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Noise characteristics of single-shot broadband CARS signals

D. R. Snelling, T. Parameswaran, and G. J. Smallwood

Spectrally resolved measurements of noise in resonant nitrogen coherent anti-Stokes Raman spectroscopy
(CARS) are presented for three pump laser bandwidths. The experimental noise curves are compared with
those calculated from a simple model involving statistically independent Stokes modes. The sources of noise
in both resonant and nonresonant CARS spectra are discussed.

l. Introduction

Single-pulse broadband coherent anti-Stokes Ra-
man spectroscopy (CARS) has become an important
diagnostic technique,!-7 particularly for combustion
measurements of temperature and species concentra-
tion. The single-pulse (10-ns) capability is crucial for
the study of turbulent combustion environments such
as gas turbine combustors, internal combustion en-
gines, and turbulent flames.

Noise in the CARS signal limits the accuracy of these
single-pulse measurements; and pulse-to-pulse varia-
tion in the output of the broadband dye laser is the
predominant source of this noise. A picture of CARS
noise has emerged®® whereby the greater the number
of dye laser modes contributing to the excitation of the
CARS signal the lower the resultant CARS noise be-
comes. In particular, a model of dye laser noise based
on statistically independent modes with random
phases8® has recently been adduced9-12 to explain the
observed dependence of resonant and nonresonant
CARS noise®10 on the pump laser bandwidth. A spec-
tral dependence of the amplitude fluctuations ob-
served in the temporal profile of the broadband dye
laser has been proposed39.10 as an additional source of
noise. CARS pulses shorter than the laser intramode
beat periods may also lead to incomplete temporal
averaging.!?2 The benefit of lengthening the CARS
pulse has also been discussed.®

Calculations of average (spectral) noise levels in res-
onant (Raman resonant Nj spectra) and nonresonant
CARS spectra®1911 are in semiquantitative agreement
with experimental results.®810 1In particular it has
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been shown1%1! that the decrease in N resonant CARS
spectral noise with increasing pump laser bandwidth
(see Table I which is reproduced from Ref. 10) is attrib-
utable to the greater number of dye laser modes con-
tributing as the pump laser bandwidth increases.
Kroll et al.l! have developed a simple explicit semi-
quantitative model for estimating the average relative
noise of various broadband CARS techniques. We
have very briefly reported!® numeric calculations
where the CARS noise was obtained by computing the
quantity:

1/2
o= (Z <Ik>2) D, Y
k k

which represents8 the noise attributable to K statisti-
cally independent modes of intensity (I). InEq. (1),
o is the standard deviation, the () brackets indicate a
time average, and (I) = Z(I;). In this analysis the
following assumptions are made.812 The Stokes and
pump lasers are statistically independent. For pump
lasers with a finite bandwidth, the medium samples a
large number of fluctuations in the intensities in a
single-pulse CARS experiment. Therefore, the pump
laser may be crudely treated as a coherent source with
a constant intensity equal to the time average.

With the above assumptions the effect of the pump
laser can be included in the calculation of (I) by
convolving the monochromatic CARS intensity with
the appropriate pump laser bandwidth, and the noise
in the CARS spectrum can then be attributed to the
modes in the dye laser [Eq. (1)].

Spectrally averaged (15-cm~! bandwidth) values of
the fractional noise ¢/(I), calculated in this way,
showed the same trends as the experimental data in
Table I; however, the calculated values were somewhat
lower.1® The dye mode spacing was taken to be 0.01
cm~! (approximately the longitudinal mode spacing in
our dye laser), and the (I;) was calculated as the pump
convolved CARS intensities at the 0.01-cm™! interval
as modulated by the slit function.!0



Table l. Noise Statistics: Standard Deviation ¢ Expressed as Percent

Calculated for 15-cm™1 Bandwidth

Pump laser configuration

Multimode  Multimode
Spectrum type Single mode  (0.10cm™!)  (0.69 cm™1)
COq nonresonant -
spectra 6.6 8.4 9.1
Ny flame spectra
T = 1580 K 22.4(22.0) 16.1(15.6) 11.1(10.8)
The above values are reproduced from Ref. 10
Calculated for 70-cm™—! Bandwidth
COq nonresonant,
spectra 7.7 10.3 10.5

In this paper we present for the first time spectrally
resolved measurements of CARS noise for pump laser
bandwidths of 0.1 and 0.69 cm~! as well as single-mode
pump laser operation. The observed noise, with the
component attributable to detector shot noise sub-
tracted, is compared with theoretical calculations
based on Eq. (1).

Il. Results and Discussion

The theoretical noise was calculated on the basis of
Eq. (1) as outlined in the previous section. The dye
laser mode spacing was assumed to be constant, inde-
pendent of wavelength. An asymmetric Voigt instru-
ment functionl® was used to calculate the I; values
from the pump-convolved CARS intensities generated
at the assumed dye laser mode spacing. The theoreti-
cal CARS computer program used included the effects
of cross-coherence and collisional narrowing.’® The
summation in Eq. (1) was performed over all the I,
values falling under the envelope of the Voigt instru-
ment function, and ¢/(I) was calculated as a function
of frequency (cm~1). ¢/(I) calculated in this way rep-
resents the expected fractional noise (single standard
deviation) associated with a given detector element
(pixel) of the diode array tuned to that frequency.
The mode spacing (0.02 cm~1) was chosen to give the
best fit to the experimental single-mode data.

This is consistent with the method of calculating
noise from experimental spectra%!0 where we first di-
vide the individual spectra by an averaged spectrum
(to remove the dependence on diode sensitivity) and
then divide by the integrated intensity from all detec-
tor elements (pixels) in the analysis bandwidth. This
ensures that fluctuations in the spectrally integrated
CARS signal do not contribute to the measured noise
of individual pixels.519 It should be noted, however,
that the experimental noise defined in this way is a
weak function of the analysis bandwidth; for example,
a decrease in the analysis bandwidth from 70 to 30
cm™~! produced a 13% reduction in the measured non-
resonant CARS noise.®

The experimental CARS spectra were recorded in a
hydrogen/air fueled flat-flame burner for pump laser
bandwidths of 0.1 and 0.69 cm™! and for single-mode
pump laser operation.!® The method of calculating

the spectrally averaged noise has been discussed previ-
ously®10 where the quantity Y;;, which represents the
normalized CARS signal, is defined. iand j represent
the diode index and spectrum index, respectively.
The standard deviation of the spectra Y;; was calculat-
ed for each diode to yield a percentage noise N;, which
represents the shot-to-shot variability of the CARS
noise. This noise can be corrected for detector shot
noise by assuming that the detector shot noise compo-
nent op and the corrected experimental noise o¢ are
uncorrelated and give a net noise oy given by

o = o4 + ok 2)

We have previously measured the detector shot noise
component, which is given by0

o} = a2+ kC, (3)

where o3 is the dark noise and kC is the shot noise
component for a diode signal of C counts. Measured
values of oo and k19 were used to obtain the corrected
experimental noise o¢, which is plotted in the accom-
panying figures. At very low CARS intensities the
noise is dominated by detector shot noise, and the

* calculation of o¢ becomes uncertain as can be seen in

Figs. 1 and 2.

The single-mode pump laser noise curves are shown
in Fig. 1 with the experimental (400-pulse average)
CARS spectrum. A mode spacing of 0.02 cm~! was
chosen to give the best fit to the single-mode experi-
mental data, and the theoretical noise was calculated
for a temperature of 1550 K and 1-atm pressure, the
conditions appropriate to the experimental spectra.
The spectral shapes of the theoretical and experimen-
tal noise curves are quite similar. In particular, the
observed spectral coincidence of noise peaks with
peaks in the CARS spectrum is predicted by theory as
is the falloff in noise in the lower intensity regions of
the CARS spectrum beyond the V = 1-0 bandhead and
in the vicinity of the 3-2 band. Itisinteresting tonote
that both the theoretical and experimental noise spec-
tra exhibit considerably more modulation than do the
corresponding CARS spectra. Heuristically, the noise
peaks can be thought of as resulting from fewer dye
laser modes contributing to the summation in Eq. (1)
due to the discontinuous narrow (typically 0.03-0.05
cm~!) Raman resonances in the pump laser convolved
CARS spectrum. Inthe lower intensity regions of the
CARS spectrum, where the nonresonant contribution
is more important, the pump laser convolved CARS
spectrum is relatively more continuous leading to the
participation of many more dye laser modes in Eq. (1).
In the limit of a continuous featureless nonresonant
spectrum the theoretical noise becomes 7.9% indepen-
dent of frequency and pump laser bandwidth. Thisis
in good agreement with the experimental value of 7.7%
obtained from nonresonant CARS spectra using a sin-
gle-mode pump laser and an analysis bandwidth of 70
cm™! (Table I). (As noted above and observed previ-
ously® the experimental noise is a weak function of the
analysis bandwidth.) Thus the experimental noise
observed in both the resonant N, flame spectra and the
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Fig. 1. Top: CARS noise (single standard deviation) for single-
mode pump laser: dotted curve, theoretical; solid curve, observed.
Bottom: 400 pulse average single-mode CARS spectrum. The
theoretical calculations were based on an assumed dye laser mode
spacing of 0.02 cm™~1, The equivalent width of the asymmetric Voigt
instrument function used in the calculations was 1.89 cm™~1.

nonresonant CO; spectra are in satisfactory agreement
with Eq. (1) if a dye laser mode spacing of 0.02 cm™1is
assumed.

The limited number of previous comparisons of cal-
culated and observed noise®1%!1 have used spectrally
averaged values. The structure in the spectral noise
curves (Figs. 1 and 2) indicates the importance of spec-
ifying the exact bandwidth in such comparisons.

The experimental and theoretical noise curves (us-
ing the same 0.02-cm™~! dye laser mode spacing as-
sumed for the single-mode pump laser comparison) for
pump laser bandwidths of 0.1 and 0.69 cm™! are shown
in Fig. 2. The 0.1-cm~! results are in satisfactory
agreement, but, for the larger pump laser bandwidth,
the calculated curve underestimates the observed
noise. That there is an additional source of noise in
the CARS spectra to that represented by Eq. (1) is not
surprising, since this equation predicts the noise in
nonresonant CARS spectra to be independent of laser
bandwidth, which is in disagreement with the experi-
mental data reproduced in Table I. From a more
detailed analytic analysis, Hall and Greenhalgh!? also
conclude that the noise in nonresonant CARS spectra
should be largely independent of pump laser band-
width. However, the assumption of uncorrelated
pump and Stokes laser beams inherent in this analysis
and in the derivation of Eq. (1) may be invalid for the
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Fig.2. Theoretical (dotted curve) and observed (solid curve) CARS
noise (single standard deviation). Top: 0.10-cm~! multimode
pump laser. Bottom: 0.69-cm~! multimode pump laser. The the-
oretical calculations were based on an assumed dye laser mode
spacing of 0.02 cm™1. The equivalent width of the asymmetric Voigt
instrument function used in the calculations was 2.04 cm™1.

multimode pump laser results in Fig. 2. Infact, inten-
gity correlations have been observed between the
Stokes and pump lasers in that the temporal profile of
the Stokes laser attempts to follow that of the multi-
mode pump laser.6 These correlations between the
temporal profiles of the pump and Stokes lasers, which
vary over the Stokes spectral profile, have been ad-
duced36910 to explain the observed increase in the
nonresonant CARS noise with increasing pump laser
bandwidths.

The dye laser used in our experiments is an oscilla-
tor/amplifier configuration with an amplifier gain of
~4. Both the oscillator and amplifier are pumped
slightly off-axis. The high-gain near-saturated ampli-
fier, which dominates the output of our dye laser, has a
temporal profile that follows that of the pump laser.®
We have observed® a spectral dependence to the
Stokes laser temporal amplitude profiles which can
account for one source of noise. The temporal behav-
ior of the Stokes laser may be a function of the pump-
ing geometry,!? which can vary from one CARS system
to another.

We can estimate this temporal contribution to the
observed nonresonant noise by assuming that the sin-
gle-mode noise is attributable to mode noise only [Eq.
(1)] and subtracting this component from the multi-
mode noise. Assuming that the temporal o7 and mode



noise o contributions are uncorrelated the net noise
oy is given by

0% = o3+ o 4)

For the 70-cm~! bandwidth o7is 6.7% (0.1-cm~! multi-
mode pump laser) and 7.1% (0.69-cm~! multimode
pump laser).

This temporal noise component can also qualitative-
ly account for the differences observed between the
calculated and theoretical spectra in Fig. 2. While a
detailed comparison is not warranted, Eq. (4) can be
used to obtain the net calculated noise with the values
of o given above. It can be readily shown that this
would increase the calculated noise by 1-2% (0.1-cm™1
multimode pump) and 2-3% (0.69-cm~! multimode
pump) in the central higher-intensity region of the
CARS resonant spectrum. This would improve the
agreement between calculated and observed noise,
particularly for the 0.69-cm™! data.

Returning to the question of mode noise as repre-
sented by Eq. (1) we can see that, although the spectral
forms of the theoretical noise curves are in good agree-
ment with the single-mode experiment, the absolute fit
was obtained by selecting a Stokes (dye) laser mode
spacing of 0.02 ecm~l. It has been suggested that
CARS generation is dominated by the longitudinal
TEMg modes.?13 The longitudinal mode spacing in
our dye laser®19 ijs ~0.009 cm™1 or about one-half of the
mode spacing assumed to fit the data in Fig. 1. By
deliberately inducing some spherical aberration in the
dye laser we observed a drop in noise that was attribut-
ed to the greater participation of higher-order trans-
verse modes in the CARS generation with the aberrat-
ed beam.! The contribution of these higher-order
modes in the absence of deliberately induced aberra-
tion is unclear. However, their participation in the
CARS generation would further increase the discrep-
ancy noted above. The larger Stokes laser mode spac-
ing required to fit the data in Fig. 1 may result from the
systematic absence of modes in the dye laser output.
A more likely explanation is that mode correlations,
such as those observed in a multimode pulsed dye
laser,4 may also contribute to the reduction in the
effective number of independent modes contributing
to Eq. (1). These mode correlations have been inter-
preted in terms of a simple model that calculates the
effect of gain competition on the modes.!*

While the above results show that at atmospheric
pressure the single-mode resonant spectra are consid-
erably noisier than the 0.69-cm~! multimode spectra,
this difference is expected to decrease with increasing
pressure. The broadening of the Raman resonances
leads to the contribution of a greater number of Stokes
laser modes, and, in the limit of completely overlap-
ping lines, the number of modes contributing is inde-
pendent of pump laser bandwidth. The effect of pres-
sure on the calculated single-mode noise is
demonstrated in Fig. 3 where theoretical noise curves
are shown for pressures of 1 and 5 atm. It can be seen
that, as expected, there is a dramatic decrease in noise
with increasing pressure down to a level approaching
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Fig.3. Theoretical CARS noise for single-mode pump laser: solid
curve, 1 atm; dot—-dash curve, 5 atm. The theoretical calculations
were based on an assumed dye laser mode spacing of 0.02 cm™1.

the 1-atm 0.69-cm™! pump laser bandwidth results
shown in Fig. 2. The calculations show that there is
little difference between the single-mode and 0.69-
cm~! multimode noise at 5-atm pressure.

. Conclusions

We have shown that the spectral form of the CARS
noise with varying pump laser bandwidth can be inter-
preted in terms of Stokes laser mode noise [Eq. (1)] and
an additional term, which we have attributed to tem-
poral variations in the multimode laser pulses. The
Stokes laser mode spacing, which is required to fit
calculated and experimental noise curves, is about
one-half of the expected longitudinal mode spacing in
our Stokes laser and may be indicative of missing
modes or, more likely, of mode correlations, which
reduce the number of independent modes. While the
results indicate that at atmospheric pressure a multi-
mode pump laser will lead to substantially lower noise
in resonant nitrogen CARS spectra, the advantage
over a single-mode pump source is greatly reduced at
higher pressure (5 atm). At higher pressures, as the
Raman spectrum becomes less structured, the reso-
nant nitrogen CARS spectral noise is expected to ap-
proach the nonresonant limit where a single-mode
pump source now leads to lower CARS noise.
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