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ABSTRACT
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.
A special set-up based on using 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
( 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 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.
Verification of the point explosion model has been done. 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. 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 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 densities are found to be in the order of 1018 cm-3 and decay
at a rate of 3 u 1015 electrons/cm3ns. The results show that pulsed digital
holographic interferometry is a promising technique to study the laser ablation
process. Different materials and laser parameters like wavelength, focusing,
number of pulses can be studied in combinations with other techniques.
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THESIS
The thesis consists of a summary and the following two papers:
Paper A. E. Amer, P. Gren, and M. Sjödahl, "Shock wave generation in
laser ablation studied using pulsed digital holographic
interferometry," J. Phys. D: Appl. Phys. 41(2008) 215502.
Paper B. E. Amer, P. Gren, and M. Sjödahl, "Laser ablation induced
refractive index fields studied using pulsed digital holographic
interferometry," journal of Optics and Lasers in Engineering,
submitted for publication.

v

Contents
PREFACE ............................................................................................................... i
ABSTRACT.......................................................................................................... iii
THESIS .................................................................................................................. v
Part I Summary ................................................................................................... 1
1. INTRODUCTION ........................................................................................... 3
2. POINT EXPLOSION MODEL......................................................................... 5
3. PULSED DIGITAL HOLOGRAPHIC INTERFEROMETRY ....................... 7
4. EXPERIMENTAL SETUP ................................................................................ 9
5. SUMMARY OF THE RESULTS.....................................................................11
6. CONCLUSION AND FUTURE WORK.......................................................15
7. SUMMARY OF APPENDED PAPERS...........................................................17
8. REFERENCES .................................................................................................19
Part II Papers ......................................................................................................23

A.

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

B.

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

vii

Part I
Summary

1

1. INTRODUCTION
The word Laser is an acronym for Light Amplification by Stimulated
Emission of Radiation. Laser radiation is a unique form of light; it possesses
special properties, such as directionality, brightness, purity and in some cases
tunability, which makes it suitable for a wide range of applications.
Laser ablation and its applications
Laser ablation is the process of removing material from a solid (or occasionally
liquid) surface by irradiating it with a laser beam. At low laser fluence
(energy/unit area), the material is heated by the absorbed laser energy and
evaporates or sublimes. At high laser fluence, the material is typically
converted to plasma. Usually, laser ablation refers to removing material with a
pulsed laser, but it is possible to ablate material with a continuous wave laser
beam if the laser intensity is high enough.
The ablation process depends on the thermal and the optical properties of the
materials and on laser parameters such as wavelength, laser fluence, repetition
rate and pulse duration1-4. Laser ablation has a lot of applications especially in
industry. It replaced the traditional techniques that were based on chemical
and mechanical action because it is a very controllable, effective, and flexible
technique.
The simplest application of laser ablation is to remove material from a solid
surface in a controlled fashion. Laser machining and particularly laser drilling
are examples; laser machining provides a material removal method that is noncontact, with no tool wear, and no cutting force. It is used in modification of
the physical or chemical microstructure of metals5, 6 as well as to machine
ceramics due to the typically high hardness of these materials, which makes
machining using conventional means difficult, expensive or sometimes
impossible7-10. In laser drilling pulsed lasers can drill extremely small, deep
holes through very hard materials11, 12. Very short laser pulses remove material
so quickly that the surrounding material absorbs very little heat, so laser
drilling can be done on delicate or heat-sensitive materials.
Also, laser energy can be selectively absorbed by coatings, particularly on
metal, so (CO2 or Nd:YAG) pulsed lasers can be used to clean surfaces.
Successful applications have been found in art conservation13, 14, medicine and
industry. The industrial uses of laser cleaning include the removal of paint
from surfaces1, removal of radioactive contamination of metallic surfaces15,
cleaning of ablation debris from laser ablated polyimide16, removing the oxide
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layers from printed circuit board during electronic device fabrication17. In all
of its applications successful cleaning is defined as complete removal of the
surface contaminants, while there is minimal damage to the underlying
substrate material. The advantages of the laser cleaning compared to the
traditional methods are; no solvent are used so it is environmentally friendly, it
can be easily monitored and automated, and it has high flexibility.
Another class of application is to use laser ablation to create coatings by
ablating the coating material from a source and letting it deposit on the surface
to be coated; this is a special type of physical vapor deposition18, 19, and can
create coatings from materials that can’t readily be evaporated in any other
way. This process is used to manufacture some types of high temperature
superconductors.
Finally, remote laser spectroscopy uses laser ablation to create plasma from the
surface material; the composition of the surface can be determined by
analyzing the wavelengths of light emitted by the plasma20.
Boron Nitride is an advanced synthetic ceramic material available in powder,
solid, liquid and aerosol spry forms. Its unique properties such as high heat
capacity, outstanding thermal conductivity and superior dielectric strength,
makes it important in many commercial applications. Polycrystalline boron
nitride (PCBN) has the same structure as diamond and its properties mirror
those of diamond. Indeed PCBN is the second hardest material next to
diamond. Laser ablation is often used to machine PCBN due to the high
hardness of this material.
In this thesis the laser ablation process on a PCBN ceramic target has been
studied using a pulsed Nd-YAG laser both for ablation and measurement. The
aim of the work is to increase the understanding of the laser ablation process
by studying the shock wave and the plume generated by the process.

2. 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. 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. The shock wave
propagation can be described using the point explosion theory. The theory
has a 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 by21:

r
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where U 0 is the undisturbed density of the 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 (1) resulting in:

U

dr
dt

2r
5t

(2)

Knowing the velocity, the density U s , pressure Ps and temperature Ts of the
shock wave front can be calculated using the shock wave conditions
equations21:
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where the specific heat of the ambient air is J 1.4 , the density of the
undisturbed air U0 1.2 kg/m3 and the speed of sound in air c 340 m/s at 25
o
C and R is the gas constant.
By measuring the radius of the shock wave for different time delays using
pulsed digital holographic interferometry technique (will be described in the
next chapter) the released energy can be calculated using equation (1) and the
shock wave velocity can be calculated using equation (2). Thus the shock
wave parameters can be calculated using equations (3-5).

3. PULSED DIGITAL HOLOGRAPHIC
INTERFEROMETRY
Pulsed digital holographic interferometry is an optical, all-electronic, noncontacting and full field method suitable for recording transient events, such as
propagation of mechanical waves in solid structures and shock waves in liquids
and gases22-26. A disturbance in the refractive index along the light path, s, will
introduce phase changes 'I described as27:
'I x, y, z

>

@

k ³ n x, y , z  n0 x, y, z ds

(6)

where k is the wave number, n and n0 are the refractive index distributions
of the volume outside the target at two different time instants. The phase is
calculated using the Fourier transform method28 and further the phase
difference between two different digital holograms is calculated and visualised
as a wrapped phase map. The phase change is numerically determined on the
interval > S , S @ for each pixel in the phase map. An unwrapping procedure can
be applied to remove possible 2S ambiguities.
The 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
value n is greater than 1 the density of the shock front can be calculated using
Gladstone-Dale equation27:
n 1

KU

(7)

where K is the Gladstone-Dale constant and U is the density of the shock
wave front.
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
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compared to that of free electrons in the plume. The electron number
density N e is then related to the plasma refractive index by29:
Ne

Nc 1  n2 ;

n 1

(8)

where N c is the critical electron number density when the probe laser
frequency equals the electron plasma frequency. In general N c 10 21 O2 cm-3,
where O is the probe laser wavelength in microns.

4. EXPERIMENTAL SETUP
The experimental set-up 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 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, 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 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 CCDdetector. The camera is a PCO Sensicam double shutter, with a resolution of
1280 u 1024 pixels, a pixel size of 6.7 u 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 synchronised with the laser pulses. The diffuser is imaged on
the CCD detector by a two-element lens system (L); each element is a planoconvex 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 u 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 self interference term in the Fourier domain. The size of the
aperture is chosen small enough to resolve the interference pattern and avoid
aliasing.
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Figure 1. A schematic diagram of the experimental setup. 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.

Figure 2. 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.

5. SUMMARY OF THE RESULTS
Using pulsed digital holographic interferometry the 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. Typical
wrapped and unwrapped phase maps at a power density of 9.1 GW/cm2 and a
time delay of 700 ns are shown in figures 3(a) and (b), respectively. The noisy
part (caused by the shadow of the target) is masked in order to obtain a more
stable unwrapping. A phase profile at Y = 0.3 mm is shown in figure 3(c).
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.

Figure 3. Typical phase maps at a power density of 9.1 GW/cm2 and a time
delay of 700 ns. (a) wrapped phase map, (b) unwrapped phase map. (c) phase
profile at Y = 0.3 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.
The location of the induced shock wave front was observed for different
focusing and time delays. In figure 4 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 (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 (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.
11
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Figure 4. Shock wave radius as a function of time for different power
densities.
Radon inversion has been used to estimate the 3D refractive index fields from
the measured projections 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 are shown in figure 5. Shock wave
front densities have been calculated from the reconstructed refractive index
fields using the Gladstone-Dale equation. 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 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 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.
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Figure 5. 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.

6. CONCLUSION AND FUTURE WORK
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. High-quality phase maps showing
projections of the changes in refractive index field caused by the ablation
process are presented and used to observe the shock wave propagation at
different time delays. The validity of the point explosion model has been
proven. The energy conversion efficiency between the target and the laser
pulse has been estimated. Radon inversion has been used to estimate the 3D
refractive index fields measured from the projections assuming rotational
symmetry. 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 densities are found to be in the order of
1018 cm-3 and decay at a rate of 3 u 1015 electrons/cm3ns.
For future work, laser ablation for different metals with big differences in their
fundamental physical parameters; density, melting point, boiling point and
heat capacity has to be studied. The effect of the laser parameters; spot size
and wavelength on the induced shock wave and plume has to be investigated.
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7. SUMMARY OF APPENDED PAPERS
Pulsed digital holographic interferometry has been used to study the laser
induced shock wave and plume generated in the ablation process of a Qswitched Nd-YAG ( O = 1064 nm and pulse duration = 12 ns) laser pulse on a
PCBN target under atmospheric air pressure. The summary of each paper is
appended below.
Paper A:

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

By:

Eynas Amer, Per Gren and Mikael 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. 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
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. The results show that the energy
conversion efficiency seems to be constant around 80 %
at high power densities.

17

18
Paper B:

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

By:

Eynas Amer, Per Gren and Mikael 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
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. 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. 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
cm-3 and decay at a rate of 3 u 1015 electrons/cm3ns.
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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),
7
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then be given by
r
t
e
=5
+2 ,
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r
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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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Abstract
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. A special
set-up based on using 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 ( 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 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 cm-3 and decay at a rate of

3 u 1015 electrons/cm 3 ns .
Keywords; laser ablation, shock wave, laser induced plume, electron number density, Pulsed Digital
Holographic Interferometry.
1. Introduction
Pulsed laser ablation is a very efficient method to remove material from a solid surface in a layer-bylayer 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 point explosion
model and shock wave conditions [4]. Laser-induced shock wave has been studied by several authors
theoretically [5, 6] and experimentally including the use of shadowgraphy [7], schlieren [8], and streak
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photography [9]. The refractive index difference between ambient gas and the 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, 11], holographic interferometry [12], two-wavelength interferometry [13] and time
resolved shadowgraphy [14]. 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 [15-19]. 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 [20] we have studied the laser ablation process using this technique. The effects of different
focusing and different power densities on the 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 to 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 a 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]
[ 0 E 1/ 5 2 / 5
(1)
r
t
1/ 5

U0

where U 0 is the undisturbed density of the ambient gas, and [ 0 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 equation (1) resulting in:
dr 2 r
U
(2)
dt 5 t
The density U s , pressure Ps and temperature Ts of the shock wave front can be calculated using the
shock wave conditions equations [4]:
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where the specific heat ratio of the ambient air is J 1.4 , the density of the undisturbed air U 0 = 1.2
kg/m3, the speed of sound in air c = 340 m/s at 20 oC and R is the gas constant. Equations (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.
Ts
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When the probing laser beam passes along the target, disturbances in refractive index along the optical
light path l will introduce phase changes GI described as [12]:
l
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where O is the probe laser wavelength, n x, y, z is the refractive index distribution caused by some
disturbance in the medium and n 0 x, y , z is the refractive index of the undisturbed medium. In the
case 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). 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 [12]:
(7)
n  1 KU
where K is the Gladstone-Dale constant and U is the density of the shock front. In this way the
densities calculated from equation (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 N e is then related to the plasma refractive index by [11]:

Ne

Nc 1 n2 ;

n 1

(8)

where N c is the critical electron number density when the probe laser frequency equals the electron
plasma frequency. In general N c 10 21 O2 cm-3, where O is the probe laser wavelength in microns.
Radon inversion and equation (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
The experimental set-up 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 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 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. 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 u 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 synchronised with the laser pulses. The diffuser is imaged onto the CCD
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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 u 2.45 mm2
is placed. The field of view is 3.65 u 2.92 mm2. 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.

Figure 1. A schematic diagram of the experiment set-up. 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.
A high intensity IR pulse ((15 r 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/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 was varied from 100 ns to 900 ns in order
to keep the shock wave within the field of view. As discussed in [20], 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. 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.
That procedure has been adopted in this investigation.
Since the probing laser beam passes along the target, disturbances in refractive index along the light
path will introduce phase changes 'I on the diffuser as described by equation (6). The phase
difference between two different digital holograms is calculated using the Fourier transform method
[21] and is visualised as a wrapped phase map. The phase change is numerically determined on the
interval > S , S @ for each pixel in the phase map. An unwrapping procedure is applied to remove
possible 2S ambiguities. More details about the procedure to obtain the phase data are presented in
[16].
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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 figures 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 = - 0.1 mm is shown in figure 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.

(a)
(b)
(c)
Figure 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. (c) phase profile at Y = - 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.
Assuming the validity of the point explosion model given by equation (1), this verification was done
in [20], equations (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 equation (2) which gives the density, pressure and temperature of the shock
front through equations (3) to (5). The behaviour of the shock front density with time at different
power densities is shown in figure 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.

Figure 3. The density of the shock front calculated using the point explosion model as a function of
time at different power densities.
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 = 60 µm is shown
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in figure 4 (a). The refractive index difference profile at Y = 0.14 mm is shown in figure 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 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 to 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 equation (8). These procedures will be described in
the next sections.

(a)
(b)
Figure 4. (a) The reconstructed refractive index field at a power density of 4.2 GW/cm2, a time delay
of 475 ns and Z = 60 µm. (b) Refractive index difference profile at Y = 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.
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 are shown in figure 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 figure 73 in
Sedov [4]. 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 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, equation (7), and that
calculated using the point explosion model, equation (3), at a power density of 4.2 GW/cm2 for
different time delays is shown in figure 6. The experimental values are the median values of the 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 ( r 1/10 of a fringe, 0.63 radian in phase). 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 'r and 't 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 [22, 23]. The cause of this deviation was however not investigated further.

6

Figure 5. 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.

Figure 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.
The electron number density distribution within the laser induced plasma was estimated from the
reconstructed refractive index using equation (8). The refractive index difference profiles at Y = 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 is shown in figure 7. The electron number density was calculated by taking the average value of
the refractive index difference from X = 0.085 mm to X = 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 the reconstruction errors. The calculated electron number density was found to be in
the order of 1018 cm-3. This order of magnitude is consistent with the results reported by Schittenhelm
et al [13]. To get a rough idea of the reasonableness 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 u 1016 for the 12 ns pulse used. The number of the 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.
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Figure 7. The refractive index difference profiles at Y = 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 behaviour of the calculated electron number density as a function of distance from the target for
different power densities is shown in figure 8. The error bar represents the uncertainty ( r 1/10 of a
fringe, 0.63 radian in phase) of the data from the pulsed holographic system. The dependence of the
electron number density on the distance from the target seems to follow a negative exponential curve
which is consistent with the behaviour as reported by Mao et al [10] and Schittenhelm et al [13]. The
figure shows that the electron number density increases almost 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 figure 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 u 1015 electrons/cm 3 ns calculated
from the average slope.

Figure 8. The calculated electron number density as a function of distance from the target for different
power densities.
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Figure 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.
5. Conclusion
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 refractive index
fields measured from the projections assuming rotational symmetry. The shock wave profile compare
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 the 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 cm-3 and decay at a rate of 3 u 1015 electrons/cm 3 ns .
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