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ABSTRACT
Pulsed digital holographic interferometry has been used to study the plume
and the shock wave generated in the laser ablation process on different targets
under atmospheric air pressure. A pulsed Nd-YAG laser system (pulse
duration 12 ns) has been used both for ablating the material (wavelength 1064
nm) and for measurement (wavelength 532 nm). Digital holograms were
recorded for different time delays using collimated laser light passed through
the volume along the target. Numerical data of the integrated refractive index
field were calculated and presented as phase maps. The Radon inversion has
been used to estimate the 3D refractive index fields measured from the
projections assuming rotational symmetry. Intensity maps have been calculated
from the recorded digital holograms and used to calculate the attenuation of
the probing laser beam by the ablated plume. Qualitative and quantitative
information have been extracted from both the phase map and the intensity
map to help describing the laser ablation process. Also 3D information about
the induced plume has been obtained by numerical reconstruction of the
digital holograms at different planes along the plume. The amount of released
energy due to laser impact on a PCBM target has been estimated using the
point explosion model. The released energy is normalized by the incident
laser pulse energy and the energy conversion efficiency between the laser
pulse and the target has been calculated and it seems to be constant around 80
%. The 3D refractive index fields have been used to calculate the shock wave
front density and the electron number density distribution within the induced
plasma. The electron number densities are found to be in the order of 1018
cm-3 and decay at a rate of 3x1015 electrons/cm3ns. The effect of the laser spot
diameter on the shock wave generated in the ablation process of a Zn target
has been studied. The induced shock wave has an ellipsoidal shape that
approaches a sphere for decreasing spot diameter. A model was developed that
approaches the density distribution that facilitates the derivation of the particle
velocity field. The method provides quantitative results that are discussed; in
particular a comparison with the point explosion theory. The effect of the
physical properties of the target on the laser ablation process has been studied.
The comparison of the laser ablation of Zn and Ti shows that different laser
ablation mechanisms are observed for the same laser settings and surrounding
gas. At a laser fluence of 5 J/cm2, phase explosion appears to be the ablation
mechanism in case of Zn, while for Ti normal vaporisation seems to be the
dominant mechanism. The results show that pulsed digital holographic
interferometry is a promising technique to give a physical picture and increase
the understanding of the laser ablation process in a time resolved manner.
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Summary
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1. INTRODUCTION
Laser ablation is defined as the process of removing material from a surface as a
result of irradiation with a laser beam. It is a complicated process that depends
on the thermal and optical properties of the target1, 2, the laser parameters3-5
(wavelength, laser fluence, beam diameter, pulse duration and repetition rate)
and the ambient gas conditions6, 7. Laser ablation is used in modification of the
physical or chemical microstructure of metals8-10 as well as to machine
ceramics11-13. Since laser sources are available with different wavelengths and
pulse durations matching with the absorption properties of the target material,
chemical and structural modification can be achieved with high precision and
accuracy. The selectivity absorption of the laser energy implies that different
coatings and contaminations can be successfully removed by choosing the
proper laser parameters. Hence pulsed lasers can be used to clean surfaces.
Successful applications have been found in art conservation14, 15 and industry.
The industrial uses of laser cleaning include the removal of paint from
surfaces16, 17, surface decontamination18, cleaning of ablation debris from laser
ablated polyimide19 and removing the oxide layers from metallic surfaces20-22.
In all of its applications successful removal of the surface contaminants with
minimum damage of the substrate has been achieved by optimizing the
ablation parameters. The advantage of laser cleaning compared to the
traditional methods is; the laser energy can be easily localized providing a
controlled cleaning without solvent. Another class of applications is to use
laser ablation for thin film deposition23, 24. The objective is mainly to create
coatings by ablating the coating material from a source and letting it deposit
on the surface to be coated. Pulsed laser deposition (PLD) has experienced an
enormous growth in the 90’s. Films of materials for which more standard
techniques have shown limited success have successfully been produced by
PLD. This process is used to manufacture some types of high temperature
superconductors. Also laser ablation is used to analyze the surface material; the
composition of the surface can be determined by analyzing the wavelengths of
light emitted by the laser ablation induced plasma using optical emission
spectroscopy25. Finally, laser ablation has successful applications in medicine.
One example is using the excimer laser to reshape the curvature of the cornea
for correcting nearsightedness, farsightedness and astigmatism for better
vision26.
When the energy density of the applied laser pulse exceeds the ablation
threshold of the target material a thin surface layer of the material melts,
3
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vaporizes and forms a material plume. The physical parameters of the plume
play an important role for applications of laser ablation in surface analysis by
analyzing the laser induced plasma and in the production of thin films by
pulsed laser deposition. In particular, the quality of the deposited film is
determined by the plume characteristics during its expansion from the target
surface to the substrate27. If the ablation takes place in a background gas, the
induced plume acts to sweep up and drive the background gas to supersonic
velocity forming a shock wave. The induced plume and the formation of the
shock wave have been studied by several authors using shadowgraphy7,
interferometry28, Schlieren imaging29 and a probe beam deflection technique30.
The previous techniques give information about the attenuation of the probe
beam by the induced plume or about the refractive index change along its
path. Using pulsed digital holographic interferometry both information about
the amplitude and the phase of the probing beam are stored in the digital
holograms from which the attenuation of the probe beam as well as the
refractive index change along its path caused by a disturbance can be
calculated31. Also, pulsed digital holography provides the possibility of the
numerical reconstruction of the complex amplitude at different planes along
the probing beam providing three-dimensional information about the plume.
In this thesis the laser ablation process on ceramic (polycrystalline boron
nitride) and metallic (Zn and Ti) targets has been studied using pulsed digital
holographic interferometry. A special set-up based on two synchronised
wavelengths from the same laser system Nd-YAG (1064 nm and 532nm) for
processing and measurement simultaneously has been introduced. Spatially and
temporally resolved quantitative data are calculated from the recorded digital
holograms. The aim of the work is to increase the understanding of the laser
ablation process in a time-resolved manner provided by the digital holography
technique.
Chapter 2 of this thesis discusses several kinds of the laser ablation
mechanisms. The point explosion model and how it is used to study the laser
ablation induced shock wave is described in Chapter 3. The pulsed digital
holography technique and the way information is extracted from the
measurements are described in Chapter 4. Chapter 5 introduces the
experimental setup used for the experiments. The main results of this study are
discussed in Chapter 6. An outline of the future work is discussed in Chapter
7, and the conclusion of this study is presented in Chapter 8. Finally the
appended papers are summarized in Chapter 9.

2. LASER ABLATION MECHANISMS
Laser ablation leads to the ejection of atoms, ions, molecules and even clusters
from a surface as a result of the conversion of an electronic or vibrational
photoexcitation into kinetic energy. Laser ablation is a complicated process
where several mechanisms can happen simultaneously depending on the
ablation conditions. There are several kinds of laser ablation mechanism,
namely thermal ablation, photo-chemical ablation, exfoliation ablation and
hydrodynamic ablation. These mechanisms will be briefly discussed in the
following sections.
2.1 Thermal ablation
Thermal ablation is a collective term for a number of different mechanisms;
normal vaporization, normal boiling and explosive boiling (phase explosion).
The thermal ablation process with laser pulse duration in the ns range can be
described in three different stages27. A sketch showing the different stages is
shown in Figure 2.1. At the first stage, the laser light strikes the solid and is
absorbed by the electrons in the solid. After a period of tens of ps the excited
electrons undergo electron-phonon relaxation and the energy is transferred to
the lattice. Through lattice vibrations, the transferred energy is dissipated from
the irradiated zone to the bulk in the form of heat which results in melting of
the surface layer. At this stage, laser-solid and laser–liquid interactions are
dominant. At the second stage, the material from the heated volume is ejected
and interacts with the laser beam resulting in the formation of plasma in front
of the surface. At this stage, laser-gas or laser-plasma interactions are
dominant. The third stage begins after the termination of the laser pulse. Here
the plume expands adiabatically in three dimensions. If the expansion takes
place in vacuum, the shape and velocity distribution in the plume will reach
asymptotically constant values. If the ablation takes place in a background gas,
the plume compresses the surrounding gas and forms a shock wave. This
mechanism is called normal vaporization. The particles leaving the liquid
during evaporation establish an equilibrium distribution of velocity in a small
region above the surface called the Knudsen layer32, 33. In the theoretical
analysis of the normal evaporation mechanism, the Knudsen layer is
considered as a discontinuity that relates the heat conduction equation in the
target with the gas dynamic equations of the expanded plume. A sketch
illustrates the normal evaporation mechanism and shock wave formation is
shown in Figure 2.2.
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Figure 2.1. A sketch showing the processes that take place during ablation by a ns laser
pulse.

Figure 2.2. A sketch illustrates the normal evaporation mechanism and shock wave
formation.
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Another kind of the laser thermal ablation mechanisms is the normal boiling.
It requires that the pulse duration is sufficiently long for heterogeneous vapour
bubble nucleation to occur. The target will undergo normal boiling from the
surface to a distance related to the optical penetration depth 1/Į (Į is the
absorption coefficient). In this case, the surface temperature is fixed at the
boiling temperature (Tb). The temperature gradient at and beneath the surface
is zero, this is because strong temperature gradients can not exist among the
moving vapour bubbles that sustain boiling34. If the laser fluence is sufficiently
high and the pulse duration is sufficiently short the surface can reach a
temperature higher than the normal boiling point, resulting in a superheated,
metastable state. As the surface temperature reaches 0.9 Tc (Tc is the
thermodynamic critical temperature) homogenous bubble nucleation occurs
and the target makes a rapid transition from superheated liquid to a mixture of
gas and liquid droplets leaving the target like an explosion. This mechanism is
known as phase explosion34, 35.
2.2 Photo-chemical ablation
Photo-chemical ablation occurs when the photon energy of the laser beam
exceeds the dissociated energy of the ablated material. This process is frequent
in the UV laser interaction with organic polymers since the photon energy of
the UV laser is high enough to break the chemical bond by photo-chemical
dissociation3, 36. In the photo-chemical ablation, minimum thermal damage
can be observed around the ablated area. Since photo-chemical reaction can
occur with a single photon, there is no associated fluence threshold for this
ablation mechanism.
2.3 Exfoliation ablation
Exfoliation ablation generally refers to an ablation mechanism where
mechanical fracture leads to ejection of fragments of material. Significant
stresses due to laser irradiation may occur. When the stress exceeds the
mechanical strength of the target, cracking and solid flakes ejection take
place37.
2.4 Hydrodynamic ablation
Hydrodynamic ablation refers to the process of material removal by liquid
ejection. Melt ejection occurs when the recoil pressure from the evaporating
particles on the surface is sufficiently large to accelerate the molten layer and
to overcome surface tension resulting in micron size droplets ejection. This
mechanism of removal is also responsible for the accumulation of resolidified
material (dross) at the border of the spot38, 39.

8
A sketch illustrating photo-chemical, exfoliation and hydrodynamic laser
ablation mechanisms is shown in Figure 2.3.

Figure 2.3. A sketch illustrates photo-chemical, exfoliation and hydrodynamic laser
ablation mechanisms.

3. POINT EXPLOSION MODEL
When a laser pulse with an energy density larger than the ablation threshold of
a specific material is used for processing, a small portion of the material will
melt and evaporate. This evaporated material expands into the surrounding
atmosphere and forms a shock wave in the ambient gas as described in Figure
2.1. The induced shock wave propagates at supersonic speed at the beginning,
and then decays to become a sound wave after a certain distance due to
spherical expansion and kinetic energy loss caused by the ambient gas
resistance. The shock wave propagation can be described using the point
explosion theory29, 40-42. The theory assumes that the energy is being
instantaneously released in time and space resulting in a spherical shock wave
occurring in the surrounding atmosphere. An illustration of the laser ablation
plume and shock wave formation is shown in Figure 3.1.

Figure 3.1. An illustration of the laser ablation plume and shock wave formation.

According to the point explosion theory the relation between the shock wave
radius r and the released energy E is at a certain time t given by43, 44:

r

[ 0 E 1/ 5
U 01 / 5

t 2/5 ,

9

(3.1)
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where U 0 is the density of the undisturbed ambient gas, and [ 0 is a constant
close to unity that depends on the specific heat of the ambient gas. Hence
observation of the shock wave location at different time delays can be used to
estimate the released energy.
The velocity U of the shock wave front can be calculated by differentiating
Equation (3.1) resulting in:
dr
dt

U

2r
.
5t

(3.2)

Knowing the shock wave front velocity U , the particles velocity v , density U ,
pressure P and temperature T just behind the shock wave front can be
calculated using the shock wave conditions equations43:
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where J is the specific heat of the undisturbed gas,
the surrounding gas and R is the gas constant.

(3.6)

c

is the speed of sound in

By measuring the radius of the shock wave for different time delays using the
pulsed digital holography technique (will be described in the next chapter) the
amount of released energy can be calculated using Equation (3.1). The shock
wave front velocity can be calculated using Equation (3.2), thus the particles
velocity, density, pressure and temperature just behind the shock wave front
can be calculated using Equations (3.3-3.6).

4. PULSED DIGITAL HOLOGRAPHY
Pulsed digital holography is a non-contacting and full field method suitable for
recording transient events, such as propagation of mechanical waves in solids
and shock waves in liquids and gases45-49. With this whole-field technique,
information of an entire object volume can be recorded. In classical
holography, holograms were recording on photographic film. With digital
cameras, quantitative amplitude and phase data are quickly obtained without
time-consuming wet processing and hologram reconstruction. This allelectronic version of holography is called digital holography. The principle of
digital holography and a description of digital holographic interferometry and
the way information is extracted from the measurements will be described
below.
4.1 Digital hologram
A sketch that illustrates the principle of the digital hologram recording in our
experiments is shown in Figure 4.1. For recording a digital hologram, the laser
beam is split using a beam splitter into two light beams (not shown in the
figure). One beam is used as an object beam that illuminates the diffuser after
passes along the object. The diffuser is imaged on the CCD detector. The
other beam is used as a reference beam that illuminates the detector directly.
The object beam wave front is distorted as it passes through the disturbance
(the laser ablation induced plume and shock wave). The phase change of the
object beam ( GI ) is related to the change in refractive index 'n along the light
path l by the relation; GI

2S

O

³ 'ndl , where

O

is the light wavelength. At the

shock wave front the phase is delayed due to the high refractive index caused
by the compressed air, while at the plume the phase is advanced because of
low refractive index caused by high temperature of the ablated plume (see
Figure 4.1). The object beam interferes with the reference beam at the
detector plane and the recorded interference pattern is called a hologram.
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Figure 4.1. An illustration of the principle of the digital hologram recording.

The complex amplitude of the object beam Uobj and reference beam Uref are
given in Equations 4.1 and 4.2 respectively:
U obj ( z , y )

AO ( z , y ) exp>iIo ( z , y )@ ,

(4.1)

U ref ( z , y )

Ar exp>iI r ( z , y )@ ,

(4.2)

where Ao and Ar are the real amplitude of the object beam and reference beam
respectively and Io and Ir are the phase of the object beam and reference
beam respectively.
The intensity of the recorded digital hologram is given by:

I ( z, y)

U obj ( z , y )  U ref ( z , y )
2

2

2

U obj( z , y )  U ref ( z , y )  U obj ( z , y )U *ref ( z , y )  U *obj ( z , y )U ref ( z , y ) ,

(4.3)

where * denotes the complex conjugate. The tip of the optical fibre that
guided the reference beam is positioned in such a way that seen from the
detector it should appear to come from the same plane as the aperture and one
aperture width from the edge of the aperture (see Figure 4.1). In this way the
interference term between the object and reference light ( U obj ( z, y )U *ref ( z, y ) ) is
spatially separated from the object light self-interference term in the Fourier
domain. The complex amplitude U z, y Ar Ao ( z, y ) exp(i(I o ( z , y )  I r ( z, y )) is thus
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obtained upon back-transformation of the interference term in the Fourier
plane. Hence both information about the amplitude and phase of the object
beam are stored in the digital hologram. Telecentric reconstruction of the
complex amplitude at different planes along the X-axis using numerical lenses
and the complex spectrum formulation of the diffraction integral can be done
providing some depth information about the object (see Paper E).
4.2 Pulsed digital holographic interferometry
Two digital holograms with and without the disturbance are recorded
respectively. The first image (reference image) is recorded with the processing
beam blocked, thus recording the undisturbed air. The second image
(deformed image) is recorded with the processing beam on and it contains
information about the disturbed volume at a certain time between the two
laser (the processing and probing) pulses. An illustration of recording the
deformed hologram is seen in Figure 4.1. The interference term, W, between
the deformed and the reference images is calculated as,
W

U dU r* ,

(4.4)

where U d is the complex amplitude of the deformed image, U r is the
complex amplitude of the reference image and * denotes complex conjugate.
The field W given by Equation (4.4) is in general a complex field whose
magnitude represents the intensity in the image and whose phase gives the
phase change between the two recordings. To allow quantitative comparisons
the intensity image we use is defined as:

I

W
Ur

2

,

(4.5)

where the normalization is introduced to reduce the effect of speckles. The
intensity may then vary between zero and two due to possible absorption and
interference. The phase difference GI between the deformed and the
reference images is calculated as:
§ Im W ·

¸¸ ,
GI arctan¨¨
© Re W ¹

(4.6)
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which results in a wrapped phase map where the phase change only can vary
between  S and S . Often the phase changes are greater than 2S and to
overcome this ambiguity an unwrapping algorithm is used. More details about
the procedure to obtain the phase data are presented in Gren et al46. W and
hence the intensity I and the phase difference GI measured are the integrated
effect along the propagation path l through the measurement volume as
understood from Figure 4.1. If the disturbance is assumed to be rotational
symmetric, the Radon inversion method can be used to obtain the 3D field
from the integrated field (the 2D map). The Radon inversion results in a
tomographic image but using only one projection and assuming rotational
symmetry.
Typical intensity map and wrapped and unwrapped phase maps are shown in
Figures 4.2(a), (b) and (c) respectively. In the intensity map, the dark line at
the shock wave front is due to deviation of the probe beam caused by the
steep refractive index gradient at the shock wave front. The dark region close
to the target is due to absorption of the probe beam by the laser induced
plume. In the wrapped phase map (Figure 4.2(b)) a 2ʌ jump is seen as an
abrupt change from white to black. By unwrapping a continuous phase map is
obtained (see Figure 4.2(c)). In the unwrapped phase map, the dark region
close to the target is a result from a lower refractive index and the bright
region close to the shock front is a result from a higher refractive index as
compared to undisturbed air. The lower refractive index close to the target is
caused by the high temperature in this region by the ablated plume, while the
higher refractive index at the shock wave front is due to the high density
caused by the compressed air.

(a)

(b)

(c)

Figure 4.2. (a) An intensity map, (b) a wrapped phase map and (c) an unwrapped phase
map.
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Figure 4.3 shows a typical 3D refractive index field calculated using the
Radon inversion at a certain distance from the target surface. The green
colour in the figure represents the undisturbed air, the red colour represents
the shock wave front and the blue represents the plume.

Figure 4.3. A typical 3D refractive index field at a certain distance from the target.

The refractive index of free electrons is less than 1, whereas a neutral gas has a
refractive index greater than 128, 50. At the shock front where the refractive
index n is greater than 1 the density of the shock wave front U can be
calculated using the Gladstone-Dale equation51:
n 1

KU ;

n>1

(4.7)

where K is the Gladstone-Dale constant. The Gladstone-Dale constant
depends on the wavelength of the probing laser beam and the ambient gas
type. For the green laser ( O = 532 nm) and air, K = 0.227×10-3 m3/kg.

16
The laser induced plume consists of ions, atoms, molecules and free electrons.
For measuring the free electron number density the probe laser wavelength
should be well away from any absorption resonances in the plume so that
contributions to the refractive index from bound electrons is negligible
compared to that of free electrons in the plume. The electron number
density N e is then related to the plasma refractive index n by52, 53:
Ne

Nc 1 n2 ;

n 1

(4.8)

where N c is the critical electron number density when the probe laser
frequency equals the plasma frequency. In general N c 10 21 O2 cm-3, where O
is the probe laser wavelength in microns.
4.3 Deflection of the reconstructed image
In the case when the object (the disturbance) is located between the diffuser
and the imaging system, a deflection of the probing beam takes place. The
digital hologram can be reconstructed numerically at different planes along the
probing beam path providing three-dimensional information about the object,
see Paper E for details. A sketch that illustrates the deflection of the
reconstructed image at different planes caused by a disturbance introduced
along the light path is shown in Figure 4.4. The figure shows that the ray B is
detected at point b instead of point a due to its deflection caused by the phase
gradient at the shock wave front. Consider the three reconstruction planes
RP1, RP2 and RP3 in Figure 4.4. When reconstructing at RP1, the
reconstructed image point will locate on the solid line in the absence of the
disturbance, while in the presence of the disturbance this point will locate on
the dashed line. Hence there is a deflection įZ upward caused by the
disturbance. In the plane RP3 on the other hand, the deflection is pointing
downward. When the reconstructing plane locates at the centre of the
disturbance (RP2), the deflection of the reconstructed image is almost zero
(see Figure 4.4). The phase gradient along the object can be determined by
calculating the deflection in a finite number of planes. This approach is used
in Paper E to gain some depth information about the phase gradients of a
disturbance from an image-plane digital holographic recording of a transient
phase object.
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Figure 4.4. A sketch illustrates the deflection of the reconstructed image at different planes
caused by a disturbance introduced along the light path.

5. EXPERIMENTAL SETUP
A top view of the experimental setup is shown in Figure 5.1(a). An injectionseeded, twin oscillator, frequency doubled, Q-switched Nd:YAG laser system
(Spectron SL804T) is used as light source. Each laser comprises a single
oscillator with a single power amplifier in series. Each oscillator is configured
with a telescopic resonator with intracavity mode-controlling aperture. This
gives rise to a true TEMoo spatial profile for spatial uniformity and coherence.
Since the two laser oscillators are seeded from the same stabilised CW
Nd:YAG laser the pulses from the two lasers are coherent. The laser system
operates at 10 Hz but the time separation between the pulse trains from the
two lasers can be set from zero to any time. For reliable seeding, it is necessary
that the oscillators are run repetitively. Stable single shot operation is not
possible. Instead, fast solenoid-activated beam dump shutters allow access to a
single, stable, single-frequency pulse. The fundamental Nd:YAG wavelength
1064 nm is frequency doubled to 532 nm and is used for the measurement.
The residual infrared light after frequency doubling is used to ablate the
PCBN target. In this setup we thus use the same laser for processing and
measurement that ensures accurate timing of the images. This setup is
introduced in Paper A and Paper B. In the rest of the papers, the fundamental
Nd:YAG wavelength 1064 nm from one cavity is used for processing and the
frequency doubled 532 nm pulse from the second cavity is used for the
measurement. The green light from the Nd:YAG laser is split by a beam
splitter (BS1). The reflected part is reflected by mirror M1, expanded by a
negative lens (NL), collimated by lens (L2) and used to illuminate a diffuser
(D) after it passes along the target. The light that passes the beam splitter BS1 is
used as reference beam (R) and it is guided through a fibre optic cable to the
beam splitter BS2 from where it illuminates the CCD-detector. The camera is
a PCO Sensicam double shutter, with a resolution of 1280 u 1024 pixels, a
pixel size of 6.7 μm u 6.7 μm and a dynamic range of 12 bits. The camera is
computer controlled via a fibre optic cable and externally triggered to be
synchronised with the laser pulses. The diffuser is imaged on the CCD
detector by a two-element lens system (L); each element is a plano-convex
lens with a focal length of 100 mm. An aperture (A) with a size of 2.45
mm u 2.45 mm is placed between the two elements of the lens system. The
field of view is 3.65 mm u 2.92 mm. The end of the optical fibre is positioned
in such a way that seen from the detector it should appear to come from the
same plane as the aperture and one aperture width (2.45 mm) from the edge
of the aperture as explained in Chapter 4. The size of the aperture is chosen
small enough to resolve the interference pattern and avoid aliasing. Figure
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5.1(b) shows a 3D sketch of the target and the coordinate system. The X and
Y axes are in the plane of the target and the Z axis is pointing outward. A
photo of the imaging part is shown in Figure 5.2.

(a)

(b)
Figure 5.1. The experimental setup. (a) A top view of the set-up. M1, M2: mirrors, NL:
negative lens, L1: focusing lens, L2: collimation lens, L: lens system for imaging, A: aperture,
D: diffuser, BS1 and BS2: beam splitters, R: reference beam, O: object beam. (b) A 3D
sketch of the target and the coordinate system.
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Figure 5.2. A photo of the imaging part. L1: focusing lens for the processing beam (1064
nm), L: lens system for imaging, D: diffuser, BS2: beam splitter, R: reference beam.

In Paper E the setup is modified; the target is placed between the diffuser and
the imaging system in order to be able to measure the probing beam
deflection caused by the disturbance (laser ablation induced plume and shock
wave) as described in Section 4.3. The setup is shown in Figure 5.3.

Figure 5.3. The experimental set-up used in Paper E.

6. SUMMARY OF THE RESULTS
Using pulsed digital holographic interferometry numerical data of the
integrated refractive index field were calculated and presented as phase maps
showing the propagation of the shock wave generated by the process. The
location of the induced shock wave front was observed at different time delays
for a polycrystalline boron nitride (PCBN) target. In Figure 6.1 the shock
wave radius as a function of time is plotted for different power densities. The
solid lines in the figure are the curve fittings following the point explosion
model, Equation (3.1). The figure shows that the experimental results are
quite good fitted to the theoretical model for the energy levels used in this
investigation. Thus the released energy i.e. the part of the incident energy of
the laser pulse that is eventually converted to a shock wave has been estimated
using Equation (3.1). The released energy is normalized by the incident laser
pulse energy and the energy conversion efficiency has been calculated at
different power densities. The results show that the energy conversion
efficiency seems to be constant around 80 % at high power densities.
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Figure 6.1. Shock wave radius as a function of time for different power densities.
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The Radon inversion has been used to estimate the 3D refractive index field
from the measured projection assuming rotational symmetry. The refractive
index difference profiles at Y = 0.057 mm and Z = 0.7 mm for different time
delays at a laser power density of 4.2 GW/cm2 of the PCBN target are shown
in Figure 6.2. A decrease in refractive index difference at the shock front with
increasing time can be seen. For shorter time where the shock wave thickness
is narrower there are difficulties to resolve the peak properly. This is seen as a
lower refractive index change for t = 353 ns than for example t = 406 ns. The
shock wave front densities have been calculated from the reconstructed
refractive index fields using the Gladstone-Dale equation (Equation 4.7). The
calculated shock wave front density at a power density of 4.2 GW/cm2 and a
time delay of 890 ns is about 3.7 kg/m3. A comparison of the shock wave
front density calculated from the reconstructed data and that calculated using
the point explosion model (Equation 3.4) at different time delays shows quite
good agreement. The reconstructed refractive index field has also been used to
calculate the electron number density distribution within the laser induced
plasma. The electron number densities are found to be in the order of 1018
cm-3 and decay at a rate of 3 u 1015 electrons/cm3ns.

Figure 6.2. Refractive index difference profiles at Y = 0.057 mm and Z = 0.7 mm for
different time delays, at a power density of 4.2 GW/cm2.

The effect of the laser spot size on the shock wave generated by the ablation
process on a Zn target under atmospheric pressure has been studied. Figure
6.3 shows intensity maps for different beam spot diameters at a pulse energy of
3.5 mJ and a time delay of 1 μs. The figure shows that the induced shock
wave has an ellipsoidal shape that approaches a sphere for decreasing spot
diameter. It is interesting to note that the offset of the centre of the ellipse
becomes smaller for smaller spot diameters but hardly changes with respect to
time during the propagation.

(a)

(b)

(c)

Figure 6.3. Intensity maps for different beam spot diameters (D) for a pulse energy of 3.5
mJ and a time delay of 1 μs. (a) D = 0.13 mm. (b) D = 0.21 mm. (c) D = 0.26 mm.

The expansion characteristic was modelled by an ellipsoid. The
experimentally obtained density distribution within the shock wave is not
smooth but shows some induced irregularities. Therefore the density
distribution of the compressed air from the centre to the periphery of the
ellipse has been approximated (per time step) by a simple expression with four
parameters, to be combined with the elliptical expansion model. The model
facilitates transfer of data as well as calculating the particle velocity field.
Figure 6.4 shows the measured and modelled density as a function of the
propagation direction Z at Y = - 60 μm for three different time steps. In the
outer periphery, the density distribution follows a clear trend according to the
propagation of a shock wave; in the inner regions the flow becomes more
complex.
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Figure 6.4. The measured and modelled density as a function of the propagation direction
Z at Y = - 60 μm for three different time steps.

The particle velocity field within the shock wave is calculated from the
density field using the mass continuity equation in spherical coordinates for
compressible flow. The obtained data shows that the particle velocity
behaviour can be related to the ideal point explosion theory. The particle
velocity as a function of the propagation direction Z at Y = - 10 μm and the
particle velocity according to point explosion theory at t = 835 ns are shown
in Figure 6.5. The figure shows that the behaviour of the velocity calculated
using the model is almost the same as the behaviour of the velocity calculated
using the point explosion theory. The increase in velocity is similar, but the
absolute values are lower. For extended sources, less concentrated momentum
can be expected, which can be an explanation. The position of the shock
wave front (maximum velocity) is slightly different between the two curves.
This deviation can be due to the assumption that the point explosion velocity
curve starts from the target (Z = 0) and is based on the measured pulse energy.
Reverse flow (negative velocity) in the inner region can take place due to
cooling of the expanding wave and corresponding increase of density. The
inner region bears uncertainties, but reverse flow can be expected under
certain circumstances.

Figure 6.5. Particle velocity as a function of the propagation direction Z at Y = - 10 μm
(dashed curve) and the particle velocity according to the point explosion theory (dotted
curve) at t = 835 ns.
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The effect of the physical properties of the target material on the laser ablation
process has been studied. A comparison of intensity maps and phase maps of
Zn and Ti at a laser fluence of 5 J/cm2 and a time delay of 600 ns are shown
in Figure 6.6. The figures show that different plume structures can be
observed. From the intensity maps, in the case of Zn streaks appear as dark
and bright lines close to each other in the direction normal to the surface. On
the other hand, in case of Ti a dark bulk region close to the target is observed.
From the phase maps white streaks appear in case of Zn while a homogenous
phase map can be seen in case of Ti. From the possible physical mechanisms
that cause the different structure of the plume, we concluded that different
mechanisms of laser ablation happen for these two different metals at the same
laser settings and surrounding gas. At a laser fluence of 5 J/cm2, phase
explosion appears to be the ablation mechanism in case of Zn, while for Ti
normal vaporisation seems to be the dominant mechanism.

(a)

(b)

(c)

(d)

Figure 6.6. A comparison of phase maps and intensity maps of Zn and Ti at a laser fluence
of 5 J/cm2 and a time delay of 600 ns.(a) Zn intensity map, (b) Ti intensity map, (c) Zn
phase map and (d) Ti phase map.

A technique to gain some depth information from an image-plane digital
holographic recording of a transient phase object (laser ablation induced
plume and shock wave) positioned between a diffuser and an imaging system
has been demonstrated (see Figure 5.3). Depth information about in-plane
phase gradients can be determined using the numerically reconstructed speckle
fields at different planes along the probing beam. Figure 6.7(a-c) shows the
wrapped phase for three different reconstruction distances together with the
corresponding speckle movements in those planes for a hologram acquired
700 ns after laser impact. The plume measured in this investigation is the
result of a laser ablation experiment of a PCBN target. The shape and
structure of the shock wave indicates that two processes interact to produce
the measured shock wave. First there is a breakdown in air that produce a
cigar-shaped wave source centred at z = 1.5 mm. The remaining laser
intensity then propagates to the PCBN surface where it is absorbed and results
in a second, semi-spherical, shock wave originating from the target surface.
The combined effect is the cylindrical looking shock wave seen in Figure 6.7.
The in-plane speckle movements are calculated using an image correlation
algorithm. The figure shows that the length of the arrows depends on the
magnitude of the phase gradient (large phase gradient at the shock front).
Figures 6.7(a) and (c) show that the arrows direction is different on different
sides of the phase object (see Figure 4.4). The quality of the phase map
depends on the speckle movement. When the phase map is constructed in a
plane where the speckle movements are the smallest, in this case the plane x =
4.7 mm, the correlation between the phases in specific pixels are the largest,
which ensures a high quality phase map (see Figure 6.7(b)). We consider this
plane to be the centre plane of the phase disturbance and hence the plane of
ablation which is close to the measured distance in the experiment (x = 4.9
mm). Figure 6.7(d) shows the estimated phase gradient in a plane at x = 5.65
mm calculated using the technique described in Paper E.
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(d)
Figure 6.7. (a)-(c) Phase maps and the corresponding speckle displacement fields at
different reconstruction depths in front of the diffuser screen. (a) x = 1 mm, (b) x = 4.7
mm and (c) x = 8.4 mm. The three arrows in the upper right corner correspond to a
speckle displacement of 1, 2, and 3 pixels, respectively. (d) The magnitude of the phase
gradient field reconstructed at distance x = 5.65 mm from the diffuser.

7.

FUTURE WORK

A few preliminary experiments not shown in the appended papers are shown
below. We have measured the temperature distribution at the back side of the
target using high-speed thermal camera (FLIR SC 4000). The idea is to be
able to couple the temperature distribution at the back side of the target with
the digital holography measurements (amount of released energy) thus
enabling us to set up an energy balance. Figure 7.1 shows a thermal camera
image of the back side of a Zn target at a laser fluence of 4.4 J/cm2 and Figure
7.2 shows the maximum temperature decay with time for a single pulse. From
the back side temperature and the heat conduction equation we can calculate
the amount of heat stored in the target and study its thermal behaviour.

Figure 7.1. A thermal camera image of the back side of a Zn target at a laser fluence of 4.4
J/cm2.
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Figure 7.2. The temperature decay with time for Zn at a laser fluence of 4.4 J/cm2 for a
single pulse.

We have also done some preliminary measurements of the surface profile after
the laser ablation process. The profile of the ablated surface has been measured
using a white light interferometric microscope (WYCO NT1100). A
comparison of the surface profiles for Zn and Ti at a laser fluence of 4.4 J/cm2
after 100 pulses is shown in Figure 7.3. The idea is to study the effect of the
number of pulses on the induced plume and shock wave and to couple it with
the surface profile measurements.

Figure 7.3. A comparison of the surface profiles of Zn and Ti at a laser fluence of 4.4
J/cm2 after 100 pulses.

Another possibility is to study the mechanical effect of the laser ablation
process on the back side of the target. Figure 7.4 shows a transient bending
wave (displacement) generated on the back side of a 1 mm thick steel plate as
a result of a ruby laser impact (Ȝ = 694 nm and pulse duration = 25 ns) after
57 μs measured using pulsed digital holographic interferometry. Modelling is
needed to extract the impulse caused by the ablation process from the
mechanical wave measurement.

Figure 7.4. A transient bending wave (displacement) generated on the back side of a steel
plate target as a result of the focused ruby laser beam impact after 57 μs.

With the measurement of the plume expansion, temperature field and
mechanical response of the target a more comprehensive picture of the laser
ablation process can be achieved.
Also for the future work, the effect of laser wavelength and pulse duration on
the induced plume and shock wave is important to be studied.
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8. CONCLUSIONS
Pulsed digital holographic interferometry is shown to be a versatile tool to
give a physical picture and increase the understanding of the laser ablation
process in a time resolved manner. Using pulsed digital holographic
interferometry both information about the amplitude and the phase of the
probing beam can be stored in the digital holograms. From the recorded
digital holograms, both phase maps showing projections of the changes in the
refractive index field and intensity maps showing the attenuation of the
probing laser beam caused by the ablated plume can be calculated. Also,
pulsed digital holography provides the possibility of the numerical
reconstruction of the complex amplitude at different planes along the probing
beam providing three-dimensional information about the plume.
For PCBN target, the validity of the point explosion model has been proven
for the energy levels used in this investigation. The energy conversion
efficiency between the target and the laser pulse has been estimated and we
found it to be constant around 80 % at high power densities.
The Radon inversion has been used to estimate the 3D refractive index field
measured from the 2D phase map assuming rotational symmetry. Shock wave
front densities have been calculated from the reconstructed refractive index
fields using the Gladstone-Dale equation. A comparison of the shock front
density calculated from the reconstructed data and that calculated using the
point explosion model at different time delays shows quite good agreement.
The reconstructed refractive index field has also been used to estimate the
electron number density distribution within the laser induced plasma. The
electron number densities are found to be in the order of 1018 cm-3 and decay
at a rate of 3 u 1015 electrons/cm3ns.
For a Zn target, the effect of the laser spot diameter on the shock wave
generated in the ablation process has been studied. The induced shock wave
has an ellipsoidal shape that approaches a sphere for decreasing spot diameter.
A model was developed that approaches the density distribution; in particular
the ellipsoidal expansion characteristics. The model facilitates the derivation of
the particle velocity field. The method provides valuable quantitative results
that are discussed; in particular a comparison with the point explosion theory.
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The comparison of the laser ablation of two metals with significant differences
in their physical properties (Zn and Ti) has been done. The comparison of the
phase maps and intensity maps shows different structures of the induced
plume, namely streaks normal to the surface for Zn and dark absorbing regions
close to the target in case of Ti. This indicates that different mechanisms of
laser ablation happen for these two metals for the same laser settings and
surrounding gas. At a laser fluence of 5 J/cm2, phase explosion appears to be
the ablation mechanism in case of Zn, while for Ti normal vaporisation seems
to be the dominant mechanism.
A technique to gain depth information from an image-plane digital
holographic recording of a transient phase object (laser ablation induced
plume and shock wave) positioned between a diffuser and an imaging system
has been demonstrated. The in-plane phase gradients were determined from
the numerically reconstructed speckle movements at different planes along the
object. It is shown that depth information about in-plane phase gradients can
be determined in two planes from four different depths. In addition the plane
of optimum reconstruction for calculating the phase difference with maximum
contrast is detected from the technique. This technique can be used to
measure the strength of the lensing effect of the laser induced plume on the
processing laser beam.
From some preliminary results using high-speed thermal imaging and the
possibility to measure the deformation field induced in the target, we
conclude that, by combining different techniques a more comprehensive
picture of the laser ablation process can be achieved.

9. SUMMARY OF APPENDED PAPERS
Pulsed digital holographic interferometry has been used to study the laser
ablation process of a Q-switched Nd-YAG ( O = 1064 nm and pulse duration
= 12 ns) laser pulse on different targets under atmospheric air pressure. Table
9.1 shows the appended papers listed according to their content. It is followed
by a summary, conclusions and division of work of each paper.
Table 9.1: Contents of the appended papers

Paper
Pulsed digital holography

A

B

C

D

E

x

x

x

x

x

Cross correlation technique

x

Ceramic target

x

x

Metallic target
Point explosion model

x

3D refractive index field

x
x

x

x

x

x

x

x

x

x

Paper A:

Shock wave generation in laser ablation studied using pulsed
digital holographic interferometry

By:

E. Amer, P. Gren and M. Sjödahl

Summary:

Pulsed digital holographic interferometry has been used
to study the shock wave induced by a Q-switched NdYAG laser ( O = 1064 nm and pulse duration 12 ns) on a
polycrystalline Boron Nitride (PCBN) ceramic target
under atmospheric air pressure. A special set-up based
on using two synchronised wavelengths from the same
pulsed Nd:YAG laser for processing and measurement
that ensures accurate timing of the images has been used.
Digital holograms were recorded for different time
delays using collimated laser light ( O = 532 nm) passed
through the volume along the target. Numerical data of
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the integrated refractive index field were calculated and
presented as phase maps showing the propagation of the
shock wave generated by the process. The location of
the induced shock wave front was observed for different
focusing and time delays. The amount of released energy
has been estimated using the point explosion model.
The released energy is normalized by the incident laser
pulse energy and the energy conversion efficiency
between the laser pulse and PCBN target has been
calculated at different power densities.
Conclusion:

The validity of the point explosion model has been
proven in this investigation in the applied range of the
laser power density and it is used to estimate the amount
of released energy. The energy conversion efficiency
between the laser pulse and PCBN target surface seems
to be constant at high power densities and it is around
80 %. This percentage is expected to be different for
different materials and different laser parameters.

Division of work: Amer and Gren performed the experiment. Amer
evaluated the results. All authors contributed to interpret
the results. Amer wrote the paper.

Paper B:

Laser ablation induced refractive index fields studied using
pulsed digital holographic interferometry

By:

E. Amer, P. Gren and M. Sjödahl

Summary:

Pulsed digital holographic interferometry has been used
to investigate the plume and the shock wave generated
in the ablation process of a Q-switched Nd-YAG ( O =
1064 nm and pulse duration = 12 ns) laser pulse on a
polycrystalline Boron Nitride (PCBN) target under
atmospheric air pressure. Digital holograms were
recorded for different time delays using collimated laser
light ( O = 532 nm) passed through the volume along the
target. Numerical data of the integrated refractive index
field were calculated and presented as phase maps.
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Radon inversion has been used to estimate the 3D
refractive index fields measured from the projections
assuming rotational symmetry. The reconstructed
refractive index field has been used to calculate the
shock wave front density as well as the electron number
density distribution within the induced plume.
Conclusion:

A comparison of the shock wave front density calculated
from the reconstructed data and that calculated using the
point explosion model shows a quite good agreement.
The electron number density distribution within the
induced plume is calculated and it is found to be in the
order of 1018 cm-3 and decay at a rate of 3 u 1015
electrons/cm3ns.

Division of work: Amer and Gren performed the experiment. Amer
evaluated the results. All authors contributed to interpret
the results. Amer wrote the paper.

Paper C:

Impact of an extended source in laser ablation using pulsed
digital holographic interferometry and modelling

By:

E. Amer, P. Gren, A. F. H. Kaplan and M. Sjödahl

Summary:

Pulsed digital holographic interferometry has been used
to study the effect of the laser spot diameter on the
shock wave generated in the ablation process of a
Nd:YAG laser pulse on a Zn target under atmospheric
pressure. For different laser spot diameters and time
delays, the propagation of the expanding vapour and the
shock wave were recorded by intensity maps calculated
from the recorded digital holograms. From the latter,
phase maps, the refractive index and the density field
have been derived. A model was developed that
approaches the density distribution, in particular the
ellipsoidal expansion characteristics. The model
facilitates the derivation of the particle velocity field.
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Conclusion:

The results show that pulsed digital holographic
interferometry is a suitable method for measuring the
plume expansion during the laser ablation process. The
density distribution of the expanding vapour and air has
been derived in space and time, provided the conditions
are repeatable and rotationally symmetric. The density
distribution of the compressed air has been
approximated (per time step) by a simple expression
with four parameters, to be combined with the
ellipsoidal expansion model; the model facilitates transfer
of data as well as calculating the velocity field. While the
outer part of the expansion showed clear trends, the
inner part is composed of more complex interactions
between several processes; correspondingly the measured
data for the regions closer to the surface are more
difficult to interpret. The obtained data show the
expected behaviour. Differences from the ideal point
explosion theory have been explained.

Division of work: Amer and Gren performed the experiment. Kaplan put
the idea of the model. Amer evaluated the results. All
authors contributed to interpret the results. Amer and
Kaplan wrote the paper.

Paper D:

Comparison of the laser ablation process on Zn and Ti using
pulsed digital holographic interferometry

By:

E. Amer, P. Gren, A. F. H. Kaplan, M. Sjödahl and M.
El Shaer

Summary:

Pulsed digital holographic interferometry has been used
to compare the laser ablation process of a Q-switched
Nd-YAG laser pulse ( O = 1064 nm and pulse duration
= 12 ns) on two different metals (Zn and Ti) under
atmospheric air pressure. Digital holograms were
recorded for different time delays using collimated laser
light ( O = 532 nm) passed through the volume along the
target. Numerical data of the integrated refractive index
field were calculated and presented as phase maps. The
intensity maps have been calculated from the recorded
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digital holograms and are used to calculate the
attenuation of the probing laser beam by the ablated
plume.
Conclusion:

The results show different plume structure namely
streaks normal to the surface for Zn while dark
absorbing region for Ti. The experiment indicates that
different mechanisms of laser ablation happen for these
two metals for the same laser settings and surrounding
gas. At a laser fluence of 5 J/cm2, phase explosion
appears to be the ablation mechanism in case of Zn,
while for Ti normal vaporisation seems to be the
dominant mechanism.

Division of work: Amer and Gren performed the experiment. Amer
evaluated the results. All authors contributed to interpret
the results. Amer wrote the paper.

Paper E:

Depth resolved measurement of phase gradients in a transient
phase object field using pulsed digital holography

By:

M. Sjödahl, E. Olsson, E. Amer and P. Gren

Summary:

A technique to gain depth information from an imageplane digital holographic recording of a transient phase
object positioned between a diffuser and an imaging
system has been demonstrated. The technique produces
telecentric reconstructions of the complex amplitude
throughout the phase volume using numerical lenses and
the complex spectrum formulation of the diffraction
integral. The in-plane speckle movements as well as the
phase difference between the disturbed field and a
reference field are calculated in a finite number of planes
using a cross-correlation formulation. The method is
demonstrated on a measurement of a laser ablation
process of PCBN target using the fundamental
wavelength (1064 nm) of a 12 ns Nd:YAG pulse.
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Conclusion:

The results show that the depth information about inplane phase gradients can be determined in two planes
using reconstructed speckle fields from four different
depths. Two phase gradient fields ranging between 0
and 45 rads/mm are detected that are shown to be
consistent with a numerical differentiation of the
integrated phase field. In addition the plane of optimum
reconstruction for calculating the phase difference with
maximum contrast is detected from the technique.

Division of work: Amer and Gren performed the experiment. Sjödahl
developed the theory. All authors contributed to write
the paper.
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Abstract
Pulsed digital holographic interferometry has been used to study the shock wave induced by a
Q-switched Nd–YAG laser (λ = 1064 nm and pulse duration 12 ns) on a polycrystalline boron
nitride (PCBN) ceramic target under atmospheric air pressure. A special setup based on using
two synchronized wavelengths from the same laser for processing and measurement
simultaneously has been introduced. Collimated laser light (λ = 532 nm) passed through the
volume along the target and digital holograms were recorded for different time delays after
processing starts. Numerical data of the integrated refractive index ﬁeld were calculated and
presented as phase maps showing the propagation of the shock wave generated by the process.
The location of the induced shock wave front was observed for different focusing and time
delays. The amount of released energy, i.e. the part of the incident energy of the laser pulse
that is eventually converted to a shock wave has been estimated using the point explosion
model. The released energy is normalized by the incident laser pulse energy and the energy
conversion efﬁciency between the laser pulse and PCBN target has been calculated at different
power densities. The results show that the energy conversion efﬁciency seems to be constant
around 80% at high power densities.
(Some ﬁgures in this article are in colour only in the electronic version)

the energy conversion efﬁciency between a given laser pulse
and a PCBN ceramic target by observing the propagation
of the shock wave induced in front of the surface as a
function of time. The evaporated material that results from
the interaction of the laser beam with the target surface moves
into the surrounding atmosphere and forms a shock wave that
compresses the ambient air. A spherical symmetric shock
wave can be described using the point explosion model [11].
More advanced analytical models of the expansion of laserinduced vapour plumes and shock wave propagation can be
found in [12, 13]. The propagation of the shock wave reveals
properties such as released energy and refractive index that
help to understand the interaction between the laser pulse
and the target material. Using this approach laser-induced
evaporation and formation of the shock wave have been
studied experimentally by several authors including the use
of streak photography and spectroscopy [14], shadowgraphy
[15], schlieren [16], Michelson type interferometry [17] and

1. Introduction
Laser ablation is the process of removing material from a
solid (or occasionally liquid) surface by irradiating it with
a laser beam. It has numerous applications especially in
industry including modiﬁcation of the physical or chemical
microstructure of materials [1–4], microhole drilling [5,
6], art conservation [7, 8] and thin ﬁlm deposition [9, 10].
Polycrystalline boron nitride (PCBN) is an advanced synthetic
ceramic material that has high heat capacity, outstanding
thermal conductivity and superior dielectric strength that make
it important in many commercial applications. Laser ablation
is often used to machine PCBN. Laser ablation is a complex
process and the exact nature of the interaction is speciﬁc
to the target material and the laser pulse parameters. For
improving the ablation efﬁciency it is necessary to understand
the interaction mechanism between the laser pulse and the
target surface. The approach used in this paper is to estimate
0022-3727/08/215502+09$30.00
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Figure 1. A schematic diagram of the experimental setup. M1 and M2 : mirrors, NL: negative lens, L1 and L2 : collimation lenses, L: lens
system for imaging, A: aperture, D: diffuser, BS1 and BS2 : beam splitters, R: reference beam, O: object beam.

two-wavelength interferometry [18]. Pulsed holographic
interferometry has proven to be a valuable tool in the study
of transient events, such as propagation of mechanical waves
in solid structures and shock waves in liquids and gases
[19–22]. With this whole-ﬁeld technique, information of
an entire object volume is recorded at a speciﬁc time set
normally by the separation in time between two laser pulses.
With digital cameras instead of photographic ﬁlm, quantitative
phase data are quickly obtained without time-consuming wet
processing and hologram reconstruction. This all-electronic
version of holographic interferometry is called pulsed TV
holography or, more commonly, today, digital holographic
interferometry. This technique has been used in many
applications such as transient deformation measurements,
acoustic ﬁeld measurements and combustion studies [23–27].
In this paper pulsed digital holographic interferometery with
a special setup based on using two synchronized wavelengths
from the same pulsed laser for processing and measurement
simultaneously is introduced. Spatially and temporally
resolved quantitative data are calculated from the recorded
digital holograms and are presented as phase maps showing
the propagation of the shock wave generated by the process.
The effect of different focusing and different power densities
is shown. A procedure to calculate the energy conversion from
incident light to a shock wave using the point explosion theory
is discussed. The paper starts with a description of the point
explosion theory in section 2, a description of the experimental
setup and procedure in section 3 and results and discussion in
section 4.

energy being instantaneously released into the gas, a negligible
point mass source of this energy and a spherical shock wave
occurring in the surrounding atmosphere. According to the
point explosion theory the relation between the shock wave
radius, r, and the released energy, E, at a certain time, t, is
given by [11]
r=
E=

ξ0 E 1/5
1/5

ρ0

t 2/5 ,

r 5 ρ0
,
ξ05 t 2

(1)

where ρ0 is the undisturbed density of the ambient gas and ξ0
is a constant close to unity that depends on the speciﬁc heat of
the ambient gas. Hence observation of the shock wave location
at different time delays can be used to estimate the released
energy. Equation (1) will be used to estimate the amount of
released energy from the target surface as a result of the impact
of the laser pulse.

3. Experimental setup and procedure
The experimental setup used to investigate the shock wave
proﬁle is shown in ﬁgure 1. An injection-seeded, twin
oscillator, frequency doubled, Q-switched Nd : YAG laser
system (Spectron SL804T) is used as light source. Each laser
comprises a single oscillator with a single power ampliﬁer in
series. Each oscillator is conﬁgured with a telescopic resonator
with intracavity mode-controlling aperture. This gives rise
to a true TEMoo spatial proﬁle for spatial uniformity and
coherence. Since the two laser oscillators are seeded from
the same stabilized CW Nd : YAG laser the pulses from the
two lasers are coherent. The laser system operates at 10 Hz
but the time separation between the pulse trains from the two
lasers can be set from zero to any time. For reliable seeding,
it is necessary that the oscillators are run repetitively. Stable
single shot operation is not possible. Instead, fast solenoidactivated beam dump shutters allow access to a single, stable,
single-frequency pulse. A more complete description of the
laser system can be found in [26]. The fundamental Nd : YAG
wavelength 1064 nm is frequency doubled to 532 nm and is
used for the measurement. The residual infrared light after
frequency doubling is used to ablate the PCBN target. In

2. Theory
When a laser pulse with an energy density larger than the
ablation threshold of a speciﬁc material is used for processing,
a small portion of the material will melt and evaporate. This
evaporated material expands into the surrounding atmosphere
and forms a shock wave in the ambient gas. The induced
shock wave propagates at supersonic speed at the beginning,
and then quickly decays to become a sound wave after a certain
distance due to spherical expansion and kinetic energy loss by
the resistance of the ambient gas. Shock wave propagation
can be described using the point explosion theory. The theory
has a few assumptions concerning the explosion, such as its
2
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separate images, the ﬁrst pulse will reach the target at the same
time as recording the ﬁrst image. The next pulse will record the
shock wave due to the ﬁrst pulse on the second image, thus the
phase difference is calculated by comparing the second image
with the ﬁrst one. For shorter time separation than 500 ns, when
difﬁculties to store the pulses on two separate images occur, it
is possible to double expose the image and calculate the phase
difference with an image corresponding to undisturbed air. For
clariﬁcation, in the following we will call a reference image
(ImageR), the ﬁrst image exposed by the ﬁrst pulse (ImageA),
the second image exposed by the second pulse (ImageB) and
the double exposed image (ImageAB).

this setup we thus use the same laser for processing and
measurement that ensures accurate timing of the images. The
green light from the Nd : YAG laser is split by a beam splitter
(BS1 ). The reﬂected part is reﬂected by mirror M1 , expanded
by a negative lens (NL), collimated by lens (L2 ) and used to
illuminate a diffuser (D) after it passes along the target. The
light that passes the beam splitter BS1 is used as reference beam
(R) and it is guided through a ﬁbre optic cable to the beam
splitter BS2 from where it illuminates the CCD detector. The
camera is a PCO Sensicam double shutter, with a resolution of
1280×1024 pixels, a pixel size of 6.7×6.7 μm2 and a dynamic
range of 12 bits. The camera is computer controlled via a
ﬁbre optic cable and externally triggered to be synchronized
with the laser pulses. The diffuser is imaged on the CCD
detector by a two-element lens system (L); each element is a
plano-convex lens with a focal length of 100 mm. Between
the two elements of the lens system an aperture (A) with a
size of 2.45 × 2.45 mm2 is placed. The end of the optical
ﬁbre is positioned in such a way that seen from the detector it
should appear to come from the same plane as the aperture and
one aperture width (2.45 mm) from the edge of the aperture.
In this way the interference pattern between the object and
reference light is spatially separated from the object light selfinterference term in the Fourier domain. The size of the
aperture is chosen small enough to resolve the interference
pattern and avoid aliasing.
A high intensity IR pulse ((15 ± 1) mJ, 12 ns, 1064 nm)
from the Nd : YAG laser is focused to a 26 μm diameter beam
waist by a 60 mm focal length lens to a mean irradiance
of 240 GW cm−2 . The laser power density is reduced to
9.1 GW cm−2 on the object surface by locating the focal point
at 2.5 mm behind the target; the choice of the position of the
focal point is described in detail in the next section. The power
density has been varied from 1.4 to 9.1 GW cm−2 by changing
the pulse energy. The pulse energy is controlled by changing
the Q-switch delay relative to the ﬂash lamp sync pulse.
Since the probing green laser beam passes along the target,
disturbances in the refractive index along the light path, s, will
introduce phase changes, φ, on the diffuser described as

φ(x, y, z) = k [n2 (x, y, z) − n1 (x, y, z)] ds,
(2)

4. Results and discussion
Typical wrapped and unwrapped phase maps at a power density
of 9.1 GW cm−2 and a time delay of 700 ns are shown in
ﬁgures 2(a) and (b), respectively. The noisy part from X = 0
to X = 0.2 mm (caused by the shadow of the target) is masked
in order to obtain a more stable unwrapping. Region 1 contains
evaporated material and plasma, region 2 contains compressed
air, region 3 the shock wave front and region 4 the undisturbed
air. A phase proﬁle at Y = 1.14 mm is shown in ﬁgure 2(c), the
negative value of the phase difference in region 1 means that
the refractive index in this region is smaller than the refractive
index of undisturbed air. This behaviour is due to the high
temperature in this region caused by the ablated material.
The induced shock wave for different distances between
lens L1 and the target surface has been observed to optimize
the distance between the lens and the target. A series of phase
maps showing the induced shock wave at different positions
of the focal point relative to the target at pulse energy of 15 mJ
and a time delay of 700 ns is shown in ﬁgure 3. Figure 3(a)
shows that there is no breakdown in air when the focal point
is at 2.5 mm behind the target. Figure 3(b) shows the induced
shock wave when the focal point is located at the target surface
or very close to it. There is a combination between the laserinduced plasma due to the laser impact on the target and the
breakdown in air forming a line source of the shock wave
shown in ﬁgure 4(a). The ﬁgure is obtained by comparing the
ﬁrst image (ImageA) with a reference image (ImageR); thus
the effect of the ﬁrst pulse during the pulse duration (12 ns) can
be shown. From this image it is likely that the shock wave will
have a cylindrical shape as shown in ﬁgure 4(b). The ﬁgure
is obtained by comparing the second image (ImageB) with a
reference image (ImageR), thus the induced shock wave due
to the ﬁrst pulse can be shown. The induced plasma seen in
ﬁgure 4(a) is no longer seen in ﬁgure 4(b) since the second
pulse has been absorbed by the plasma. In ﬁgure 3(c) the focal
point is at 2 mm in front of the target, occasionally separate
breakdown in air occurs since the focal point is located in air
in front of the target and the power density is high enough to
cause breakdown in air. As a result, the focal point position
has been chosen to be located 2.5 mm behind the target in our
investigation to avoid breakdown in air.
A series of phase maps showing the shock wave
propagation in air at different time delays at a power density
of 1.4 GW cm−2 is shown in ﬁgure 5. Since in this series we

where k is the wave number, n2 and n1 are the refractive index
distributions of the volume outside the target at two different
time instants. The phase difference between two different
digital holograms is calculated using the Fourier transform
method [28] and is visualized as a wrapped phase map.
The phase change is numerically determined on the interval
[−π, π] for each pixel in the phase map. An unwrapping
procedure can be applied to remove possible 2π ambiguities.
More details about the procedure to obtain the phase data are
presented in [24].
With the camera system used, it is possible to record two
separate images from two laser pulses with a time separation
from about 500 ns and up. Since the setup is stable and the laser
system has a high degree of coherence, it is possible to compare
(calculate phase maps) from different recordings. Reference
image can be recorded with the processing beam blocked, thus
recording undisturbed air. If double pulses are recorded on two
3
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(a)

(a)

(b)

(b)

(c)

(c)

Figure 2. Typical phase maps at a power density of 9.1 GW cm−2
and a time delay of 700 ns. (a) wrapped phase map, (b) unwrapped
phase map, (c) phase proﬁle at Y = 1.14 mm. Region 1 contains
evaporated material and plasma, region 2 contains compressed air,
region 3 the shock wave front and region 4 the undisturbed air.

Figure 3. A series of the induced shock wave at pulse energy of
15 mJ and a time delay of 700 ns. (a) the focal point is at 2.5 mm
behind the target, (b) the focal point is at the target, (c) the focal
point is at 2 mm in front of the target.

directions to the target. For more accuracy, the radius of the
shock wave used in our calculations is the lateral distance
marked by the arrow in the ﬁgure divided by 2.
The shock wave radius as a function of time for different
power densities at the target surface is shown in ﬁgure 6. The

wish to study the wave propagation for short times between
the pulses we double expose the images. Thus ImageAB and
ImageR are compared. The induced shock wave has a spherical
shape and it has equal radii in both lateral and perpendicular
4
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(a)

(a)

(b)

(b)

Figure 4. Phase maps at pulse energy of 15 mJ, a time delay of
700 ns and the focal point is located at the target surface.
(a) calculated by comparing ﬁrst image (ImageA) with reference
image (ImageR), (b) calculated by comparing second image
(ImageB) with reference image (ImageR), respectively.

experimental results were ﬁtted to the simple one-parameter
model r = qt 0.4 to verify the use of the point explosion model
given by equation (1). The experimental results are quite well
ﬁtted to the theoretical model for the energy levels used in this
investigation. The deviation of the experimental points from
the theory at the earlier times can be due to a lensing effect
more pronounced at these earlier times when the refractive
index gradient at the wave front is higher than that for later
times. This may cause slightly smaller shock wave radii in the
images. However, in the setup we tried to minimize this effect
by positioning the laser processing point as close as possible to
the diffuser (8 mm). Zeng et al [29] reported that the expansion
distance of the shock wave induced due to Nd : YAG laser pulse
(226 nm, 3 ns) on a silicon target in air at a power density of
3.7 GW cm−2 is proportional to t 0.4 , while Yavas et al [30]
reported that r ∝ t 0.54 for the plume induced by Nd : YAG laser
(1064 nm, 12 ns) on a calcite target in air. Gonzalo et al [31]
reported that the expansion of the plume induced by an excimer
laser (193 nm, 12 ns) on a BaTiO3 target can be described using
this model for long distances to the target or at high pressure
of the ambient gas.

(c)

Figure 5. Shock wave propagation at a power density of
1.4 GW cm−2 at different time delays. (a) 704 ns, (b) 912 ns,
(c) 1240 ns, respectively.

The results in ﬁgure 6 are good enough for the use of
the point explosion model, equation (1), to describe the laserinduced shock wave. The constant q in the ﬁt is hence
proportional to (E/ρ0 )1/5 ; if this constant is taken to the power
of 5 and multiplied by the density of the undisturbed air, ρ0 , it
gives the mean value of the released energy from the target as
5
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Figure 6. Shock wave radius as a function of time for different
power densities.

(a)

(b)

Figure 7. The energy conversion efﬁciency as a function of laser
power density, circles represent results from ﬁgure 6 and triangles
represent results from ﬁgures 8 and 9.

a result of the laser impact. If this energy is normalized by the
incident laser pulse energy, ﬁgure 7 is obtained. The circular
points in the ﬁgure show that the energy conversion efﬁciency
increases with the power density at low irradiance and it seems
to be constant at high power densities to a value around 80%.
The four discrete triangular points are described in the next
paragraph.
As the power density of the laser pulse increases,
breakdown in air might take place that affects the efﬁciency
of the ablation process due to the energy loss. This behaviour
has been investigated by placing the focal point in front
of the target. Three different positions of the focal point
(1 mm, 1.5 mm and 2 mm, respectively) have been tested giving
different power densities on the target surface. Occasionally
breakdown in air with different strengths for the same
conditions of the laser impact has been observed. This may be
due to contaminants suspended in the air. An example of this
phenomenon is shown in ﬁgure 8, where the pulse energy is
15 mJ, the time delay is 700 ns and the focal point is at 1 mm
in front of the target. It is obvious from the ﬁgure that as

(c)

Figure 8. The induced shock wave where occasionally breakdown
in air with different strength occurs. The pulse energy is 15 mJ, the
time delay is 700 ns and the focal point is at 1 mm in front of the
target surface.

the radius of the induced shock wave due to air breakdown
increases, the radius of the induced shock wave due to the
laser impact on the target decreases. The large radius of the
induced shock wave due to air breakdown indicates that more
energy is lost in the air breakdown and consequently less pulse
6
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(a)

(b)

(c)

(d)

Figure 9. The induced shock wave at pulse energy of 15 mJ and a time delay of 700 ns, where occasionally breakdown in air occur.
(a), (b) without and with breakdown in air, respectively, when the focal point is at 1.5 mm in front of the target surface, (c), (d) without and
with breakdown in air, respectively, when the focal point is at 2 mm in front of the target surface.

9(b), 9(d) where the breakdown in air is obvious and ﬁgure 9(a)
where there is no breakdown in air. Although the shock wave
induced due to air breakdown has a more elliptical shape, for
simplicity equation (1) has been used to calculate the energy
loss due to air breakdown. The diameter marked by the arrow
in the ﬁgures is divided by 2 to obtain the shock wave radius.
Assuming 100% conversion of energy in the air breakdown, the
amount of energy loss is subtracted from the initial pulse energy
to calculate the actual pulse energy reaching the target surface.
The released energy from the target surface has then been
estimated using equation (1). The energy conversion efﬁciency
has been calculated and is shown in ﬁgure 7 as triangles. These
results appear to be in reasonable agreement with the previous
results; however it could be slightly underestimated because
of the assumption that the energy conversion in air breakdown
is 100% and also because the induced shock wave due to air
breakdown is not perfectly spherically symmetric that leads to
an underestimation of the energy loss.
Given the applicability of equation (1), the relative error
in the calculated released energy from one single image would

energy reaches the target surface. Figure 9 shows that spatially
separated shock waves induced due to air breakdown and due to
the laser impact on the target occasionally take place at a pulse
energy of 15 mJ and a time delay of 700 ns. Figures 9(a) and
(b) show the induced shock wave without and with breakdown
in air, respectively, where the focal point locates at 1.5 mm
in front of the target. Figures 9(c) and (d) show the induced
shock wave without and with breakdown in air, respectively,
where the focal point is at 2 mm in front of the target surface.
The ﬁgures show that the induced shock wave due to the laser
impact on the target surface has a larger radius in the case
when there is no breakdown in air (ﬁgures 9(a) and (c)) than
when the breakdown in air is obvious (ﬁgures 9(b) and (d)).
This behaviour is due to the energy loss in the air breakdown.
The energy conversion efﬁciency of the target in the two cases
with and without breakdown in air has been estimated. The
agreement between the experimental results and equation (1)
implies that in principle one individual phase map can be used
to calculate the amount of released energy. We have selected
some ﬁgures where equation (1) can be applied; ﬁgures 8(b),
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(3)

where r and t are the errors in the measured radius and time,
respectively. As a result a small error in the measured radius
will give a large error in the calculated released energy. The
error bars shown in ﬁgure 7 are calculated using equation (3)
with r and t chosen to be 0.02 mm and 10 ns, respectively.

5. Conclusion
Pulsed digital holographic interferometry is shown to be
a versatile tool to give a physical picture and increase
the understanding of the laser ablation process in a timeresolved manner. A special setup based on using two
synchronized wavelengths from the same pulsed Nd : YAG
laser for processing and measurement that ensures accurate
timing of the images has been used. High-quality phase maps
showing projections of the changes in refractive index ﬁeld
caused by the ablation process are presented. The propagation
of the induced shock wave was observed at different focusing
and different time delays. The validity of the point explosion
model has been proven in our investigation in the applied
range of the laser power density and it is used to estimate the
amount of released energy. The energy conversion efﬁciency
between the laser pulse and PCBN target surface has been
calculated at different power densities. The results show that
the energy conversion efﬁciency seems to be constant at high
power densities and it is around 80%. This percentage is
expected to be different for different materials and different
laser parameters.
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Pulsed digital holographic interferometry has been used to investigate the plume and the shock wave
generated in the ablation process of a Q-switched Nd-YAG (l ¼ 1064 nm and pulse duration ¼ 12 ns)
laser pulse on a polycrystalline boron nitride (PCBN) target under atmospheric air pressure. A special
setup based on two synchronised wavelengths from the same laser for simultaneous processing and
measurement has been used. Digital holograms were recorded for different time delays using
collimated laser light (l ¼ 532 nm) passed through the volume along the target. Numerical data of the
integrated refractive index ﬁeld were calculated and presented as phase maps showing the propagation
of the shock wave and the plume generated by the process. Radon inversion has been used to estimate
the 3D refractive index ﬁelds measured from the projections assuming rotational symmetry. The shock
wave density has been calculated using the point explosion model and the shock wave condition
equation and its behaviour with time at different power densities ranging from 1.4 to 9.1 GW/cm2 is
presented. Shock front densities have been calculated from the reconstructed refractive index ﬁelds
using the Gladstone–Dale equation. A comparison of the shock front density calculated from the
reconstructed data and that calculated using the point explosion model at different time delays
has been done. The comparison shows quite good agreement between the model and the experimental
data. Finally the reconstructed refractive index ﬁeld has been used to estimate the electron number
density distribution within the laser-induced plasma. The electron number density behaviour with
distance from the target at different power densities and its behaviour with time are shown. The
electron number densities are found to be in the order of 1018 cm3 and decay at a rate of 3  1015
electrons/cm3 ns.
& 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Pulsed laser ablation is a very efﬁcient method to remove
material from a solid surface in a layer-by-layer fashion. When the
energy density of the applied laser pulse exceeds the ablation
threshold of the target material, a thin surface layer of the
material melts, vaporizes and forms a material plume. Investigation of the induced plume is an important aspect of many
technological applications such as material processing, element
analysis and pulsed laser thin ﬁlm deposition [1–3]. Plume
characteristics are heavily dependent on target material, irradiation conditions and ambient gas conditions. Immediately after the
laser pulse hit the target, the induced plume expands away from
the target, interacts with the surrounding gas and forms a shock
wave. The temporally resolved propagation of the shock wave can
be used to calculate its thermodynamic parameters using the
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point explosion model and shock wave conditions [4]. Laserinduced shock wave has been studied theoretically [5,6] and
experimentally by several authors, including the use of shadowgraphy [7], schlieren [8] and streak photography [9]. The refractive
index difference between ambient gas and shock wave can be
used to calculate the shock front density ﬁeld as well as the
electron number density distribution within the induced plasma.
There are various methods for measuring the refractive index
including interferometry [10–12], holographic interferometry
[13], two-wavelength interferometry [14,15] and time-resolved
shadowgraphy [16]. The investigations above have shown the
usefulness of optical techniques to investigate various physical
events that reveal themselves through a change in the refractive
index ﬁeld. Pulsed digital holographic interferometry has proven
to be a valuable tool in the study of transient events, such as
propagation of mechanical waves in solid structures and shock
waves in liquids and gases [17–21]. With this whole-ﬁeld
technique, quantitative information of an entire object volume is
recorded at a speciﬁc time set normally by the separation in time
between two laser pulses. In [22], we have studied the laser
ablation process using this technique. The effects of different
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focusing and different power densities on shock wave propagation
were shown. The point explosion model was shown to be valid
and a procedure to calculate the energy conversion from incident
light to a shock wave was discussed. This paper is a continuation
of the previous work to extract more quantitative data from the
recorded phase maps. In particular, the 3D refractive index ﬁeld
has been calculated from the measured projection using Radon
inversion assuming rotational symmetry. The 3D refractive index
ﬁeld has been used to calculate the density of the shock wave
front and hence compare it with the density given by the point
explosion model. Also, the electron number density distribution
within the induced plasma has been calculated.

2. Theory
When a laser pulse with an energy density larger than the
ablation threshold of a speciﬁc material is used for processing, a
small portion of the material will melt, evaporate and form a
material plume. The induced plume acts to sweep up and drive
the background gas to a supersonic velocity forming a spherical
shock wave. Shock wave propagation can be described using the
point explosion theory. The point explosion theory has few
assumptions concerning the explosion, such as its energy being
instantaneously released into the gas, a negligible point mass
source of this energy and a spherical shock wave occurring in the
surrounding atmosphere. According to the point explosion theory,
the relation between the shock wave radius, r, and the released
energy, E, at a certain time, t, is given by [4]
r¼

x0 E1=5

r01=5

t 2=5

(1)

where r0 is the undisturbed density of the ambient gas and x0 is a
constant close to unity that depends on the speciﬁc heat of the
ambient gas. The velocity U of the shock front can be calculated by
the differentiation of Eq. (1) resulting in
dr 2 r
U¼
¼
dt 5 t

(2)

The density rs, pressure Ps and temperature Ts of the shock
wave front can be calculated using the shock wave conditions
equations [4]


rs ¼
Ps ¼
Ts ¼

gþ1
2 c2
r 1þ
g1 0
g  1 U2
2

gþ1



r0 U 2 1 

1

g  1 c2
2g U 2

Ps
Rrs

(3)

(4)

(5)

where the speciﬁc heat ratio of the ambient air is g ¼ 1.4, the
density of the undisturbed air r0 ¼ 1.2 kg/m3, the speed of sound
in air c ¼ 340 m/s at 20 1C and R is the gas constant. Eqs. (2)–(5)
have been used in this investigation to estimate the laser-induced
shock wave parameters based only on the propagation speed of
the shock wave.
When the probing laser beam passes along the target,
disturbances in refractive index along the optical light path l will
introduce phase changes df described as [13]
Z l
dfðx; y; zÞ ¼ ð2p=lÞ ½nðx; y; zÞ  n0 ðx; y; zÞ dl
(6)
0

where l is the probe laser wavelength, n(x, y, z) is the refractive
index distribution caused by some disturbance in the medium and
n0(x, y, z) is the refractive index of the undisturbed medium. In this

case the refractive index ﬁeld is assumed to be rotationally
symmetric and the Radon inversion method can be used to obtain
the 3D refractive index ﬁeld from the integrated refractive index
ﬁeld (the 2D phase map). The measured refractive index can
indicate the presence of free electrons since the refractive index of
free electrons is less than 1, whereas a neutral gas has a refractive
index greater than 1.
At the shock front, where the refractive index n is greater than
1, the density of the shock front can be calculated using the
Gladstone–Dale equation [13]:
n  1 ¼ Kr

(7)

where K is the Gladstone–Dale constant and r is the density of the
shock front. In this way the densities calculated from Eq. (3) can
be compared with that calculated from the measurement.
The laser-induced plume consists of ions, atoms, molecules
and free electrons. For measuring the free electron number
density, the probe laser wavelength should be well away from
any absorption resonances in the plume so that contribution to
the refractive index from bound electrons is negligible compared
to that of free electrons. In our case the probe laser wavelength
(532 nm) is far away from the resonance frequencies of the species
in the plume that are in the UV part of the spectrum. The electron
number density Ne is then related to the plasma refractive index
by [11]
Ne ¼ Nc ð1  n2 Þ;

no1

(8)

where Nc is the critical electron number density when the probe
laser frequency equals the electron plasma frequency. In general,
Nc ¼ 1021l2 cm3, where l is the probe laser wavelength in
microns. Radon inversion and Eq. (8) have been used to calculate
the electron number density distribution within the laser-induced
plasma as a function of position and time.

3. Experimental setup and procedure
A top view of the experimental setup is shown in Fig. 1(a). An
injection-seeded, twin oscillator, frequency doubled, Q-switched
Nd:YAG laser system (Spectron SL804T) is used as a light source.
Each laser comprises a single oscillator with a single power
ampliﬁer in series. Each oscillator is conﬁgured with a telescopic
resonator with an intracavity mode-controlling aperture. This
gives rise to a true TEM00 spatial proﬁle for spatial uniformity and
coherence. Since the two laser oscillators are seeded from the
same stabilised CW Nd:YAG laser, the pulses from the two
oscillators are coherent. The laser system operates at 10 Hz but the
time separation between the pulse trains from the two lasers can
be set from zero to any time. For reliable seeding, it is necessary
that the oscillators are run repetitively. Stable single shot
operation is not possible. Instead, fast solenoid-activated beam
dump shutters allow access to a single, stable and singlefrequency pulse. The fundamental Nd:YAG wavelength 1064 nm
is frequency doubled to 532 nm and is used for the measurement.
The residual infrared light after frequency doubling is used to
ablate the PCBN target. In this setup, we thus use the same laser
for processing and measurement that ensures accurate timing of
images. The green light from the Nd:YAG laser is split by a beam
splitter (BS1). The reﬂected part is reﬂected by mirror M1,
expanded by a negative lens (NL), collimated by a positive lens
(L2) and illuminates a diffuser (D) after passing along the target.
The light that passes the beam splitter BS1 is used as reference
beam (R) and it is guided through a ﬁbre optic cable to the beam
splitter BS2 from where it illuminates the CCD detector. The
camera is a PCO Sensicam double shutter, with a resolution of
1280  1024 pixels, a pixel size of 6.7  6.7 mm2 and a dynamic
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Fig. 1. Experimental setup. (a) Top view of the setup. M1 and M2: mirrors; NL: negative lens; L1: focusing lens; L2: collimation lens; L: two-element lens system for imaging;
each element is a plano-convex lens with a focal length of 100 mm, A: square aperture; D: diffuser; BS1 and BS2: beam splitters; R: reference beam; O: object beam and (b)
3D sketch of the target and the coordinate system.

range of 12 bits. The camera is computer controlled via a ﬁbre
optic cable and externally triggered to be synchronised with the
laser pulses. The diffuser is imaged onto the CCD detector by a
two-element lens system (L); each element is a plano-convex lens
with a focal length of 100 mm. Between the two elements of the
lens system, an aperture (A) with a size of 2.45  2.45 mm2 is
placed. The ﬁeld of view is 3.65  2.92 mm2. The end of the optical
ﬁbre is positioned in such a way that when seen from the detector
it should appear to come from the same plane as the aperture and
one aperture width (2.45 mm) from the edge of the aperture. In
this way the interference pattern between the object and
reference light is spatially separated from the object light selfinterference term in the Fourier domain. The size of the aperture
is chosen to be small enough to resolve the interference pattern
and avoid aliasing. Fig. 1(b) shows a 3D sketch of the target and
the coordinate system. The X and Y axes are in the plane of the
target and the Z axis points outward.
A high-intensity IR pulse ((1571) mJ, 12 ns, 1064 nm) from the
Nd:YAG laser is focused to a 26 mm diameter beam waist by a
60 mm focal length lens to a mean irradiance of 240 GW/cm2. The
laser power density is reduced to 9.1 GW/cm2 on the object
surface by locating the focal point at 2.5 mm behind the target to
avoid breakdown in air. The power density has been varied from
1.4 to 9.1 GW/cm2 by changing the pulse energy. The pulse energy
is controlled by changing the Q-switch delay relative to the ﬂash
lamp sync pulse. The time delay range varied from 100 to 900 ns

in order to keep the shock wave within the ﬁeld view. As
discussed in [22], with the camera system being used, it is
possible to record two separate images from two laser pulses with
a time separation from about 500 ns and onwards. Since the setup
is stable and the laser system has a high degree of coherence, it is
possible to compare (calculate phase maps) from different
recordings. The reference image can be recorded with the
processing beam blocked, thus recording undisturbed air. If
double pulses are recorded on two separate images, the ﬁrst
pulse will reach the target at the same time as recording the ﬁrst
image. The next pulse will record the shock wave due to the
ﬁrst pulse on the second image, thus the phase difference is
calculated by comparing the second image with the ﬁrst one. For
shorter time separation than 500 ns, when difﬁculties to store the
pulses on two separate images occur, it is possible to double
expose the image and calculate the phase difference with an
image corresponding to undisturbed air. This procedure has been
adopted in the present investigation.
Since the probing laser beam passes along the target,
disturbances in refractive index along the light path will introduce
phase changes Df on the diffuser as described by Eq. (6). The
phase difference between two different digital holograms
is calculated using the Fourier transform method [23] and is
visualised as a wrapped phase map. The phase change is
numerically determined on the interval [p,p] for each pixel in
the phase map. An unwrapping procedure is applied to remove
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possible 2p ambiguities. More details about the procedure to
obtain the phase data are presented in [18].

4. Results and discussion
Typical wrapped and unwrapped phase maps at a power
density of 4.2 GW/cm2 and a time delay of 710 ns are shown in
Fig. 2(a) and (b), respectively. The noisy part (caused by the
shadow of the target) is masked in order to obtain a more stable
unwrapping. Region 1 contains the laser-induced plume, region 2
contains compressed air, region 3 is the shock wave front and
region 4 is the undisturbed air. A phase proﬁle at Y ¼ 0.1 mm is
shown in Fig. 2(c). The negative value of the phase difference in
region 1 means that the integrated refractive index in this region
is smaller than the refractive index of the undisturbed air.
Assuming the validity of the point explosion model given by
Eq. (1), this veriﬁcation was done in [22], Eqs. (2)–(5) can be used
to calculate the shock wave parameters. The shock wave radius (r)
is measured in the phase maps for different times (t). The velocity,
U, of the shock front has been calculated using Eq. (2), which gives
the density, pressure and temperature of the shock front through
Eqs. (3)–(5). The behaviour of the shock front density with time at
different power densities is shown in Fig. 3. The ﬁgure shows that
the density decays with time. This is as expected since the shock
wave strength decreases with time due to the spherical expansion
and kinetic energy loss by the resistance of the ambient air. The
pressure and temperature of the shock front at a laser power
density of 9.1 GW/cm2 are about 50 bar and 3000 K, respectively,
at a time delay of 100 ns. These values decay with time to 6 bar
and 617 K, respectively, at a time delay of 700 ns.
Assuming rotational symmetry, the Radon inversion was used
to reconstruct the integrated refractive index ﬁeld using Matlab.
In the reconstruction, 360 identical projections were used. The

reconstructed refractive index ﬁeld at a power density of
4.2 GW/cm2, time delay of 475 ns and Z ¼ 60 mm is shown in
Fig. 4(a). The refractive index difference proﬁle at Y ¼ 0.14 mm is
shown in Fig. 4(b). Region 1 contains the laser-induced plume,
region 2 contains the compressed air, region 3 is the shock wave
front and region 4 is the undisturbed air. The ﬁgure shows that in
region 1, the absolute refractive index is lower than 1 due to the
high temperature in this region caused by the induced plasma and
it indicates the presence of free electrons. In region 2, there is no
ionization of the compressed air behind the shock front since the

Fig. 3. The density of the shock front calculated using the point explosion model as
a function of time at different power densities.

Fig. 2. Typical phase maps at a power density of 4.2 GW/cm2 and a time delay of 710 ns. (a) wrapped phase map, (b) unwrapped phase map and (c) phase proﬁle at
Y ¼ 0.1 mm. Region 1 contains laser-induced plume, region 2 contains compressed air, region 3 is the shock wave front and region 4 is the undisturbed air.
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Fig. 5. Refractive index difference proﬁles at Y ¼ 0.057 mm and Z ¼ 0.7 mm for
different time delays, at a power density of 4.2 GW/cm2.

Fig. 4. (a) The reconstructed refractive index ﬁeld at a power density of 4.2 GW/
cm2, a time delay of 475 ns and Z ¼ 60 mm and (b) refractive index difference
proﬁle at Y ¼ 0.14 mm. Region 1 contains the laser-induced plume, region 2
contains the compressed air, region 3 is the shock wave front and region 4 is the
undisturbed air.

temperature is around 900 K, which is not sufﬁcient for ionization
of the compressed air (the ionization potential of nitrogen is
14.534 eV). In region 3, the absolute refractive index is higher than
the refractive index of the undisturbed air due to the compressed
air at the shock front. In region 4, where the air is undisturbed, the
refractive index difference equals zero. Where the reconstructed
refractive index is greater than one, the Gladstone–Dale equation
has been used to calculate the density. In the region close to the
target where the refractive index is lower than one, the electron
number density has been calculated using Eq. (8). These
procedures will be described in the next sections.
The refractive index difference proﬁles at Y ¼ 0.057 mm and
Z ¼ 0.7 mm for different time delays at a laser power density of
4.2 GW/cm2 are shown in Fig. 5. In the ﬁgure, we can observe that
the thickness of the shock wave (where the refractive index
change is positive) is around 20% of the shock wave radius, which
is consistent with the shock wave density proﬁle shown in Fig. 73
in [4]. A decrease in refractive index difference at the shock front

Fig. 6. A comparison of the shock front density calculated using the reconstructed
data and that calculated using the point explosion model at a power density of
4.2 GW/cm2 for different time delays.

with increasing time can be seen. For shorter time where the
shock wave thickness is narrower, there are difﬁculties to resolve
the peak properly. This is seen as a lower refractive index change
for t ¼ 353 ns than for t ¼ 406 ns. The refractive index values of
the shock wave front have been used to calculate the densities
using the Gladstone–Dale equation as described in Section 2. A
comparison of the shock front density calculated from the
reconstructed data using the Gladstone–Dale equation, Eq. (7),
and that calculated using the point explosion model, Eq. (3), at a
power density of 4.2 GW/cm2 for different time delays is shown in
Fig. 6. The experimental values are the median values of shock
front densities measured at 8 different positions of the wave front
for each time. The ﬁgure shows quite a good agreement between
the densities calculated using the point explosion model and that
calculated using the reconstructed refractive index. The error bars
of the results calculated using the reconstructed refractive index
were estimated from the fringe sensitivities in the pulsed
holographic system (71/10 of a fringe, 0.63 radian in phase).
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The error bars of the results calculated using the point explosion
model are due to the error in the measured shock wave velocity.
The error values have been estimated using Dr and Dt equal to
0.02 mm and 10 ns, respectively. The deviation between the
theory and the experiment, which becomes signiﬁcant at the
earlier times, could be caused by deviations from perfect
symmetry of the shock wave and shortage of resolution at earlier
times as described above or may be due to reconstruction errors
such as ring artefacts, shift of the symmetry axis and aliasing
effect [24,25]. The cause of this deviation was however not
investigated further.
The electron number density distribution within the laserinduced plasma was estimated from the reconstructed refractive
index using Eq. (8). The refractive index difference proﬁles at
Y ¼ 0.085 mm at a power density of 4.2 GW/cm2 and a time delay
of 475 ns for different distances from the target are shown in
Fig. 7. The electron number density was calculated by taking the
average value of the refractive index difference from X ¼ 0.085 to
0.114 mm. The position where the electron number density has
been calculated was chosen to be shifted from the origin to avoid
the uncertainty in this part due to reconstruction errors. The
calculated electron number density was found to be in the order
of 1018 cm3. This order of magnitude is consistent with results
reported by Schittenhelm et al. [14]. To get a rough idea of the
reasonability of this number, a simple balance calculation was
performed. The number of photons of the pumping laser at a laser
power density of 4.2 GW/cm2 is 3.7  1016 for the 12 ns pulse used.
The number of calculated electrons at this power density
contained in a volume of a hemisphere of radius 1 mm is in the
order of 1015. About 10% of the incident photons generate free
electrons, which has to be considered reasonable.
The behaviour of the calculated electron number density as a
function of distance from the target for different power densities
is shown in Fig. 8. The error bar represents the uncertainty (71/10
of a fringe, 0.63 radian in phase) of the data from the pulsed
holographic system. The dependency of the electron number
density on the distance from the target seems to follow a negative
exponential curve that is consistent with the behaviour as
reported by Mao et al. [10] and Schittenhelm et al. [14]. The
ﬁgure shows that the electron number density increases almost

Fig. 8. The calculated electron number density as a function of distance from the
target for different power densities.

Fig. 9. The calculated electron number density as a function of time at a power
density of 4.2 GW/cm2 for different distances from the target.

linearly with increased laser power density. This behaviour is
consistent with the results reported by Doyle et al. [11]. The
calculated electron number density as a function of time
for different distances from the target at a power density of
4.2 GW/cm2 is shown in Fig. 9. The ﬁgure shows that the electron
number density decays with time due to the recombination effect.
The recombination rate is almost the same for different distances
from the target, which indicates that ions and electrons are
relatively well mixed throughout the distribution volume. The
recombination rate has a value of about 3  1015 electrons/cm3 ns
calculated from the average slope.

5. Conclusion

Fig. 7. The refractive index difference proﬁles at Y ¼ 0.085 mm at a power density
of 4.2 GW/cm2 and a time delay of 475 ns for different distances from the target.

The pulsed digital holographic interferometry technique has
been used to study the shock wave and the plume generated from
a laser ablated surface. Numerical data of the integrated refractive
index ﬁeld were calculated and presented as phase maps showing
the propagation of the shock wave and the plume generated by
the process. Radon inversion has been used to estimate the 3D
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refractive index ﬁelds measured from the projections assuming
rotational symmetry. The shock wave proﬁle compares quite well
to the theoretical one for a strong spherical shock wave. The
reconstructed refractive index ﬁeld has been used to calculate the
density of the shock front using Gladstone–Dale equation. A
comparison of the shock front density calculated from the
reconstructed data and that calculated using the point explosion
model shows quite good agreement. In addition, the electron
number densities of the laser-induced plasma have been estimated and its behaviour with distance from the target at different
power densities and its behaviour with time are shown. The
electron number densities are found to be in the order of
1018 cm3 and decay at a rate of 3  1015 electrons/cm3 ns.
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interferometry and fast photography measurements of dual-pulsed laser
ablation on graphite targets. Phys Lett A 2006;357:351–4.
[16] Mao X, Wen Sb, Russo RE. Time resolved laser-induced plasma dynamics.
Appl Surf Sci 2007;253:6316–21.
[17] Pedrini G, Tiziani HJ, Zou Y. Digital double pulse-TV-holography. Opt Laser
Eng 1997;26:199–219.
[18] Gren P, Schedin S, Li X. Tomographic reconstruction of transient acoustic
ﬁelds recorded by pulsed TV holography. Appl Opt 1998;37:834–40.
[19] Schedin S, Pedrini G, Tiziani H, Santoyo FM. Simultaneous three-dimensional
dynamic deformation measurements with pulsed digital holography. Appl
Opt 1999;38:7056–62.
[20] Gren P. Four-pulse interferometric recordings of transient events by pulsed
TV holography. Opt Laser Eng 2003;40:517–28.
[21] Mattsson R, Kupiainen M, Gren P, Wåhlin A, Carlsson TE, Fureby C. Pulsed TV
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Pulsed digital holographic interferometry has been used to study the effect of the laser spot diameter on
the shock wave generated in the ablation process of an Nd:YAG laser pulse on a Zn target under
atmospheric pressure. For different laser spot diameters and time delays, the propagation of the
expanding vapour and of the shock wave were recorded by intensity maps calculated using the recorded
digital holograms. From the latter, the phase maps, the refractive index and the density ﬁeld can be
derived. A model was developed that approaches the density distribution, in particular the ellipsoidal
expansion characteristics. The induced shock wave has an ellipsoid shape that approaches a sphere for
decreasing spot diameter. The ellipsoidal shock waves have almost the same centre offset towards the
laser beam and the same aspect ratio for different time steps. The model facilitates the derivation of the
particle velocity ﬁeld. The method provides valuable quantitative results that are discussed, in particular
in comparison with the simpler point source explosion theory.
ß 2009 Elsevier B.V. All rights reserved.
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1. Introduction
Laser ablation is the process of removing material from a
surface by irradiating it with a laser beam, causing evaporation.
The complex process depends on the material properties, the laser
parameters and the ambient gas conditions. Laser ablation as a
very controllable, effective, and ﬂexible technique often replaces
traditional chemical and mechanical techniques in industry.
Typical applications of laser ablation are the microstructure
modiﬁcation of materials [1,2], microhole drilling [3,4], art
conservation [5] and thin ﬁlm deposition [6]. When the energy
density of the applied laser pulse exceeds the ablation threshold of
the target material, a thin surface layer of the material melts,
vaporizes and forms a plume. The induced plume expands away
from the target, interacts with the surrounding gas and forms a
shock wave. The effect of the laser parameters (pulse duration,
wavelength and repetition rate) and of the ambient gas conditions
on the induced shock wave has been studied by several authors [7–
10]. For spherical symmetry, laser-induced shock wave studies
based on the point explosion model [11] have been carried out by
several authors [12–16]. The shape of the laser-induced shock
wave depends on the laser spot diameter. For an extended source
and for downstreaming vapour, the conditions of the point
explosion model are not completely fulﬁlled.

The present study aims at laser spots being so extended that the
propagation deviates from spherical symmetry. The goal is to
introduce an experimental method in combination with a model
approach to study the propagation geometry, the refractive index, the
density ﬁeld and the velocity ﬁeld during the laser ablation process.
2. Methodological approach
We have studied the ellipsoid shock wave using pulsed digital
holographic interferometry. Intensity maps showing the propagation of the shock wave and the plume generated by the process have
been calculated using the recorded digital holograms. Numerical
data of the integrated refractive index ﬁeld were calculated from the
acquired data and presented as phase maps. The 3D refractive
index ﬁeld has been calculated from the measured projection using
Radon inversion assuming rotational symmetry. The refractive
index ﬁeld has then been used to calculate the density ﬁeld within
the shock wave using the Gladstone–Dale equation. The expansion
characteristic was modelled by an ellipsoid and the density
distribution from the centre to the periphery was described by a
four parameters curve ﬁt equation. The particle velocity ﬁeld within
the shock wave was estimated from the calculated density using the
mass continuity equation.
3. Experimental method

* Corresponding author. Tel.: +46 920 492405; fax: +46 920 491074.
E-mail address: eynas.amer@ltu.se (E. Amer).
0169-4332/$ – see front matter ß 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.apsusc.2009.06.095

The experimental set-up is shown in Fig. 1. An injection-seeded,
twin oscillator, frequency doubled, Q-switched Nd:YAG laser
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Fig. 1. The experimental set-up. (a) Top view of the set-up. M1 and M2: mirrors, NL: negative lens, L1: focusing lens, L2: collimation lens, L: lens system for imaging, A: aperture,
D: diffuser, BS1 and BS2: beam splitters, R: reference beam, O: object beam and (b) 3D sketch of the target and the coordinate system.

system (Spectron SL804T) is used as light source. Each laser
comprises a single oscillator with a single power ampliﬁer in series.
Each oscillator is conﬁgured with a telescopic resonator with an
intracavity mode-controlling aperture. This gives rise to a true
TEM00 spatial proﬁle for spatial uniformity and coherence. Since
the two laser oscillators are seeded from the same stabilised CW
Nd:YAG laser, the pulses from the two oscillators are coherent. The
laser system operates at 10 Hz but the time separation between the
pulse trains from the two lasers can be set from zero to any time.
For reliable seeding, it is necessary that the oscillators are run
repetitively. Stable single shot operation is not possible. Instead,
fast solenoid-activated beam dump shutters allow access to a
single, stable, single-frequency pulse. The fundamental Nd:YAG
wavelength 1064 nm is frequency doubled to 532 nm and is used
for the measurement. The residual infrared light after frequency
doubling is used to ablate the Zn target. In this set-up, we thus use
the same laser for processing and measurement that ensures
accurate timing of the images. The green light from the Nd:YAG
laser is split by a beam splitter (BS1). The reﬂected part is reﬂected
by mirror M1, expanded by a negative lens (NL), collimated by a
positive lens (L2) and illuminates a diffuser (D) after passing along
the target. The light that passes the beam splitter BS1 is used as
reference beam (R) and it is guided through a ﬁbre optic cable to
the beam splitter BS2 from where it illuminates the CCD-detector.
The camera is a PCO Sensicam with a double shutter, a resolution of
1280  1024 pixels, a pixel size of 6.7 mm  6.7 mm and a dynamic
range of 12 bits. The camera is computer-controlled via a ﬁbre
optic cable and externally triggered to synchronise with the laser

pulses. The diffuser is imaged onto the CCD detector by a twoelement lens system (L); each element is a plano-convex lens with
a focal length of 100 mm. Between the two elements of the lens
system an aperture (A) with a size of 2.45 mm  2.45 mm is placed.
The ﬁeld of view is 3.65 mm  2.92 mm. The end of the optical
ﬁbre is positioned in such a way that seen from the detector it
should appear to come from the same plane as the aperture and
one aperture width (2.45 mm) from the edge of the aperture. In
this way the interference pattern between the object and reference
light is spatially separated from the object light self-interference
term in the Fourier domain. The size of the aperture is chosen small
enough to resolve the interference pattern and avoid aliasing.
An IR pulse (l = 1064 nm and pulse duration = 12 ns) from
the Nd:YAG laser is focused to a 26 mm diameter beam waist by
a 60 mm focal length lens. The spot diameter has been changed
by altering the distance between the focusing lens and the
target. With the camera system used, it is possible to record two
separate images from two laser pulses with a time separation
from about 500 ns and upwards. Since the set-up is stable and
the laser system has a high degree of coherence, it is possible to
compare (calculate phase maps) between different recordings.
When the double pulses are recorded on two separate images,
the ﬁrst pulse will reach the target at the same time as recording
the ﬁrst image (reference image). The next pulse will record the
shock wave due to the ﬁrst pulse on the second image (deformed
image), thus the phase difference is calculated by comparing the
second image with the ﬁrst one. This procedure has been
adopted in the present investigation.
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Fig. 2. Typical intensity and phase maps at pulse energy of 4.6 mJ, a spot diameter of 0.31 mm and a time delay of 625 ns. (a) intensity map, (b) wrapped phase map, (c)
unwrapped phase map and (d) phase proﬁle at Y = 0.09 mm. Region 1: mixed core; region 2: the compressed air expanding outwards; region 3: the shock wave front and
region 4: the undisturbed air.

Since the probing laser beam passes along the target,
disturbances in the refractive index along the light path will
introduce phase changes Df on the diffuser. The phase difference
between two different digital holograms and the intensity map
(compare with traditional shadowgraph image) are calculated
using the Fourier transform method [17]. The intensity z of
the interference term is calculated by z = U2U1*, where U2 is
the complex amplitude of the deformed image, U1 is the complex
amplitude of the reference image and * denotes complex
conjugate. The intensity map is calculated as abs(z)/jU1j2, where
the normalization is introduced to reduce the effect of speckles.
The phase difference is calculated as Df = arctan(imaginary(z)/
real(z)) and is visualised as a wrapped phase map. An unwrapping procedure is applied to remove possible 2p ambiguities.
More details about the procedure to obtain the phase data are
presented in [18].
Typical intensity map and wrapped and unwrapped phase
maps at pulse energy of 4.6 mJ, a spot diameter of 0.31 mm and a
time delay of 625 ns are shown in Fig. 2(a–c), respectively. Region 1
contains the laser-induced plume, region 2 contains compressed
air, region 3 is the shock wave front and region 4 is the undisturbed
air. A phase proﬁle at Y = 0.09 mm is shown in Fig. 2(d). The
negative value of the phase difference in region 1 means that
the integrated refractive index in this region is smaller than the

refractive index of the undisturbed air due to high temperature
caused by the ablated material and possible presence of plasma.
The disturbances in the refractive index along the light path l
are related to the phase changes Df by [19].

Dfðx; y; zÞ ¼

2p

Zl
½nðx; y; zÞ  n0 ðx; y; zÞ dl

l

(1)

0

Fig. 3. Illustration of the model approach and theory of the propagation process:
different regions can be distinguished (compare Fig. 2). Region 1: mixed core;
region 2: the compressed air expanding outwards; region 3: the shock wave front
and region 4: the undisturbed air.
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where l is the probe laser wavelength, n(x, y, z) is the refractive
index distribution caused by some disturbance in the medium
and n0(x, y, z) is the refractive index of the undisturbed medium.
If the refractive index ﬁeld is assumed to be rotationally
symmetric, the Radon inversion method can be used to obtain
the 3D refractive index ﬁeld from the integrated refractive index
ﬁeld (the 2D phase map). In the reconstruction, 360 identical
projections were used.
The density ﬁeld r within the shock wave can be calculated
from the 3D refractive index ﬁeld using the Gladstone–Dale
equation [19]:
n  1 ¼ Kr

(2)

where K is the Gladstone–Dale constant. It depends on the
wavelength of the laser beam and the ambient gas type. For the
green laser (l = 532 nm) and air, K = 0.227  103 m3/kg.

4. Model approach
From the experimentally obtained density distribution, further
properties like mass ﬂow, velocity or pressure can be derived.
However, due to uncertainties in the process repeatability, limited
rotational symmetry and limited accuracy of the experimental
method the obtained density ﬁeld is not smooth but shows some
induced irregularities. Several ﬁltering methods (e.g. a Savgol ﬁlter
[20] with a window size of 9) were studied to approach the
physical behaviour, but numerical instabilities were difﬁcult to
avoid and part of the characteristics was lost.
Therefore, the obtained density distribution was instead
approached by a mathematical model in order to facilitate further
calculations and to avoid numerical instabilities. The expansion
domain can be divided into different regions, as illustrated in Fig. 3.
While region 1 involves very complex phenomena (possibly
eddies, asymmetry, ionisation, gas mixing, etc.) and region 3 is

Fig. 4. Intensity maps for different beam spot diameters at pulse energy of 3.5 mJ and a time delay of 1000 ns. (a) D = 0.13 mm, (b) D = 0.21 mm, (c) D = 0.26 mm and
(d) D = 0.31 mm.
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widely given from experimental facts, the large region 2 was
regarded as promising and important to be studied. In region 2, the
three-dimensional density distribution as a function of space and
time follows certain clear trends that enable simpliﬁcations. The
propagation of the wave follows an elliptical shape:
Y 2 ðZ  Z 0 Þ2
þ
¼1
2
a2
b

(3)

where a and b are the major and the minor axes of the ellipse,
respectively. Z0 is the offset of the ellipse centre, positive above the
workpiece.
In spherical coordinates (with rotational symmetry), the ellipse
equation is described as
ab
R ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
ða cos uÞ þ ðb sin uÞ

(4)

Eq. (7) has been used in this investigation to calculate the
particle velocity within the induced shock wave. As the density
ﬁeld is given from the measurement, smoothed by the above
model, Eq. (7) can be straightforwardly integrated from the
ellipsis centre in radial direction outwards, for any point (r, u) in
region 2 to be studied.
The explicit characteristics of the geometry and of the equation
even permits to straightforwardly derive the pressure ﬁeld, as a next
step to be studied in the future. We would like to emphasize that this
powerful explicit approach is only possible due to the above
assumptions based on the simplifying symmetry and on the
characteristics of the process in region 2 and because the
experimental method provides the density ﬁeld in space and time.
5. Results and discussion
5.1. Propagation of the shock wave

where R is the distance from the ellipse centre to any point at the
ellipse periphery and u is the polar angle with the Z-axis, see Fig. 3.
In region 2, the density shape from the outer radius r = R(u)
according to Eq. (4) to the ellipsis centre r = 0 can be approached by
the following equation:
 k 
r 
r
r
þ C2 þ C3
¼ C 1 cos
r
(5)
R
R
R
The constants C1, C2, C3 and k need to be solved appropriately
for each time step for a single angle, e.g. u = 0. The equation is valid
in a limited range 0 < r < R. The structure of the model was chosen
because the characteristics of the outer region 2 of the radial
density distribution appears similar to a cos(1/x) curve, i.e. the
ﬁrst term in Eq. (5). For ensuring that the centre of the curve
approaches the experimental data and at the same time the
density at the outer radius R ends up at ambient density, the
second term was introduced, linearly lifting the curve appropriately. The third term just changes the absolute level. The three
ellipsis parameters a, b, Z0, as well as the four optimum matching
parameters C1, C2, C3, k, have to be identiﬁed for each time step t.
Modelling of the temporal behaviour would be possible in a
similar manner. Note that various expressions were studied, in
particular also polynomial equations, but due to the nature of the
measured density distribution Eq. (5) turned out to be most
suitable, i.e. keeping the number of parameters low.
Although the elliptical shape describes an important difference
to spherical expansion, for the derivation of the velocity ﬁeld in
region 2 it is sufﬁciently accurate to make the following
assumptions. At any point of distance r from the ellipsoid centre
we assume for its accompanying inﬁnitesimal propagation sector
that the ﬂow is mainly radial, not traverse, see Fig. 3, (i.e. the
sectors can be decoupled from each other, permitting explicit
calculation) and that spherical coordinates/symmetry can be
applied locally for the inﬁnitesimal control volume, as the axes a, b
of the ellipsis remain at aspect ratios b/a rather close to spherical
symmetry, e.g. larger than 0.8.
The particle velocity ﬁeld within the shock wave can be
calculated from the density ﬁeld using the mass continuity
equation in spherical coordinates for compressible ﬂow:

@r 1 @ 2
1
@
1
@
þ
r rur þ
ru þ
ðruf sin fÞ ¼ 0
r sin f @u u r sin f @f
@t r2 @r
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Intensity maps for different beam spot diameters at the surface
and the corresponding elliptical front propagations at pulse energy
of 3.5 mJ and a time delay of about 1000 ns are shown in Fig. 4. The
black region close to the target is due to absorption of the probe
laser beam (l = 532 nm) by the induced Zn plume. The black part
at the shock wave front arises from the deviation of the probe laser
beam caused by the steep gradient of the refractive index at the
shock wave front. The elliptical parameters are shown in Fig. 5 as a
function of the beam spot diameter. For smaller beam spot
diameter, the extension of the source is reduced relative to its
propagation, thus the ellipsoid approaches a sphere. It is
interesting to note that the offset of the centre of the ellipsis
becomes smaller for smaller spot diameter but hardly changes
with respect to time during the propagation (neither does the
ellipsis aspect ratio b/a). While for instantaneous expansion, e.g.
for explosions the centre of the source of expansion is located at the
surface in the present case the vapour expansion obviously shifts
the centre of expansion off the surface, particularly when 1Ddownstreaming from the ﬂat surface changes to 3D-expansion into
the half-space. The behaviour of the ellipse centre offset and the
aspect ratio as a function of the spot diameter seems to follow a
certain trend. The behaviour of the ellipse centre offset can be
described by Z0 = 1.83D, where Z0 is the ellipse centre offset and D
is the spot diameter. While the behaviour of the aspect ration is
described by b/a = 1  0.52D.

(6)

where ur, uu and uf are the velocity components in r, u and f
directions respectively. The expansion of the shock wave is in the
radial direction, hence uu and uf can be neglected and Eq. (6) is
reduced to
Z
1
@r 2
ur ¼  2
 r dr
(7)
@t
rr

Fig. 5. Major and minor axis length a, b of the modelled ellipsis as a function of the
beam spot diameter D, corresponding aspect ratios b/a and centre offset Z0 from the
surface into the half-space (t = 1000 ns).
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Fig. 6. Phase maps (upper half) and intensity maps (lower half) for different time delays. (a) t = 625 ns, (b) t = 835 ns and (c) t = 1085 ns (pulse energy: 4.6 mJ, spot
diameter: 0.31 mm).

5.2. Mass density distribution
Fig. 6 shows the measured phase map (upper half) and the
intensity map (lower half) at spot diameter of 0.31 mm and pulse
energy of 4.6 mJ for different time steps. The offset of the ellipsis
centre and the aspect ratio are almost the same for different time
delays.
The calculated density as a function of the propagation
direction Z and the corresponding smoothed density distribution
either by ﬁltering or by the modelling approach is shown in
Fig. 7 for Y = 60 mm and t = 835 ns. The ﬁgure shows that the
density behaviour at the shock front is not described properly by
using the ﬁlter while the model is more ﬂexible, thus enabling to
consider the essential aspects in this region of interest. Hence in
the following calculations the model approach is used to
represent the density behaviour within the shock wave.
The measured and modelled density as a function of the
propagation direction at Y = 60 mm for three different time
steps is shown in Fig. 8. In the outer periphery, the density
distribution follows a clear trend according to the propagation of a
shock wave; in the inner regions the ﬂow becomes more complex.
Eddies and reverse ﬂow can take place, complicating the analysis.
The 3D density ﬁeld is calculated using the model by solving the

Fig. 7. Measured density as a function of the propagation direction Z and the
corresponding smoothed density distribution by ﬁltering and by the modelling
approach (Y = 60 mm, t = 835 ns).
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Fig. 8. Measured and modelled density as a function of the propagation direction Z
at Y = 60 mm for three different time steps.

parameters of Eq. (5) to ﬁt the experimental data at Y = 60 mm.
The position of Y is shifted from zero to 60 mm to avoid the
uncertainties due to the reconstruction errors close to the centre.
The proﬁle is then projected back to the Z-axis. The 3D density
distribution is a combination of Eqs. (4) and (5), the former
describing the elliptic characteristics for each polar angle u, the
latter being the radial proﬁle, matched to the elliptical shape for
each angle u, i.e. Eq. (5) is stretched according to the ellipsis
shape Eq. (4). The corresponding seven parameters for the three
time steps are listed in Table 1. Table 1 demonstrates one
advantage of the model that (an approximation of) the whole
density and in turn velocity ﬁeld data can easily transferred to the
reader, compared to graphical plots.
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Fig. 9. Density as a function of time at Y = 60 mm for different Z-locations (the
polygons start with Z  Z0 = 0.1 mm and end for Z  Z0 = 1.1 mm, with steps of
DZ = 0.1 mm).

From the data in Fig. 10(b), the particle velocity proﬁle as a
function of the propagation direction Z at Y = 10 mm is
plotted in Fig. 11. For comparison, the particle velocity according to the Sedov theory of a point explosion is added.
The velocity according to Sedov’s theory is calculated using
the data in Sedov (p. 283) [11] of the particle velocity within the
shock wave normalized by the particle velocity just behind
the shock wave front for the spherical expansion. The particle

5.3. Derivation of the propagation speed
From the density ﬁeld, the velocity ﬁeld can be derived,
according to the assumptions mentioned above, using Eq. (7). As
the derivation of the velocity ﬁeld directly from the experimental data and to some extent even from ﬁltered experimental
data causes numerical instabilities (due to variations from
experimental uncertainties), the model approach is more
suitable for a convergent calculation with smooth, continuous
trends that can be physically expected in the outer region 2.
Fig. 9 shows the density as a function of time for different Zlocations. The arrow in the ﬁgure shows the direction of
increasing Z. Although the density development follows a clear
trend (note that also a ﬁtting model for this time dependence
characteristics would be possible) it is important to note that
the time dependence can change the sign, thus the direction
of ﬂow. The change of the density with time (@r/@t) in Eq. (7)
has been calculated from the slope of the behaviour of density
with time for different Z positions.
The three-dimensional (but rotationally symmetric) density
distribution modelled from the experimental data at t = 835 ns and
the derived 3D-velocity ﬁeld calculated using Eq. (7) are depicted
in Fig. 10(a) and (b), respectively.
Table 1
Parameters for the density distribution model according to Eqs. (4) and (5) at three
time steps for the case studied.

625 ns
835 ns
1085 ns

a (mm)

b (mm)

Z0 (mm)

C1

C2

C3

k

0.91
1.04
1.25

0.77
0.9
1.105

0.5
0.5
0.5

1.1
0.9
0.99

0.19
0.55
0.33

1.35
1.1
1.25

0.3
0.22
0.24

Fig. 10. (a) The density ﬁeld modelled from the experimental data and (b) the
derived velocity ﬁeld (t = 835 ns).
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Fig. 11. Particle velocity as a function of the propagation direction Z at Y = 10 mm
(dashed curve) and the particle velocity according to Sedov’s theory of a point
explosion (dotted curve) at t = 835 ns.

velocity v just behind the shock front is calculated applying the
shock wave condition equation [11]:

v¼

2

g þ1



c2
U 1 2 ;
U

(8)

where the speciﬁc heat ratio (adiabatic coefﬁcient) of the ambient
air is g = 1.4, the speed of sound in air is C = 340 m/s at 20 8C and U
is the velocity of shock wave propagation. U can be calculated as a
function of time t using the point explosion model [11]:
U¼

 1=5
2
E
j
t 3=5 ;
5 0 r0

(9)

where j0 is a constant close to unity, r0 is the density of the
undisturbed air and E is the pulse energy.
The ﬁgure shows that the behaviour of the velocity calculated
using the model approach is almost the same as the behaviour of
the velocity calculated by Sedov’s theory. Sedov’s theory explains
well an instantaneous point explosion, which is a simpliﬁcation of
the present case as extended sources with ﬁnite pulse length and
generation (evaporation) of material are not considered. As can be
seen, the increase in velocity is similar, but the absolute values are
lower. For extended sources, less concentrated momentum can be
expected, which can be an explanation. The position of the shock
wave front (maximum velocity) is slightly different between the
two curves. This deviation can be due to the assumption that
the Sedov curve starts from the target (Z = 0) and it is based on the
measured pulse energy. Reverse ﬂow (negative velocity) in the
inner region can take place due to cooling of the expanding wave
and corresponding increase of density. The inner region consists of
expanding vapour while the outer region compresses the
surrounding air. The interface could not be identiﬁed sharply.
The inner region bears uncertainties, but reverse ﬂow can be
expected under certain circumstances. The Sedov theory explains
part of the phenomena. The above additional phenomena, that
have to be studied further, arise for extended sources accompanied
by evaporating particles.
6. Conclusion
The following conclusions can be drawn:
 Pulsed digital holographic interferometry is a suitable method
for measuring the expansion ﬂow during the laser ablation
process.

 The geometry of the shock wave front is very close to an
ellipsoidal shape, thus the front expansion (and correspondingly
the density expansion characteristics) can be described by a
model with three parameters per time step.
 For larger spot diameter, the centre of the ellipsis is gradually
shifted off the surface.
 The centre location and aspect ratio of the ellipsis remains widely
constant during the expansion.
 The interface air–metal vapour can be better visualised by
calculating the intensity map from the recorded digital holograms.
 The density distribution of the expanding vapour and air can be
derived in space and time, provided the conditions are repeatable
and rotationally symmetric.
 From the density distribution, the mass velocity ﬁeld can be
derived.
 The density distribution of the compressed air can be approximated (per time step) by a simple expression with four
parameters, to be combined with the elliptical expansion model;
the model facilitates transfer of data as well as further
calculations like the velocity ﬁeld.
 While the outer part of the expansion showed clear trends, the
inner part is composed of more complex interactions between
several processes; correspondingly the measured data for the
regions closer to the surface are more difﬁcult to interpret.
 The obtained data show the behaviour as expected; differences
from the ideal Sedov-equations can be explained.
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Abstract
Pulsed digital holographic interferometry has been used to compare the laser
ablation process of a Q-switched Nd-YAG laser pulse (wavelength 1064 nm,
pulse duration 12 ns) on two different metals (Zn and Ti) under atmospheric air
pressure. Digital holograms were recorded for different time delays using
collimated laser light (532 nm) passed through the volume along the target.
Numerical data of the integrated refractive index field were calculated and
presented as phase maps. Intensity maps were calculated from the recorded
digital holograms and are used to calculate the attenuation of the probing laser
beam by the ablated plume. The different structures of the plume, namely
streaks normal to the surface for Zn in contrast to absorbing regions for Ti,
indicates that different mechanisms of laser ablation could happen for different
metals for the same laser settings and surrounding gas. At a laser fluence of 5
J/cm2, phase explosion appears to be the ablation mechanism in case of Zn,
while for Ti normal vaporisation seems to be the dominant mechanism.
1. Introduction
Laser ablation is the process of removing material from a solid surface by
irradiating it with a laser beam. It has a lot of applications especially in industry
including microstructure modification of materials [1, 2], chemical analysis [3],
microhole drilling [4], art conservation [5] and thin film deposition [6]. The
physical process of laser ablation and laser-induced plume formation is not fully
understood. The process depends on the optical and thermal properties of the
target [7], the laser parameters [8-10] and the ambient gas conditions [11, 12].
There are several mechanisms of laser thermal ablation, namely normal
vaporization, normal boiling and explosive boiling (phase explosion). The
ablation process using lasers with pulses of ns or longer duration can be thought
of as occurring in three different stages [13]. In the first stage, the laser light
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strikes the solid and is absorbed by the electrons in the solid. After a period of
tens of ps the electrons and atoms in the solid equilibrate, this leads to a strong
heating of the irradiated volume. At this stage, laser-solid interactions are
dominant. In the second stage the material from the heated volume is ejected
from the solid but continues to absorb energy from the laser, resulting in the
formation of a thin layer of ionized vapour (plasma) on the surface of the target.
At this stage, laser-gas or laser-plasma interactions prevail. The third stage
begins after the termination of the laser pulse. Here the plume expands
adiabatically in three dimensions. If the ablation takes place in a background
gas, the plume compresses the surrounding gas and forms a shock wave. This
mechanism is called normal vaporization. Normal boiling requires that the pulse
duration is sufficiently long for heterogeneous vapour bubble nucleation to
occur. If the laser fluence (energy/cm2) is sufficiently high and the pulse length
is sufficiently short the surface can reach a temperature higher than the normal
boiling point, resulting in a superheated, metastable state. As the surface
temperature reaches 0.9 Tc, where Tc is the thermodynamic critical temperature,
homogenous bubble nucleation occurs and the target makes a rapid transition
from superheated liquid to a mixture of gas and liquid droplets leaving the target
like an explosion. This mechanism is known as phase explosion [14, 15].
Several studies have demonstrated evidence of phase explosion induced by a
nanosecond laser pulse on metallic targets [16-18].
The laser ablation induced plume and the formation of the shock wave have
been studied by several authors including the use of fast photography [19],
shadowgraphy [12], interferometry [20], schlieren [21] and a probe beam
deflection technique [22]. The previous techniques give information about the
transmission of the probe beam or about the refractive index change along its
path. Using pulsed digital holographic interferometry both information about the
amplitude and the phase of the probing beam can be stored in the digital
holograms from which the attenuation of the probe beam by the induced plume
as well as the refractive index change along its path can be calculated [23]. In
this paper laser ablation of two different metals (Zn and Ti) with significant
differences in their physical properties has been studied using pulsed digital
holographic interferometry. The comparison of the phase maps and the intensity
maps of the two metals shows that different ablation mechanisms can be
observed for the same laser settings and surrounding gas. Section 2 of this paper
describes the experimental set-up used for the experiments and the way
information is extracted from the measurements. Section 3 presents the main
results obtained for the two metal surfaces at different time instances and in
section 4 the characteristics of the results are compared and discussed. The
paper ends with a few concluding remarks.
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2. Experimental method
A top view of the experimental set-up is shown in figure 1(a). An injectionseeded, twin oscillator, Q-switched Nd:YAG laser system (Spectron SL804T) is
used as light source. Each laser comprises a single oscillator with a single power
amplifier in series. Each oscillator is configured with a telescopic resonator with
an intracavity mode-controlling aperture. This gives rise to a true TEMoo spatial
profile for spatial uniformity and coherence. Since the two laser oscillators are
seeded from the same stabilised CW Nd:YAG laser the pulses from the two
oscillators are coherent. The laser system operates at 10 Hz but the time
separation between the pulse trains from the two lasers can be set from zero to
any time. For reliable seeding, it is necessary that the oscillators are run
repetitively. Stable single shot operation is not possible. Instead, fast solenoidactivated beam dump shutters allow access to a single, stable, single-frequency
pulse. The fundamental Nd:YAG wavelength 1064 nm from one cavity is used
for processing and the frequency doubled 532 nm pulse from the second cavity
is used for the measurement. The green light from the Nd:YAG laser is split by a
beam splitter (BS1). The reflected part is reflected by mirror M1, expanded by a
negative lens (NL), collimated by a positive lens (L2) and illuminates a diffuser
(D) after passing along the target. The light that passes the beam splitter BS1 is
used as reference beam (R) and it is guided through a fibre optic cable to the
beam splitter BS2 from where it illuminates the CCD-detector. The camera is a
PCO Sensicam double shutter, with a resolution of 1280 u 1024 pixels, a pixel
size of 6.7 μm u 6.7 μm and a dynamic range of 12 bits. The camera is computer
controlled via a fibre optic cable and externally triggered to be synchronised
with the laser pulses. The diffuser is imaged onto the CCD detector by a twoelement lens system (L); each element is a plano-convex lens with a focal length
of 100 mm. An aperture (A) with a size of 2.45 mm u 2.45 mm is placed between
the two elements of the lens system. The field of view is 3.65 mm u 2.92 mm.
The tip of the optical fibre is positioned in such a way that seen from the
detector it should appear to come from the same plane as the aperture and one
aperture width (2.45 mm) from the edge of the aperture. In this way the
interference pattern between the object and reference light is spatially separated
from the object light self interference term in the Fourier domain, which enables
the Fourier transform method to be used for the calculation of the complex
amplitude [24]. Figure 1(b) shows a 3D sketch of the target and the coordinate
system. The X and Y axes are in the plane of the target and the Z axis is pointing
outward.
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(a)

(b)

Figure 1. The experimental set-up. (a) Top view of the set-up. M1, M2: mirrors, NL: negative
lens, L1: focusing lens, L2: collimation lens, L: lens system for imaging, A: aperture, D:
diffuser, BS1 and BS2: beam splitters, R: reference beam, O: object beam. (b) 3D sketch of the
target and the coordinate system.

An IR pulse ( O = 1064 nm and pulse duration = 12 ns) from the Nd:YAG laser
is focused to a 35 μm diameter beam waist by a 80 mm focal length lens. The
spot diameter has been increased to 0.68 mm by adjusting the distance between
the focusing lens and the target to 62 mm. The distance from the processing area
to the diffuser is chosen as short as practically possible (6 mm) to minimize the
effect of bending of the probing light.
The experimental procedure is as follows: Two digital holograms of the diffuser
are recorded. The first image (reference image) is recorded with the processing
beam blocked, thus recording the undisturbed air. The second image (deformed
image) is recorded with the processing beam on and it contains information
about the disturbed volume at a certain time between the two laser pulses. The
complex amplitudes are then calculated from the reference and deformed image,
respectively. Since the setup is stable and the laser system has a high degree of
coherence, it is possible to compare different recordings. In particular the
interference term, W, between the deformed and the reference images may be
calculated as,
W

U 2U 1* ,

(1)

where U 2 is the complex amplitude of the deformed image, U 1 is the complex
amplitude of the reference image and * denotes complex conjugate. The field W
given by equation (1) is in general a complex field whose magnitude represents
the intensity in the image and whose phase gives the phase change between the
two recordings. To allow quantitative comparisons the intensity image we use is
defined as:
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I

W
U1

2

,

(2)

where the normalization is introduced to reduce the effect of speckles. The
intensity may then vary between zero and two due to possible absorption and
interference. The phase difference 'I between the deformed and the reference
images is calculated as:
'I

§ Im W ·
arctan¨¨
¸¸,
© Re W ¹

(3)

which results in a wrapped phase map. An unwrapping procedure is finally
applied to remove possible 2S ambiguities. More details about the procedure to
obtain the phase data are presented in [25]. With reference to figure 1, W and
hence the intensity and the phase difference measured, will become the
integrated effect along the propagation path, l, through the measurement
volume. The phase difference caused by propagating the beam a distance dl is
k .'n.dl , where k is the wave number and 'n is the change in refractive index. If
the disturbance is assumed to be rotationally symmetric, the Radon inversion
method can be used to obtain the 3D field from the integrated field (the 2D
map). In the following the ablation plume images from two different materials,
namely Zn and Ti, (under equal pulsing conditions) are evaluated and compared.
3. Results
In this section the results from Zn and Ti experiments will be shown.
3.1. Zn results
Time series of intensity maps and phase maps of Zn at a laser fluence of 5 J/cm2
(beam diameter: 0.68 mm, pulse duration: 12 ns) is shown in figures 2 and 3,
respectively.
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(a)

(b)

(c)

(d)

(e)

Figure 2. A time series of intensity maps of Zn at a laser fluence of 5 J/cm2. (a) t = 50 ns, (b) t
= 200 ns, (c) t = 400 ns, (d) t = 600 ns and (e) t = 800 ns. Dark represents low transmission
and bright represents high transmission.

(a)

(b)

(c)

(d)

(e)

Figure 3. A time series of phase maps of Zn at a laser fluence of 5 J/cm2. (a) t = 50 ns, (b) t =
200 ns, (c) t = 400 ns, (d) t = 600 ns and (e) t = 800 ns.

Figure 2 shows that the structure of the induced plume is different for different
time stages. At earlier time (t = 50 ns) the intensity map shows that a dark region
appears close to the target, see figure 2(a), which indicates that the probing
beam is nearly fully absorbed by the induced plume. At later times from 200 ns
to 800 ns, figures 2(b)-(e) show that there are streaks appearing as dark and
bright lines close to each other, which indicates deflection of the probing beam
in nearly straight lines out from the target. The period of these streaks is roughly
0.3 mm and the distance between the outermost streaks is roughly 0.8 mm which
is in the same order of magnitude as the pumping beam spot diameter. The
extinction of the probe beam (532 nm) taken as an average from Z = 0.085 mm
to Z = 0.2 mm at t = 50 ns and t = 600 ns as a function of Y is shown in figure 4.
We have chosen to define the extinction, E, as E=1-I, where I is the intensity
defined by equation (2). Figure 4 shows that the probe beam is almost
completely absorbed (about 70 %) at early time (t = 50 ns), while at later time (t
= 600 ns), positive and negative values for the extinction close to each other
(where the streaks appear in the intensity map) can be seen (therefore we avoid
the term absorption, as speckles, diffraction and noise also contribute). That
indicates deviation and hence diffraction of the probe beam at the positions of
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the streaks. On average from Y = 0.5 mm to Y = 2.5 mm the extinction is
positive and it is about 10 %.

Figure 4. The extinction of the probe laser beam (532 nm) by the Zn plume at a laser fluence
of 5 J/cm2 at t = 50 ns and t = 600 ns, average from Z = 0.085 mm to Z = 0.2 mm.

The streaks are even more clearly seen in the corresponding phase maps, see
figures 3(b)-(e). In figure 3, the phase differences vary between -7.4 rads (black)
and 7.4 rads (white) where the grey region outside the shock wave front
represents zero phase difference. Figure 3 shows that the phase maps of Zn are
asymmetric; hence the Radon inversion can not be used to calculate the 3D
refractive index field. Instead the integrated refractive index will be used to get a
qualitative indication about the density of the ablated plume. Phase difference
profiles at different distances from the Zn surface at a laser fluence of 5 J/cm2
and a time delay of 600 ns taken from figure 3 (d) are shown in figure 5. The
figure shows that the phase difference at the positions where the streaks appear
in the phase map is greater than zero and decreases with increasing distance
from the target. This is an indication that the refractive index of the streaks is
larger than the undisturbed refractive index and hence the density is larger than
the density of the undisturbed air (from the Gladstone-Dale equation [26]). It
may then be concluded that the streaks consists of optically denser material
(metal matter in some state) as compared to air. A disturbance can be noticed in
the upper part in both intensity maps, figures 2(b)-(d) and in the corresponding
phase maps, figures 3(b)-(d). It is labelled by the letter I in figure 2(c). The
cause of this disturbance was however not investigated, since it does not
influence the main features (the central part of the plume) which we discuss in
this paper.
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Figure 5. Phase difference profiles of Zn at a laser fluence of 5 J/cm2 and t = 600 ns at
different distances from the target.

3.2. Ti results
Time series of intensity maps and phase maps of Ti at a laser fluence of 5 J/cm2
are shown in figures 6 and 7, respectively.

(a)

(b)

(c)

(d)

(e)

Figure 6. A time series of intensity maps of Ti at a laser fluence of 5 J/cm2. (a) t = 50 ns, (b) t
= 200 ns, (c) t = 400 ns, (d) t = 600 ns and (e) t = 800ns. Dark represents low transmission and
bright represents high transmission.

(a)

(b)

(c)

(d)

(e)

Figure 7. A time series of phase maps of Ti at a laser fluence of 5 J/cm2. (a) t = 50 ns, (b) t =
200 ns, (c) t = 400 ns, (d) t = 600 ns and (e) t = 800ns.
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Figure 6 shows that at early time (t = 50 ns) the probe beam is to a large extent
absorbed by the induced plume. At later times the front of the induced plume
and the shock wave front can be distinguished. The figures show also that the
dark region close to the target resulting from the absorption of the probe beam
by the induced plume smears out with time and disappears at t = 800 ns. Figure
8 shows the extinction of the probe beam (532 nm) taken as an average from Y
= 1.42 mm to Y = 1.99 mm for different time delays as a function of Z. The
peak appearing towards higher Z-values is the position of the shock wave front
for different times. It is seen that the extinction of the laser beam decreases with
time. About 50 % of the probe beam is absorbed at t = 50 ns which decreases
with time to be about 10 % at t = 800 ns.

Figure 8. The extinction of the probe laser beam (532 nm) by the Ti plume at a laser fluence
of 5 J/cm2 at different time delays, average from Y = 1.42 mm to Y = 1.99 mm.

The phase maps in figure 7 show that the induced plume and shock wave expand
homogenously with time. The dark regions within the disturbed region are a
result from a lower refractive index and the bright regions close to the shock
front are a result from a higher refractive index as compared to undisturbed air.
It is also seen that the phase maps are almost symmetrical wherefore Radon
inversion can be used to estimate the 3D refractive index distribution. The
refractive index profiles at Z = 0.12 mm and at 0.25 mm from the centre at t =
200 ns and t = 800 ns are shown in figure 9. The figure shows that the refractive
index at early time is lower than one, indicating the presence of plasma [20, 27].
At later time the refractive index is higher than one, indicating the presence of a
neutral gas. The electron number density has been calculated from the
reconstructed refractive index and it is found to be of the order of 1018 cm-3. The
procedure of the electron number density calculation is described in [27].
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Figure 9. Refractive index profiles at Z = 0.12 mm and at 0.25 mm from the centre for Ti at a
laser fluence of 5 J/cm2 at t = 200 ns and t = 800 ns.

4. Discussion
A comparison of intensity maps and phase maps of Zn and Ti at a laser fluence
of 5 J/cm2 and a time delay of 400 ns is shown in figure 10. Figure 10(a) shows
a comparison of the intensity maps (Ti upper part and Zn lower part). Figure
10(b) shows a comparison of the phase maps (Ti upper part and Zn lower part).

(a)

(b)

Figure 10. A comparison of intensity maps and phase maps of Zn and Ti at a laser fluence of
5 J/cm2 and a time delay of 400 ns. (a) intensity maps (Ti upper part and Zn lower part) and
(b) phase maps (Ti upper part and Zn lower part).
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The figures show that the plume structure is different for Zn and Ti for the same
laser settings and surrounding gas. The comparison of the intensity maps shows
that in the case of Zn streaks appear as dark and bright lines close to each other
indicating deviation of the probe beam. In contrast, the intensity map of Ti
shows a dark region close to the target that indicates absorption of the probe
laser beam by the induced plume. From the phase maps, in case of Zn, bright
streaks emerging from the surface can be seen while these streaks are not seen in
the case of Ti. Instead a homogenous phase map can be observed. In addition it
is seen that the radius of the shock wave is about 16 % larger for the Zn target as
compared to the Ti target, which indicates that about 2.1 times more energy has
been released from the Zn target assuming the validity of the point explosion
model [28].
Figure 11 shows the observed patterns in the intensity maps for Zn and Ti at t =
600 ns and laser fluence of 5 J/cm2 (lower part) and a sketch representing
possible physical mechanisms that may cause the differences in these patterns
(upper part). For a comparison purpose the coordinate system is mirrored in case
of Zn.

Figure 11. Illustration of different observed patterns (intensity map, lower part) and possible
physical mechanisms (upper part) for Zn and Ti.
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From the intensity maps, the following regions with different patterns have been
distinguished:
D : Undisturbed air.
E : Main shock wave.
J : Compressed air.
G : Streaks in case of Zn.
I : Absorption in case of Ti.
Possible physical mechanisms that cause the previous patterns are:
A: Undisturbed air (no spatial changes).
B: Pressure jump at the shock front.
C: Compressed air with high density.
D: Vapour with particle size in the order of nm (Rayleigh scattering).
E: Large particles (ejected drops or condensed particles) in the order of μm
(Mie scattering).
F: Plasma, inverse bremsstrahlung and photoionization absorption.
G: Line absorption.
The physical properties for Zn and Ti targets are presented in table 1. The
thermodynamic critical temperature has been taken from Martynyuk [29]. The
surface reflectivity for normal incidence and the absorption coefficient at
wavelength of 1064 nm were taken from Lide [30]. The values given are for
room temperature and therefore only an indicator. In particular the reflectivity
can strongly depend on temperature but also on the original surface conditions,
that are oxidized, although polished. Some of the properties determine the
process in the solid material and thus only indirectly affect on the expanding
plume, while the last two properties have a direct effect on the plume expansion.

Table 1. Physical properties of Zn and Ti.
___________________________________________________________________________
Zn
Ti
___________________________________________________________________________
7140
4500
Density (kg/m3)
419.53
1670
Melting point (oC)
907
3287
Boiling point (oC)
Thermodynamic critical temperature (oC)
2657
7617
Latent heat of fusion (J/g)
113
390
Latent heat of evaporation (J/g)
1748
8893
116
21.9
Thermal conductivity W m-1 K-1
Surface reflectivity at 1064 nm
0.684
0.55
Absorption coefficient (m-1) at 1064 nm
4.7x107
3.9x107
Atomic weight (g/mole)
65.409
47.867
First ionization energy (eV)
9.39
6.83
___________________________________________________________________________
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From the values in table 1, it is seen that the melting point, boiling point, latent
heat and the thermodynamic critical temperature of Zn are much lower than
these of Ti.
Based on the differences in the plume structure indicated in figure 10 and the
differences in the physical properties tabled in table 1, a discussion about
possible causes of these differences can be performed. In the case of Zn, the
streaks that are visible in both the intensity maps and the phase maps show the
paths of the material emerging from the surface as a result of the ablation
process. The results show that at the positions where these streaks appear (from
the intensity maps) the probe beam has deviated and (from the phase maps) the
refractive index is larger than the undisturbed refractive index. Hence there is a
refractive index gradient at the positions of the streaks that causes the probe
beam to deviate. This refractive index gradient is a result of the concentration
gradient of the ablated Zn material. Since these streaks have certain directions
we may conclude that the streaks consist of ablated material with large
momentum in the direction normal to the target. One likely hypothesis is that
large scale particles (in the order of μm) appear as a result of a phase explosion
mechanism. The thermal properties of Zn show that its thermodynamic critical
temperature is very low (2657 oC) and can be reached easily so that phase
explosion can take place. The phase explosion mechanism has been observed by
several authors as a result of the impact of a nanosecond laser pulse on metallic
targets. Xu and Willis [16] observed the phase explosion using a KrF excimer
laser ( O = 248 nm and pulse duration of 25 ns) on a nickel target at a laser
fluence higher than 5 J/cm2. Fishburn et al [17] observed the phase explosion of
30 ns pulse duration at a laser fluence higher than 7 J/cm2 on an aluminium
target, while Porneala and Willis [18] reported that the phase explosion was
observed at 5.2 J/cm2 for aluminium ablated by a Nd:YAG laser ( O = 1064 nm
and pulse duration of 5 ns). Common for these observations is that there appears
to be a jump in the ablation rate at a point where the phase explosion mechanism
starts to appear, which could be a possible cause for the larger amount of
released energy from the Zn target. The streaks are not seen in either the
intensity map or phase map at earlier time, they start to appear at t = 200 ns.
Possibly, at earlier time normal vaporization and plasma formation takes place.
This is seen in figure 2(a), a bulk dark region close to the target due to almost
complete absorption of the probe laser beam. Time is needed for vapour bubbles
to grow to the critical size in the superheated liquid and for the phase explosion
to take place. This time seems to be between 50 ns and 200 ns in the present
case. A different hypothesis is that these large scale particles are due to
condensation of the Zn vapour. The time needed for the condensation is in the
order of μs and also if this condensation takes place it should happen close to the
contact front between the plume and compressed air (away from the target)
where significant cooling occurs [31]. This is not seen in the phase difference
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profiles since higher phase difference is observed close to the target and
decrease with distance along the streaks (see figure 5). As a result we suggest
that these large scale particles emerge from the surface due to the phase
explosion mechanism.
In the case of Ti, the dark bulk region shown close to the target in the intensity
map at early times smears out with increasing time and completely disappears at
later times, indicating that the absorption of the probe beam is significant at
earlier times and decreases with time. The 3D refractive index results show that
the refractive index at earlier times is lower than one, indicating the presence of
plasma. At later time the refractive index is higher than one, indicating the
presence of a neutral gas. This could be due to the recombination of electrons
and ions with time. Normal vaporisation mechanism takes place in the case of a
Ti target and the induced vapour is ionized due to the interaction with the rest of
the pumping laser beam (1064 nm). The induced plasma absorbs the probe laser
beam by inverse bremsstrahlung (IB) and photoionization (PI) at early time and
with increasing the time the plasma recombines due to cooling and hence the
absorption is reduced, being consistent with the intensity maps. IB involves
absorption of photons by free electrons which are accelerated during collision
with neutral or ionized atoms. Photon absorption also can take place by PI
process; in this case the photon energy should be comparable to the ionization
energy of excited atoms which are produced in the plume by electron-atoms
collision processes. The line absorption mechanism could contribute in the
absorption of the probing laser beam since there are some spectral lines of Ti
that are close to the probing laser beam wavelength (532 nm). This is however
unlikely since the lines are narrow and do not exactly coincide with the laser
wavelength.
Based on the discussion above a qualitative image of the mechanisms involved
in the formation of the results comes into mind. In the case of Zn, the normal
evaporation mechanism takes place at earlier time and then after a certain time
when the phase explosion takes place a mixture of gas and liquid droplets are
thrown out from the surface that mix the surrounding gas (air) and result in a
non-homogeneous plume. This second mechanism does not happen for the Ti
target at this low laser fluence wherefore the generated plume expands
homogenously with time.
5. Conclusion
x Pulsed digital holographic interferometry allows calculating time resolved
intensity maps and phase maps providing information about the
transmission of the probing laser beam and the refractive index change
along its path.
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x Zn and Ti have different plume structures at the same laser settings and
surrounding gas, depending on their thermal and optical properties. Zn
shows streaks, while Ti shows a dark bulk region close to the surface.
x For Zn a higher refractive index at the streak locations indicates higher
density due to off-streaming material.
x For Ti the reconstructed refractive index field shows that the refractive
index is lower than one (n < 1) close to the target at early times as
evidence for the presence of plasma and in turn absorption, as confirmed
by the intensity map.
x The amount of released energy in case of Zn is about 2.1 times that
released in case of Ti assuming the validity of the point explosion model.
x At a laser fluence of 5 J/cm2, phase explosion appears to be the ablation
mechanism in case of Zn, while for Ti normal vaporisation seems to be
the dominant mechanism.
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A technique to gain depth information from an image-plane digital holographic recording of a transient
phase object positioned between a diffuser and an imaging system is demonstrated. The technique produces telecentric reconstructions of the complex amplitude throughout the phase volume using numerical lenses and the complex spectrum formulation of the diffraction integral. The in-plane speckle
movements as well as the phase difference between the disturbed field and a reference field are calculated in a finite number of planes using a cross-correlation formulation. It is shown that depth information about in-plane phase gradients can be determined in two planes using reconstructed speckle fields
from four different depths. In addition, the plane of optimum reconstruction for calculating the phase
difference with maximum contrast is detected from the technique. The method is demonstrated on a
measurement of a laser ablation process. © 2009 Optical Society of America
OCIS codes:
090.2880, 090.1995, 120.6150.

1. Introduction

In digital holography [1,2] the hologram is recorded
on a solid-state detector and the captured wave field
is stored in a computer. This enables the amplitude
and phase reconstruction to be performed numerically and may be constructed at different distances
from the detector. One specific application of digital
holography is investigation of so-called phase objects,
for which light passes through the object before being
detected. The wave is then affected by the complex
refractive index of the object, and the detected signal
becomes dependent on the integrated optical path
along the propagation length [3]. The phase change
caused by the object is then a measure of its integrated effect on the optical wave and can be used
for diagnostic purposes. One such digital holography
setup designed for the study of living cells was recently presented by Carl et al. [4]. One additional effect of propagation through a varying refractive
0003-6935/09/310G64-09$15.00/0
© 2009 Optical Society of America
G64
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index field is that the rays will be deflected and will
hence leave the object at a different position and at a
different angle compared to an undisturbed case. The
size of the deflection depends on the magnitude of the
phase gradients in the object and the distance between the phase object and the detection plane. This
fact has opened up the possibility to study refractive
index fields using the technique of speckle deflectometry, described in detail by Fomin [5]. In two
papers, Johansson et al.[6,7] have shown the potential to combine digital holography and speckle deflectometry and, thereby, get additional information
about the phase gradients within the refractive index
field as well as find the optimum holographic reconstruction distance for maximum fringe contrast. All
the techniques above are, in essence, flat techniques
in the sense that the information is an integrated effect throughout the object. Depth-resolved information is an illusive objective unless the technique of
tomography is employed [5]. For a transient nonrepetitive event it is often difficult and complicated to obtain enough projections for the tomography; it is,
therefore, of interest to gain depth information from

one direction only. The purpose of this paper is to present an approach to gain some depth resolution within phase objects using only two images, where one
image is taken for an undisturbed field and the second image is acquired at a specific time after the introduction of the phase object. The technique put
forward uses imaging digital holographic reconstructions of speckle fields that are made telecentric using
a digital lens and speckle deflection calculations in
several planes throughout the depth of the phase object. The technique is illustrated with an analysis of a
laser ablation process. Laser ablation is the process
of removing material from a solid surface by irradiating it with a laser beam. It has many applications
including microstructure modification of materials
[8], chemical analysis [9], art conservation [10],
and thin film deposition [11]. When a laser pulse
with an energy density larger than the ablation
threshold of a specific material is used for processing,
a small portion of the material will melt and evaporate. This evaporated material expands into the surrounding atmosphere and forms a shock wave in the
ambient gas. The formation of this transient phase
object includes many specific details that help to understand the often complicated interaction between
the laser pulse and the target material [12,13].
Section 2 of this paper explains the experimental setup used to acquire the holograms of the ablation process. The telecentric reconstruction procedure is
explained in detail in Section 3 together with the
phase and speckle deflection calculations, respectively. The new depth-resolved technique is presented in Section 4 followed by discussions and
conclusions.
2. Experimental Setup

A top view of the experimental setup is shown in
Fig. 1. An injection-seeded, twin oscillator, frequency-doubled, Q-switched Nd:YAG laser system
(Spectron SL804T) is used as the light source. Each
laser comprises a single oscillator with a single
power amplifier in a series. Each oscillator is configured with a telescopic resonator with an intracavity
mode-controlling aperture. This gives rise to a true
TEM00 spatial profile. Since the two laser oscillators
are seeded from the same stabilized CW Nd:YAG laser, the pulses from the two oscillators are coherent.
The laser system operates at 10 Hz but the time separation between the pulse trains from the two lasers can be set from zero to any time. For reliable
seeding, it is necessary that the oscillators are run
repetitively. Stable single-shot operation is not possible. Instead, fast solenoid-activated beam dump
shutters allow access to a single, stable, singlefrequency pulse. The fundamental Nd:YAG wavelength 1064 nm from one cavity is used for processing
and the frequency-doubled 532 nm pulse from the
second cavity is used for the measurement. The
green light from the Nd:YAG laser is split by a beam
splitter (BS1 ). The reflected part is reflected by mirror M 1, expanded by a negative lens (NL), collimated

by a positive lens (L2 ), and illuminates a diffuser (D).
The light that passes beam splitter BS1 is used as
reference beam (R) and it is guided through a fiber
optic cable to beam splitter BS2 from where it illuminates the CCD detector. The camera is a PCO Sensicam double shutter, with a resolution of 1280 × 1024
pixels, a pixel size of 6:7 μm × 6:7 μm, and a dynamic
range of 12 bits. The camera is computer controlled
via a fiber optic cable and externally triggered to
be synchronized with the laser pulses. The diffuser
is imaged onto the CCD detector by a two-element
lens system (L); each element is a plano–convex lens
with a focal length of 100 mm, giving an effective focal length of f 0 ¼ 50 mm for the imaging system.
Between the two elements of the lens system, an
aperture (A) with a size of 2:45 mm × 2:45 mm is
placed. The field of view is 3:65 mm × 2:92 mm. The
tip of the optical fiber is positioned in such a way that
seen from the detector it should appear to come from
the same plane as the aperture and one aperture
width (2:45 mm) from the edge of the aperture. In
this way, the interference term between the object
and the reference light is spatially separated from
the object light self-interference term in the Fourier
domain. A scaled replica of the complex amplitude
reaching the detector before and after introduction
of the phase object, respectively, is thus obtained
upon backtransformation of one of the sidelobes [14].
The processing IR pulse (λ ¼ 1064 nm, pulse duration of 12 ns, and pulse energy of 10 mJ) is guided by
mirror M2 and is focused to a 26 μm diameter beam
waist by a 60 mm focal length lens to a mean irradiance of 157 GW=cm2 onto a boron–nitride target. At
such high irradiances, a small amount of boron–
nitride will be ablated from the surface, thus forming
a phase disturbance in the measurement volume.
Since the setup is stable and the laser system has
a high degree of coherence, it is possible to compare
images from different recordings. The reference image can be recorded with the processing beam
blocked, thus recording undisturbed air. We have
chosen to orient the coordinate system in relation
to the target as indicated in Fig. 1. The z axis is hence
normal to the target surface, and the x axis is normal
to the diffuser. In the remainder of this paper we assume that two complex amplitudes, without and with
a phase object present, respectively, are available
and both originate from an image of the diffuser.
Section 3 describes the method we use to refocus
throughout the measurement volume (along the x
axis) at constant magnification, hence making the
refocusing telecentric.
3. Telecentric Digital Refocusing and Information
Extraction

Since the ablation event takes place after the diffuser, it is possible to move the focus through the
disturbed region (see Fig. 2) using a dedicated algorithm. Initially we assume the medium in the measurement volume to be isotropic and homogeneous.
The angular spectrum method [15] can then be used
1 November 2009 / Vol. 48, No. 31 / APPLIED OPTICS
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tion between xi and x can thus be derived from using
the thin lens formula twice:
xi ¼

Fig. 1. Top view of the experimental setup: M 1 , M 2 , mirrors; NL,
negative lens; L1 , focusing lens; L2 , collimation lens; L, lens system
for imaging; A, aperture; D, diffuser; BS1 ,BS2 , beam splitters; R,
reference beam; O, object beam.

to calculate the complex amplitude Uðz; y; xÞ at an arbitrary plane a distance x from the diffuser based on
the measured complex amplitude Uðz; y; 0Þ. Mathematically this is formulated as
ZZ
Uðz; y; xÞ ¼

IfUðz; y; 0Þg exp½ikmx
× exp½ikðpz þ qyÞdpdq;

ð1Þ

where I denotes the Fourier transform and m, p, and
q are dimensionless spatial frequencies related by
m2 þ p2 þ q2 ¼ 1, and k is the wavenumber. Equation (1) is advantageous to use since it is an exact solution to the Helmholtz equation and therefore valid
in both the near and the far fields. It also reconstructs the field in a rectangular box that retains
the pixel pitch throughout the reconstruction volume. The grid change that results from the Fresnel
transform is hence avoided. But to move the focus a
certain distance, the relation between x in object
space and xi in image space must be known. Upon
registration of the digital hologram, the reference
wave will act as a positive lens on the object wave,
with a focal length f 1 equal to the distance between
the optical fiber end and the detector [15]. The rela-

f 1 ½lða − x − f 0 Þ − ða − xÞf 0 
;
ðl − f 1 Þða − x − f 0 Þ − ða − xÞf 0

ð2Þ

where all lengths are shown in Fig. 2. In Eq. (2) the
distance a is the distance between the diffuser and
the entrance pupil of the imaging lens system L
shown in Fig. 1 having effective focal length f 0 .
The distance l is the distance between the exit pupil
of the imaging system and the detector plane. The
numerical lens f 1 is used to compensate for the curvature of the reference wave and to move a distance x
in object space and xi in image space, respectively.
In the same way magnification M can be determined
to be
M¼

f 0f 1
:
ðl − f 1 Þða − x − f 0 Þ − ða − xÞf 0

ð3Þ

It is seen in Eq. (3) that, if f 1 ¼ l − f 0, the imaging
system becomes telecentric with a magnification
equal to
M¼−

f1
:
f0

ð4Þ

In practice, the condition leading to Eq. (4) means
that distance l between the lens and the detector
should be l ¼ f 0 þ f 1 and that the focus point of
the reference wave should be in the focal plane of
the imaging lens. In the optical system of Fig. 1, that
condition would result in a smeared out sidelobe and,
therefore, a distorted image since the planes of the
imaging aperture and the reference point source
would differ. However, since the complex amplitudes
are stored numerically, any numerical lens can be
added to the fields before propagation. We first chose
to make the complex amplitudes unaffected by the
registration by withdrawing the curvature of the
reference wave, and then by adding to the field a
new numerical lens of focal length f 1 ¼ l − f 0 to make
the refocusing telecentric. With the aid of Eq. (2) and
the numerical lens, the complex amplitudes in different planes can be calculated without changing the
magnification.
The effect on the complex amplitude by the introduction of the transient phase object is fundamentally analyzed by [16]
JðΔz; Δy; ΔxÞ ¼ hU d ðz; y; xÞ

Fig. 2. Geometry of the reconstruction configuration: The distance a is the distance between the diffuser and the entrance pupil
of the imaging lens system having effective focal length f 0 . The
distance l is the distance between the exit pupil of the imaging lens
system and the detection plane. The numerical lens f 1 is used to
compensate for the curvature of the reference wave and to move a
distance x in object space and xi in image space, respectively, with
constant magnification.
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× U r ðz − Δz; y − Δy; x − ΔxÞi;

ð5Þ

where J represents the modified mutual intensity
function, U d and U r represent the complex amplitudes after and before introduction of a phase object,
respectively,  takes the complex conjugate,
ðΔz; Δy; ΔxÞ are relative coordinates, and h·i is the
ensemble average operator. JðΔz; Δy; ΔxÞ is, hence,

the three-dimensional cross correlation between
the disturbed and undisturbed three-dimensional
speckle structure, respectively, as a function of a relative movement. When maximized, the phase of
JðΔz; Δy; ΔxÞ gives the phase difference between
the two fields, the position ðΔz; Δy; ΔxÞ gives the
three-dimensional speckle movement, and jJðΔz;
Δy; ΔxÞj gives the coherence between the two fields.
In practice, however, the elongation of the speckle
structure for small numerical apertures makes the
accuracy for the depth dimension small, and
Eq. (5) is rewritten as

JðΔz; Δy; x ¼ xr Þ ¼ hU d ðz; y; x ¼ xr Þ
× U r ðz − Δz; y − Δy; x ¼ xr Þi

ð6Þ

to
make
the
formulation
quasi-threedimensional, where xr is a given reconstruction
depth. Figures 3(a)–3(c) show the wrapped phase
of Jð0; 0; x ¼ xr Þ for three different reconstruction
distances together with the corresponding speckle
movements ðΔz; Δy; x ¼ xr Þ in those planes for a
hologram acquired 700 ns after laser impact.
The speckle movements are calculated using a

Fig. 3. Measured phase field and speckle displacement field at a reconstruction depth of (a) 1 mm, (b) 4:7 mm, and (c) 8:4 mm, respectively,
in front of the diffuser screen. The three arrows in the upper right corner correspond to a speckle displacement of 1, 2, and 3 pixels,
respectively. (d) The measured speckle y displacement in pixels as a function of refocusing depth x at three different y positions at z ¼
1:4 mm in the phase disturbance.
1 November 2009 / Vol. 48, No. 31 / APPLIED OPTICS
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well-documented image correlation algorithm [17]
using a subimage size of 32 × 32 pixels. The images
show the extension of the ablation plume that originates from the target surface in the plane z ¼ 0 and
evolves in the half-space z > 0. The outermost region
of the disturbance is the acoustic shock front. Three
things are immediately recognized from the results
in Figs. 3(a)–3(c): The length of the arrows depends
on the magnitude of the phase gradient, the direction
is different on different sides of the phase object, and
the quality of the phase map depends on the speckle
movement. All those conclusions are consistent with
previously published results and established speckle
theory [7,16]. In addition, the geometric sizes of the
phase disturbance are seen to be almost the same at
all three reconstruction depths, as they should be according to the previous analysis. The small divergence from a constant magnification is assumed to
be due to small errors in the distances of the optical
setup. Figure 3(d) shows plots of the speckle movement in the y direction as a function of reconstruction
distance for three different positions in the images,
z ¼ 1:4 mm, and y is given in the figure. The error
bars shown in the figure are calculated according
to the equation [18]
σ2
e¼
B

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1−γ
;
γ

1
s1 ðr1 Þ ¼ ∇⊥ ϕðr1 Þ;
k
r2 ¼ r1 þ s1 ðr1 ÞL;
1
s2 ðr2 Þ ¼ s1 ðr1 Þ þ ∇⊥ ϕðr2 Þ;
k
r3 ¼ r2 þ s2 ðr2 ÞL;
1
s3 ðr3 Þ ¼ s2 ðr2 Þ þ ∇⊥ ϕðr3 Þ;
k
r4 ¼ r3 þ s3 ðr3 ÞLR ;
p ¼ r4 − r1 ;

ð8Þ

ð7Þ

where e is the random error, σ is the average speckle
size (4 pixels), B ¼ 32 is the subimage size, and γ is
the calculated correlation value. It is seen that the
speckle movements are a linear function of focus
depth for small and large values of x, but that there
appears to be a gap between the two linear regions
toward the center of the plot. We interpret this divergence from a linear relation to originate from the region of the phase disturbance and, hence, to give the
extension of the phase object. Judging from Fig. 3(d),
the extension of this region is approximately 2–3 mm,
which is consistent with Figs. 3(a)–3(c) assuming
symmetry of the phase disturbance. As a final observation, the speckle movements appear to be the
smallest at a reconstruction depth between 4 and
5 mm. A finer scanning within this region gives
the smallest speckle movements at x ¼ 4:7 mm.
The phase map at this reconstruction distance is
shown in Fig. 3(b) and is seen to be of high quality.
We consider this plane to be the center plane of the
phase disturbance and, hence, the plane of ablation.
In Section 4 an approach to deduce some depth information from the phase disturbance is presented.
4. Calculation of Depth-Resolved Phase Gradients

Consider the idealized geometry shown in Fig. 4. It is
assumed that after the introduction of the phase object a ray originally leaving the diffuser (D) at height
r1 in the diffuser plane will propagate to the recording plane (RP) through a wobbly route determined by
the set of thin phase screens ϕðri Þ, representing the
G68

unknown phase object. The speckle movement, p,
thus measured will be equal to the difference in position of the refracted wave in the plane of the recording plane as compared to its original undisturbed
height r1 . The stepwise model in Fig. 4 will only
be a course description of the actual continuously
varying phase object, but will serve as a sufficient
model for our purposes. Applying ray tracing on
the situation in Fig. 4 results in the following set
of sequential operations:
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where p represents the measured speckle movement
in the recording plane. In Eq. (8) the vectors ri are
position vectors in the i0 th phase plane, the vectors
si are two-component directional vectors after passing through the i0 th phase screen, L is the (constant)
distance between the phase screens, LR is the distance between the last phase screen and the recording plane, ∇⊥ ϕðri Þ represents the unknown in-plane
phase gradients of the i0 th phase screen, and k is
again the wave number. If LR is sequentially adjusted to coincide with the position of the phase
screens, as described in Section 3, the sequence described by Eq. (8) is described by a matrix equation:

Fig. 4. Geometry of the idealized ray-tracing model between the
diffuser screen D and the recording plane RP. The unknown phase
distribution is represented by the three thin phase screens, ϕðr1 Þ,
ϕðr2 Þ, and ϕðr3 Þ, respectively, separated a distance L, where the r
represent in-plane position vectors. LR is the variable distance between the last phase screen and the recording plane, and s1 , s2 , and
s3 , respectively, are two-component directional vectors. The vector
p represents the speckle movement in the recording plane due to
the phase disturbance.
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phase map of Fig. 3(b) was unwrapped and
numerically differentiated. The result is seen in
Fig. 5(c). It is convincing to note that the structure
of the phase gradients is similar in the two
approaches.
5.

ð9Þ

where the problem is generalized to include N phase
screens. Unfortunately, the first matrix in Eq. (9) is
singular and cannot be inverted to provide a solution
of the depth-resolved phase gradients. We therefore introduce the boundary condition ∇⊥ ϕðr1 Þ ¼
∇⊥ ϕðrN Þ ¼ 0 stating that the first and last screens
are known to lie outside the phase object. Equation (9) hence becomes overdetermined and is reduced to
0

N−2
B
BN − 3
B
B
B •
@
−1

0

N−3

•

N−4

•

•

•

−2
1

•

p1
B C
B p2 C
C
kB
B C
¼ B • C:
LB C
B C
@ A
pN

1
∇⊥ ϕðr2 Þ
C
CB
CB ∇ ϕðr Þ C
0
⊥
3
C
CB
C
CB
C
CB
•
•
A
A@
−ðN − 2Þ
∇⊥ ϕðrN−1 Þ
1

10

ð10Þ

The numerical stability of the solution of Eq. (10) as a
function of N can be estimated by calculating the condition number of BT B, where B is the first matrix in
Eq. (10) and T represents the matrix transpose. It is
concluded that N ¼ 4 still provides numerically
stable results, whereas higher numbers are expected
to be prone to errors. In this investigation we therefore limit our analysis to two independent phase
screens throughout the depth of the phase object.
The depth span of Fig. 3(d) is, hence, lumped at four
different planes taken to be at x ¼ ½2:65; 4:15; 5:65;
7:15 mm, respectively, asymmetrically positioned
around the central plane at x ¼ 4:7 mm and with
L ¼ 1:5 mm. The two middle planes should be within
the phase object, while the outer two planes should
be outside the phase object. Figures 5(a) and 5(b)
show the magnitude of the two different phase gradient fields thus reconstructed using a subimage size
of 16 × 16 pixels. Figure 5(a) is the result for the
screen positioned at x ¼ 4:15 mm; Fig. 5(b) is the result from the screen positioned at x ¼ 5:65 mm.
It is seen that the phase gradients have their maximum values at the shock front and that the magnitudes of the phase gradients vary between 0 and
50 rad=mm in both screens. As a comparison, the

Discussion

Several interesting observations emerge from the results presented in Figs. 3 and 5, respectively. The
first observation concerns the reconstruction procedure. The technique to compensate for the curvature
of the reference wave numerically and then add a
new numerical lens to the field to make the refocusing telecentric appears to work. The small difference
in size between the phase disturbance in Figs. 3(a)
and 3(c) is 4%, and it is likely to assume that the difference is due to uncertainties in measuring the
lengths in the experimental setup with good enough
accuracy. The second point of interest concerns calculation of the phase maps shown in Figs. 3(a)–3(c).
When the phase map is constructed in a plane where
the speckle movements are the smallest, in this case
plane x ¼ 4:7 mm, the correlation between the
phases in specific pixels is the largest, which ensures
a high-quality phase map, which is the essence of [7].
In a general setup, therefore, focus should be set in a
plane close to the center of the phase object to ensure
high-quality phase maps. The third point of considerable interest in this study is the structure of the
speckle movements shown in Fig. 3(d) when scanning through the volume of the phase object. When
the focus lies outside of the phase object, there is a
linear relation between refocus and movement. This
effect was used a few years ago by Johansson et al. [6]
to determine the strength and position of thin phase
screens and is also the physical background of
speckle deflectometry [5]. But when focus is placed
inside the phase object and the object is thick in comparison with other typical distances, the relation between refocus and speckle movement is far from
linear. It is this gap between the two linear regimes
that provides the possibility to solve the depth sensing problem. The effect of the phase object is, therefore, treated as similar to a thick lens, which is the
explanation of the fact that only two separate phase
screens can be resolved with the technique. The next
point of interest concerns the depth-resolved phase
gradient fields shown in Figs. 5(a) and 5(b). From
the arrows in Fig. 3(a), for example, it is obvious that
the phase gradient field measured consists of two
phase areas meeting each other in a plane approximately at z equal to 1 mm. This behavior is also visible in the phase gradients in Figs. 5(a) and 5(b) and
can also be noted in the differentiated phase gradient
field in Fig. 5(c). More striking is the dominating
phase gradient at the shock front. Very rapidly the
gradients go from a high value to zero and then to
its maximum value over a small distance. The existence of these rapid changes in the phase gradient
field is the reason subimage size 16 × 16 pixels were
used for the calculation of phase gradient fields. The
1 November 2009 / Vol. 48, No. 31 / APPLIED OPTICS
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use of a subimage size of 32 × 32 pixels leads to a significant decrease in correlation and, hence, accuracy
in regions having finer structures [18], which can be
seen around the shock front in Figs. 3(a) and 3(c) as a
loss of arrows. Despite the smaller subimages used,
the accuracy at the shock front is expected to be low,
which can be deduced from the correlation plot
shown in Fig. 5(d) remembering the relation between
accuracy and speckle correlation given in Eq. (7). The
correlation values of 0.9 or higher in the interior part
of the plume are, hence, expected to be about four
times more accurate than the correlation values of
about 0.4 found at the shock front. A way to compensate this problem would be to use variable subimages
throughout the image or an algorithm using a fullfield formulation [19]. Finally, comparing the structure of the two depth-resolved phase gradient fields,
we see that they are similar but not identical. More
specifically the phase screen closest to the camera,
and hence the thinnest of the two sheets, has more
pronounced phase gradients of the two. This fact is
an effect of the small asymmetry introduced to the
problem and an indication that a certain amount
of depth sensing has been accomplished. For the four

phase screens used, the solution to Eq. (10) may be
expressed as
∇⊥ ϕðr2 Þ ¼

k
P · l;
L

∇⊥ ϕðr3 Þ ¼ ∇⊥ ϕðr2 Þ −

4
k X
p;
2L i¼1 i

ð11Þ
where l ¼ ½ 0:4 0:3 0:2 0:1  and the 2 × 4 matrix
P are the components of p, respectively, for the four
depths taken column per column. Hence, we see that
depth sensing is accomplished from the variation of p
as the reconstructed planes vary throughout the
phase object. If complete symmetry is accomplished,
p becomes symmetrical around zero and ∇⊥ ϕðr2 Þ ¼
∇⊥ ϕðr3 Þ. If the symmetry is broken, p will become
asymmetrical and the two phase gradient planes will
become different. Another conclusion from Eq. (11) is
that the accuracy of the phase gradient calculation
depends on the separation, L, between the phase
screens. The more separated the phase screens,
the more different the speckle movements become,
and hence the phase gradients are calculated with
higher accuracy. But this comes with the price of a
T

Fig. 5. Magnitude of the phase gradient field (a) reconstructed a distance 4:15 mm from the diffuser, (b) reconstructed a distance 5:65 mm
from the diffuser, and (c) calculated by a numerical differentiation of the unwrapped phase field in Fig. 3(b). The correlation values in the
plane x ¼ 7:15 mm are shown in (d); the sum of the phase gradients in (a) and (b) is shown in (e).
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poorer spatial resolution depthwise. Equation (11) is
also useful to judge the susceptibility of the method
on a magnification error as discussed in Section 3. As
is seen in Eq. (11), the magnitude of the estimated
phase error is proportional to the calculated speckle
displacements in P. But if the magnification differs
from what is expected, the scaling to real-world units
will be wrong. This error will, however, depend linearly on the magnification error ε between two successive phase planes, which translates to a linear
dependence between the phase gradient and the displacement error through Eq. (11). In Section 3 we estimated the change in magnification to be about 4%
over the complete volume, which translates to about
1% between two successive planes. The relative error
caused by a small change in the magnification is,
hence, expected to be of the order of 1%. As a final
check, the sum of the two phase gradient fields in
Figs. 5(a) and 5(b), respectively, is calculated and
compared with the differentiated phase gradient
field shown in Fig. 5(c). This combined field is shown
in Fig. 5(e) and is seen to be almost identical to
Fig. 5(c) in both magnitude and shape. It is hence
concluded that the solution is magnitude preserving.
Finally, a few lines about the behavior of the measured phase object itself are necessary. The plume
measured in this investigation is the result of a laser
ablation experiment. The shape and structure of the
shock wave indicates that two processes interact to
produce the shock wave measured. First there is a
breakdown in air that produce a cigar-shaped wave
source centered at z ¼ 1:5 mm. The remaining intensity then propagates to the boron–nitride surface
where it is absorbed and results in a second, semispherical, shock wave originating from the target
surface. The combined effect is the cylindrical-looking shock wave seen in Figs. 3 and 5, respectively.
This plume consists of five typical regions. Region
1, 0:45 < z < 0:9 mm, contains evaporated material
and plasma from the laser impact on the target;
Region 2, 1:1 < z < 2 mm, contains plasma due to
the breakdown in air. Further out in Region 3,
2 < z < 2:3, we have compressed air that builds up
toward the shock front, Region 4, approximately at
z ¼ 2:3 mm. In Region 5, z > 2:3 mm, there is undisturbed air. More information about regions that can
be extracted from such experiments can be found
elsewhere [12,13].
6. Conclusions

A technique to gain some depth information from an
image-plane digital holographic recording of a transient phase object positioned between a diffuser and
an imaging system has been demonstrated. The technique produces telecentric reconstructions of the
complex amplitude throughout the phase volume
using numerical lenses and the complex spectrum
formulation of the diffraction integral. The in-plane
speckle movements as well as the phase difference
between the disturbed field and a reference field
are calculated in a finite number of planes using a

cross-correlation formulation. It is shown that depth
information about in-plane phase gradients can be
determined in two planes using reconstructed
speckle fields from four different depths and that
the in-plane spatial resolution is limited by the subimage size used in the image correlation calculation.
The results can be viewed as the detection of the refraction properties of a thick lens, hence taking into
account the ray deflection when passing through the
phase object. In addition, the plane of optimum reconstruction for calculating the phase difference with
maximum contrast is detected from the technique.
The method is demonstrated on a measurement of
a laser ablation process using the fundamental
wavelength of a 12 ns Nd:YAG pulse. Two phase gradient fields ranging between 0 and 45 rads=mm are
detected and shown to be consistent with a numerical
differentiation of the integrated phase field.
We acknowledge the Egyptian Government and
the Kempe Foundation for the financial support of
Eynas Amer and the European Union for the financial support of Erik Olsson.
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