jittering
of the trigger signal for the data acquisition. A deviation in the trigger time would lead to a constant offset in D(¢)
as all measurement times ¢; would be shifted equally. This error source is assumed to be dominant. Therefore the
dispersion function is decomposed to

D(t) = Dy + D'(1). (26)

Only the constant offset D, is assumed to have an uncertainty, which leads to a constant and therefore directly
correlated offset in the wavenumber axis. With this definition D, becomes an additional parameter of the simu-
lated signal Upsq(ts a, Dy).

After a laser warm up phase of two hours for the NKT SuperK EXTREME EXW-12 no trigger jitter could be
measured within the resolution of the oscilloscope (LeCroy SDA 820Zi-A oscilloscope, 40 GSps, 20 GHz band-
width). Thus the uncertainty in D, is limited by the time step size respectively the sampling frequency. The func-
tion D(#) can be approximated as linear in the measurement window and the values of D, are assumed to be
uniformly distributed in an interval of the width gAt,, 1, With g defined according to equation (13). Hence the
standard deviation of D, is estimated to be?

1
UDO = ﬁgAtsampling‘ (27)

To determine the influence of the uncertainty o, on the resulting optimum parameters the implicit descrip-
tion of the fitting optimum?"??

8—Z=0, withj=1,2,...,m

da; (28)

is considered. This implicit description is differentiated with respect to D and yields (see?"?)

2 m 2
9z 02 08 _ i 12 \m
0a;,0D,  1Z0a/0a; 0D, (29)

With equation (20) and ;= o, equation (29) becomes

i":[ a, ]ﬂaUDAQ(ti) OUpaq(t) r'azUDAQ(ti)

0D, |iZ Oa; Oa; ! da,0a;

_ —Xkl OUpaq(t) Opag(t) raZUDAQ(ti)
8D0 Oa; ! (9(1]8D0 (30)

i= j

I=1

with j=1, 2, ..., m. As the derivatives of Up,q can again be estimated using finite differences, equation (30)
describes a linear equation system for the derivatives da;/0D,. With these derivatives the uncertainty in a;induced
by the uncertainty in D, can be calculated by classical error propagation as

2
0, p= % ok,
aj,D 8D0 D, (3 1)

Additionally the uncertainty due to the instrument function has to be considered. Thus the uncertainty in the
instrument function itself has to be calculated first. Because the determination of the instrument function itself is
a linear least square fit, the uncertainties o;;; can be determined with the classical uncertainty estimation for least
squares?!. These uncertainties are propagated to the actual model by the discrete convolution in equation (18).
The resulting uncertainty oy, of the model Up,q at the time ¢; regarding all uncertainties oy, is
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Figure 4. Example for the averaged raw data recorded by the oscilloscope. The measurement was performed in
a methane air mixture at an absolute pressure of 0.980 bar, a methane mole fraction of 18.1 %, a temperature of
295.6 K and an absorption path length of 367 mm.

€
2 2
0Gifi = E (Upaqti—poig)”-
U,if,i = DAQ\*i—1/%if,1 (32)

Similarly to the application of Burrell’s approach in the wavenumber uncertainty assessment, the differentia-
tion of the implicit equation (28) with respect to Up,q(t;) yields the equation system
Ja, ] 5 OUpaq(t) OUpag(t) . 9*Upaq(ty)

Oa; Oa; ! Oa0a;

OUpp(t;
_ 9o ’), withj = 1,2, ..., m.
Oa; (33)

11l OUpaqlt) )iz

This equation system is solved for the derivatives da;/OUp,q(t;) for 1 <j<mand 1 <i<k, which allow for the
calculation of the instrument function induced uncertainty g, ;;in each parameter a;:
s

2
8611 o
6UDAQ(ti) U,if,i| *

k

Uazj-,if = E

i=1

(34)

Now all three uncertainty components are known. The final uncertainty g, in parameter g; results from the
noise induced uncertainty o,
]

roise> the wavenumber axis induced uncertainty g, ;, and the instrument function
. J,
induced uncertainty T, if 35

2 2 2 2
a; aj,noise a;,D aif (35)

Data availability. All experimental datasets and evaluation results of this contribution are available on
request from the authors.

Experimental Validation

The theoretical derivation of the presented methods need to be applied to real measurement data demonstration
and validation. The first step is therefore the determination of an instrument function from 20 separate meas-
urements of methane. These measurements are carried out using the same setup as for the latter actual measure-
ments, without the need for additional equipment. After that, ten measurements of methane at ambient pressure
are evaluated. The low pressure ensures that the line shapes stay narrow. This way diode ringing and instrumental
broadening have an significant effect on the measured line shapes and thus need to be reproduced by the instru-
ment function. The ambient pressure measurements are therefore mainly used as a test bench for the instrument
function. After that ten measurements at a higher pressure of 8.732bar are evaluated. These measurements were
conducted with a methane mole fraction of 0.223. In combination with the elevated pressure this leads to some
wavenumber intervals being dominated by total absorption. This way two of the claims made for the presented
methods can be tested: evaluation at higher pressures and evaluation in case of partial total absorption. All meas-
urements were conducted at room temperatures as this is the simplest way to achieve homogeneous temperatures
in the absorption path.

Experimental setup. The spectrometer setup is equal to the one described and employed by Blume et al.!
and therefore only the most relevant parts are discussed here. The photo diode is a Newport Newfocus 1544-B-50
with a bandwidth of 12 GHz. The pulse response function of the photo diode is supplied by the manufacturer.
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Figure 5. Instrument function determined from measurements. The instrument function was determined
using SCLAS measurements with known absorber mole fraction, temperature and pressure and simulated
signals. The diode response function of the Newport 1544-B-50 was supplied by the manufacturer and is
normalized to the same peak height as the SCLAS instrument function for better visibility. The relative
wavenumber axis is valid for the spectral region from 5995cm ™! to 6145cm ™.

For the data acquisition a LeCroy SDA 820Zi-A oscilloscope with a bandwidth of 20 GHz at a sampling rate of 40
GSps is used. The oscilloscope is also employed to directly average over 9849 consecutive SCL pulses. An example
for the captured measurement is depicted in Fig. 4.

The measured methane is contained in a high pressure double-pass absorption cell with a total absorption
path length of 367 mm. The reference temperature is measured with a thermocouple of type E in the cell. For
room temperature measurements as they are conducted in this paper the combined reference temperature
uncertainty of thermocouple and measurement system is +2.9 K. The reference pressure is measured with a
Keller PAA-33X 0-10bar absolute pressure transducer with a measurement uncertainty of 5 mbar. To achieve
well-defined methane-air mixtures the gases were premixed in a larger mixing vessel, before filling the evacuated
measurement cell. This way the impact of insufficient mixing of the gases in the tubing is minimized. The refer-
ence values for the mole fraction were determined according to the pressure values in the mixing vessel. Therefore
the reference uncertainty of the mole fraction is dependent on the absolute pressure and is given separately for
each measurement.

Instrument function.  For the determination of the instrument function, measurements with high intensity
gradients and therefore narrow absorption lines are needed to be able to resolve the caracteristic behavior of the
high bandwidth photo diode. Hence measurements of pure methane at two pressure levels of 0.096 bar (abs.) and
0.497 bar (abs.) at a temperature of 295.5 K are used. Please note that the spectral resolution of the instrument is
in the order of 0.1 cm ™! !1. Thus Dicke-Narrowing can be neglected in this investigation. The noise induced uncer-
tainty of the determined instrument function decreases with the number of used measurements. For this evalua-
tion a number of 10 measurements per pressure level in the wavelength region from 5995cm™! to 6145cm™! are
used. For this wavenumber region the time-wavenumber-correlation D(¢) is determined by applying the method
described by Blume ef al.''. As temperature, pressure and mole fraction are known, only the background I, has
to be determined, to be able to simulate a corresponding theoretical spectrum. This background is determined
by fitting the whole model Up,q (Equation (16)) with variable background spline support points but fixed tem-
perature, pressure and mole fraction to the measurements. The maximum number of spline support points is
determined according to the maximum expected absorption line width v,,,, as explained in section 2.2. For a
mole fraction of 1, a temperature of 295.5K and a pressure of 0.497 bar, Av,,,, is 0.1473 cm™!. As the regarded
wavenumber range spans 150cm™!, Ay, allows 1019 spline support points at maximum. Such a high number
of support points would lead to a huge computational effort and additionally this estimation neglects the instru-
mental broadening of the line shape. Thus 80 equidistant spline support points are used for the background model
as this allows for a sufficient description of the SCL background fluctuations.

If this fit was processed without assuming any instrument function the background could easily get distorted
in the neighborhood of narrow absorption lines. Hence the yet unknown instrument function is roughly esti-
mated as a Gauss pulse with a FWHM of 170 ps during the fit. With the resulting background I, the simulated
signal Iy(H)e AL®-Ird is known and the linear equation system (19) can be solved in the least square sense. The
optimal number of non zero points in the instrument function was empirically determined to be 31, which is
eqivalent to yu = 15. The resulting instrument function and its standard uncertainty are depicted in Fig. 5. The
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SNR | TinK(o;inK) | pinbar (oyinmbar) | q(o,inppm)
SNR | T =295.6K p = 0.980 bar 4 = 0.1806
Inf 295.9 (0.00) 0.977 (0.0) 0.1812 (2)
100 | 295.8(0.72) 0.978 (8.3) 0.1810 (1484)
20 295.6 (3.74) 0.978 (44.4) 0.1811 (7775)
SNR | T =295.6K p = 8.732 bar 4 =0.2235
Inf | 295.6(0.00) 8.725 (0.1) 0.2236 (2)
100 295.6 (0.61) 8.724 (42.3) 0.2237 (875)
20 295.3 (2.43) 8.699 (220.8) 0.2241 (4349)

Table 1. Evaluation results of simulated signals for ambient and high pressure. The signals were simulated for
three different SNR values. Per pressure case and SNR value a series of ten measurements were evaluated. The
table shows the mean value and standard deviation of each series.

uncertainty of the instrument function was determined with the standard approach for linear least squares (see?!).
For an easier comparison the normalized diode pulse response is shown in the same figure.

As expected the determined instrument function shows a broadened pulse with a diode ringing artefact.
The diode ringing does not exactly match that of the manufacturer supplied diode transfer function. This can be
explained by the different input capacitances and impedances of the oscilloscopes used by the manufacturer and
in this work. The high speed photo diode amplifier system is very sensitive to these changes. Another important
difference between the diode response itself and the determined instrument function is the width of the actual
pulse. The increased width, compared to the diode response, is introduced by the duration of the SCL pulse.
Accordingly the small dip on top of the pulse represents another diode ringing artefact similar to the response on
a step function.

Thus the effects observable in the instrument function can qualitatively be explained. The suitability of the
instrument function for measurement evaluation is discussed in section 4.

Simulated measurements. Asalready mentioned the current work aims to develop and validate the eval-
uation algorithms while the problem of accurate line data will be approached in future studies. In order to be able
to differentiate between effects induced by the evaluation algorithms and effects induced by the line data, simu-
lated measurement signals are evaluated. These simulated measurement signals build on the same absorption line
data as the evaluation. Thus the corresponding evaluation results can be regarded as unbiased by inaccurate line
data. The simulation procedure is similar to the signal model described in the methods section. The only differ-
ence lies in the simulation of the initial intensity distribution. The real initial intensity distribution does not neces-
sarily follow the restrictions of the spline curve assumed in the model. Hence for the simulated signals differently
scaled and filtered random signals are summed in order to generate a background distribution similar to a real
signal. After applying the instrument function on the simulated signals, Gaussian white noise is applied to them
in order to achieve different signal to noise ratios (SNR). Here SNR is defined as the maximum difference between
a signal and the corresponding background without absorption divided by the standard deviation of the noise:

SNR = max( UDAQ, without absorption UDAQ, with absorption)/ Onoise (36)

SNRs of 20, 100 and infinity, which corresponds to zero noise, were simulated for both gas parameter sets
(ambient and high pressure). For each SNR and pressure level 100 simulated signals were evaluated. The mean
and standard deviation of each evaluation series are summarized in Table 1. Similar to the evaluation of the
experimental data in sections 3.4 and 3.5 the background model consists of 45 equidistant spline support points.
Further explanation of this choice is given in section 3.4. As expected the standard deviations in all parameters
increase with decreasing SNR. The simulations without noise (SNR = 00) still show small deviations in the mean
value. This is because the spline background model cannot fully represent the random background used in the
signal simulation. Nonetheless the resultant mean values do not show any relevant accuracy problems of the
evaluation procedure. Thus if accuracy problems are detected in real measurement evaluation the cause of these
problems can be devoted either to the line data or the instrument function.

Ambient pressure measurements. The experimentally determined instrument function is now applied
in the evaluation of methane-air-mixtures. To validate the quality of the instrument function ten ambient pres-
sure measurements at 0.980 bar, 295.6 K and a methane mole fraction of 18.06% are evaluated. The ambient pres-
sure ensures that the diode-ringing effects are still visible and therefore have to be described by the instrument
function in order to produce reasonable results. As the actual pressure is usually not known beforehand, a max-
imum pressure of 10 bar is assumed in order to determine the number of background spline support points. For
the methane absorption lines in the regarded spectral region this leads to a maximum FWHM of Ay, =2.96
cm ™. Thus with the spectral range spanning 150 cm ™! the maximum allowable number of equidistant back-
ground spline support points is 51. As this estimation is just a rule of thumb and does not regard effects like
superimposing absorption lines, the number of spline support points is chosen conservatively to be 45. Thus
temperature, pressure and mole fraction as well as 45 equidistant background spline support points are fitted to
the measurement data during the evaluation. The fitting result of one of the ten measurements is shown in Fig. 6.

SCIENTIFICREPORTS| (2018) 8:10312 | DOI:10.1038/s41598-018-28705-2 11



www.nature.com/scientificreports/

(@) ' ' )

0.05 [ | —%—measurement 0.05 1
model L
S = hackground. 4G
0.04 residuum 0.04 |
0.035 1 0.035
> 0.03 > 003
£ £
g 0.025 1 goosf
a a
2 002 1 = o002} 1
0.015 1 0.015 1
0.01 ] 001y b
0.005 1 0.005 1
0 Mm“mw 0 __/\———\,_.../\_/-\/\/w
6000 6050 6100 6113 6113.5 6114 6114.5 6115 6115.5 6116
vinem™! vinem'!

Figure 6. Evaluation of an SCLAS measurement at ambient pressure. Measurement of a methane-air-mixture
at 0.980 bar, 295.6 K and an methane mole fraction of 18.06% (reference measurement). (a) measurement signal,
fitted model and fit residuum in the evaluated spectral region. (b) detail view of the signal part marked in (a).

TinK 2956 | 2956 | 2956 |2956 |2956 |2956 |2956 [2956 |2956 | 295.6

TinK 3058 | 3058 [3047 |3037 |3035 |302.1 |3055 |3041 |3048 | 3043

orinK 291 360 | 331 | 337 | 304 | 298 | 317 | 312 | 328 336 | e |16
O o IN K 0.00 000 | 000 | 000 [ 000 | 000 | 000 | 000 | 0.00 0.00

Opein K 245 321 | 291 | 298 | 261 | 254 | 275 | 270 | 288 2.97

oryinK 1.58 163 | 159 | 158 | 155 | 155 | 158 | 157 | 158 1.57

 in mbar 980 980 980 980 980 980 980 980 980 980

pin mbar 989 1010 987 974 977 979 989 960 955 1002

0, in mbar 75.0 944 | 863 | 891 | 795 | 781 | 850 | 803 | 813 901 | o0 o
O poie in Mbar 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0o in mbar 74.3 935 | 855 | 882 | 787 | 773 | 841 | 796 | 805 89.3

0pyrin mbar 10.6 133 | 120 | 124 | 110 | 110 | 117 | 111 112 125

Gin% 1806 | 1806 | 18.06 | 18.06 | 18.06 | 18.06 | 18.06 | 18.06 | 18.06 | 18.06

qin % 1920 | 1888 | 1929 | 1953 | 1947 | 1937 | 1933 | 1987 | 2000 | 19.14

o,in% 133 160 | 155 | 165 | 146 | 142 | 153 | 154 | 157 158 | 0o s
O gmoise i % 0.16 018 | 018 | 018 | 017 | o016 | 017 | 018 | o018 0.18

Tgpoin % 131 157 | 152 | 162 | 144 | 140 | 150 | 151 1.54 1.55

gyin % 021 024 | 023 | 024 | 022 | 022 | 023 | 023 | o023 0.24

Table 2. Evaluation results of ten methane measurements at ambient pressure. The values T, pand g denote the
reference measurements. The value of o gives the standard deviation of the corresponding variable and o,
opo and oyraccordingly describe the contribution of noise, wavenumber and instrument function uncertainty to
0. The column standard deviation(STD) shows the empirical standard deviation of the measurement series.

The detail view in Fig. 6b shows a very good agreement in the absorption line shape. The diode ringing is also
visible in the right line shape wing with its steep incline and oscillation. While a small deviation in the ringing
overshoot is still visible, no strong impact on accuracy is to be expected as the actual line shape and broadening
are sufficiently reproduced.

The resulting values for temperature, pressure and mole fraction for the ten measurements are given in Table 2.
The table also includes the uncertainties of the values (neglecting HITRAN uncertainties).

The low pressure SCLAS evaluations show maximum temperature deviations of 10.2K (measurement 1 & 2)
from the reference measurement of 295.6 & 2.9 K. Nonetheless the temperatures determined by SCLAS only fluc-
tuate in a range of 3.7 K with a mean value of 304.4 K. The calculated precision uncertainties give values between
2.91K and 3.60 K. These uncertainties are mainly induced by wavenumber and instrument function uncertainty.
As the temperature was constant during the ten low pressure measurements, the determined temperature values
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Figure 7. Evaluation of an SCLAS measurement at elevated pressure. Measurement of a methane-air-mixture
at 8.732 bar, 295.6 K and an methane mole fraction of 22.3 % (reference measurement). (a) Measurement signal,
fitted model and fit residuum in the evaluated spectral region. (b) Detail view of the signal part marked in (a).

can be used to empirically estimate the precision uncertainty of the SCLAS evaluations using the empirical stand-
ard deviations over the ten measurements. Hereafter standard uncertainties estimated by the standard deviation
of the measurement series are called empirically estimated uncertainties while the standard uncertainties calcu-
lated using the approach presented in this paper are referred to as directly calculated. For the temperature meas-
urements this leads to an empirically determined standard deviation of 1.16 K. Therefore the directly calculated
precision uncertainty gives greater values but in the same order of magnitude as the empirically estimated ones.

The pressure results in the ambient pressure measurements 1 to 10 show a maximum deviation of 0.030 bar
from the reference measurement of 0.980 = 0.005 bar. The directly calculated standard uncertainties overesti-
mate the empirically estimated standard uncertainty of 0.017 bar but are still in the same order of magnitude.
Regarding the mean value of 0.982 bar and the standard uncertainty no relevant inaccuracy can be identified.

The mole fraction results in the ambient pressure measurements show a maximum deviation of 2.3% from the
reference measurement of 18.06 +0.5%. The directly calculated standard uncertainties overestimate the empir-
ically estimated value of 0.35% by a factor of four. But similar to the derived temperature, the mean value of
the mole fraction 19.42% deviates from the reference value of 18.06%. This behaviour is discussed in section 4.
Regarding the direct uncertainty estimation the uncertainties in all parameters are overestimated to a reasonable
degree, which can mainly be attributed to the wavenumber induced uncertainty.

High pressure measurements. Additionally to the ten ambient pressure measurements, ten high pressure
measurements at 8.732bar and 295.6 K of a methane-air-mixture are evaluated. The methane mole fraction of 22.3%
in combination with the elevated pressure leads to spectral regions with total absorption. As the pressure is not
assumed to be known beforehand, a maximum pressure of 10bar is assumed. Thus similar to the low pressure case
temperature, pressure, mole fraction and 45 background spline support points are fitted to the measurement data.

The fitting result of one of these high pressure measurements is shown in Fig. 7. The diode ringing is not visi-
ble because of the strong collisional broadening.

As visible in the detail view in Fig. 7 the model line shapes slightly deviate from measured shapes. The prob-
able reason for this are inaccuracies in the line data for collisional broadening and pressure induced line shift.
Compared to the low pressure measurements the fluctuations in the fitted background are significantly stronger.
These fluctuations can be explained with the strong absorption in these regions. As the received intensity signal
as well as the expected transmittance exp(—A) approach zero, (1) does not allow the determination of a definite
I,. As a result the fitted background in regions with strong absorption is not trustworthy. Nonetheless, the impor-
tant evaluation variables temperature, pressure and mole fraction are not affected by this. The derivatives of the
signal model Up,q with respect to these variables in regions of total absorption, are small compared to regions
with weaker absorption. Hence the influence of these variables on the cost function is very low in strong absorp-
tion regions. Thus the determined optimum of the cost function in these variables is not influenced by the total
absorption region but by the wings of the absorption lines, that still show moderate absorption.

The resulting values for temperature, pressure and mole fraction are given in Table 3 with their corresponding
uncertainties. The high pressure SCLAS evaluations (measurements 11 to 20) show maximum temperature devia-
tions of 17.5K (measurement 20) from the reference measurement of 295.6 +2.9K. Obviously the deviation from the
reference increased, while the fluctuation range of 1.0K decreased compared to the low pressure measurements. The
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Measurement 11 12 13 14 15 16 17 18 19 20 mean | STD
TinK 295.6 295.6 295.6 295.6 295.6 295.6 295.6 295.6 295.6 295.6

TinK 312.8 312.6 312.4 312.9 312.8 312.1 312.7 312.3 312.4 313.1

orinK 1.48 2.04 1.60 1.34 1.34 1.58 2.22 1.56 1.37 1.49 3126|031
O noise IN K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Orpoin K 1.37 1.95 1.49 1.21 1.22 1.48 2.14 1.45 1.26 1.38

oprin K 0.56 0.59 0.57 0.56 0.56 0.56 0.60 0.56 0.56 0.57

p in mbar 8732 8732 8732 8732 8732 8732 8732 8732 8732 8732

p in mbar 8604 8603 8534 8577 8563 8516 8590 8559 8551 8617

0, in mbar 198.7 303.9 2219 173.4 175.7 218.7 341.0 218.8 177.2 196.8 8571 15
O pnoise i Mbar 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0,00 in mbar 197.0 301.3 220.0 171.9 174.2 216.8 338.0 216.9 175.7 195.1

0,,rin mbar 25.8 39.6 289 225 229 28.7 44.5 28.6 229 25.7

qin% 22.35 22.35 22.35 22.35 22.35 22.35 22.35 22.35 22.35 22.35

qin % 24.38 24.43 24.47 24.49 24.55 24.59 24.40 24.46 24.50 24.39

o,in % 0.38 0.56 0.43 0.34 0.35 0.43 0.63 0.42 0.35 0.38 2447 | 007
O gnoise 101 % 0.08 0.10 0.09 0.08 0.08 0.09 0.11 0.09 0.08 0.08

040 in % 0.36 0.55 0.41 0.33 0.33 0.41 0.61 0.40 0.33 0.36

0,0 % 0.06 0.08 0.07 0.06 0.06 0.07 0.09 0.07 0.06 0.06

Table 3. Evaluation results of ten methane measurements at high pressure. The values f, pand g denote the
reference measurements. The value of o gives the standard deviation of the corresponding variable and o,
o and ojsaccordingly describe the contribution of noise, wavenumber and instrument function uncertainty to
0. The column standard deviation(STD) shows the empirical standard deviation of the measurement series.

directly calculated precision uncertainties give values between 1.34 K and 2.22 K while the standard deviation over the
ten measurements is 0.31 K. Thus the uncertainty is overestimated but still in the same order of magnitude.

The mean value of the pressure measurement in the high pressure case matches the reference pressure value to
within 216 mbar. The direct calculation of the uncertainty overestimates the standard deviation of the measure-
ment series, but still shares the same order of magnitude.

Similar to the temperature the mean value of the mole fraction deviates by 2.24% from the reference value and
the uncertainties are overestimated but in the same order of magnitude.

Summarized the high pressure case shows an overestimation of temperature and mole fraction similar to the
ambient pressure case. Additionally the uncertainties in all parameters are overestimated to a reasonable degree,
which again can be attributed to the wavenumber induced uncertainty. The reasons for this are discussed in the
next section.

Discussion

Ambient pressure measurements as well as high pressure measurements show reasonably good agreement in the
spectral line shape between model and measurement. Especially in the ambient pressure measurements the dis-
tortion of the line shapes and the diode-ringing is clearly visible and correctly depicted by the model.

Furthermore the pressures derived from the spectroscopic measurements match the reference pressure meas-
urements very well. These observations indicate a good quality of the estimated instrument function.

As already mentioned the temperature as well as the mole fraction value show a deviation in their mean values
from the reference values for both pressure levels. As it was shown in the evaluation of simulated signals the evaluation
procedure gives accurate results if the line data and the instrument function match the real values. Because the derived
temperature is mainly dependent on the ratio between the line strengths and the instrument function affects all absorp-
tion lines similarly, the more probable cause for the deviation in temperature is inaccurate line data. Additionally this
deviation in the temperature can also explain the deviation observed for mole fractions, as the methane absorption line
strengths in the regarded region decrease with increasing temperature. Therefore an underestimated temperature in
the fitting optimum leads to the compensation of the reduced line strength by an increased value for the mole fraction.
Thus the main reason for both deviations is most probably inaccurate line data. The pressure was determined accurately
in both pressure levels. This could only be achieved by the novel determination method for the instrument function.

The results of the uncertainty estimation show for both pressure levels a reasonable overestimation of the
empirical estimated standard deviations. This overestimation is mainly caused by the wavenumber axis uncer-
tainty while the noise and instrument function induced uncertainty alone would give a tight estimate of the
standard deviation. This can be explained as equation (27) is only a upper bound for the real trigger jitter which
can be significantly smaller. Therefore in order to get a tighter estimate the real trigger jitter in the measurement
system has to be measured. This demands a lot of effort in terms of equipment and setup as the data acquisition
used here already has a very high acquisition rate that has to be exceeded in order to lower the bound on wav-
enumber axis uncertainty. On the other hand neglecting the wavenumber axis uncertainty is not an option as
slight changes on the setup (e.g. longer trigger lines) can easily flatten the trigger edges and therefore introduce
a not neglectable trigger jitter. Thus the presented detailed uncertainty estimation gives reasonably conservative
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estimates of the precision uncertainty from a single measurement. This capability is important in many experi-
ments that can only be conducted a very limited number of times.

Conclusion

The current work provides a set of algorithms that facilitates the simultaneous evaluation of SCLAS measure-
ments in temperature, pressure and absorber mole fraction without recording an additional background meas-
urement, also at elevated pressures. An important part of this evaluation is the in-situ determination of the
spectrometer instrument function from low pressure measurements, without additional hardware. Only with
this fully specified instrument function the exact evaluation of pressures becomes feasible. In addition a detailed
statistical uncertainty propagation for several uncertainty sources and all evaluation parameters is proposed. This
enables the estimation of precision uncertainties of all parameters from a single measurement.

These algorithms are applied to methane measurements with an absorption path length of 367 mm at ambi-
ent pressure (0.980bar) and elevated pressures (8.732 bar). Especially the ambient measurements depict a very
good agreement with the determined instrument function. The resulting temperature, pressure and mole fraction
values match the reference measurements reasonably well for both cases. Furthermore the precision uncertainty
calculation results give a conservative estimate of the fluctuations observed in both measurement cases. Thus the
uncertainty propagation can be used to estimate the achievable precision of SCLAS measurements. The results
promise precision uncertainties of below 3K in temperature, below 50 mbar in pressure and below 0.4 % in
methane mole fraction for the regarded experimental setup. This shows the high potential of SCLAS as a multi
parameter line of sight measurement method.

Of course this potential can only be fully exploited with accurate line data. Therefore an important step to
the maturity of SCLAS is the derivation of more accurate line data or other spectrum models. Additionally the
simulation of absorbance spectra has to be optimized as the currently achievable evaluation time is limited by the
high computational effort of simulating several thousand absorption transitions.

The presented uncertainty estimation is limited to the measurement uncertainty without line data uncertainty
as it was only used as a measure of the achievable precision. By applying an analogous approach for the error
propagation of the line data, the total uncertainty of SCLAS measurements can be directly estimated. With these
enhancements SCLAS can be used as a valuable tool in research and development without the need for additional
reference sensors.
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