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ABSTRACT

In spite of these properties, an intrinsic spatial integration prevents from quantitative investigations of turbulent
flows.
Rayleigh scattering based methods are alternative techniques which can meet all the above-mentioned requirements. These methods rest upon the analysis of laser light
scattered by the molecules that constitute the flow, thus
no seeding is needed. In principle, the intensity of the
scattered light is linearly related to the local flow density, and the spectral analysis of this light makes the measurement of the local temperature, and velocity achievable. These two approaches can either be time resolved,
or not. Examples of time-resolved density measurements
are given in [13, 16, 11, 12, 8, 9], and spectral analysis
in [17, 5, 6].
The present study focuses on density measurements,
the spectrum of the light will not be analysed. The objective is to describe the validation process of a new
Rayleigh scattering bench. After the Rayleigh scattering
theoretical aspects are described, the experimental setup, and the specificity of this particular bench concerning
data acquisition will be discussed. Then, the validity of
the measurement system will be analysed though some
validation tests, and some results will be provided in a
final section.

A Rayleigh scattering based system intended for measuring flow density is set-up in an anechoic wind tunnel.
This measurement method is non-intrusive and offers an
attractive perspective for aeroacoustic applications. The
results provided by the present bench agree well with theoretical expectations in clean air, but a high sensitivity
to the presence of dust particles in the flow is encountered. The wind tunnel is therefore equipped with an air
filter. A post-processing method is also applied to clean
up signals from dust particle detections. Mean and fluctuating density profiles are measured in a Mach 0.9 jet.
The strong influence of the shot noise that is intrinsic to
this measurement technique, is pointed out. A method using a single light-sensor is developed to reduce this suprious noise, and results are compared with the Panda and
Seasholtz [11] method that requires two sensors.

1.

INTRODUCTION

Aeroacoustic studies generally involve high speed flow
and large scale facilities. Beside this first consideration,
measurement techniques must be as non-intrusive as possible for preventing the generation of any spurious sound
induced by the flow alteration. Instrumentation systems
that comply with these restrictions are limited in variety.
Statistical flow properties can be obtained through PIV
(Particle Image Velocitmetry) or LDV (Laser Doppler
Velocimetry) which are generally not considered as intrusive [14, 4, 3, 1]. Nevertheless, they require the use
of seed particles of which inertia introduces biases when
measuring flow containing high normal or shear stresses.
Even though those issues can be partially avoided by correction procedures, they are in general not well enough
time-resolved for high speed flow, and therefore not eligible for problems requiring time series such as crosscorrelation computations. Optical deflectometry based
techniques are other approaches that do not require any
flow seeding, and that can be sampled at high frequency.

2.

RAYLEIGH SCATTERING THEORY

Rayleigh scattering is a process whereby light is scattered
by particles much smaller than the wavelength of the incident light. For the measurement of air density, the scattering particles are the molecules contained in air, and the
incident light source is a linearly polarised laser beam. If
the laser wavelength λ is in the visible range, the particles are about thousand times smaller than λ which fully
meet the hypothesis.
This light scattering process is commonly refereed to
as an elastic process, involving no loss of energy in terms
of electromagnetic radiation. However, the scattered part
of the energy is spread on a spectrum wider than the inci1

λ
∂Ω
Vsc
Ii
∂ σ /∂ Ω
NA /(hcM)
Φ
QE

dent one. This broadening mostly depends on the temperature for a given type of particle. The motion of the particles relative to the observer also introduces a Doppler
shift onto the spectrum. These two effects are described
in more details in [7], and in [18] with historical perspectives. They allow throughout a spectrum analysis for
measuring the temperature and the bulk velocity of the
gas in the probed volume. The measure of density rests
upon the power of the light Ps scattered by a volume of
gas, in comparison to the incident power. Ps is actually
the net power resulting from the contribution of all individual molecules, and is therefore related to they concentration, hence to the density. Otherwise, the power scattered by a single molecule Psi undergoing a laser beam of
intensity Ii in W/m2 , into a solid angle ∂ Ω, and with an
angle φ between the observer and the electric field of the
incident light, can be calculated by introducing a differential scattering cross section ∂ σ /∂ Ω
Psi =

∂σ
∂ Ω sin2 (Φ)Ii
∂Ω

∂σ
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provided in [15], and summarized up in table 1 with the
other required quantities. For a density of 1.2 kg/m3 , Φd
Φd = 4.2 × 107photon/s

ρ NA
M
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Noting that the energy of a photon is hc/λ , with h the
Plank constant, and c the speed of light, the scattered
power can be turned into a photon flux. By taking into account the quantic efficiency of the photo-sensor QE which
corresponds to the ratio of the number of detected photons by the number of all incoming photons, the flux of
detected photons Φd in photons/s is
Φd = QE

λ NA ∂ σ
∂ ΩVsc ρ sin2 (Φ)Ii
hc M ∂ Ω

EXPERIMENTAL SET-UP

The Rayleigh scattering bench here presented is designed
to operate in the anechoic wind tunnel of the Centre for
Acoustics in École Centrale de Lyon. This room is acoustically treated by using glass fibre, so the dust concentration is high inside. That is not really compatible with
Rayleigh scattering measurement requiring air as clean
as possible. This problem is avoided by using a coaxial
wind tunnel shown in Fig. 1. An inner nozzle of 38 mm
in diameter is fed by a compressor equipped with an air
dryer. An outer nozzle of 200 mm in diameter is used at
low speed to provide a clean environment for the jet to develop in. These two air supplies are equipped with HEPA
air filters. The measurement system is mainly composed
by a 532 nm continuous 5 W laser, a collecting optic and
a beam dump. In addition, the laser beam passes across
a half-wave plate which makes possible rotating the electric field direction. A plane mirror is also used to direct
the beam toward the desired direction. The light scattered in the probe region is collected by a 160 mm diameter and 750 mm focal length lens. A second convergent
lens focus the light toward a 1 mm by 200 µ m slit which
delimit a cylindrical probed volume of diameter 1.5 mm
and heigh 0.3 mm. A photomultiplier is installed behind
the slit to convert light intensity into electric signal. The
acquisition system is a major advancement of this system
in comparison with ones already described in the literature. This point is therefore discussed in detail in the next

(3)

where NA is the Avogadro constant.
The scattered power Ps is finally written as
Ps =

(6)

This estimation is valid for pure air, but is almost not
influenced by other contaminants such as water vapour
because it represents a very small mass fraction. However, as soon as vapour condenses to form droplets, the
Rayleigh theory cannot handle any more such large particles, and Mie theory must be employed instead. This
large diameter is associated with a drastic increase of the
scattering cross section, so the flux of photons will be increased in the same proportion. The same event occurs
when a dust particle passes across the probed volume. As
an example, after Mie theory, a spherical particle of diameter 1 µ m scatters hundred times more light than all
molecules of the probed volume.

and the numeric density N of a gas of density ρ and
molecular mass M is
N=

nm
sr
m3
W/m2
m2 /Sr
−1 −1 −1
J m kg
rad

Table 1: Typical value of the Rayleigh scattering bench
requiered for estimating the photon flux (5).

The differential scattering cross section is specific to a
given type of particle, and may depends upon the direction of observation with respect to the beam path for a non
spherical particle. The total power scattered into ∂ Ω can
be calculated as the sum off all individual contributions.
For a gas of numeric density N and a probed volume Vsc ,
Ps is given by
Ps = NVsc

532
3.1 × 10−2
2.3 × 10−10
3.8 × 106
5.9 × 10−32
1.0 × 1050
π /2
0.4

(5)

This equation highlights the linear relation between the
detected photon flux and the density. Therefore, the density can be deduced by measuring the photon flux.
It is possible to estimate the flux expected for the parameters of this study, and by assuming air is made of 20%
of oxygen, and 80% of nitrogen. The differential scattering cross section of air is calculated from the sum of the
differential scattering cross sections of oxygen and nitrogen weighted by the molecular fraction. These values are
2

Figure 1: Schematics of the Rayleigh scattering system, and the corresponding photography. (1) Laser head, (2) half-wave
plate, (3) mirror, (4) beam dump, (5) collecting optic. ~E denote the electric field direction.
section.

4.
4.1

domness is governed by a Poisson law, so the properties
of such a law apply on the number of counted photons.
The relevant property is the equality between the photon
counted from a fixed flux and the variance of this number.
This lead
√ to define a floor of the signal to noise ratio equal
to 1/ Φd dt, thus the photon flux should be maximized.
According to these constrains, the choice of not using
such a photon-counter is made. Instead, the photomultiplier output signal is digitised directly, and the photon
counting is performed from times series of this signal
during post-processing. The digitiser is chosen to be able
to digitise few millivolts signals at a rate high enough to
capture 2 ns pulses. The National Instrument high speed
PXIe 5160 meets all the specifications, and is therefore
chosen. The maximum sampling rate of this system is
2.5 GHz, with a cut-off frequency of 500 MHz. But to
improve the record length, it is limited to 1.25 GHz for
maximum 0.86 s records. The pulse pair resolution of
this system has been estimated from measurement to be
2 ns, that is a limitation attributable to the pulse width.

DATA ACQUISITION
Data-acquisition chain

The first element of the data-acquisition chain is a photomultiplier which converts the collected light flux into
an electric signal. Many types of photomultiplier exists,
and can first be categorised as voltage and current output types. Voltage output types contain a built-in transimpedance amplifier that limit the bandwidth of the sensors. These sensors are used to measure an analog voltage signal representative of the light intensity. Current
output types sensors are in general faster and are suitable
for single photon counting, which is useful for measuring
very low light intensity. In this mode, each detected photon is converted into a short current pulse. A Hamamatsu
H7422P-40 type photomultiplier is selected for its short
rise time of 1 ns and its fairly high gain of 106 , meaning
one photon detection turns into a 106 electrons pulse. The
pulses are then counted to estimate the photon flux, hence
the density from Eq. (5). In all Rayleigh scattering system of our knowledge, the output of the photomultiplier
is connected to a photon-counter, via an transimpedance
amplifier if needed. These devices are set to count the
number of photon-detections in successive time windows
of a predetermined duration ∆t to generate a time series
of the photon flux at a frequency facq = 1/∆t. However,
a dead time, known as pulse pair resolution τ , arises after
all photon counting, which prevent for counting another
photon during this period of typically 5 to 25 ns (models Stanford Research SR400 and Hamamatsu C9744).
The pulse pair resolution becomes a problem when the
photon flux increase, because the probability for two detections to be spaced by less than the pulse pair resolution increase. This introduces a non linearity between the
counted photon flux Φ and the detected photon flux Φd .
Besides, an intrinsic uncertainty comes out when counting photons. This is the so-called shot noise that results
from the randomness of photon time arrival. This ran-

4.2

Photon flux estimation

The estimation of the time evolution of the photon flux
is performed by counting the number of photon detected
during successive time intervals. The length of these intervals defines the sampling frequency of the flux. The
first step of this process is to define a way of identifying
the signature of photon detections in the digitised photomultiplier output. An example of a digitised signal is
provided in Fig. 2. The detection signature demarcates
well from the electronic noise. The identification of photon arrival is therefore simply done by marking the local
maximum of the signal that are greater than a threshold.
The date of arrival of each photon is then stored in a tabular. At this point no sampling frequency has been defined,
and that is a major advantage of this counting technique in
comparison with commercial counter way. Since all photon detections are indexed, it is straightforward to define
a desired sampled frequency and to allocate the detected
photons into the right bin.
3
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Figure 2: Time series of the photomultiplier output signal digitized at 1.25 GHz. The red solid line indicates the
noise threshold and red circles marks the counted photons.

(Φd dt)n −Φd dt
e
n!

and the probability for counting a photon is equal to the
probability of detecting no photon during the pulse pair
resolution p(0, τ )
(8)

The aim is to determine Φd from the measured flux Φ.
Hence, it is necessary to invert Eq. (8) which is possible
by using the W Lambert function. However, the correction function is commonly use in a different form. The
Taylor expansion of Φ is
Φ = Φd e−Φd τ = Φd − τ Φ2d + Φ3d ε (Φd )

(9)

By noting that equation (9) is the Taylor expansion of
Φd
= Φd − τ Φ2d + Φ3d ε (Φd )
1 + τ Φd

(10)

and that Φd τ is small, one has
Φd ≃

Φ
1−Φ

(11)

Φd τ is typically equal to 0.1. This induces a 0.44% relative error on the correction process.

4.3

6

8
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a time history of this flux measured in a high speed jet
is provided in Fig. 3. This plot is representative of all
Rayleigh scattering records. It can be divided into four
components. An average component linearly related to
the average flow density, a fluctuating part related to density fluctuations, a fluctuating part induced by shot noise,
and spikes corresponding to dust particles passing across
the beam. Actually, the record is taken in the potential core the jet, where density fluctuations are very low,
therefore the fluctuations visible in this graph are almost
fully due to shot noise, and cannot be removed by signal processing. However, the dust spikes exhibit recognisable features, and their incidence on the density result
can be distinctly reduced by post-processing.
The dust spike removing process takes advantage of
mainly two features of these spikes: they all consist in
an excess of photons, and they minimum time width can
be estimated from the local speed of flow and from the
beam diameter. They are also in general of high intensity,
but due to the Gaussian shape of the beam, some particles may be lighted up by residual laser light close to the
beam. For the same reason, the width of the spike can
decrease if the particle does not pass through the center
of the beam. The first step of the process is to estimate
the required sampling frequency of the photon flux to ensure spikes are made of more than one sample. In fact
in this case, clean signal can be hidden by the spike because the time resolution is not large enough. Since this
frequency is defined, the signal is sampled thanks to the
method described in Sec. 4.2. Then the histogram of the
flux is calculated. The lower half part of the histogram
is assumed not to be affected by spikes. Because shot
noise is dominant, the shape of the half histogram is a
half Gaussian curve from which is determined the standard deviation, and the average. A threshold is defined to
be 2.5 standard deviation above the average, and all samples of values higher than the threshold are replace by
a random number taken from a distribution of the same
average and same standard deviation. The choice of replacing the corrupted samples by random signal will be
justified in Sec 6.3 for the estimation of fluctuations. An

(7)

Φ = Φd p(0, τ ) = Φd e−Φd τ

4

Figure 3: Photon flux sampled at 200 kHz measured on
the centreline of a high speed jet.

It is mentioned in the previous section that there is a
deficit of counted photon flux Φ in comparison to detected photon flux Φd due to the pulse pair resolution of
the system. The relation between these two values can
be determined since the probability to detect a photon
within a time interval dt follows a Poisson law of parameter Φd dt, therefore, the probability of detecting n photons
during dt is
p(n, dt) =

2

Signal post-processing

The time evolution of the photon flux is expected to represent the time evolution of the density. An example of
4
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Figure 4: Post-processing dust spike removing effect. In
red the raw signal, and in black the cleaned signal.
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Figure 5: Standard deviation of a signal sampled at 200
kHz (∆t = 5 µ s) against the square roots of the same signal

illustration of the efficiency of this signal cleaning process is presented in Fig. 4.

5.

5

fidence with regard to the captured phenomenon. The
measured flux is only 10% lower than the estimated flux.
The dependency of Φd to the polarisation angle φ is
compared with theoretical behaviour in Fig. 6(b). Experimental data superimpose well on a sin2 shaped curve
offseted by flux similar with the laser off flux. This is also
an argument confirming that the measured phenomenon
is related to Rayleigh scattering, in fact, the scattering of
larger particle is less dependent upon the polarisation angle [2].
The last validation concerns the relation between the
collected flux, and the density. This required to control the density, which is not straightforward. Panda and
Seasholtz [10] proposed a method taking advantage of
compressibility effects in high speed jets. By assuming
isentropic flow, the density ρ j in the potential core of a
jet can be related to the jet Mach number M j if the total pressure P0 , the ambient pressure Pamb , and the total
temperature T0 are known

VALIDATION

The validation tests conducted to check if results are
in accordance with theoretical behaviour predicted in
Eq. (5) are now presented. Since the gas properties, the
collection optic, the laser wave length, and the quantum
efficiency of the sensor are fixed, the remaining variables
are the laser intensity, the polarisation angle, and the density.
Another property to check is the Poissonian distribution of the photon flux. Contrary to the above-mentioned
quantities proper to Rayleigh scattering, this test aims at
assessing the counting method, but will not provide information about the nature of the collected light. Poisson
distribution imposes the standard deviation of a variable
to equals the square root of the mean value of the same
variable. Here the variable is the number of photon per
time window ∆t, and it is expected that
p
(12)
σΦd ∆t = Φ̄d ∆t

ρj =

P0 P0 −1/γ
(
)
rT0 Pamb

(13)

where r is the specific gas constant, and γ is the specific
heat ratio. The wind tunnel apparatus allows for measuring all the required inputs, and the isentropic assumption
is considered as true while M j < 1, thus the photon flux is
measured for several Mach number to provide the results
shown in Fig. 7. This validation test also provides the
constants of calibration a and b of the measuring bench.
In fact, the linearity is experimentally observed, and relate ρ to Φ by

where σΦd ∆t is the standard deviation of a flux sampled at
facq , and the top bar represents the time average. These
two quantities are computed from the flux signals obtained for different laser powers, sampled at 200 kHz during 0.8 s, and the linear relation between them is validated
in Fig. 5. The photon-counting method is therefore considered valid.
The relation between the counted photon flux and the
laser intensity is presented in Fig. 6(a). After the flux is
corrected by considering a 2 ns pulse pair resolution, the
expected linear dependency between these two quantities
is well verified. However, an offset of 1.7 × 105 photon/s
is measured while laser power is zero. This offset corresponds to the contribution of the stray light inside the
anechoic room. The agreement between prediction of the
flux at 5 W deduced theoretical point of view in Eq. (6),
and the experimental measurement provides a strong con-

Φ − b Φ − 1.7 × 105
=
(14)
a
3.3 × 107
Nevertheless, the measured quantity is not directly the
flux but the number of photons per time window Ni =
Φi ∆t where i denote the ith time window, and Φi is the
average flux during this same time window. A time depend ρi is thus defined

ρ=

ρi =
5

Ni − 1.7 × 105∆t
3.3 × 107∆t

(15)
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Figure 6: Validation of measurements obtained in air at ρ = 1.2kg/m3. (a) the Photon flux is measured for various laser
power. (b) the photon flux is measured for different polarisation angle at laser power 0.3 W. + counted flux, ◦ corrected
flux, · · · best fitting curve.
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efficient due for instance to a slow change of stray light
incoming into the anechoic room.

107
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6.2

Fluctuations

4.2

The root mean square fluctuations of the density are cal′
of n
culated from the root mean square fluctuation Nrms
samples of Ni

4
3.8
1.15

′
Nrms
=

1.2
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(16)

′ can be converted
with N̄ the mean value of Ni . Then, Nrms
′
with
in density fluctuations ρrms

1.4

Figure 7: Calibration curve of the photon flux against the
flow density.

6.

1 n−1
∑ (Ni − N̄)2
n i=0

′
ρrms
=

′
Nrms
3.3 × 107∆t

(17)

However, it is mentioned in the previous section that shot
noise is a fluctuating contribution of variance equal to N̄,
which should be removed. The variance of Ni is the sum
of the variances attributed to the shot noise Var(NSN ), and
to the aerodynamic fluctuations Var(Na ).

MEASURMENT

Profiles of density are measured in a Mach 0.9 round jet at
5 axial locations. The total temperature of the jet is 300 K
and is exhausted into 289 K ambient air at an atmospheric
pressure of 981 hPa. The nozzle diameter is D = 38 mm.

′2
Var(Ni ) = Nrms
= Var(NSN ) + Var(Na )

(18)

But since Var(NSN ) = N̄, and Var(Na ) = Na′2rms , one has

6.1

Time averaged

q
′2 − N̄
Nrms

(19)

p
′2 − N̄
Nrms
=
3.3 × 107∆t

(20)

Na′ rms =

The mean density profiles are presented in Fig.8 (a). Each
point is calculated from a 0.8 s record of the photon flux
turned into density according to the calibration given in
Eq. (14). The profiles are compared with semi-empirical
predictions based on the Crocco-busemann relation described in [10]. It is first worth noting that shapes of
the measured and the predicted profiles are very similar.
Nevertheless one may observe that profiles at z/D = 2
and 3 are just bellow the prediction, whereas others are
slightly above. This is observed even outside the jet
where temperature is directly measured, so where the uncertainties on density are the lowest. This discrepancies
is most likely to be explained by a drift of calibration co-

and finally,

ρa′ rms

′
The profiles of ρrms
and ρa′ rms are presented in Fig. 8.
There is a noticeable decrease of the fluctuating level consecutive to the shot noise removing. Nevertheless, there
is still an unexpected level of fluctuations inside the potential core of the jet. Profiles at z/D 2, 3, and 4 that
cross the potential core exhibits the same level of about
0.04 kg/m3 , that is to say about half the maximum level of
fluctuation. Fluctuating velocities measured in the same

6

jet are found ten times lower in the potential core than in
the shear layer. These spurious density fluctuation may
be the consequence of water droplets that condensate inside the jet due to the expansion, and that would increase
the number of particles crossing the laser beam.

Since shot noise related terms are random, the average of
the product involving shot noise is zero, and if m is large
enough, shot noise contribution can be neglected, so

6.3

and

|PN1N2 ( f )| ≃ |FN j FN j ∗ |
1A

Density fluctuation spectra

|Pρ 2 ( f )| ≃

A classical mean to measure density fluctuation spectra is
to apply the Welch’s method on times series of the signal.
Performing such an analysis to time history of photon
flux would reveal the dominance of shot noise. This spurious white noise imposes a noise floor preventing from
observing low level of fluctuations. This noise floor can
be estimated by considering the shot noise as white noise.
If the power spectral density of the shot noise is PN 2 , then
SN
for Parseval identity
Z facq
0

PN 2 d f = Var(NSN )

SN

N̄
facq

If the sample rate is high enough in comparison with flow
features, the hypothesis of frozen turbulence applies on
the successive samples. The data-acquisition chain described in Sec. 4.1 is able to sample Ni at any rates up to
few megahertz, and is therefore likely to meet the frozen
turbulence hypothesis for many flows. A signal N1 is generated from the odd index i, and a signal N2 from the even
index. The aerodynamic part of their respective Fourier
transforms are therefore

(22)

noting that

FN2A ( f ) = FN1A ( f )e

Pρ 2 =



facq
a

2

PN 2 =



facq ρ̄
aΦ̄

2

PN 2

SN

(24)

6.3.3 Comparison of the two methods
The density fluctuation in two low Mach number flows
characterised by two different temperature turbulent intensities are measured. Each configuration is measured
with one, and two photomultipliers. The full records are
made of thirty sub-record of 0.8 s sampled at 100 kHz
for the single photomultiplier case, and 0.4 s per channel
sampled at 50 kHz for the two photomultipliers case. The
power density spectra of these configurations are compared in Fig. 9. Whatever is the method, the first important point is the drop of more than one decade of the noise
floor obtained from cross-specra in comparison with a
classical power density spectra estimation. Otherwise,
no significant difference is observed between the results
of both methods. The discrepancy observed at low frequency in Fig. 9(a) is most probably a drift of flow conditions during time spent for setting up the second configuration.

6.3.1 Spectra from two photomultiplier signals
Panda and Seasholtz [11] proposed a method based on
the use of two photomultipliers pointed toward the same
flow region to vanish shot noise out. The two signals of
counted photons are denotes N1 and N2 and are divided
into m segments of length determined from the wanted
frequency resolution, and that can overlap. They are denoted N1j and N2j with j = 1, 2, 3, ..., m. The Fourier transform of each segment FN j ( f ) and FN j ( f ) is decomposed
1
2
into a shot noise and an aerodynamic contribution
FN j ( f ) = FN j + FN j
1

1A

1SN

FN j ( f ) = FN j + FN j
2

2A

(25)

2SN

The one sided power density spectrum PN1N2 ( f ) is then
calculated
PN1N2 ( f ) =

2 m−1
∑ FN1j ( f )FN∗2j ( f )
m j=0

(26)

6.3.4 Estimation of the rms value
The reduction of the shot noise contribution in power
density spectra by the computation of cross-spectra can
be useful to estimate the rms value of the density fluctuation. From Parseval identity,
s

where ∗ is the complex conjugate.
PN1N2 ( f ) =

2 m−1
∑ FN1j SN FN2j ∗SN + FN1j SN FN2j ∗A
m j=0
+ FN j FN j ∗ + FN j FN j ∗
1A

2 SN

1A

2A

(30)

while the shot noise parts are still independent of one another. The same reasoning applies as from two sensors,
but the effective sampling frequency is facq/2 and the calibration constant is a/2.

SN

2ρ̄ 2 2ρ̄
=
a
Φ̄

πf
−i 2facq

(23)

The noise floor Pρ 2 is therefore given by
Pρ 2 =

(29)

6.3.2 Spectra from one photomultiplier signal

thus,
PN 2 = 2

2
facq
|PN1N2 ( f )|
a1 a2

(28)

where a1 and a2 are the calibration constants of the two
collecting systems.

(21)

SN

2A

ρa′ rms =

(27)
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Z facq /2
0

|Pρ ′2 ( f )|d f

(31)
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Figure 8: Density profiles measured in a M j = 0.9 cold jet. (a) mean profiles. All profiles are shifted by 0.15 kg/m3 for
readability. − − −− profile calculated from the Crocco-busemann relation [10]. (b) root means square fluctuations of the
density. On the left side of this plot, fluctuations are measured directly from the photon flux, on the right side, the shot
noise is removed. Profiles are shifted by 10% for readability.
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Figure 9: Power density spectra of the fluctuations calculated from one photomultiplier (in red) and two photomultiplier
(in blue). The black spectra is calculated in a classical way from one photomultiplier, the dashed line is the associated
theoretical noise floor. (a) low level of fluctuation flow, (b) higher level of fluctuation.
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is described to evaluate shot noise, but the most efficient
way to reduce shot noise is to integrate the auto-spectrum
of density fluctuations.
A new method of computing auto-spectrum based on
one photomultiplier is compared with the method developed by Panda and Seasholtz [11] requiring two sensors.
The comparison is performed in a low speed flow containing a significant amount of turbulent density intensity.
Both method are found to provided same results.
All the results of this study shows that setting up a
Rayleigh scattering system is applicable to large facilities, and that the obtained results can provide insight into
the compressible flow structures.
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This integral is estimated by a trapezoidal integration of
the computed discrete spectrum. The result of this process is shown in Fig. 10 and compared with the result
obtained from Eq. 20 in the Mach 0.9 jet at z/D = 2. The
level of fluctuations in the potential core, and in the no
flow region is again decreased. This method is thus more
efficient to remove shot noise contribution than a statistical approach.
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