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Accurate measurement of broadband acoustic signals in air, particularly shock N-waves, remains a chal-
lenge. Bandwidth of existing microphones typically does not exceed 140 kHz, which results in significant
overestimation of the shock rise time. Various optical methods may be used to design acoustic sensors
with improved high-frequency response. Two approaches are examined in this work: focused shadowgra-
phy and Mach-Zehnder interferometry. The shadowgraphy method was applied to measure shock front
of a high amplitude spherical N-wave generated by a spark source. The shock was illuminated by 20 ns
short pulses of white light from a flash lamp; shadowgrams were captured by a CCD camera. The
rise time of the shock was calculated from the shadow using numerical modeling of light propagation
through inhomogeneities of refraction index caused by the shock wave. Experimental results were in a
good agreement with theoretical predictions of the shock rise time. However, while the shadowgraphy
method is simple and provides good resolution of the shock, its sensitivity is insufficient to measure
smooth parts of the waveform. More complex optical method based on a Mach-Zehnder interferometer
to measure a whole waveform with high resolution was tested theoretically. Comparison of the spectra of
the optically measured waveform and acoustic signal obtained with the microphone also gives absolute
frequency calibration of the microphone. A distance between the microphone and a light beam can be
taken into account using the results of acoustic wave propagation modeling. The combination of optical
and acoustic experimental methods and modeling therefore can be used as an effective instrument for

aeroacoustic measurements and calibration of broadband microphones.

1 Introduction

Pressure N-waves with durations of the order of tens of
microseconds and amplitudes of 1-2 kPa can be gener-
ated in air by electric sparks [1]. Such N-waves have
been extensively used in downscaled laboratory experi-
ments on sonic boom propagation in order to study the
distortion of N-waves by atmosphere inhomogeneities
2, 3].

The validity of experimental data analysis and the
validity of comparison between experimental and theo-
retical data strongly depend on the accurate knowledge
of the initial N-wave parameters such as peak pressure,
duration, and shock rise time. It is thus of utmost im-
portance to accurately measure and model the propaga-
tion of N-waves in homogeneous air before investigat-
ing more complex configurations. However, it has been
shown that it is technically difficult to resolve the fine
structure of the shocks that have rise times less than one
microsecond, mainly because of the limited frequency
bandwidth of commercially available microphones.

Additional difficulties of interpretation of N-waves
measurements are due to a lack of information provided
by manufacturer on the sensitivity, amplitude and phase
frequency responses of microphones. Sensitivity of mi-
crophones often does not correspond to manufacturer
datasheets and varies strongly (2 times and larger). An
amplitude response is usually provided without phase
response. Strong change in microphone characteristics
occurs when the microphone is used in a special en-

vironments, like a baffle to avoid influence of diffrac-
tion effects on the edges of microphones. In this case
the microphone response can differ strongly from the
one provided provided by manufacturer for standard ex-
ploitation conditions. These difficulties motivates devel-
opment of a reliable calibration procedure that can be
realized in laboratory environment.

Most simply the microphones can be calibrated using
only acoustical measurements of spherically divergent
N-wave [1, 2, 4, 5]. This method is based on nonlin-
ear lengthening of a finite amplitude wave. Commonly
the weak shock theory is applied to describe the N-
wave propagation [1, 2]. Recently, the relative roles of
nonlinear effects, thermoviscous absorption, and molec-
ular relaxation in N-waveform distortion were studied
both experimentally and theoretically [4, 5]. A numer-
ical model based on the generalized Burgers equation
was developed and the ability of the model to predict
peak pressures and duration of the wave was established.
The modeling permits to describe the propagation of N-
waves more accurately than the weak shock theory. In
contrast to other papers [1, 2], the duration of the pulse
is estimated from the spectrum of the wave rather than
from the waveform itself. The spectrum method per-
mits to recover N-wave duration even if high frequency
content of the spectrum of the N-wave is cut off by the
microphone.

However, strong discrepancies between modeling and
measurement were observed in estimation of the front
shock rise time which was attributed to the limited



bandwidth of the microphone. Also, the acoustical
method is not so accurate, since it assumes that the ini-
tial N-wave is almost symmetrical, which is not always
true. Hence, more accurate experimental techniques are
necessary to resolve fine shock structure and to pro-
vide more information about the N-waveform. Micro-
phone characteristics (sensitivity, amplitude, and phase
response) can be then calculated by comparing spec-
trum of alternatively measured N-wave with the one
measured by the microphone.

An alternative approach to measure pressure shocks
in a laboratory environment is to use optical methods
instead of acoustic microphones. Using optical meth-
ods it is possible to reconstruct the spatial variation of
the pressure wave with a good resolution [6]. Two ap-
proaches are examined in this work: focused shadowgra-
phy and Mach-Zehnder interferometry. Shadowgraphy
is successfully applied to measure the front shock rise
time. Experimental results are presented and compared
to theoretical modeling of acoustic wave. Mach-Zehnder
interferometry method, intended to measure both the
shocks and smooth pressure variations, is analyzed the-
oretically.

2 Measurement of the shock rise
time using shadowgraphy

Among numerous visualization methods for compress-
ible flows (schlieren, interferometry, etc.), the shadowg-
raphy technique [6] is relatively simple in design but
still sufficiently sensitive to obtain images of the acoustic
shock wavefront. According to this method the distribu-
tion of light intensity in space is photographed and then
analyzed. The pattern of the light intensity is formed
due to the light refraction on inhomogeneities of the re-
fraction index caused by variations of medium density.
Shadow images called shadowgrams are captured by a
camera at some distance from the shock wave by chang-
ing the position of the lens focal plane. Shadowgrams
are interpreted by comparison with simulation of light
propagation through the inhomogeneity of the refrac-
tion index induced by the front shock of the N-wave. In
this way, the front shock thickness and its rise time can
be obtained.

2.1 Experimental arrangement for
acoustical and optical measure-
ments

The experimental setup designed for acoustical and op-
tical measurements of spark-generated N-waves in ho-
mogeneous air is presented in Fig. 1. High amplitude
pressure pulses are produced by a 15 kV spark source
(1) with 15 mm gap between tungsten electrodes. The
repetition rate is of the order of 1 Hz. Spherically di-
verging pulses are measured along the x coordinate with
a broadband microphone (Briiel & Kjeer, 1/8” diameter,
type 4138) coupled with an adapted preamplifier (B&K
2670) and amplifier (B&K Nexus amplifier with ex-
tended bandwidth —3 dB at 200 kHz). The microphone
is mounted into a baffle (2) in order to avoid diffraction
effects on its edge. The recorded signal is digitized (12

Figure 1: Experimental setup: 1-spark source,
2-microphone in a baffle, 3-Nanolight flash lamp,
4-focusing lens, 5-camera, 6-lens.

bit, 5 MHz) using a data acquisition card (National In-
struments PCI 6610). The measurements are performed
at increasing source-microphone distances from 15.8 cm
to 105 cm. Acoustical measurement results where used
to determine the N-wave amplitude and duration and
deduce theoretical rise time using a Generalized Burgers
equation [4, 5]. Optical equipment includes a flash-lamp
(3) (Nanolite KL-L model, 3.5 kV tension), light filter,
lens (4) (4 cm diameter, 16 cm focal length), a digi-
tal CCD camera (5) (Dantec dynamics, FlowSense 2M)
with acquisition system, Nikon lens (6) with 60 mm fo-
cal length, and calibration grid. Optical equipment is
mounted on a rail and aligned coaxially. The flash-lamp
generates short duration (20 ns) light flashes that allow
to have a good resolution of the front shock shadow. The
focusing lens is used to collimate the flash light in or-
der to have a parallel light beam. The dimension of the
CCD camera is 1600 pixels along the horizontal coordi-
nate and 1186 pixels along the vertical coordinate. The
lens is used to focus the camera at a given observation
plane perpendicular to the optical axis.

Choosing ¢ = 0 as the time when a spark is gener-
ated, photographs are taken at the instant ¢ when the
front shock position is tangent to the optical axis. At
this time, a local coordinate system shown in Fig. 1 is
defined in the following way: y is the coordinate along
the optical axis, which is the light propagation direc-
tion from the optical source to the camera; x is the
axis in the acoustic source-microphone direction, per-
pendicular to the optical axis; z is the axis perpendicu-
lar to the xy plane. The origin O thus corresponds to
the point where the light beam grazes the front shock
of the N-wave. The acoustic source coordinates are
(xs,ys = 0,z¢ = 0), with zg < 0. The coordinate
r corresponds to the radial distance from the acoustic
source, it is related to the local cartesian coordinates
by: r = \/(z — x5)% + y2 + 22. The wavefront radius at
the observation time ¢ is named R; with this definition
R = |xg|. Optical measurements of the shock front are
performed for different distances from 15.8 to 65.9 cm
between the spark source and the optical axis.
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Figure 2: Shadowgrams captured at different positions
of observation plane along the light propagation path y
=32 mm (a), 12 mm (b), 2 mm (c), -4 mm (d), -13
mm (e), and -24 mm (f).

2.2 Measurement of shadowgrams

Six photographs of the shock that recorded for the
acoustic source-optical axis distance |zg| = 15.8 cm are
shown in Fig.2(a-f). The shadowgrams correspond to
six different positions of the focal plane of the camera
on the y-axis: y = 32 (a), 12 (b), 2 (¢), -4 (d), -13
(e), -24 (f) mm. The dimensions of each image are 1
mm (97 pixels) in z direction and 12.4 mm (1186 pix-
els) in z direction; image scale is 0.0104 mm per pixel.
To quantify the width of the shadow of the front shock,
the following image processing is applied: 1) spherical
curvature of the shock shadow is compensated in order
to obtain straight vertical stripes, 2) 2D images with
vertical stripes are averaged along the z direction to ob-
tain the variation of light intensity along the x-axis, 3)
background noise intensity is estimated and subtracted
from the signal. Shadow width is defined then as the
distance Ax between maximum and minimum values of
the light intensity distribution. The shadow width Az
is related to the front shock thickness, which is equal to
coTsh, and thus is also related to the rise time 7gy,.

2.3 Calculation of the rise time from
shadowgrams

In order to establish the relation between the shadow
width Az and the shock thickness coTs,, propagation
of light through the inhomogeneity of refraction index
induced by the pressure shock is simulated. Acoustic
pressure p can be related to the perturbations of the
refraction index n of the light by the Eq.1:

n=ng+ k% (1)
i)

Here ng is the refraction index of ambient air, ¢y — sound
speed, and k = 0.00023 m?/kg is Gladstone-Dale con-
stant [6]. Spatial variations of the refraction index n—ng
around the front shock of the acoustic wave are plotted
in Fig. 3. Ang, = kpmax/cé is the magnitude of the
refraction index variations for the shock with peak pres-
SUre pmax- Lhis picture is calculated using the shock
with following parameters: R = 15.8 cm, 75, = 0.15 us,
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Figure 3: Formation of shadows. Spatial variations of
refraction index caused by the acoustic shock front in
the xOy plane. Contour dash-dot lines show refraction
index levels corresponding to values 0.1Ang,, 0.5Ang,
0.9Ang,. Refraction of optic rays is schematically
shown by arrows (solid lines), back propagation of rays
is shown by dashed lines.

Pmax = 1400 Pa. Refraction of the light is schematically
shown by bending arrows.

The light propagation model is based on the
parabolic approximation of scalar diffraction theory [7].
For the harmonic wave propagation the equation has the
form:

OFE i 9’E  iAn(z,y)
Oy 2k Ox2 no

Here An(z,y) = n(x,y) — ng is the variation of the
refraction index, FE is the electric component of the light,
ko = 27/ is the wave number, A is the light wavelength,
i is the imaginary unit. Equation 2 is solved in finite
differences using an operator splitting procedure [8].

The rise time of the front shock is deduced from the
images by fitting the shadow width in the image and
in the results of the diffraction model. In Fig. 4, the
front shock rise time deduced from the optical method
and the prediction of the wave propagation model are
compared [4]. There is a very good agreement between
the results obtained in acoustic modeling and measured
optically. The rise times deduced from the experiments
are slightly higher than those predicted by the Burgers
equation, but the relative error does not exceed 10 %.
This result confirms that the rise time of the front shock
is much smaller than it could be deduced on the basis
of the microphone output voltage.

While being successfully applied to measure the
front shock, shadowgraphy appeared to be not suffi-
ciently sensitive to detect the rear shock of the acoustic
pulse. One explanation could be that the rear shock is
smoother than the front shock due to relaxation effects
and diffraction on the spark source electrodes. To mea-
sure the rear shock with precision using optical meth-
ods, a more sensitive experimental setup should be de-
veloped.

koE (2)
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Figure 4: Comparison between the optically measured
rise time (circles) and the rise time predicted by using
the acoustic wave propagation (crosses) at different
distances from the spark source.

3 Mach-Zehnder
as a microphone

interferometer

Laser interferometry is much more sensitive method in
comparison to shadowgraphy. Smeets showed that a
Mach-Zehnder interferometer can be used as a point
microphone to measure shock waves [9]. Small portion
of optical path equal to few millimeters in one of two
branches was exposed to acoustic wave. Other parts
of the probe beam were protected by conical tubes.
The laser beam was focused to 0.1 mm diameter in the
test path and was arranged tangent to the wave front
of acoustic wave. After bringing beams together light
intensity variations were detected by two photodiodes.
One of two mirrors was installed on a piezoelectric trans-
lator to stabilize the interferometer. The piezoelectrical
translator was governed by feedback from intensity sig-
nal.

Despite successful results of shock waves measure-
ments shown in [9], some shortcomings call to analyze
this experimental method more carefully. First, reflec-
tions from edges of the protection tubes can distort rear
parts of acoustic wave, that complicates interpretation
of the measured signal. In the present paper, to avoid
perturbations of incident waves, it is proposed to estab-
lish a whole probe beam to acoustical wave with spher-
ical wavefront. Due to sphericity of the wavefront an
Abel inversion could be applied to reconstruct the wave-
form. Second, a time resolution limitations imposed by
the beam width, which also varies along light propa-
gation path, should be analyzed. Here the time reso-
lution is obtained using the light propagation modeling
through refraction index inhomogeneities induced be the
acoustic wave.

3.1 A propagation of a light beam
through the N-wave

In a present theoretical investigation the same 2D ge-
ometry as in shadowgraphy modeling (see sec. 2.3), is
used. A focused Gaussian beam is chosen as a probe
beam. The beam propagates along the y axis from neg-
ative to positive direction as shown in Fig.5. To sim-

plify the modeling, the spherical N-wave is considered
as a "frozen” refraction index inhomogeneity. The light
beam is translated along the z-axis to obtain interfer-
ometer signal. This scan process is quite different from
the actual situation: in experiment the beam is fixed in
space and the N-wave passes through it. However, since
N-wave length is much lower than the radius of curva-
ture and the N-waveform does not significantly change
while propagating at a distance equal to its wavelength,
this approximation is applicable.

The beam has a focal length F = 150 mm, wave-
length A = 500 nm. The light propagates from y = —F
to y = F. Simulations were performed with several ini-
tial widths ag: 100, 250, and 500 pm. Corresponding
minimal beam widths ami, = ao/\/zg/F2 + 1 are equal
to 92, 89, and 48 pm. Here z4 = wa3/\ is a diffrac-
tion length. The first width ag corresponds to almost
divergent beam, the last two — to well focused beams.

¥, mm
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-30
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Figure 5: Propagation of Gaussian probe beam
through spatial variations of refraction index induced
by the N-wave. Amplitude of the beam is shown in
gray, refraction index variations are represented in
color.

3.2 Treatment of intensity signals

The optical fields of free propagated and probe beams
were brought together in the y = F plane. It is sup-
posed later, that intensity is integrated across a surface
of photodiodes. The output signal of photodiodes is
usually proportional to intensity. The optical phase dif-
ference is related to intensity signal by Eq.3 [9]:

51 — 52
YNanE

Here S; and S, are averaged intensities of interfered
beams,

sin Ap = —

(3)

S, (4)
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and



are intensities of each of the beams if the second beam
is absent.

The variables E; and E5 are the optical fields of
reference and probe beams, respectively. The phase dif-
ference 1 between two beams consists of optical phase
difference Ap and a 7/2 factor: ¢ = Ay + 7/2. This
additional phase 7/2 is automatically set by the feed-
back of a piezoelectric translator, so if the probe beam
is not disturbed, i.e. ¢ = 0, photodiodes signals are
equal S;1 = S5. The Eq.3 is an exact solution that fol-
lows from the ray theory. However, as it will be shown
in later sections, it is sufficiently accurate for diffractive
beams too.

3.3 Magnitude of optical phase differ-
ence

To estimate the phase difference induced by the acoustic
wave, Eq.(7) can be used.

kpmaxL

Ap =2m C%)\ (7)
The phase difference is proportional to the peak pres-
sure pmax (amplitude) and to the optical path L in the
volume occupied by the acoustic wave in space. For
the spherical wave, approximately, L = v2dR. Here
d = ¢oT is the acoustical wave length, (T is the period
or duration), and R is the radius of curvature. For a set
of values pmax = 1500 Pa, T'=15 us, R =15 cm, the
optical path difference is equal AAp/2r = 0.23\ that
can be easily measured [9].

3.4 Reconstruction of the N-waveform
from optical phase response

A spherical N-wave with amplitude 1500 Pa, half dura-
tion 15 ps, and rise time 0.15 ps was used in numerical
simulations as a test wave. Assumption about spheric-
ity of the wave front is crucial for further reconstruction
procedure. The beam was moved along the z-axis with
a step 8 um. The phase signal in a case of ag = 250 um
is shown in the Fig.6 in red. The phase, integrated along
a infinitely thin rays, passing the same N-wave, is illus-
trated by the black line. Actually, this phase is result of
a direct Abel transform, that described by Eq.8

+o0
MW=T/”$§£§Z ®)
z+R

Here n(z,y) = n(r = y/(z + R)? + y?) is a spatial dis-
tribution of refraction index. As will readily be ob-
served, in general there is not significant difference be-
tween ray theory and simulation of diffracted beam, so
the signal of the beam was calculated correctly. Re-
construction of the one dimensional distribution of the
wave pressure along the z axis is accomplished using
Abel inversion Eq.9:

+oo

A1 dAg(z + R) dx
n(r) —mo= -1 e

2w
s

A Fourier-Hankel method was used in a numerical eval-
uation of Eq.9 [10]. The algorithm was tested by recon-
structing the signal of direct Abel transform. The error
was lower than 0.05 %.
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Figure 6: Optical phase difference of the beams

modeled using parabolic approximation (red line) and
traced along straight rays (black line)

3.5 Results

The results of reconstruction of the test N-wave (black
line) are presented in a Fig.7. Different beam widths ag
are marked by colors: red — 100 pm, green — 250 um
and blue — 500 pm. It is seen, that for all ag the linear
trend between front and rear shocks of the N-wave is
perfectly reconstructed (Fig.7a). A zoom of the recon-
structed waveforms near the front shock is presented in
the Fig.7b. The front shock is slightly smoothed. The
rear shock behaves similarly. Shock smoothing is the
effects of averaging of the optical phase across beam
width. The rise times, deduced from reconstructed
waveforms are listed in a Table 1. A focal beam widths
amin are also presented.

Qg, M Qmin, MM Tsh, MS
100 98 0.88
250 89 0.38
500 48 0.23

Table 1: The rise time 74, of reconstructed waveforms
for different beam widths ag

It is seen, that interferometer can achieve submi-
crosecond time resolution, that is unattainable for stan-
dard acoustic microphones [4]. The finest beam result
in highest resolution. For the less strong shocks the
effect of time resolution will be less pronounced and al-
most perfect reconstruction is possible. The other ad-
vantage of interferometer method is that it is directly
gives acoustical wave pressure, as optical properties of
air are well known [9, 6].

4 Summary and conclusion

In order to estimate rise time of the front shock more ac-
curately, optical measurements based on a focused shad-
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Figure 7: Comparison of reference N-waveform (black
line) with waveforms reconstructed from the phase
difference of Gaussian beams with different initial

widths: ag = 100um (red line), 250um (green line) and
500pm (blue line). A whole waveforms (a) and the

front shocks (b) are presented.

owgraphy technique are performed. Shock front shad-
owgrams are captured and analyzed. To interpret shad-
owgrams, the refraction index inhomogeneity produced
by the shock is modeled. The rise times deduced from
shadowgrams using the parabolic model are in very good
agreement with the acoustic modeling, thus validating
the acoustic wave propagation model [4] and the accu-
racy of the optical measurements

Another optical method with superior precision
in comparison to shadowgraphy and based on Mach-
Zehnder interferometer is investigated theoretically. Re-
sponse of the interferometer in a case of Gaussian
probe beam and spherical N-wave is simulated using
the parabolic model. A time resolution is calculated for
different beam widths. It is shown, that a submicrosec-
ond resolution can be achieved in a case of sufficiently
fine beam. Opposite to shadowgraphy, interferometer
also shows a good results in the low frequency domain
(slow pressure variation).

Combination of absolute sensitivity, good resolution
at high and low frequencies can be attractive advantages
in application of the interferometer in the calibration
procedure of acoustical microphones. The acoustical mi-
crophone can be placed at some distance (few centime-
ters) beyond the probe beam along the N-wave propa-
gation path. An evolution of N-wave between the probe

beam and the microphone can be taken into account the-
oretically using Burgers-type equation [4]. Comparison
of a spectrum of the waveform recorded by the inter-
ferometer and a spectrum of a signal of the microphone
will give the frequency response.
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