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Summary

Due to an increasing demand of automobiles, a lot research is being carried out in improving the performance

of the fuel engines, thereby decreasing the emitted pollutants in the atmosphere. Fuel atomization plays a very

crucial role in determining the overall efficiency of diesel internal combustion engines. If the liquid fuel breaks

up into fine droplets, it evaporates and mixes properly with air, thereby leading to its complete and proficient

combustion.

This work focuses on developing fast optical diagnostic tools for the study of the liquid fuel atomization

with an aim to characterize the fuel sprays in the near field of the injector nozzle. Optically targeting the near

nozzle region is a big challenge due to the fact that the speed of the fuel spray is very high in this region (several

hundreds of m/s) and the high liquid concentration in two-phase flow makes it optically impenetrable.

At first, classical imaging techniques using continuous illumination with a high-speed camera and an ultra-

short pulsed illumination with a high-resolution CCD camera are reviewed. Their drawbacks, applicability in

the near-nozzle region and the kind of spray analysis possible with the obtained images are discussed. The

possibility of supercontinuum (SC) derived illumination generated by focusing the high power laser pulses in

water is investigated. It was observed that the spray images obtained with such an illumination were almost

free from laser speckle, which tremendously improved the clarity of these images. Later, reasons for the same

were investigated and it was found that during SC generation the coherence of the laser beam was almost

destroyed leading to almost no laser-induced artifacts in the spray images. An application of the classical

imaging technique to a preliminary study of cavitation inside a transparent injector is presented.

The behavior of the fuel spray in the near nozzle region is very unpredictable due to the presence of a

lot of instabilities, which finally leads to its atomization. Therefore, in order to characterize them in this

region, one must look at the statistical behavior of the spray for any given set of injection parameters. A few

image-based analysis tools for the characterization of the high-pressure fuel sprays used in this thesis include

measurement of penetration length and speed at the beginning of fuel injection, statistical mapping of off-

boundary displacements, evolution of spray cone angles with the needle lift and statistical mapping of spray

velocities estimated by correlating spray image-pairs.

In the next part of the thesis optical techniques to reduce the noise originating due to the multiple scattering

of light from its interaction with the fuel spray are studied. The method here consisted in removing delayed

light, mainly due to multiple scattering, and keeping ballistic light for imaging. Optical Kerr effect based

time gate in its primitive crossed-beam configuration is reviewed and a novel approach with collinear overlap

of the pump and probe beams for time-resolved imaging of fuel spray with time resolution on the order of a

picosecond is proposed and ballistic images of fuel spray in the near-nozzle region with high spatial resolution

are obtained.

The change in the optical polarization properties of the Kerr medium on introduction of the pump pulse

vii



viii Summary

are completely characterized by measuring all 16 elements of the Mueller matrix (MM). After determination

of the MM for the Kerr medium, polarization parameters – depolarization, diattenuation, and retardance are

quantified by decomposing it using polar decomposition formalism.

And finally, the possibility of using SC-derived illumination with the optical time-gate configuration is dis-

cussed. The preliminary time-gated spray images obtained by using SC-derived probe beam for spray illumi-

nation in the optical-gate setup show that speckle is substantially reduced maintaining a similar time resolution

∼ 1 ps.

Keywords – Atomization, spray, high-pressure diesel injection, high-speed imaging, femtosecond laser, non-

linear optics, ballistic imaging, Mueller matrix imaging.
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Chapter 1

Introduction

When this thesis will be defended, the 21st session of the Conference of the Parties (COP21) to the United

Nations Framework Convention on Climate [1] and the 11th session of the Meeting of the Parties (CMP11) to

the 1997 Kyoto Protocol will be held in Paris (from 30th November to 11th December 2015), with an aim to

establish a new international climate agreement between participating governments to limit carbon emission

and keep global warming below 2◦ C. Figure 1.1 shows a global increase in the surface temperatures since

1884 [2].

Figure 1.1: Color-coded map showing progression of changing surface temperatures from 1884 to 2014.
Dark blue indicates areas cooler than average and dark red indicates areas warmer than average [2].

Global warming is mainly due to excessive greenhouse gas emission. Many chemical compounds present

in Earth’s atmosphere behave as ‘greenhouse gases’. These are gases which allow direct sunlight (relative

shortwave energy) to reach the Earth’s surface unimpeded. As the shortwave energy (that is the visible and

ultraviolet portion of the spectra) heats the surface, longer-wave (infrared) energy (heat) is re-radiated to the

atmosphere. Greenhouse gases absorb this energy, thereby allowing less heat to escape back to space, and

‘trapping’ it in the lower atmosphere. Many greenhouse gases occur naturally in the atmosphere, such as carbon

dioxide (CO2), methane (CH4), water vapor (H2O), and nitrous oxide (N2O), while others are synthetic. Those

that are man-made include the chlorofluorocarbons (CFCs), hydrofluorocarbons (HFCs) and perfluorocarbons

(PFCs), as well as sulfur hexafluoride (SF6). Atmospheric concentrations of both the natural and man-made

gases have been rising over the last few centuries due to the industrial revolution. Figure 1.2 shows the globally

averaged concentrations of the naturally occurring greenhouse gases.

1
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Figure 1.2: Global averaged atmospheric concentrations of the greenhouse gases – carbon dioxide (CO2,
green), methane (CH4, orange) and nitrous oxide (N2O, red) determined from ice core data (dots) and

from direct atmospheric measurements (lines) [3].

Over the past century carbon emissions has increased at an alarming rate and is therefore being considered

as the primary reason for the changing climate all over the globe. Evidences of the direct impact of global

warming at large scales include – increasing global surface temperatures (see Fig. 1.1), rising sea-level (see

Fig. 1.3) [4], increasing ocean acidity [5] and temperature [6], declining Arctic sea ice [7], and many other

indirect impacts due to these changes in the climate, for instance, increase in the number of drastic events of

drought, flood, insect outbreak, wildfire etc. [8] not only affect human lives but also several other species living

on the planet.

Figure 1.3: Annually and globally averaged sea level change relative to the average over the period 1986
to 2005 in the longest-running dataset. Colors indicate different data sets. All datasets are aligned to
have the same value in 1993, the first year of satellite altimetry data (red). Where assessed, uncertainties

are indicated by colored shading [3].

As the global population has increased and our reliance on fossil fuels (such as coal, oil and natural gas) has

been firmly solidified, so emissions of these gases have risen. While gases such as carbon dioxide (CO2) occur

naturally in the atmosphere, through our interference with the carbon cycle (through burning forest lands, or

mining and burning coal), we artificially move carbon from solid storage to its gaseous state, thereby increasing
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atmospheric concentrations. Figure 1.4 shows the global anthropogenic CO2 emissions in gigatonne (or giga

metric ton) per year from forestry and other land use as well as from burning of fossil fuel, cement production

and flaring.

Figure 1.4: Global anthropogenic CO2 emissions from forestry and other land use as well as from
burning of fossil fuel, cement production and flaring. Cumulative emissions of CO2 from these sources

and their uncertainties are shown as bars and whiskers, respectively, on the right hand side [3].

The fossil fuels (including, coal, oil and natural gas) have amazing physical properties which is why they are

largely used in all modern human activities, directly or indirectly. A lot of efforts in reducing our dependency

on the fossil fuel energy are being made in almost all major sectors, be it transport or electricity generation and

hence the percentage of fossil fuels in the total primary energy supply has been reduced from 86.7% in 1973

to 81.7% in 2012 considering the whole world consumption. However in the same period, the total primary

energy produced has also doubled, from 6106 millions of tonnes of oil equivalent (Mtoe) in 1973 to 13371 Mtoe

in 2012 and so, the emission of carbon in the atmosphere continuously increases [9]. The amount of carbon

dioxide present in the atmosphere today had never ever been so much in the past 650000 years. Figure 1.5

shows estimated concentrations of carbon dioxide in atmosphere 650000 years before present to 2014, based

on the comparison of atmospheric samples contained in ice cores and more recent direct measurements, and

provides a solid evidence that atmospheric CO2 has increased since the industrial revolution [10, 11].

Figure 1.5: Concentration of carbon dioxide (in parts per million) over the decades [12].

They are many ways to replace fossil energy by renewable sources (wind, solar, hydraulic) for industrial
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applications. Although, in the transportation sector, oil is more difficult to replace. It has large energy density

and, because of its liquid state, it is really easy to transfer from one tank to another and transport. The percentage

of oil being used for transportation in 2012 was 63.7% in the world and had been continuously increasing since

1973 [9]. Attempts to use other energies sources (like electricity, hydrogen) in transports are still marginal,

and in any case, the question of the primary source used to produce electricity or hydrogen still remains. The

problem cannot be considered as solved if the fossil fuels are used in the thermal plants to produce electricity

instead of using them directly for transportation.

The most common way to convert the chemical energy stored in the fossil fuels into mechanical energy

for transport is combustion, i.e. a chemical reaction in gas phase between air and fuel vapors. Transformation

of liquid into gaseous state is evaporation, which is a surface phenomenon. Hence, an efficient evaporation

demands an increase in the surface area of the liquid which is achieved by breaking the liquid up into small

droplets. These fuel droplets then evaporate and must mix with air properly for complete and efficient fuel

combustion. To summarize, the combustion process, in context of internal combustion engines, is schematically

a sequence of the following processes:

• Injection: introduction of liquid fuel

• Atomization: transformation from continuous liquid phase to droplets

• Evaporation: transformation of liquid droplets to gaseous phase.

• Mixing of fuel vapor with air

• Ignition: depositing the required amount of energy

• Flame propagation

• Extinction

All the processes can occur simultaneously, as in an aeronautical engine, or sequentially like in a car engine.

This work focuses on car engines, which can broadly be classified into two main categories depending on the

way fuel combustion is carried out: spark ignition (SI) engines, using gasoline or other light fuels (ethanol for

example), in which ignition of the air-fuel mixture is initiated by a spark plug, delivering the required amount

of energy to start combustion; (ii) compression ignition (CI) engines, using diesel or similar fuels, in which

ignition is initiated by the temperature rise during a compression phase.

In Europe (EU-15), the share of new diesel car registrations in 2014 was 53.6% of the total number, with

some countries having a much higher share of diesel-based cars, like Ireland 73.2%, Luxembourg 72%, Portugal

71.2%. In France the share of new diesel-based car registrations recorded last year was 63.9% [13]. The diesel

combustion optimization is hence a crucial problem.

Schematically, diesel engine works as follows (see Fig. 1.6):

Suction stroke: When the piston moves downwards, inlet valves open and fresh air from outside is sucked in.

Compression stroke: During the return stroke, inlet and exhaust valves are closed and the air inside the cylinder

gets compressed. In this stroke, the piston does work on the air and so the temperature and pressure of the air

will rise to a level which is higher than the self ignition value of the diesel.

Injection stroke: An atomized form of fuel is injected into this compressed air. The fuel gets evaporated and

undergoes an uncontrolled spontaneous explosion. As a result, the pressure and temperature inside the cylinder

(combustion chamber) rise to very high values. The high energy fluid pushes the piston downwards. The hot

air does work on the piston and energy in the fluid is converted to the mechanical energy of the piston.

Exhaust stroke: Due to inertia of the system, the piston moves upwards again and this time the exhaust valves
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open and the exhaust is rejected, usually in the atmosphere. Again the suction stroke happens and this cycle of

four strokes is repeated over and over for continuous power generation.

Moreover, for smooth and stable power output diesel engines often use more than just one cylinder, where

Figure 1.6: Working principle of a four stroke diesel engine [14].

these four strokes occur simultaneously but in different cylinders at any particular time.

The problem in fuel combustion is not only the fuel consumption but also the emitted pollutants: NOx,

CO and soot particles and of course the greenhouse gas CO2. Heavy metals present in the commercial fuels

as impurities are also often disposed in the atmosphere during exhaust, which could be extremely harmful, if

present in large quantities in the environment. Optimization of combustion also participates in reduction of

pollutants emission.

As pointed out before, atomization is a crucial step in the combustion process. An ideal injection process

would be to introduce the right amount of fuel at the right time in the combustion cycle, with size of the

droplets, formed after atomization, small enough to quickly evaporate and mix with the air before spontaneous

combustion occurs. In reality, the complete control of atomization has not yet been possible. Both numerical

[15] and experimental [16] studies show that increasing the injection pressure leads to smaller and uniform sized

droplets after atomization. So, the current trend followed by the automobile industries has been to increase the

injection pressure (reaching upto 2000 bar) while decreasing the nozzle orifice diameter (on the order of a few

hundreds of micrometers) in order to produce finer droplets for better mixing and efficient combustion.

The general context of this work is to contribute to a better understanding of the atomization process. The

aim is the prediction of the atomization, i.e. localization of droplets in space over time with their physical

characteristics, like, size distribution and velocity profiles. Nowadays, most of the high-confidence prediction

models attempts in numerical simulation of the entire liquid jet. Although, complexity of the atomization

process limits such high-fidelity simulations, be it direct numerical simulations (dns) [17, 18] or large eddy

simulations (les) [19] of the fuel sprays, to the near nozzle region [20], since a huge amount of computational

resources are required to simulate the liquid jet in the far field of the nozzle and it hasn’t been possible so far.

Moreover, in order to validate the prediction models based on such simulations, experimental data is required,

which could be in the form of droplet size distribution, velocity profile in different regions of the atomizing

spray or other parameters (may or may not be directly related to spray, but might be useful in simulations),

like mass flow rate, nozzle’s internal geometry (usually obtained through x-ray imaging or through silicone
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molds [21]), etc. The experimental data could as well be used to deduce physical or empirical laws between

various parameters governing the behavior of liquid atomization, for example, relationships between the droplet

size and nozzle orifice diameter. However, since the high-fidelity numerical simulation results are available only

in the near nozzle region where most of the instabilities arise and lead to the primary atomization of the jet, we

must have experimental data in this region so that the results can be compared and simulations can be validated.

A few successful attempts have already been made by researchers to compare, for example, the velocity of the

fuel spray estimated using the dns based on coupled level set and volume of fluid methods in the near nozzle

region [22]. In the far-field of the nozzle, experimental data can be measured with ease and the same can be

obtained by approximate prediction models as well, but is not representative of what governs combustion in

real engines. The work in this thesis primarily concerns with developing new optical diagnostic tools or with

improving upon the existing techniques so as to have novel insights in the near-nozzle region of fuel sprays.

A few challenges experimentalists have to face when probing the near nozzle region of the high-pressure

fuel sprays using the non-invasive optical tools are summarized below.

Narrow field of view:
The height of the combustion cylinder for a typical 4-stroke diesel engine is about 10−13 cm. However,

just before the start of fuel injection (SOI) compression stroke occurs and the effective height or space

(lengthwise) available for fuel atomization is less than 2 cm. This means that the fuel must atomize

within a few milimeters from the nozzle. Hence, in order to obtain high resolution spray images in this

region the optical magnification must be large.

High velocity of the jet:
Again, in order to achieve atomization within a short range, the liquid fuel is ejected with a very high

injection pressure inside the combustion chamber (or cylinder), of the order of 2000 bar for modern car

engines. According to the Bernoulli’s equation for non-compressible fluids, the exit spray velocity (v0)

when the liquid with density ρ = 825 kg/m3 (close to the density of diesel fuels) is ejected through the

orifice into a chamber at atmospheric pressure Patm = 1 bar with an injection pressure of Pi = 2000 bar

would be,

v0 =

√
2∆P

ρ
=

√
2×1999×105

825
= 696 m/s. (1.1)

Due to the high velocity of the jet it is extremely difficult to capture it, even using latest high-speed

cameras available in the market. Chapter 2 discusses about this aspect in more details.

High two-phase flow liquid fraction:
The nozzle orifice diameter for modern injectors used in diesel engines based cars is of the order of

100 µm and hence the ejected liquid is very concentrated both in the near and far field of the injector

nozzle. As a result, it is very difficult to use optical techniques to extract morphological characteristics

like, droplet size distribution, concentration, their shapes etc., which directly affect the evaporation rate

and therefore combustion efficiency.

High optical density:
Due to the high liquid concentration in the near field of the nozzle, optical density is also very high.

Furthermore, due to atomization there is a lot of scattering, making this region almost optically impen-

etrable. Chapter 4 discusses this aspect in details. Time filtering has been used to reduce the noise due

to multiple scattering and ballistic images of fuel sprays have been obtained using the optical Kerr effect
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based time-gating.

Cavitation inside the nozzle:
Another issue with these high-pressure fuel injectors is the development of vapor cavities inside the

injectors due to large pressure variations. From the Bernoulli’s principle we have,

v2

2
+gh+

P
ρ
= K(constant) (1.2)

where, v and P are the velocity and pressure at any given point inside the fluid respectively, ρ is the

fluid density and h is the elevation of this point from the ground and g is the acceleration due to the

gravitational force of the Earth. Sudden changes in the velocity of the liquid (usually, volatile fuels)

inside the injector leads to changes in the pressure. If the fluid velocity increases, the pressure drops

and if the pressure drops below the vapor pressure of the fluid, the fluid would vaporize and form vapor

cavities inside the nozzle. These cavities change the behavior of atomization in a way not yet understood

very well. Chapter 3 addresses this aspect by measuring the cavitation intensity and its impact on the

spray characteristics by using a transparent nozzle.

1.1 High-pressure fuel injection system

The objective of this thesis is to test and improve existing optical techniques for diagnostics in the near-field of

the nozzle and propose new optical diagnostics, with the aim to provide accurate information to experimental-

ists. For testing purpose, these optical tools were applied to a realistic injection bench. The high-pressure fuel

injection system used extensively in this thesis for controlling various fuel injection related parameters consists

of the following main components:

• Common rail pressure accumulator to have more stable, accurate and safe control of fuel injection pres-

sure.

• A supply pump driven by an electric motor. The fuel is sucked from the fuel tank and after passing

through a filter, it is pressurized inside the common rail by the pump.

• A high pressure controller module (EFS 8549) allows high pressure regulation inside common rail. It is

accompanied with pressure sensors, safety valves, battery power supply etc. for safe and precise control

of the pressure inside the common rail.

• A diesel fuel injector for fuel injection. The fuel injection is controlled by using IPoD coil (EFS 8427).

It is used to generate appropriate current signals required by the diesel fuel injectors.

• A closed (not sealed) spray chamber to avoid accidental combustion in case of a leak and also to avoid

damage to other optical elements involved in the experiments, with 4 glass windows on four sides. Also,

an exhaust fan for continuous suction of the toxic fumes or particulates formed during fuel injection is

attached with the spray chamber.

The schematic in Fig 1.7 shows arrangement of the above components in order to have a working and a stable

high-pressure fuel injection system.
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Figure 1.7: Schematic of the high-pressure injection system control.

1.1.1 Fuel injectors

The work included in this thesis utilizes two different kinds of fuel injectors obtained within the framework

of two projects: (i) New Advanced Diesel Injection Analysis for bio fuels (NADIA bio) funded by Haute

Normandie region & French government (FUI) and (ii) Cavitation and Atomization in Nozzles: Numerical and

Experimental study (CANNEx) funded by the French National Research Agency (ANR). The details of these

fuel injectors are mentioned in Table 1.1. Everywhere in this thesis these fuels injectors will be referred by

their Tag names. X-ray images of the metallic Inj. A were obtained to have an understanding of the internal

Table 1.1: Details of the injectors used in this work.

Injector Tag Name Inj. A Inj. B
Injector type Hole-type Hole-type
No. of orifices One One
Orifice diameter (φ ) 185 µm 350 µm
Transparent? No Yes
Material type Metallic Polymer (PMMA∗)
Max. inj. pressure 2000 bar 500 bar

∗IUPAC Name: poly(methyl 2-methylpropenoate)

structure of the nozzle and are shown in Fig. 1.8. It is clear from these images that there is no manufacturing

defect or any significant asymmetry in the nozzle design for this injector.
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Figure 1.8: X-ray images of metallic Inj. A.

For the transparent injector (Inj. B), all the dimensions were given to the manufacturer and so are well known.

A schematic of the nozzle with some more details will follow in Chapter 3.

1.1.2 Injector needle lift & IPoD coil current measurements

A non-contact, eddy current based displacement measurement system NLS3181 from Micro-epsilon with sen-

sor LS04(04) for targets made of ferromagnetic electrically conductive materials was used for injection needle

lift measurement. High-frequency alternating current flows through a coil cast in a sensor casing. The elec-

tromagnetic coil field induces eddy currents in the conductive target (injector needle) thus changing the AC

resistance of the coil. This change in the impedance is interrupted by demodulation electronics, which gener-

ates an electrical signal proportional to the distance of the target from the sensor. This electrical signal can then

be easily measured using an oscilloscope or any other similar equipment used for such data acquisitions.

The specific current requirements supplied by the manufacturers for the two injectors used in this work

was fulfilled by using the IPoD coil (EFS 8427). By changing specific parameters of this device, desired

current pulse was obtained. This current pulse was measured using a Hall-effect based current clamp E3N

from Chauvin Arnoux. The results are shown below for the two injectors. Note that the output signal from the

current clamp, shown below, is directly proportional in form and amplitude to the DC and AC components of

the current measured.

Inj. A: The IPoD coil current and injector needle lifts are shown below in Fig. 1.9 for the high-pressure

metallic injector (Inj. A) at 500 bar of injection pressure. The injection duration for these measurements was

set to 3.0 ms.

Inj. B: The IPoD coil current and injector needle lifts are shown in Fig. 1.10 for the transparent injector

(Inj. B) at 300 bar of injection pressure. The injection duration for these measurements and for all the other

measurements included in this thesis, unless specified otherwise, is 2.5 ms. This injector will be used for

cavitation studies in Chapter 3.
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Figure 1.9: IPoD coil current and injector needle lift measurements for Inj. A at 500 bar of injection
pressure.

Figure 1.10: IPoD coil current and injector needle lift measurements for the transparent Inj. B at 300 bar
of injection pressure.
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1.2 Organization of the manuscript

This manuscript consists of six chapters including the current introduction. The aim of this work is to propose

or improve optical diagnostic tools for spray studies and to test them, when possible, to real diesel sprays. A

brief summary of each chapter is as follows:

Chapter 1:
It is this introduction that was focused on highlighting the general context of this work, the motivation

behind it and its importance. It describes our goals and objectives and discusses the problems that we

must overcome to achieve them. Towards the end it gives a brief overview of the high pressure fuel

injection system that was used for fuel injections into a chamber maintained at the atmospheric conditions

of temperature and pressure (ATP).

Chapter 2:
The aim of this chapter is to show that simple imaging techniques can be improved by using specific light

sources for illumination. It starts with a brief review of the simple imaging techniques using either con-

tinuous or pulsed illumination with a suitable camera. It demonstrates how one can extract certain simple

but important information about the fuel sprays, like penetration and cone angles, using the relatively

simple optical setups. All the results shown for the penetration length, speed and cone-angles, although

not new, but were obtained using our own measurements. Next, we propose a method to investigate the

occurrence of some big liquid structures near the spray boundaries. Average velocity maps were also ob-

tained from the frames of the high-speed video by correlating two consecutive frames based on a concept

proposed by D. Sedarsky et al. [23]. An improvement in the classical imaging techniques that utilize

a high-speed camera for spray imaging has been proposed by using a new, low-cost, high-repetition,

picosecond fiber laser source for illumination. It has been shown that the spray images recorded using

pulsed fiber laser illumination were better in clarity than the images recorded using continuous white-

light illumination. Towards the end, we propose using supercontinuum (SC) derived illumination for

single shot (low-repetition) imaging instead of directly using pulsed (ps or fs) laser. The use of SC-

derived light is shown to reduce laser speckle in the spray images due to the destruction of the strong

coherence of the laser beam and henceforth improves upon the quality of the images.

Chapter 3:
The aim of this chapter is to demonstrate the efficacy of classical imaging techniques discussed in the

previous chapter by using them to investigate the impact of cavitation on the macroscopic properties of

fuel sprays like, velocity and spray cone-angle in the near-nozzle region (a part of an ongoing project,

CANNEx). The transparent nozzle (Inj. B) will be used to obtain images of the internal flow at various

times after the SOI, corresponding to different injector needle lifts. The same injector will then be used

to obtain high-resolution fuel spray images. The estimated spray half-cone angles and velocity maps

from the spray images are then compared with the development of cavitation inside the nozzle as injector

needle is lifted.

Chapter 4:
After exploring the prospects of classical imaging techniques, in context of fuel sprays, using various

kinds of illumination sources with compatible detectors (cameras), we move on to more sophisticated

imaging techniques capable of reducing multiple scattering from atomizing spray droplets. This chapter
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focuses on the need and development of time-gated imaging techniques for fuel sprays. A brief review

of the existing crossed-beam configuration of the optical Kerr effect based time-gate is made at first,

followed by a discussion on its applicability for time-resolved spray imaging. Next, we propose another

configuration for the optical time-gate with collinear overlap of pump and probe beams, thereby solving

most of the issues with the classical crossed-beam configuration. Collinear configuration improves the

spatial resolution of the time-resolved images a lot, keeping almost the same temporal resolution,∼ 1 ps.

Ballistic and refraction spray images are obtained in the near-nozzle region using this new collinear con-

figuration of the optical gate. Moreover, the possibility of using SC-derived light for spray illumination

in the optical time-gate setup is also explored in order to reduce laser speckle from the time-resolved im-

ages. Towards the end of this chapter, temporal characteristics of a few other Kerr media are studied and

it was found that their relaxation times are far better than those of liquid state media like the commonly

used carbon disulfide (CS2). However, the mediums that we were able to test showed a poor efficiency

compared to that of liquid CS2. In future if we could obtain a more efficient solid state Kerr medium it

would serve better in the optical gate configurations for time-resolved imaging.

Chapter 5:
This chapter focuses on understanding the polarization properties of the Kerr medium (carbon disulfide).

We adopt the Stokes-Mueller formalism for a complete polarization characterization of liquid CS2 in

both crossed-beam and collinear configurations of the optical gate. Sixteen measurements are made to

determine the 4×4 Mueller matrix (MM) of liquid CS2 using the rotating retarder approach [24]. After

determination of the MM, it is decomposed into three matrices, each of which independently quantify the

three polarization parameters namely, retardation (related to the birefringence), diattenuation and depo-

larization using a formalism proposed by Lu and Chipman [25]. These individual polarization parameters

are then studied for various delays between pump and probe beams in both crossed-beam and collinear

optical gate configurations to quantify the changes in the polarization properties of the Kerr medium upon

incidence of the pump beam. Such studies are fruitful in understanding the non-linear optical behavior

of any medium in general and since liquid CS2 is being used extensively as the Kerr medium in optical

gating, it was crucial to study its polarization properties for better comprehension of working of optical

time-gates. The applicability of the developed optical time-gate in other fields like in bio-medical optics

for studying time-resolved MM of tissue samples is also discussed towards the end of this chapter.

Chapter 6:
The findings of this work are summarized in this chapter with future directions and perspectives.
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Classical imaging techniques

Measurement of the properties of fast moving objects at any length scale is a big challenge. In the context of

fuel injection, the very high injection pressures used in commercial direct fuel injection engines lead to a liquid

jet, which is ejected inside the combustion chamber with a very high velocity. Perturbations arising at the outlet

of the nozzle are amplified gradually and lead to the break up of the jet, which results in a droplets cloud (see

Fig. 2.1). These fuel droplets are usually small enough to evaporate quickly and mix with air before undergoing

combustion.

Figure 2.1: Schematic showing various processes involved in combustion of a liquid fuel.

The main interest behind studying atomization of the fuel jets is to compare the results with numerical mod-

els, which aim to predict the behavior of the spray in terms of droplet granulometry and spatial localization. For

an efficient comparison with the last generation of computer simulation of the atomization process (Fig. 2.2), it

is necessary to analyze the characteristics of the liquid jet in the near-field of the nozzle. The main reasons why

we are so interested in the near-nozzle region are: (i) the present high-fidelity numerical simulations are limited

to this region due to the limitations of computational resources, (ii) if the perturbations which arise in the near

field of the nozzle are not correctly reproduced by the numerical models, the correct droplet size distribution

will certainly not be obtained, (iii) characterization of spray in the far-field of the nozzle is not very useful in

understanding the physical phenomenon because in reality, in a fuel engine, the fuel will never reach the state

observed in the far-field as the space available for atomization inside the combustion chamber in, for example,

a car engine is only a few centimeters and then there is evaporation as well.

The characteristics of the jet in the near field of the nozzle which must be compared are, at the least, its

position and velocity in time. This means that the presence of liquid at any given point in space must be

13
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Figure 2.2: Direct numerical simulations (dns) of a liquid jet in the near nozzle region, shown here for
illustration [17].
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predicted as a function of time, and so must be its velocity (i.e. velocity of the liquid/air interface and internal

velocity of the fluid as well).

Measurement techniques able to produce such data are extremely limited: most of them are not applicable

if the shape of the liquid element is not well defined. For example, phase Doppler anemometry (PDA) is

a single-point measurement technique (now commercially available as well) which is used for determining

simultaneously the size and the velocity of the spherical liquid droplets. Additionally, it can be also be used for

concentration and mass flux measurements. However, this technique is limited to the low droplet concentrations

with spherical shapes [26]. Laser correlation velocimetry (LCV) is again a single-point measurement technique,

capable of measuring the velocity of liquid elements of any shape, but is not able to give any information about

their shapes [27, 28].

For these reasons, most researchers use imaging, which does not make any assumption on the shape of the

object under study. However, one must always remember that in imaging what one sees is just a 2-D projection

of the actual 3-D object and this projection may be perturbed by various optical phenomenon like, multiple

light scattering, diffraction, speckle, etc. depending upon the object and illumination source(s). Nevertheless, it

allows one to visualize the jet, which is not yet broken up into droplets, has very complex liquid-air interfaces

with many finer structures and ligaments moving away from the core jet [29]. Even this technique has its

limitations, which will be discussed later.

Over the past several years researchers have proposed various imaging techniques for capturing the dynam-

ics of high-pressure fuel sprays using continuous white-light (incoherent) and laser (coherent and monochro-

matic) sources with various kinds of cameras. It is easy to see that a straightforward way to capture a fast

moving object could be to use a continuous light source for illumination, with a camera fast enough to record

the dynamics of the moving object with appropriate resolution. Imaging of fast moving objects poses specific

problems because of the limitations of the sensors, for example their exposure duration, repetition rate, etc.

Due to technical reasons like charge transfers on the sensors, etc. it has not yet been possible to reduce the

exposure time of the high-speed cameras beyond a few hundreds of nanoseconds, as in Phantom v711 and v611

high-speed cameras from Vision Research [30] with minimum exposure time of 300 ns. Although with the SIM

series of ultra high speed framing cameras from Specialised Imaging, it is possible to capture images at a frame

rate of a billion frames per second (fps) with the minimum exposure time on the order of a nanosecond, but its

limitation is that it can only capture a maximum of 16 images at once [31]. Another problem pertaining to the

limited frame rate of the cameras is due to the limitations of the on-device data storage and transfer rates and

therefore the high frame rate cameras have very low image resolutions, even if improvements appear each year.

For instance the FASTCAM SA-Z from Photron [32] could capture 2.1 million fps but at a reduced resolution

of 128×8 pixels (pixel size = 20 µm). This restricts the field of view in imaging.

Nevertheless a solution for the large exposure time issue of the cameras is to use a short flash or a pulsed

illumination source, fast enough to freeze the motion of the moving object with respect to the detector’s sensor

chip. Any camera records an image using the tiny light sensors inside it which are arranged in a rectangular

grid fashion and usually each of these tiny sensors make up a pixel of the recorded image. So, the pulsed light

source must be short enough that the information reaching each of these tiny sensors does not change while the

camera is exposed, otherwise what you get is a blurred image of the moving object.

This chapter discusses some of the “classical” techniques1 for imaging of the high-pressure fuel sprays,

1“classical” in contrast with more sophisticated techniques like ballistic imaging where an ultrafast optical shutter is used to select
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their relevance and applicability regime. It describes and uses some image-based processing tools for extracting

physical quantities like displacement and velocity patterns, dynamic spatial resolution, spray edge length, etc.

from the recorded spray images in order to compare these imaging techniques in the said context.

2.1 Imaging with continuous illumination

The schematic of a very straightforward optical setup for imaging of fuel sprays using Xenon lamp as a con-

tinuous white-light source for illumination and an high-speed camera Phantom v12.1 to capture the dynamics

of the motion is shown in Fig. 2.3. A Micro-Nikkor lens from Nikon with focal length f = 200 mm and an

Spray
chamber

High-speed
camera

White light 
source

Camera
lens

Xe lamp
330 - 1000 nm

Phantom
v12.1

Figure 2.3: Schematic of the optical setup for recording high-speed videos of fuel sprays.

adjustable aperture ranging from f/32 to f/4 was used to adjust optical magnification of the imaging setup. In

order to avoid accidental combustion and reduce risks for the experimentalists, a diesel-like surrogate liquid,

Castrol calibration oil ISO 4113 was injected in a closed chamber, to avoid any damage to the optical devices

in case of a leak, maintained at ATP. The physical properties of the diesel-like fuel are mentioned in Table 2.1.

Some of the work covered in this thesis used another surrogate oil, Shell NormaFluid ISO 4113 for imaging

Table 2.1: Physical properties of the diesel-like liquid used for recording spray images.

Liquid Density Kinematic viscosity
(ρ) (Kg/m3) (ν) (mm2/s)

Diesel fuel [33, 34] ∼ 837 @15◦C ∼ 2.71 @40◦C
Castrol calibration oil - ISO 4113 825 @15◦C 2.53 @40◦C
Shell NormaFluid - ISO 4113 [35] 827 @10◦C 2.50 @40◦C

with very similar physical properties as that of Castrol calibration oil as can be seen in Table 2.1.

The specifications of the high-speed camera Phantom v12.1 used for recording high-speed videos of the

fuel sprays are mentioned in Table 2.2.

Figure 2.4 shows a few frames of the high-speed video recorded for the fuel spray issued using Inj. B2 with

an injection pressure of 300 bar. The time between consecutive frames of the recorded high-speed video is

10 µs. However, in Fig. 2.4 only the alternate frames (1, 3, 5, and so on) are shown with exposure time for each

frame e = 300 ns & optical magnification m = 0.6.

Some characteristics of the spray are described below:

quasi-ballistic photons for imaging (refer to Chapter 4).
2Single orifice nozzle with orifice diameter φ = 350 µm, refer to page 8.
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T = t0 +20µs +40µs +60µs +80µs +100µs

+120µs +140µs +160µs +180µs +200µs +220µs

t0 +0.97ms

t0 +1.05ms

Figure 2.4: Images of a fuel spray issued using Inj. B inside a closed chamber maintained at ATP with
an injection pressure of 300 bar. Time at which individual spray images are captured, with respect to the
SOI is mentioned above the images. Exposure time for each image is 300 ns. Optical magnification: 0.6
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Table 2.2: Specifications of the high-speed camera used for recording high-speed spray videos.

Camera model Phantom v12.1 from Vision Research
Sensor type CMOS sensor
Pixel size 20 µm
Exposure 300 ns
Max. resolution 1280×800
FPS at max. resolution 6,242
FPS at 128×8 1,000,000

Shape of the jet: This very simple optical configuration is in the present case enough to extract some features

of the liquid jet. The spray images at the onset of injection look very similar to the high-resolution diesel spray

images obtained at 400 bar by C. Crua et al. [36] (see Fig. 2.6a), where they used long-range microscopy with

SIM-16 high-speed camera from Specialised Imaging to investigate the primary atomization of diesel fuel in

the near-nozzle region. They concluded that the fluid that first exited the nozzle resembled mushroom-like

structures due to the residual fluid trapped in the sac and orifice between injections. Such structures were not

only observed for atmospheric but also for realistic engine conditions by other researchers as well [37].

It seems that for these injection parameters (low injection pressure, large orifice), continuous illumination

with an high-speed camera is a very good choice for imaging of fuel sprays: the optical setup is quite simple,

frame rate (100K) is high enough to capture the evolution of the spray.

Penetration length and speed: The recorded spray images were used to estimate the penetration length and

speed of the jet as shown in Fig. 2.5. The tip (end point) of the jet was traced in the consecutive spray images

Figure 2.5: Evolution of penetration length (in blue) and speed (in red) with time for the fuel spray
ejected in a chamber maintained at ATP with an injection pressure of 300 bar.

to calculate its displacement. From the time between consecutive images (10 µs) and the corresponding dis-

placements, it is possible to estimate the penetration speed of the jet as well. In Fig. 2.5 the penetration length

(or displacement) and speed is shown for 10 different injections with similar injection parameters. Penetration

length is fitted with a second order polynomial function of the form, y = ax2 + bx+ c, with c = 0 since pene-
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tration length must go to zero at the SOI, i.e. at t = 0. The graph fits well with R2 value greater than 0.98. This

implies that the penetration speed should be linear in time, at least at the SOI. There have already been a lot of

studies on the spray tip penetration and that too at a much higher injection pressures [15,38–40]. Very recently,

C. Crua et al. [36] published their findings with the spray tip penetration in the near-field of the nozzle at an

injection pressure of 400 bar, Fig. 2.6b. Their measurements were limited by the number of frames captured

(a)

(b)

Figure 2.6: (a) Mushroom-like structure visible in the high-resolution diesel spray image at the SOI and
(b) evolution of penetration length with time after injection trigger for the fuel spray issued in a chamber

at ATP with an injection pressure of 400 and 1600 bar (results of C. Crua et al. [36]).

by the SIM-16 high-speed camera used for recording the high speed video of the fuel spray, but still the overall

behavior of the spray tip penetration for 400 bar injection pressure is very similar to our results (Fig. 2.5).

Motion blurring: Let vo be the speed of the spray in m/s, e be the exposure time of the camera in second, a

be the physical size of a pixel in meter and m be the optical magnification of the imaging setup. Now if we want

a sharp image of the moving spray then the spray image must not move more than a in the time e i.e. during

the time when the light sensors inside the camera are exposed. This implies the image velocity vi,

vi <
a
e

(2.1)

Considering an optical magnification of m, the object (spray) should not move faster than,

vo <
a

me
(2.2)

so as to obtain its sharp image through the camera. For the spray images shown in Fig. 2.4 optical magnification

m was 0.6, pixel size a = 20 µm, exposure e = 300 ns. Hence, if the speed of spray crosses the limit of 111 m/s

the spray images would not be sharp anymore, one could see blurred structures, at least along the spray edges.

The blurring of the spray structures can be seen in the spray images shown in Fig. 2.4 for T = t0 +0.97 ms and

t0 +1.05 ms along the edges.
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Spray cone angle: The spray images were also used to study the evolution of the spray cone angle with time.

A hundred high-speed videos for 100 fuel injection events were combined to form one video, where each frame

of this new video showed an average spray image, averaged over all 100 injections. Each frame of this averaged

video was then binarized using an independently determined threshold value using an inbuilt graythresh func-

tion in Matlab’s Image Processing Toolbox, which is based on the algorithm proposed by N. Otsu [41]. These

binarization threshold values for different frames varied slightly, standard deviation less than 0.01. Hence, even

if one chooses to use a constant binarization threshold value for all the frames, the results would be very similar.

Next, the left and right edges (boundaries) of the spray were determined from the binarized images by scanning

each frame from top to bottom while locating the extremities of the spray. The boundary pixels for both sides

were then fitted with straight lines, an example of this is shown in Fig. 2.7. The angles made by these straight

lines with the nozzle hole axis (x = 0, centerline) were computed for all the frames of the averaged high-speed

video and the results are also shown in Fig. 2.7. The asymmetry in the jet is clearly spotted by the difference in

Figure 2.7: Left: Average spray image (sample size 100 injections) at t = 1.0 ms after the SOI with fitted
straight lines (in red) at the spray boundaries. Right: Evolution of spray cone angle – shown separately
for the left and right sides – with time, averaged over 100 fuel injections, each ejected in a chamber

maintained at ATP with an injection pressure of 300 bar.

the right and left side half-cone angles. This difference could be due to the cavitation inside the injector [42,43]

or due to a manufacturing defect in the injector. This will be confirmed in the following chapter where the role

of cavitation on fuel atomization is studied in detail.

Furthermore, we see that there are a lot of fluctuations in the estimated values of the left and right side

angles almost over entire duration of fuel injection. This could be due to the presence of big spray structures

near the boundaries or edges of the spray, resulting in its deformation and hence minor fluctuations in the spray

cone angle since it is estimated solely based on the spray boundaries. To visualize these randomly occurring

structures along the spray boundary the following approach was followed.

2.1.1 Off-boundary displacement measurement

Two time-average spray images, one for the left side and other for the right, starting after formation and stabi-

lization of the fuel spray i.e. about 0.5 ms after the SOI (for these injection conditions) until just before the end
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of injection, T = 2.55 ms, were generated by averaging over all the grayscale images (205 in number) recorded

within this time duration. These time-average images were then binarized using a threshold value and the edge

of the spray was determined as shown with red solid curves in Fig. 2.8 along with the time-average spray images

for the left and right sides of the spray. The threshold values for binarization, for both sides of the sprays, were

Figure 2.8: Time-average fuel spray images for left and right sides with average spray boundary (in red)
for a particular injection event.

chosen such that the extracted spray edges after binarization could be a close approximation to the boundary

of the time-average spray images. To summarize, the red solid curve shown in Fig. 2.8 will now be treated as

the boundary of the spray at all times for this particular fuel injection event. Note that the average boundary of

the spray is not a straight line here but instead a curve. So even if usually, the spray is approximated by a cone,

as was done in the previous paragraph for estimating spray cone-angle, a better characterization would be to

approximate the spray boundary using higher degree polynomials.

Next, the individual spray images at different times starting from T = 0.5 ms to T = 2.55 ms were binarized

using the same threshold value that was used to binarize the time-average spray images and the displacement

of the off-boundary structures along the horizontal or radial direction with respect to the time-average spray

boundary was determined. To do so, the predetermined spray boundaries from the time-average spray images

for both sides were considered as the boundaries of the spray for individual images as well. Fig. 2.9 shows a

few of such individual spray images at different times with the time-average spray boundary (in red) and points

out a big off-boundary liquid structure which spreads as the spray progresses in time. The displacement of
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Figure 2.9: Occurrence of big liquid structures along the boundary of the spray, their movement and
spreading in time.
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such off-boundary structures in time is determined here. If liquid structures moves away from the spray, like

the pointed out structure in Fig. 2.9, their displacement was considered as positive and in case the time-average

spray boundary exceeds the limits of the spray in individual spray images, the displacement was considered as

negative. Note that ideally one should determine the off-boundary displacement by measuring the perpendicu-

lar distance of the off-boundary structure from the spray boundary. However, for simplicity and since the cone

angle is small, here the off-boundary displacement is just the horizontal distance of the off-boundary structure

from the spray boundary for each boundary pixel. The schematic in Fig. 2.10 addresses this point. Moreover at

Considered
Ignored

Spray T-avg. spray
boundary

Figure 2.10: Ambiguous off-boundary structures.

times it might be difficult to determine or even define the displacement of the liquid structures due to their com-

plicated shapes. For example, the middle structure shown in Fig. 2.10 could have two values of displacements

while the bottom structure could have both negative and positive displacements. Here for both these cases the

maximum value of the displacement was considered. The negative displacement was always ignored even if

the magnitude of negative displacement was more than that of the positive displacement. The off-boundary

displacement plots for left and right side boundaries are shown separately in Fig. 2.11.

The slopes of the slanted lines represent the speed of big structures in the off-boundary displacement plots

at different times after the SOI as demonstrated in Fig. 2.11. From these slopes, it can be noted that on an

average the speed of the liquid, or at least of the big liquid structures, is smaller on the left side of the spray

than that on the right. This liquid deformation representation opens a new way for statistical analysis of the

jet edge complexity: by averaging over a lot of such diagrams for various injection events, the probability for

occurrence of off-boundary structures may be computed.

Another characteristic which can be extracted from these off-boundary displacement plots is the spreading

of the edge perturbations. In most cases we can see that these slanted lines spread as we move further away

from the nozzle in the direction of the spray. This would mean that there is not just a particular velocity for

each of these structures but instead, a velocity gradient which would allow the spreading of the structures as

the spray progresses in time. Indeed, the two slopes on the two sides for each of these triangular structures

seen on the off-boundary displacement diagrams must be different. Fig. 2.12 shows a magnified view of the

propagation of a minor perturbation in the off-boundary displacement plot for the left side of the spray with
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Figure 2.11: Off-boundary displacement plots for left (top) and right (bottom) sides of the spray. The
color bar shows displacement in millimeter in horizontal (or radial) direction.
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different slopes (or velocities) associated with its spreading which can be interpreted as its disintegration into

finer structures.

Figure 2.12: Magnified view of the off-boundary displacement plots for left side of the spray to empha-
size on the difference in the slopes (velocities) associated with the spreading of the structure. The color

bar shows displacement in millimeter in horizontal (or radial) direction.

In order to see if there is a characteristic frequency associated with the occurrence of these big liquid

structures along the boundary of the spray during fuel injection, Fourier transforms of the off-boundary dis-

placements at each Y-position were calculated and are shown in Fig. 2.13 for both the left and the right sides of

the spray.

These Fourier transforms appear to be a little different for the left and right side of the spray. It should be

clear from these plots that there are some low frequency components (< 10 KHz) that appear to be dominant

over the higher frequencies. The boundary perturbations could result from any or all of the ongoing processes

inside the fuel injector during injection, for example, needle vibrations, turbulence, cavitation, etc. Here, it

should be noted that these plots were just for one particular injection event. However, this approach could

easily be transformed to give statistically significant results in future and perhaps these minor perturbations

along the spray boundary could give us an insight about what is going on inside the injector.

Further improvement scope: Off-boundary displacement plots shown in Fig. 2.11 could be further improved

by studying the sensitivity of these plots to the binarization threshold. Moreover, an average velocity scatter

plot can be generated using these off-boundary displacement diagrams to give a broad idea of the variations in

the velocity of these boundary structures from one injection to the other. Such displacement diagrams could

be generated for various injections and then the velocity of these structures could be estimated from the slopes

of the slanted lines. Similarly, more Fourier transforms could be plotted each for an injection event and than

an average Fourier transform plot could show us if there are any characteristic frequencies associated with the

occurrence of these perturbations along the spray boundary.

Such results show that a lot of statistically significant information can be extracted at least for the present

injection conditions, even with a very simple optical setup.
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Figure 2.13: Fourier transform of the off-boundary displacement plots for the left part (top) and the right
part (bottom) of the spray for a particular injection event. The color bar represents the peak normalized

amplitude of the transformed function.
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2.1.2 Estimation of spray velocity

To fully describe the motion of any object in general, one must define its position and velocity with time. A

spray image at any particular instant of time after the SOI gives its position in time. An average over a significant

number of injections would give the probability of occurrence of liquid or droplets in space. The behavior of the

fuel spray is very complex and non-redundant at high injection pressures and we want an approach which could

take this uncertainty into account and produce a statistical mapping of the velocity vectors. It should be noted

that the preceding approach (Fig. 2.11) gives an idea of the velocity of big detectable structures along the spray

edge after stabilization of the spray, but here we are trying to have a more complete and statistically significant

information on the evolution of the velocity of the entire jet. Such an approach for velocity computation briefly

described below, is based on calculation of correlation between two consecutive images recorded within a very

short period of time proposed by D. Sedarsky et al. [23]. Although, I used my own code written in Matlab to

compute displacement vectors and transform them to the velocity maps, as explained below.

Two consecutive trans-illuminated3 spray images are used here to calculate spray velocity more accurately

than the penetration speed. The prerequisite for this method to work is that the two spray images should be

recorded within a very short period of time so that the spray structure remains almost intact in the two images

and yet the spray moves slightly. The spray images recorded using the high-speed camera at 300 bar of injection

pressure (shown in Fig. 2.4) with inter-frame delay of 10 µs were normalized and paired (1st & 2nd, 2nd & 3rd

and so on). These were then subjected to the cross-correlation based velocity computation. A small section

on the first image near the edge of the spray was chosen and then the similar structures and ligaments were

searched in the second image of the pair. The displacement of the entire chosen section was then estimated

from the maximum value of the normalized cross-correlation. Note that usually a very small section on the

first image of the image-pair is chosen and hence the estimated value of displacement is justifiable. Since for

these injection parameters the spray does not change too much, at least not in the beginning of the injection,

the displacement vectors were found with high cross-correlation values. Only vectors with normalized cross-

correlation values greater than 0.80 were selected and the rest were rejected. Choosing a low threshold value for

normalized cross-correlation is more likely to give erroneous displacement vectors and if a very high value is

chosen one might not find sufficient vectors. We chose this particular value by hit and trial and it was made sure

that there are no erroneous displacement vectors in the results. For demonstration, the selected displacement

vectors for two such consecutive images are shown in Fig. 2.14. The time for this displacement is same as the

inter-frame time for the camera. Using this information the velocities of the liquid structures and ligaments

visible on the images were estimated.

The velocity vectors for all the consecutive image-pairs at the beginning of the fuel injection (i.e. until

0.5 ms. after SOI) were computed. All the velocity vectors within a short duration of time were grouped

together according to their spatial locations. This was done for 100 such injections and an average velocity

map was generated. A moving average over all the vectors inside a 3× 3 pixel box was then taken in order

to smoothen out the velocity maps (see the schematic in Fig. 2.15). The evolution of the spray velocity with

time just after SOI is shown in Figs. 2.16 and 2.17 for left and right half respectively, of the fuel spray images

shown in Fig. 2.4. A clear asymmetry is observed in the velocity maps for the left and right side of the fuel

spray which again indicates the possible development of cavitation inside the fuel injector and is investigated

3A trans-illuminated image of an object is the image formed by the light transmitted through the object, sometimes also referred as
a shadowgraph.
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Figure 2.14: Displacement vectors computed by correlating the two spray images obtained within a
short period of time (10 µs). The first image of the pair is shown in green, the latter in magenta and the

overlapping regions are shown in black. Displacement vectors are shown in blue.
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No value for border pixels
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Figure 2.15: Schematic to emphasis on the moving average procedure used to generate velocity maps.
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Figure 2.16: Average velocity maps for left side of the spray computed using consecutive spray images
captured with the high-speed camera at 300 bar of injection pressure. The color bar indicates velocity in

m/s.
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Figure 2.17: Average velocity maps for right side of the spray computed using consecutive spray images
captured with the high-speed camera at 300 bar of injection pressure. The color bar indicates velocity in

m/s.
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in details in the following chapter. Also note that at a higher spray velocity (or at higher injection pressures),

the 10 µs inter-frame delay will not be sufficient to keep the spray structure intact and hence for this method to

work in this regime, the inter-frame time delay must be reduced further using a higher frame-rate camera.

Limitation of classical imaging: The next set of images shown in Fig. 2.18 are again the trans-illuminated

spray images recorded using the high-speed camera Phantom v12.1 with continuous white light illumination

but at a much higher injection pressure of 800 bar using Inj. A4 with relatively smaller nozzle orifice diameter.

It is very clear from these images that the high-speed camera is also not very fast since the velocity of the liquid

T = t1

t1 +62.5 µs

t1 +125 µs

t1 +0.75 ms

Figure 2.18: Images of fuel spray injected using Inj. A in a chamber maintained at ATP with an injection
pressure of 800 bar. Time between consecutive frames is 62.5 µs and exposure time for each image is

300 ns. Optical magnification: 0.86

in this region (close to the nozzle) is very high (about 400 m/s) and on top of that due to a lot of scattering

from the spray droplets even the larger spray structures are not visible. The spatial resolution can’t be improved

further due to the large exposure time of the camera, compared to the velocity of the spray jet. However,

4Single orifice nozzle with orifice diameter φ = 185 µm, refer to page 8.
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such measurements are useful to predict quickly some very basic quantities for the spray such as penetration

speed or spray cone angle. These measurements are very useful to study the influence of cavitation on spray

characteristics.

2.2 Imaging with ultra-short pulsed illumination

In order to capture these fast moving multiphase flows, the so called “high-speed” cameras available in the

market at present, are not good enough for imaging of the high-pressure fuel sprays as is shown in the previous

section. Nevertheless, if instead of a continuous illumination source an ultra-short pulsed illumination is used

one could manage to obtain high-resolution images of the fast moving sprays without the need of an high-speed

camera. The aim of this section is to explore the potential of such an approach. Since our target is moving

with a very fast speed let’s say vo = 700 m/s in the near nozzle region (corresponds to an injection pressure of

about 2000 bar), to obtain a detailed image with good resolution using a CCD camera with a typical pixel size

a = 6.5 µm and with an optical magnification m = 10 (required since the nozzle diameter is only about a few

hundreds of microns), the pulse width of the light required to freeze the motion of the spray at the detector (e)

can be calculated using Eq. 2.2,

vo <
a

me
=⇒ e <

a
mvo

(2.3)

Figure 2.19 shows the pulse width of the light required to freeze the motion of the spray at the detector (e) with

the speed of the jet (vo) for a = 6.5 µm and m = 10. It can be observed that in order to target high-pressure

Figure 2.19: Pulse duration required to freeze the motion of spray at the detector with a pixel size of
6.5 µm with the optical magnification of 10.

sprays the required pulsed width must be less than a nanosecond.

From this it can be concluded that at least a picosecond laser source would be required to capture the dy-

namics of the fast moving sprays with some clarity. Figure 2.20 shows an example of a trans-illuminated image

of the spray issued using Inj. A5 in a closed chamber maintained at ATP with an injection pressure of 400 bar

5Single orifice nozzle with orifice diameter φ = 185 µm, refer to page 8.
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and illuminated with a ∼ 120 fs laser pulse. These femtosecond laser pulses were generated using a regenera-

Figure 2.20: Trans-illuminated image of a fuel spray recorded using a sCMOS camera with an ultrafast
illumination. Optical magnification: 7.7

tive amplifier (Libra, Coherent) seeded with a Titanium-Sapphire mode-locked laser (Vitesse, Coherent). The

system is capable of generating laser pulses with pulse width less than 120 fs and energy of about 3.5 mJ per

pulse leading to an average power of about 35 GW at a repetition rate of 1 kHz, pulse spectrum centered at

wavelength λ = 800 nm (fwhm = 12 nm). Note that a picosecond laser would have been sufficient even for

the very high-pressure fuel sprays, but since we needed a femtosecond laser for ballistic imaging (described

in the following chapters), it can as well be used for classical imaging. A K2 close-focus objective (CF-3)

from Infinity was used to adjust the optical magnification of the imaging setup. The characteristics of the fuel

spray including various disintegrating ligaments, structures into fine droplets are well captured as can be seen

in Fig. 2.20. High optical magnification makes it possible to visualize even the fine structures near the spray

boundary in the near-nozzle region.

2.2.1 Correlation based velocity computation

As described in the previous section two such high-resolution trans-illuminated images could be used to cal-

culate the velocity of the spray in the vicinity of the nozzle, recorded within a very short time duration (a few

hundreds of nanoseconds). Experimentally, this was achieved using a double-pulsed illumination with an Im-

ager sCMOS camera from LaVision capable of recording two 16-bit images (or image-pairs) with a minimum

of 120 ns time gap between the two images. The two ultrafast laser pulses (∼ 120 fs) were generated using two

regenerative amplifiers (Libra, Coherent) seeded with a common titanium-sapphire mode-locked laser (Vitesse,

Coherent). The delay between the two pulses is adjusted with a time resolution of 12.5 ns (limited due to the

repetition rate of the mode-locked laser, Vitesse: 80 MHz), according to the injection pressure or velocity of the

spray and is limited by the camera’s interframing time. The entire system was synchronized using digital delay

generators (DG-645) from Stanford Research Systems with a frequency of 1 Hz (limited, due to spray injection

conditions). The recorded spray image-pairs were then normalized and subjected to cross-correlation based
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velocity computation as explained before. A small section on the first image close to the spray boundary was

chosen and then similar structures and ligaments were searched in the second image of the pair. All displace-

ment vectors with normalized cross-correlation value greater than 0.75 were selected in this case. Figure 2.21

shows these displacement vectors for the spray image shown in Fig. 2.20. From the time between the two laser

pulses (∆t = 261 ns), these displacement vectors can easily be converted to the velocity vectors. These velocity

vectors, for various injection events, will later be grouped together to form an average velocity map, like the

ones shown before in the previous section (Figs. 2.16 & 2.17). The procedure is explained briefly towards the

end of the next section.

Even if the preceding approach for computation of velocity vectors, which would later be transformed into

average velocity maps, give valuable information about the spray at a particular time after the SOI, we do not

have a complete evolution of the spray for an individual injection event. Only, general velocity trends can be

extracted from this process at a given instant of time after the SOI. The limitation comes from the laser source

itself. The maximum repetition rate for our femtosecond laser is 1 kHz (1000 fps), which is too low to capture

the evolution of the liquid jet with an high-speed camera. Although, with the latest regenerative femtosecond

amplifiers, for example with the RegA series of ultrafast Ti:Sapphire lasers from Coherent it is now possible

to reach higher repetition rates upto 250 kHz [44]. Such high-repetition rate lasers are good for studying the

evolution of the spray with a simple optical imaging setup. However, the energy per pulse of about 6 µJ from

this laser would not be high enough for more sophisticated imaging techniques. Therefore, investing a huge

sum of money to buy such a high-end laser just for simple fuel spray imaging might not be appreciated.

Laboratory CORIA, where the present work was achieved has a dedicated group focused on developing

ultra-short pulsed fiber lasers due to the fact that these are compact and low-cost laser sources and hence

perfect for simple imaging techniques. It has given the opportunity to test this class of laser for spray imaging

and its prospects are discussed in the following subsection.

2.2.2 High-repetition spray imaging

As pointed out earlier in this section, high-repetition spray imaging with an high-speed camera is possible if

continuous illumination source is used. However, it is not possible to capture the moving object with desired res-

olution (for high-pressure sprays, see Fig. 2.18) with continuous illumination even with an high-speed camera

due to motion blurring. Nevertheless, a high frequency ultra-short pulsed illumination could be used for high-

repetition spray imaging in order to study the evolution of spray in time. A high-repetition, ultrafast fiber laser

source was designed in our laboratory CORIA, by another group lead by Dr. Ammar Hideur and its prospects

for high-repetition spray imaging are investigated in this subsection. After obtaining the trans-illuminated spray

images with continuous and fiber laser source, the obtained images are compared quantitatively in order to show

the improvements made by using the fiber laser illumination.

Design of the ps fiber laser: The picosecond laser system consists of a fiber master-oscillator power-amplifier

(FMOPA) as shown in Fig. 2.22. It is based on a passively mode-locked ytterbium-doped fiber laser oscillator

operating in the all-normal dispersion regime [45]. The oscillator consists of a Fabry-Perot cavity comprising

15 cm of heavily ytterbium-doped single mode fiber (YDF) with a core mode field diameter of 6 µm and a

numerical aperture of 0.15. The YDF presents peak absorption of 1200 dB/m at 975 nm and its group velocity

dispersion (GVD) has been estimated around +24 ps2/km at 1040 nm. It is pumped through a 980/1040



2.2. Imaging with ultra-short pulsed illumination 35

Figure 2.21: Displacement vectors computed by correlating the two spray images obtained within a
very short period of time ∆t = 261 ns. Top graph shows the magnified view of a small section from the
same spray image-pair and the corresponding displacement vectors. The first frame of the pair is shown
in green, the latter in magenta and the overlapping regions are shown in black. Displacement vectors are

shown in blue.
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Figure 2.22: Experimental setup of the fiber master-oscillator power-amplifier (FMOPA). Nomenclature
- R-SAM: resonant saturable absorbed mirror; {L1, L2}: biconvex lenses; P1: polarizer; H1: half wave-
plate; WDM: wavelength division multiplexer; SM: single mode; LD: Laser diode; FBG: fiber Bragg
grating; MM: multi-mode; OC: output coupler; COM: pump and signal combiner; LMA: large mode

area; HP-ISO: High power isolator.

wavelength division multiplexer (WDM) using a single-mode laser diode. A fiber-Bragg grating-based filter

(FBG) centered at 1040 nm is included in the cavity to limit the spectral bandwidth to less 140 pm [46]. The

laser output is taken through the FBG which presents a low reflectivity of 20%. Mode-locking is achieved by

using a resonant saturable absorber mirror (R-SAM) which constitutes the end mirror of the cavity. It exhibits

a high modulation depth of ∼ 50% and a relaxation time of 9 ps. By adjusting the focusing conditions on the

R-SAM to meet the saturation criteria, a sustained single-pulse mode-locking regime is achieved at a relatively

low pump power level of about 150 mW. The core-pumped single mode laser generates nearly transform-limited

pulses with ∼ 20 ps duration and less than 1 nJ energy, at a repetition rate of 8.2 MHz.

A two-stage fiber power-amplifier is then used to boost pulse energy to some hundreds of nano-joules. The

first stage is based on a core-pumped single-mode YDF and delivers more than 8 nJ energy. The final stage

includes a double clad step-index YDF with a core diameter of 35 µm from INO Inc. The fiber is based on

the selective gain amplification concept to discriminate high-order modes and thus promote quasi-single mode

operation. The measured M2 value of less than 1.15 confirms the very good quality of the guided beam. The

fiber is cladding-pumped through a signal-pump combiner by two fiber-coupled multimode diodes emitting at

976 nm. The fiber end is angle cleaved to avoid any parasitic reflection into the power amplifier. Moreover, a

high-power isolator is added to protect the laser system from any parasitic feedback. Pulse energy as high as
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300 nJ is achieved after the power amplifier without any temporal distortion. This corresponds to more than

2.5 W of average power. The auto-correlation trace measured at the FMOPA output is shown in Fig. 2.23 and

corresponding pulse duration assuming a Gaussian pulse shape is 21 ps. It is worth noting that at this energy

Figure 2.23: Autocorrelation trace measured at the FMOPA output. Inset: Optical spectrum measured
after the amplifier.

level the output pulses endure some spectral broadening due to self-phase modulation as evidenced in the inset.

For energies higher than 400 nJ, nonlinear effects can cause severe temporal distortions on the output pulse.

The amplitude stability of the mode-locked pulse train was evaluated by radio frequency (RF) measure-

ments using the power spectra obtained with a microwave spectrum analyzer via a high-speed photo detector

(8 GHz bandwidth). It exhibits very satisfying stability with a contrast of more than 70 dBm between the funda-

mental harmonic and the background as depicted on Fig. 2.24. This indicates that laser operation is very stable

Figure 2.24: Radio-frequency spectrum
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and free from any Q-switching instability. Only one noise band is observed at very low frequencies (< 4 kHz).

The energy fluctuations associated with this structure are estimated to be lower than 0.25%.

Trans-illumination spray imaging: The fiber laser, capable of producing ∼ 20 ps laser pulses centered at

λ = 1040 nm at a repetition rate of 8.2 MHz with an average power of 2.5 W, was used for imaging of fuel

sprays with the same high-speed camera, Phantom v12.1 with an exposure time of 300 ns. The experimental

setup is shown in Fig. 2.25. An electro-optic modulator from Conoptics Inc. was used to decrease the repetition

Spray
chamber

High-speed
camera

~
2
0
 p
s
, 
1
0
4
0
 n

m
L

a
s
e
r 

p
u

ls
e
s

~120 ns

Electro-optic
modulator

~91 µs
Camera

lens

Phantom
v12.1

Figure 2.25: Schematic of the experimental setup for high-repetition imaging of high-pressure fuel
sprays.

rate of the fiber laser from 8.2 MHz (one laser pulse every 120 ns) to about 11 kHz (one laser pulse every

91 µs) to have only one laser pulse in each frame of the high-speed camera. Note that the repetition rate used

in the experiment is limited by the high-speed camera and not by the laser anymore. The high-speed camera

Phantom v12.1 was being operated at a resolution of 800× 600 px with a frame rate of 11001 fps. The same

Micro-Nikkor lens from Nikon with focal length f = 200 mm, as in Fig. 2.3 was used to adjust the optical

magnification of the imaging setup. The synchronization between the laser, fuel injection and camera was

again achieved using an electronic delay generator DG-645 from Stanford Research Systems.

The high-repetition fuel spray images illuminated using the ps fiber laser are shown in the bottom half of

Fig. 2.26 and are compared qualitatively with the images obtained using continuous white-light from a Xenon

lamp. The experimental setup in Fig. 2.25 was modified accordingly – the electro-optic modulator was removed

and the illumination source was changed to a Xenon lamp without disturbing rest of the setup including the

high-speed camera. Again, the fuel spray was injected inside a closed chamber maintained at ATP with an

injection pressure of 200 bar using Inj. A6. Figure 2.26 includes the first few frames captured using the high-

speed camera showing the formation of the spray. The time for each frame with respect to the SOI is indicated

above the frame. The last images (e and j) recorded 1.7 ms after the SOI for both cases show the spray after it

has been formed and stabilized. The optical resolution of these images is 18.2 µm per pixel. First qualitatively,

one can immediately notice that the images obtained with our custom-designed ps fiber laser are sharper than

with white-light illumination.

The theoretical fuel velocity estimated from Bernoulli’s equation is of the order of 200 m/s for an injection

pressure of 200 bar. In order to prevent motion blur, liquid fuel must travel a distance shorter than a pixel size

6Single orifice nozzle with orifice diameter φ = 185 µm, refer to page 8.
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T = t0 +91µs +182µs +273µs +1.7ms

T = t1 +91µs +182µs +273µs +1.7ms

Figure 2.26: Spray shadowgraphs obtained using continuous white light (top, a to e) and ps fiber laser
(middle, f to j) illuminations. A zoomed section from the (d)th and (i)th frames are shown at the bot-
tom - left image corresponds to frame (d) (with continuous illumination) and the image on the right

corresponds to (i) (with pulsed illumination). Optical magnification: 0.1
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(i.e. 20 µm), corresponding to a travel time of ∼ 0.1 µs. If continuous illumination is used, the exposure fixed

by the camera’s shutter (300 ns) is three times larger, which leads to a blurring effect of about 3 pixels. On the

other hand, displacement of fuel with ps laser is only ∼ 4 nm, which is much shorter than the pixel size. This

is one of the reasons for the difference in image quality obtained with continuous white-light and ps fiber laser

illuminations.

Static spatial resolution measurement The spatial resolution of the optical setup was measured using USAF

1951 chart with continuous white-light and pulsed fiber laser illuminations. Images of USAF chart with the two

illumination sources are shown in Fig. 2.27. The measured value of the static spatial resolution (target at rest)

Figure 2.27: (Top) Image of USAF 1951 chart with (left) continuous white-light and (right) ps fiber laser
illuminations. Optical magnification: 1.1. (Bottom) Contrast function, C = (Imax− Imin)/(Imax + Imin)
with respect to spatial resolution in line pairs/mm. measured for all elements of groups 2, 3 and 4 of the

USAF chart.

with continuous white-light was found to be 16 line pairs/mm, corresponding to the 1st element of the 4th group,

where the three lines in the chart are distinguishable (Cmin > 0.1). The same with ps fiber laser illumination

was found to be 27.5 line pairs/mm, limited by the pixel size of the camera. This means that with our optical

setup it is possible to resolve an object of 31 µm or more using the broadband white-light illumination whereas

with ps fiber laser even smaller objects can be resolved.
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Note that the image of the USAF chart when illuminated with fiber laser is much sharper than that obtained

using white-light. The wide spectrum of white light source can give rise to chromatic aberration making the

image appear as it is out of focus, as can also be deduced from the contrast function (C) shown in Fig. 2.27. The

overall higher value of the contrast for all groups with fiber laser illumination shows a significant improvement

in the contrast compared to standard white light illumination.

Further, to quantify the difference in the spray image quality obtained with continuous white light and ps

fiber laser illuminations, we monitored the length of the edge of the spray as it evolved with time.

Evolution of spray edge length with time: The length of the edge of the spray was estimated by using the

standard image processing tools available for binarization and edge detection in Matlab. The recorded grayscale

spray images were converted to binary images based on a threshold value (Th), chosen using the algorithm

proposed by N. Otsu [41] and then from the left boundary of this binary image the length of the spray edge was

estimated by simply counting the number of boundary pixels. We expect to observe a similar behavior even

if we chose the right edge of the spray since after stabilization the spray appears to be symmetric at least for

these injection parameters and optical configuration. Next in order to find out the sensitivity of the spray edge

length with respect to the threshold value (Th), Fig. 2.28 shows the estimated spray edge length for different

thresholds for the spray images obtained with continuous white-light and ps fiber laser illuminations, showing

that the difference in edge length is not a consequence of a particular choice of the binarization threshold (Th).

Note that the difference in the threshold values for the two cases is due to slightly different background levels

Figure 2.28: Spray edge length estimated from the spray images recorded at different times from the
SOI for continuous white light and ps fiber laser illuminations. Different plots are for different threshold
values (Th) used for the binarization of the spray images as are indicated in the legend on right. Thc
and Thp indicate the threshold values used for binarization of the grayscale spray images obtained with

continuous white light and ps fiber laser illuminations respectively.

in the recorded spray images with the two kinds of illuminations.

The overall higher value of the spray edge length for the images obtained with ps laser illumination confirms
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that these spray images are more detailed with well defined boundaries compared to the images obtained with

continuous white-light illumination. The larger fluctuations in the edge length over time indicate that the spray

is changing continuously and as one can see these changes are not so profound when the spray is illuminated

using the continuous white light due to the fact that the spray images are not well resolved due to significant

amount of motion blur.

Ultrafast high-repetition recording Trans-illumination spray images are recorded at a frame rate of 80575 Hz

(one pulse every 12.41 µs) using the same optical setup as shown in Fig. 2.25. As the throughput of the high-

speed video cameras is fixed, image recording size was reduced to 512×128 pixels to reach this high frame rate.

The injection pressure for these measurements was 300 bar (corresponding to Bernoulli velocity of ∼ 250 m/s)

for a duration of 2.5 ms. A single orifice nozzle (Inj B.) was used here.

Figure 2.29 shows a few frames from the high-speed spray video. With such high-repetition acquisitions,

entire duration of fuel injection can be analyzed where only one image-pair is recorded with commercial ul-

trafast lasers [23]. This frame rate is high enough to determine fuel velocity at the beginning (or end) of the

fuel injection, as can be seen in Fig. 2.29. Fuel velocity can as well be estimated during the stationary phase of

injection by further increasing the frame rate of the high-speed camera (and reducing image size).

Using the picosecond fiber laser now, it would be possible to obtain high-repetition spray images or videos

without any significant motion blurring and chromatic aberrations even for the present day diesel fuel injectors.

This could be very useful in studying the macroscopic properties of the spray, for instance, during the devel-

opment of cavitation or simply for testing the fuel injectors. And since the entire fiber laser is compact and

cost effective, it could be very beneficial for the industrial applications. Further improvements in the design of

the fiber laser – reduction in the pulse width and increment in the pulse energy – to make it more suitable for

sophisticated imaging techniques like, ballistic imaging [47–49] or structured laser illumination planar imaging

(SLIPI) [50, 51] are being carried out in the laboratory at present.

2.3 Imaging with supercontinuum-based illumination

The spray images captured using continuous white-light with an high-speed camera were not very sharp be-

cause of the motion blurring due to high-velocity of the jet but at least they were free from any laser speckle

and other such artifacts arising due to the strong coherence of the laser beam, as is shown later. This section

aims at improving the image quality further by destroying the coherence of the laser beam, keeping the pulse

width almost same, in order to get rid of the laser speckle. This leads to the spray images with even better

resolution necessary for any image-based analysis in general, like cross-correlation based velocity measure-

ment (explained above) or for estimating the morphology of the fuel droplets in the far-field of the nozzle.

Supercontinuum was generated using the fs laser pulses to achieve this and is explained in detail in this section.

The incoming ∼ 120 fs laser pulses, centered at λ = 800 nm (fwhm = 12 nm) were focused inside a 4 cm

cuvette filled with distilled water [52–55] using a short focal-length biconvex lens L1 ( f = 100 mm) as is

shown in Fig. 2.30. An appropriate band-pass filter was used to select a narrow band of wavelengths from this

SC for illumination of the spray and then the beam was collimated using another achromatic biconvex lens L2

( f = 200 mm). A notch filter (F1) could also be used to eliminate the fundamental laser beam, if necessary.

The very simple experimentation using SC-derived illumination (Fig. 2.30) showed, as was expected, that
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T = t0 t0 +12.4 µs t0 +24.8 µs t0 +37.2 µs t0 +49.6 µs

t0 +62 µs t0 +74.5 µs t0 +86.9 µs t0 +99.3 µs t0 +0.11 ms

t0 +0.12 ms t0 +0.14 ms t0 +0.15 ms t0 +0.16 ms t0 +0.17 ms

t0 +0.19 ms t0 +0.20 ms t0 +0.21 ms t0 +2.27 ms t0 +2.28 ms

Figure 2.29: Trans-illumination spray images obtained using ps fiber laser illumination (a to t) at a
repetition rate of 80.5 kHz (time between consecutive frames ∆t = 12.41 µs). Optical magnification:

0.63.
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Figure 2.30: Schematic of the experimental setups for trans-illuminated spray imaging with (a) direct
laser and (b) SC-derived illuminations.
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the quality of the spray images is highly improved by using SC-derived illumination. Figure 2.31 shows mag-

nified view of a section from the diesel spray images obtained directly by illuminating the spray (a) with the

coherent laser pulse and (b) with the light pulse extracted from SC, in the similar ATP. The injection pressure

for both these cases was constant at 400 bar and the injector used was Inj. A7 ejecting spray with an exit veloc-

ity of about 300 m/s, according to Bernoulli’s equation (1.1). Clearly, in the image obtained with SC-derived

Figure 2.31: A magnified section of the fuel spray images obtained using (a) direct laser and (b) SC-
derived illuminations for qualitative comparison.

illumination, the unwanted artifacts of speckle from the laser are reduced to a great extent. Note that from the

spray image obtained with SC-derived illumination, it seems that the overall duration of the continuum pulse is

short enough to freeze the motion of the spray at the detector. This will be verified in the coming chapters by

estimating the overall pulse width, taking the effects of dispersion into account, due to the fact that SC-derived

light has a broader spectral width (or bandwidth).

2.3.1 Spectral and coherence measurements

Before we use the SC derived light for spray imaging it is important to characterize it in terms of spectral and

coherence measurements. The spectrum of the SC, generated by focusing 800 nm intense laser beam inside

a water filled 4.0 cm cuvette, was measured by a fiber-optic spectrometer (Ocean Optics Maya2000 Pro) and

ranges from visible to near infrared region (λ = 400−1100 nm) as can be seen in Fig. 2.32. A small band of

wavelengths (λ = 620−680 nm) was selected using a narrow band pass filter from this continuum to be used

as the probe beam in the optical time-gate setup for illumination of the object under study and is highlighted in

blue in Fig. 2.32.

The temporal coherence of the generated SC pulses was estimated using a Michelson interferometer setup

[56] and was compared with the fs laser (original source used to generate the SC). A schematic of the experi-

mental setup is shown in Fig. 2.33. A band of 13 nm centered at λ = 700 nm was chosen from the SC using

a narrow band-pass filter F2 for coherence measurement. Although, note that any chosen band of wavelengths

with the same width, would have given a similar result. Figure 2.33 also shows the obtained interference

patterns from the Michelson interferometer setup with direct laser (top) and with the supercontinuum-derived

source (bottom). It is very clear from these images that the temporal coherence of the laser beam has almost

been destroyed at least to an extent that there is no detectable interference pattern. Also note that since there is

almost no temporal coherence for a very narrow band of wavelengths, temporal coherence for a broader band

would be even less since coherence length is inversely proportional to the bandwidth.

7Single orifice nozzle with orifice diameter φ = 185 µm, refer to page 8.
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Figure 2.32: Supercontinuum spectrum and the selected wavelength range used for illumination of the
object under study with the optical gate configuration (curve highlighted in blue, λ = 620− 680 nm).

For comparison the spectrum of the fs laser used to generate SC is shown in red.

On the other hand, spatial coherence of the SC-derived pulses was estimated using the Young’s double slit

experiment [56] and the results were compared with the original source i.e. the fs laser. A schematic of the

experimental setup is shown in Fig. 2.34 along with the obtained interference patterns. The width of the double

slits S used in these measurements was about 68 µm and the distance between them was 428 µm. Since spatial

coherence is independent of the bandwidth of the light, apart from the fact that there might be an overlap of the

interference patterns for various wavelengths, a larger band of 60 nm centered at λ = 650 nm was chosen to

have enough intensity for detection.

From the above results it is safe to conclude that the SC-derived light is in fact low coherence light compared

to the original fs laser source. While SC generation, which is a result of many coupled nonlinear processes such

as filamentation, self-phase modulation, self-focusing, etc., [56,57] inside water, the temporal coherence of the

beam is destroyed beyond detection whereas it still remains partially coherent in space. Thus, unwanted laser

speckle is significantly reduced in the spray images obtained with SC-derived illumination Fig. 2.31(b), due to

destruction of the coherence of laser beam to a great extent.

2.3.2 Comparison of velocity maps

After successful characterization of the SC-derived light, it was used to illuminate high-pressure fuel sprays for

imaging with the double-frame sCMOS camera mentioned earlier. About 500 image-pairs, with time between

the two frames ∆t = 261 ns, were recorded for velocity measurement. A simple trans-illumination optical setup

was used for fuel spray imaging as shown in Fig. 2.30. A narrow band of wavelengths (fwhm = 40 nm) centered

at λ = 450 nm was chosen from the SC using the bandpass filter (F2). The spray was again injected in a closed

chamber maintained at ATP using Inj. A8 with an injection pressure of 400 bar.

8Single orifice nozzle with orifice diameter φ = 185 µm, refer to page 8.
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Figure 2.33: Schematic of the Michelson interferometer setup for measuring temporal coherence (top)
and obtained interference patterns and corresponding line profiles (bottom) for (a) fs laser and (b) SC-

derived sources.
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Figure 2.34: Schematic of the Young’s double-slit experimental setup for measuring spatial coherence
(top) and obtained interference patterns (bottom) for (a) fs laser and (b) SC-derived illuminations.

The huge amount of data, 500 spray image-pairs each of 4320×2560 pixels, recorded with both coherent

SC-derived and incoherent illuminations, was normalized and subjected to cross-correlation based velocity

computation as described before in this chapter. All velocity vectors with normalized cross-correlation values

above 0.75 were selected for both cases of illuminations. In order to study the effect of coherence property of

light on the measured spray velocity, statistically significant velocity trends were extracted by combining all the

velocity vectors computed for these 500 image-pairs (one image-pair per injection). Each pixel of the obtained

velocity maps contain a value of the velocity obtained by averaging its surrounding 80 pixel values (corresponds

to a 9×9 pixel box). The obtained average velocity maps with SC-derived illumination are shown in Fig. 2.35

and compared with the velocity maps computed using the spray images obtained with coherent illumination

source i.e. the fs laser.

Artifacts arising due to the strong coherence of the laser indeed distort the images recorded by the CCD

camera. However, since the method for estimation of the velocity field is based on the cross-correlation between

the recorded image-pairs, which is a pattern based approach, presence of laser speckle doesn’t change the

average velocity maps significantly. Nevertheless, for other edge or structure based post processing tools,

we expect to see a significant difference for the two kinds of illuminations. An attempt to illustrate this has

been made by H. Purwar et. al [58], where they use curvature scale space maps to quantitatively compare the

difference in the spray images obtained with coherent and incoherent illuminations.

2.4 Conclusions

The aim of this chapter was to evaluate the possibility of extracting important information from spray images

obtained by classical imaging. The findings are summarized below:

• The use of an high-speed camera for a moderate speed jet (∼ 100 m/s) with continuous illumination is

possible and, besides the usual measurement of penetration length and spray angle, a statistical evaluation

of the big liquid structures propagating along the spray boundary has been proposed (Fig. 2.11). Building
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Figure 2.35: Average spray velocity maps estimated using images obtained with fs laser (top) and SC-
derived (bottom) illuminations. The left side maps are computed from the core jet, while the right side
maps are computed only considering the droplet cloud (the core jet was subtracted from the spray image

to get the spray images with only the droplets which are separated from the core jet).
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such diagrams on large set of injection events opens up a new way to statistical analysis of perturbation

inceptions. An estimation of the velocity as a function of the time after the SOI was also possible.

• When the velocity of the spray is high, the motion blur limits the possibility of using a continuous illu-

mination and a short pulsed illumination is necessary to freeze the motion of spray on the images. We

propose use of a low cost fiber laser, which has a decisive advantage in comparison to the expensive so-

lution of an amplified femtosecond laser: the repetition rate (8.2 MHz) is high enough to allow recording

of a complete injection event using an high-speed camera. The sharpness of the jet edges allows accurate

analysis of the perturbation growth.

• Next, the problem of coherence of the laser source is addressed. A solution consisting in creating a super-

continuum is proposed, and shows that the quality of the images obtained is significantly improved.

Nevertheless, the velocity maps deduced from the SC and from the direct laser illumination are very

similar. It can be explained by the processing method, based on patch correlation, which is more sensitive

to the image texture than to the sharpness. Because the laser speckle moves at the same velocity as the

real liquid, obtained velocities are similar.

Finally, an ideal solution for classical imaging would be to have a very high energy fiber laser, which would

allow generation of the SC. However, for now the energy of such laser sources is not enough but perhaps in

future with the advancements in the laser technology, this technique could be applied.
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Impact of cavitation on sprays

Modern diesel injectors operate at an injection pressure as high as 2000 bar with orifice diameter of only about

one hundred micrometers. As a result, there is a huge pressure variation inside these injectors, which is one

of the main reasons for cavitation. In most diesel injectors the diameter of the orifice is reduced in order to

increase the velocity of the liquid at outlet. At times, due to this sudden change in the flow velocity of the fuel,

the relative pressure inside the injector drops, a result from the Bernoulli’s principle. Cavitation occurs when

the relative pressure drops below the vapor pressure of the fuel resulting in the formation of vapor pockets or

cavities near the nozzle outlet.

A lot of efforts have been made in understanding the role of cavitation in the atomization of the fuel

sprays [37, 42, 59–66]. C. Badock et al. [37] investigated cavitation phenomenon in real size diesel injection

nozzles using laser light sheet and trans-illumination1 imaging techniques. They obtained images of the internal

flow and liquid jet near the nozzle exit with these two techniques and showed that using light sheet imaging

the core of the flow which is covered by the cavitation films can be observed whereas with trans-illumination

imaging it can’t. They observed that even at high injection pressures (600 bar), the nozzle hole is filled with

liquid surrounded by cavitation films. F. Payri et al. [42] studied the influence of cavitation on the internal flow

and macroscopic behavior of the spray (spray tip penetration and cone-angle) using two bi-orifices nozzles

with different geometries – cylindrical and convergent (or conical). They observed an increase in the spray

cone-angle with the onset of cavitation. Similar results were obtained by H. Hiroyasu [60] by visualizing

separately internal flow and macroscopic spray from different large-scaled nozzles. Several other researches

also end up with the same conclusion for different kinds of injector nozzles. A. Sou et al. [62] studied the

effects of the cavitation number σ and the Reynolds number Re on cavitation in the nozzle and liquid jet using

two-dimensional (or planner) nozzles (1 mm in thickness) by varying the liquid flow rate, fluid properties and

nozzle size. They defined various cavitation regimes for cavitation in the nozzle, namely, (i) no cavitation (ii)

developing cavitation (or onset of cavitation) (iii) super cavitation where the cavitation bubbles arrive close to

the nozzle exit and (iv) hydraulic flip, occurs when the cavitation bubbles reaches the nozzle exit and air from

the surrounding is sucked in. It was shown that for 2D nozzles cavitation and liquid jet near the nozzle exit are

not strongly affected by the Reynolds number Re but by the cavitation number σ , which they define as follows,

σ =
Pi−Pv

0.5ρLV 2
N

(3.1)

1At times also referred as shadowgraphy in literature.

51
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here, Pi is the injection pressure, Pv is the vapor saturation pressure, ρL is the liquid density, VN is the mean

liquid velocity in the nozzle. A lot of other work had also been done using simple two dimensional nozzles.

However, it is believed and is easy to comprehend that two dimensional nozzles do not represent correctly

geometric influences such as exact flow through needle seat and sac hole and, besides this, the behavior of the

cavitation may be different [37].

Recently, Z. He et al. [66] showed that hydraulic flip in diesel injectors depends on the length/diameter ratio

using scaled-up transparent VCO nozzles. They observed hydraulic flip occurring in the nozzle with L/D ratio 4

and 6 but no hydraulic flip was observed in the nozzle with L/D ratio of 8. Hence, they concluded that hydraulic

flip is less likely to occur in long nozzle diesel injectors. Similar study was conducted by H. Suh et al. [63]

using scaled-up 2D nozzles (2 mm in thickness) for L/D ratios 1.8 and 2.7. They obtained different regimes for

the two nozzles on the basis of cavitation number (σ ) in which turbulence flow, cavitation and hydraulic flip

were observed. Also, G. Jiang et al. [65] studied the cavitation density by varying various injection parameters

namely, injection pressure, spray angle of the nozzle, L/D ratio, and fuel type concluding that cavitation density

increases with increasing injection pressure, nozzle spray angle and saturation vapor pressure.

To summarize it is now well known that cavitation up to an extent favors atomization and has been observed

by several research groups as increase in the spray cone angle [16, 42] and spray producing finer droplets [63].

However, it depends on a lot of factors not yet understood very well, like internal geometry of the injector,

surface smoothness, fuel properties, nozzle L/D ratio, etc. On the other hand, it has also been shown that

hydraulic flip might have negative effects on atomization [62]. Cavitation could reduce the lifetime of the fuel

injectors due to the sudden collapse of the cavitation bubbles inside them. However, this corrosion could also

be beneficial in cleaning the injector by removing deposits.

This chapter focuses on understanding the impact of cavitation on the macroscopic spray properties, like ve-

locity and spray cone angle for the high-pressure diesel sprays in the near-nozzle region using an asymmetrical

transparent nozzle for different injection needle lifts.

3.1 Transparent nozzle design

In the framework of the ANR CANNEx project, a collaboration between Delphi (an automotive part manufac-

turing company) and two laboratories in France namely, Laboratoire de Mécanique des Fluides et d’Acoustique

(LMFA) located at Lyon and COmplexe de Recherche Interprofessionnel en Aérothermochimie (CORIA) lo-

cated at Saint-Etienne-du-Rouvray, an asymmetric transparent nozzle (Inj. B2) was designed by Dr. Loı̈c Méès

and Dr. Marc Michard of École Centrale de Lyon at LMFA. The schematic of this asymmetrical transparent

nozzle that has been used by us to study the effect of cavitation on the spray velocity and cone angle is shown in

Fig. 3.1. A standard injector from Delphi was trimmed at its very end (just above the orifice, under the lift seat)

and the transparent tip made of poly-(methyl methacrylate) (PMMA) was fixed using an intermediary metal

part. The cylindrical sac volume ends in hemispherical shape and a single orifice which is offset with respect

to the sac volume axis. This asymmetrical configuration aims to obtain an asymmetrical development of cav-

itation allowing a better visualization of the cavities and liquid-vapor interfaces. It ensures that the cavitation

always occurs at the same side of the nozzle, irrespective of the injection conditions.

2Single orifice nozzle with orifice diameter φ = 350 µm, refer to page 8.
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Figure 3.1: Schematic of the transparent nozzle made of PMMA.

3.2 Experimental design

Two separate experiments one at LMFA and the other at CORIA with very similar conditions were designed

for the measurement of cavitation and near field velocity of the diesel spray for different injector needle lifts,

the details of which are discussed below. These two experiments allowed to apply different measurement

techniques in the same conditions and to share the results.

3.2.1 Needle lift measurement

The injection needle lift measurements were made using the non-contact, eddy current based displacement mea-

surement system NLS3181 from Micro-epsilon with sensor LS04(04) (mentioned earlier in subsection 1.1.2.

The cavitation and spray images for velocity and cone-angle estimation were recorded for different injector

needle lifts by shifting the laser timings with respect to it (arrival of laser pulse(s) at the concerned object).

The laser timings were shifted using the delay generator itself and were measured using a photo-diode. The

signals from the photo-diode and the needle lift sensor were recorded simultaneously using a high-speed data

acquisition device (DT9836) from Data Translation.

3.2.2 Cavitation measurements performed at LMFA

A back-lit imaging setup was used for recording cavitation images inside the transparent injector. A schematic

of the experimental setup is shown in Fig. 3.2. The 532 nm laser pulses from a Q-switched ND: YAG laser

(Litron Lasers Nano S) with pulse width of 6 ns were focused on a fluorescent PMMA sheet and 12 ns pulses

of incoherent light centered at λ = 600 nm were obtained [67]. The beam was then collimated and images of

the internal flow were recorded using a CCD camera (Jai TM-4200CL) along with a long distance microscope

(QM100, Questar) used to adjust the optical magnification. For these measurements, both the laser and the
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Figure 3.2: Schematic of the experimental setup for recording back-lit images of the internal flow (also
referred as cavitation images in this chapter). The transparent injector is located at the object plane.

camera ran at a relatively low repetition rate and as a consequence of this only one image is recorded for each

injection, where fuel was ejected in a closed chamber maintained at ATP with an injection pressure of 300 bar.

The injection process is then described from several injections by varying the delay between injection trigger

signals and recording time, i.e. camera and laser trigger signals.

The liquid used for the cavitation measurements was chosen to have approximately the same refractive index

as that of PMMA (n= 1.49 at λ = 600 nm [68]) so that the only optical index gradient observed are due to vapor

bubbles. It is mainly composed of a diesel-like liquid (Castrol calibration oil ISO 4113, physical properties

mentioned in Table 2.1) mixed with 1-bromonaphthalene, a high refractive index liquid (n = 1.657 [69]) to

increase the refractive index of the calibration oil and match it with that of PMMA.

An example of the recorded back-lit cavitation images3 for a particular needle lift (about 25%) is shown in

Fig. 3.4. The fuel injector was rotated by 90 degrees to capture both front and side views. As a consequence

of the refractive index matching, refraction of light at the nozzle/liquid boundaries is not visible and the liquid

phase is bright in the shown images, whereas vapor or cavitation pockets are dark due to the interaction of

light with the liquid/vapor interfaces. Next, this transparent nozzle was brought to CORIA for investigating the

effects of cavitation on the fuel atomization by studying macroscopic spray characteristics in the near-nozzle

region.

3.2.3 Fuel spray imaging performed at CORIA

The spray velocity in the near nozzle region is estimated by correlating two successive spray images recorded

within a very short duration of time – enough for the spray structures and ligaments to be displaced slightly

3The back-lit images of the internal flow were recorded by Dr. Loı̈c Méès & Dr. Marc Michard of École Centrale de Lyon at LMFA.
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without altering their shapes and sizes significantly. This was achieved by illuminating the fuel sprays with

an ultra-short double-pulsed light source, pulses short enough to freeze the motion of the fast moving spray at

the detector and a double-frame camera to record high-resolution images of the fuel spray. The time between

the two pulses was chosen according to the limitation of the camera and it was made certain that within this

short duration the spray is only displaced slightly so that the two captured frames could be correlated to find

the displacement of the spray structures and thereafter their velocity. This approach has already been explained

in details in the previous chapter.

A schematic of the optical setup for obtaining high-resolution trans-illuminated or back-lit images of the

fuel spray is shown in Fig. 3.3. The two successive femtosecond laser pulses (λ = 800 nm) were obtained
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Figure 3.3: Schematic of the optical setup used to obtain high-resolution trans-illuminated spray images
for the two orthogonal viewing angles. Note that Cam 1 and Cam 2 do not record the cavitation images
as shown in the schematic but these cavitation images are shown to give an idea about the orientation of

the injector nozzle inside the spray chamber.

using the two Ti:Sapphire lasers described in the previous chapter. The delay between the two pulses was

adjusted to 314 ns (limited by one of the cameras frame rates). The incoming fs laser pulses were separated

using a 50 : 50 beam splitter (BS) and were used to obtain spray images for two orthogonal viewing angles as is

shown in Fig. 3.3. The dual-frame PIV cameras used for these measurements were Cam 1 (front view): Imager

sCMOS and Cam 2 (side view): Imager pro X, both from LaVision. The entire system, including laser pulses,

spray injection and cameras was synchronized using digital delay generators (DG-645) from Stanford Research

Systems, operating at a frequency of 1 Hz (limited due to spray injection conditions). The fuel spray from

the transparent nozzle was again ejected with 300 bar of injection pressure (same as that used for cavitation

measurements at LMFA) inside a closed spray chamber maintained at ATP. Pure Castrol calibration oil ISO

4113 was used for recording the spray images. Note that before each injection event a blank or background

image was recorded for better normalization of the spray images. This was achieved simply by reducing the

frequency of injection by a factor of two (0.5 Hz), while the laser and cameras still operate at 1 Hz. As an
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example, the recorded trans-illuminated spray images for the two orthogonal views with about 35% needle lift

are shown in Fig. 3.4.

Figure 3.4: Examples of recorded cavitation and spray images for front (left) and side (right) views.
Bright areas in cavitation images correspond to liquid and dark areas correspond to the cavitation bub-
bles, whereas for the spray images dark areas correspond to the liquid and bright area is the ambient air.

Optical magnification: 5.6 (for cavitation images) & close to 4.5 (for spray images).

By looking at the cavitation and exit spray images in Fig. 3.4 it seems that for the front view, where it

appears as if cavitation bubbles cover almost entire nozzle orifice, the development of atomization is more

or less symmetric. On the contrary, for the side view, the asymmetric cavitation (stronger cavitation on the

left side) leads to asymmetric development of atomization on the two sides of the spray, with more developed

atomization on the side with stronger cavitation. This behavior will be confirmed using the average velocity

maps and spray cone angle in the following sections of this chapter.

The recorded spray image-pairs were normalized and subjected to cross-correlation based velocity compu-

tation [23]. The scheme has already been demonstrated in the previous chapter. A small section of the first

image containing the edge of the spray is chosen and then the similar structures and ligaments are searched in

the second image. The displacement of the entire chosen section is then estimated from the maximum value

of the normalized cross-correlation. A sample spray image (first frame) and the corresponding displacement
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vectors are shown in Fig. 3.5. As mentioned before, a very small section on the first image of the image-pair is

Figure 3.5: Example of a spray image (first frame) recorded by Cam 2 when 87% of the injector’s nee-
dle is lifted and the corresponding displacement vectors traced using cross-correlation based approach.

Injection pressure: 300 bar, Inj. B, optical magnification: 4.37

chosen (∼ 50 µm for the above image) and hence the estimated value of displacement is justifiable. The time

for this displacement is the time between the two laser pulses (314 ns). Using this information the velocity of

the liquid structures and ligaments visible on the images is estimated.

3.3 Results and discussions

3.3.1 Needle lift and laser timings

In order to understand the role of cavitation on the behavior of the spray, back-lit cavitation and spray images

were recorded in the near nozzle region for different injector needle lifts by doing the two separate experiments

with very similar conditions at LMFA and CORIA laboratories. The injector needle lift measurements and the

timings of the laser pulses are shown in Fig. 3.6. The green curves correspond to the cavitation measurements

(performed at LMFA) and the red curves correspond to the measurement of the spray images (performed at CO-

RIA) used for velocity and spray cone angle estimation. The laser pulses were shifted precisely using the digital

delay generators. The arrival time of the laser pulses used for the measurement of the spray images (in red)

and the closest available cavitation measurements (in green) are highlighted in the figure and the corresponding

injector needle lift percentages are shown in Table 3.1.

3.3.2 Development of cavitation with needle lift

Fig. 3.7 shows the average cavitation images (sample size 25 images) for the laser timings mentioned in Ta-

ble 3.1, where the refractive index matched diesel-like liquid is injected with an injection pressure of 300 bar.

The average cavitation images can also be interpreted as the probability of occurrence of vapor pockets inside
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Figure 3.6: Injector needle lift signal (averaged over 50 recordings) and corresponding timings of the
laser pulses used for cavitation (green) and spray (red) imaging.

Table 3.1: Laser timings for cavitation measurements and recording spray images and the corresponding
injector needle lifts.

For cavitation imaging For spray imaging
Laser timings (ms.) Needle lifts (%) Laser timings (ms.) Needle lifts (%)

0.65 11.4 0.65 10.9
0.90 21.7 1.05 29.8
1.30 45.3 1.45 55.4
1.70 70.6 1.85 80.1
2.10 93.3 2.25 99.3
2.50 100
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t = 0.65 ms t = 0.90 ms t = 1.30 ms

t = 1.70 ms t = 2.10 ms t = 2.50 ms

Figure 3.7: Average cavitation images (sample size: 25) for different injector needle lifts at 300 bar of
injection pressure.
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the transparent nozzle. Hence, more black is the pixel, higher is the probability of having cavitation in that

region. The variation of total intensity count from these average cavitation images is shown in Fig. 3.8 versus

time after the SOI, measurement points correspond to all the laser timings shown with green in Fig. 3.6. Note

that average grayscale cavitation images were inverted before calculating the total cavitation intensity so that,

higher is the intensity count, higher is the probability of cavitation inside the injector nozzle in Fig. 3.8. Green

markers indicate the time with respect to the injector needle lift at which the cavitation images shown in Fig. 3.7

were recorded and red markers indicate the time at which spray images were recorded for velocity and cone

angle estimation.

Figure 3.8: Cavitation intensity in arbitrary units for different times after the SOI. Error bars represent
standard deviation values. Red marks indicate the times at which spray images were recorded and the

green marks indicate nearest available cavitation measurement for comparison.

3.3.3 Spray cone angle estimation

There could be several ways of estimating spray cone angles from the spray images recorded by the two or-

thogonal cameras (Cam 1 and Cam 2 in Fig. 3.3) depending upon how the images are binarized. At first, these

methods are described and a comparison is made among themselves for a particular spray dataset and then later

cone angles for different needle lifts are computed using a chosen method.

Method-1: Each normalized spray image is subjected to binarization using a threshold value computed inde-

pendently for each individual spray image. The threshold value for binarization is computed using the inbuilt

graythresh function in Matlab’s Image Processing Toolbox, based on an algorithm proposed by N. Otsu [41].

After binarization, the core jet is separated from the droplet cloud or any disconnected spray structure or liga-

ment. Next, each row of this binary core jet image is scanned in the direction of flow to locate the extremities

of the core jet, giving us the two spray boundaries. Both the left and the right side spray boundaries are then
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fitted with straight lines and the angles made by these fitted lines with the nozzle hole axis (centerline, x = 0)

are computed. An average of these estimated half-cone angles is then made over the entire spray dataset.

Method-2: The entire dataset of the normalized spray images is used to form an average normalized spray

image. This average normalized spray image is then used to find an appropriate threshold for binarization using

the same inbuilt graythresh function. Individual spray images are then binarized using this threshold value

(same value for all the normalized images in the dataset). After binarization, the left and the right side cone

angles are estimated using the same method described above. In the end an average of the estimated half-cone

angles is made over the entire dataset.

Method-3: The spray cone angle is estimated from the average normalized spray image. Instead of normal-

izing individual spray images after estimating the binarization threshold from the average normalized spray

image, the average spray image itself is binarized. The left and the right side cone angles are then estimated by

fitting straight lines along the spray edges as described above. In the end we just have a value each for the left

and the right side half-cone angles and hence no further averaging is required in this case.

Fig. 3.9 illustrates the three methods discussed above to estimate the spray half-cone angles. The threshold

Figure 3.9: Normalized spray images for a particular injection (left and middle) and average normalized
spray image (right) – all recorded with Cam 2 for t = 1.45 ms after the SOI, each fitted with straight
lines along the spray boundaries to demonstrate the sensitivity towards binarization threshold values.
The threshold values for these three cases are: Method-1 (left) 0.302, Method-2 (middle) 0.294 and

Method-3 (right) 0.294.

values used for binarization of the images shown in Fig. 3.9 are: for the image on the left 0.302, for the images

in the middle and right it is 0.294. The average behavior is shown in Fig. 3.10 for the 200 spray images obtained

with Cam 2 at t = 1.45 ms after SOI.

Note that all the three methods of estimating the binarization threshold value give very similar results.

Individual spray images are usually very sensitive to the chosen threshold value for binarization but as one can

see from Fig. 3.10 the average spray half-cone angles are not. The error bars (or standard deviations) are within

1◦.
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Figure 3.10: Average behavior of half-cone angles, averaged over 200 spray images obtained with
Cam 2 for t = 1.45 ms after SOI, estimated using the three methods described above.

The complete set of spray images, 200 images for each laser timing (corresponding to different needle

lifts and cavitation intensity) were normalized and an average spray image was generated for each set. These

average spray images were subjected to binarization and spray half-cone angles were estimated using Method-3

described above. There is no specific reason for choosing Method-3 over Methods 1 and 2, other than the fact

that the estimated values of cone angles look more appropriate to the human eye and can be verified manually

since there are just 5 datasets, hence 5 spray cone angles. The results are shown in Fig. 3.11. It can be observed

that the spray images recorded through Cam 1 are almost symmetric (left and right angles are almost the same),

whereas a significant difference between the left and the right side angles is observed for the spray images

recorded through Cam 2. It is a consequence of the asymmetric nozzle design. Cavitation is more developed

on one side of the nozzle clearly visible via Cam 2. However, for the orthogonal visualization axis the entire

nozzle hole seems to be covered by the cavitation bubbles as shown in the cavitation images along the cameras

in Fig. 3.3 and hence the spray images are almost symmetric for this viewing angle.

From the cavitation images in Fig. 3.7 and corresponding cavitation intensity plotted in Fig. 3.8 it can be

seen that the cavitation reaches a maximum at t = 0.90 ms after the SOI (corresponding needle lift = 24.3%).

Spray cone angle also seems to follow the same trend as the cavitation intensity, with first an increasing period

lasting for about 1 ms. However, more such measurements for different needle lifts are required to ascertain

this behavior.

3.3.4 Spray velocity and cavitation

In order to observe the overall behavior of the spray velocity for different needle lifts and the role of cavitation

on it in the near-nozzle region, average velocity maps were computed from 200 image-pairs using the cross-

correlation based approach. Fig. 3.12 shows the velocity maps for the spray image-pairs recorded using Cam 1

for various time delays after start of the fuel injection mentioned in Table 3.1 (in red). These velocity maps
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Figure 3.11: Left and right spray cone angles computed using Method-3 for different laser timings after
SOI (correspond to different injector needle lifts and cavitation intensity) for the two orthogonal views

(L and R corresponds to the left and right sides of the spray respectively).

are almost symmetric and follow a very similar trend as followed by the cavitation intensity for various time

delays.

For the side view (images recorded with Cam 2), one would expect to see a clear asymmetrical behavior

in the velocity maps as well due to cavitation. The cavitation bubbles develop on the left side of the injector

nozzle (see Fig. 3.7) and the velocity of the spray seems to be higher on the right side as can be seen for all the

velocity maps in Fig. 3.13. It is clear that there are no low-velocity structures on the right side, which indicates

towards different development of liquid atomization on each side of the jet. In case of atomization controlled by

a characteristic time scale, the liquid structures on the right side of the jet moving faster would undergo primary

breakup at a larger distance from the nozzle outlet compared to those on the left side. As a consequence,

atomization occurs at a shorter distance from the nozzle outlet in presence of cavitation. This is one of the

benefit of cavitation in diesel combustion applications, particularly in the context of engine downsizing.

Figure 3.14 shows the velocity line profiles 2.0 mm from the injector nozzle for different times after the

SOI. These line profiles correspond to the velocity maps shown in Figs. 3.12 & 3.13. The velocity profiles

on the left side of the spray do not seem to change with time or needle lift for T > 1.05 ms, however, certain

differences in the velocities on the right side of the spray can be observed and it seems to follow a similar trend

as was followed by the spray half-cone angles in Fig. 3.11 and cavitation intensities in Fig. 3.8. This difference

in the velocities on the left and right side of the spray could be due to difference in the cavitation intensities on

the two sides. As mentioned earlier, cavitation is only developed on one side of the nozzle and is persistent (due

to asymmetric design of the transparent nozzle), while the liquid fuel exits through the reduced orifice. Due to

changes or fluctuations in the volume of vapor cavities, the liquid flow is constantly affected on the right side

of the spray and this could be a reason for this difference in the velocities on the two sides.
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t = 0.65 ms t = 1.05 ms t = 1.45 ms

t = 1.85 ms t = 2.25 ms

Figure 3.12: Spray velocity maps at different times after the SOI computed using the spray images
recorded by Cam 1 of Fig. 3.3. The color bars represent velocity in m/s.
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t = 0.65 ms t = 1.05 ms t = 1.45 ms

t = 1.85 ms t = 2.25 ms

Figure 3.13: Spray velocity maps at different times after the SOI computed using the spray images
recorded by Cam 2 of Fig. 3.3. The color bars represent velocity in m/s.

Figure 3.14: Velocity line profiles 2.0 mm from the injector nozzle for different laser timings after SOI
(correspond to different injector needle lifts and cavitation intensity) obtained from the velocity maps

for Cam 1 (left) and Cam 2 (right).
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3.4 Conclusions

Preliminary measurements have been performed using the tools developed in Chapter 2 on a specific injector.

The aim was to investigate the influence of cavitation inside the injector on the spray formation. To do that, in

the framework of ANR CANNEx project, two complementary experiments had been set up, one in LMFA, Lyon

and the other at CORIA, Rouen. A transparent injector has been designed, which is not symmetric, leading

to a deterministic onset of cavitation. The first observations show that the most cavitated side of the liquid

jet leads to a more complex spray, which seems to give a more efficient atomization. One could expect that

cavitation intensity grows with the needle lift, with a similar behavior of spray angle and average velocities. The

experiments show that it is not so simple: the cavitation intensity encounters a maximum, before the complete

lift of the needle. Similar behavior is observed on the spray cone angles and velocities. The understanding of

such behavior requires new and more robust investigations, in conjunction with numerical simulations.



Chapter 4

OKE-based time gating

Probing dense media to extract materials characteristics or to detect embedded objects is a constant preoccupa-

tion in diverse scientific domains. The preceding chapters were devoted to the investigation of classical spray

imaging techniques and certain improvements have been proposed: (i) use of ps fiber laser for high-repetition

imaging instead of using continuous light with high-speed cameras, (ii) introduction of supercontinuum based

illumination was shown to improve the image quality significantly by reducing laser speckle in the spray im-

ages. Application on studying the influence of cavitation on the spray formation shows that these classical

techniques are efficient enough to extract interesting information about the spray characteristics, which can be

used to understand such complex phenomenon. Nevertheless, the measurements are limited to the edge of the

liquid jet in the near field of the nozzle, where the boundary of the spray is well defined. Further away from the

nozzle outlet, where the spray begins to undergo primary atomization, the liquid is composed of many small and

big structures and ligaments, thin filaments, non-spherical droplets, etc. The result is that in trans-illumination

configuration, light undergoes a lot of interactions (scattering, diffraction, reflection and refraction) before ar-

riving at the detector (see the schematic in Fig. 4.1). The obtained images are hence scrambled, and even simple

Figure 4.1: Schematic showing ballistic, refracted and scattered photons upon interaction with a dense
fuel spray.

analysis, like edge detection, is close to impossible.

To overcome this problem, several optical techniques have been proposed by fellow researchers, all of them

67
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consists in selecting the light rays or photons which did not interact with the scattering object and therefore

retain their original optical properties. Selection of light rays or photons based on their polarization (polar-

ization filtering) [70, 71] or the direction of propagation (spatial filtering) [72] have been shown to improve

the quality of the images. However, both these filtering techniques have their limitations depending upon the

optical density of the scattering or turbid media. Another property which could be explored is the selection

of photons based on their arrival time at the detector. The photons which do not interact with the scatterers

at all (called ballistic photons), or were just weakly perturbed by the scatterers (called quasi-ballistic or snake

photons) arrive first at the detector compared to the multiply scattered photons because their effective opti-

cal path length is much shorter than that for the scattered photons. Time gating (time-based filtering) allows

selection of the optical signal within a short temporal window and can be applied to separate the light that is

scrambled due to multiple interactions from the optical signal that retains high-fidelity information of the object

characteristics [73].

Lets say, a short light pulse (∼ 100 fs) is incident at a ∼ 1 cm thick turbid medium, the typical transmitted

pulse duration will be on the order of 50−100 ps, with most of the informative signal present in the first 500 fs

of the transmitted signal [74]. This means that the time window of the gating must be very short – on the order of

10’s of picoseconds, or shorter. Practical electronic modulation is generally limited to nanosecond timescales,

though advances in piezo-electronic devices have shown that it may be possible to gate at a few hundreds of

picoseconds in specialized applications [75]. Thus, even the fastest electronically controlled gating schemes

fall short of the performance demanded by most time-resolved imaging applications in turbid media [76].

Over the past two decades, a number of nonlinear optical processes have been exploited to form sub-

picosecond gating mechanisms, including stimulated Raman [77], second harmonic generation (SHG) [49,78],

and the optical Kerr effect (OKE) [79]. In terms of imaging applications, the latter approach remains the most

popular in the literature and has generated renewed interest for imaging high-speed transient phenomena in

scattering environments [80].

The aim of the work, which is described in this chapter is to improve time-gated imaging, or ‘ballistic

imaging’, based on the optical Kerr effect.

4.1 Kerr effect

The Kerr effect, discovered in 1875 by a Scottish physicist named John Kerr, is basically modification of the

optical properties of an optical media in response to an applied electric field.

Kerr electro-optic effect or DC Kerr effect: For a nonlinear material, the electric polarization field P will

depend on the electric field E:

P = ε0χ
(1) ·E+ ε0χ

(2) ·EE+ ε0χ
(3) ·EEE+ . . . (4.1)

where ε0 is the vacuum permittivity and χ(n) is the n-th order component of the electric susceptibility of the

medium. The ‘ · ’ symbol represents the scalar (or dot) product between matrices. Explicitly the i-th component
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for the vector P can be expressed as:

Pi = ε0

3

∑
j=1

χ
(1)
i j E j + ε0

3

∑
j=1

3

∑
k=1

χ
(2)
i jk E jEk + ε0

3

∑
j=1

3

∑
k=1

3

∑
l=1

χ
(3)
i jklE jEkEl + . . . (4.2)

where i = 1, 2, 3. It is often assumed that P1 = Px, i.e. component of the electric polarization field in the x

direction; P2 = Py, E1 = Ex and so on.

For a linear medium, only the first term of this equation is significant and the polarization varies linearly

with the electric field.

For materials exhibiting a non-negligible Kerr effect, the third, χ(3) term is significant, with the even-order

terms typically dropping out due to inversion symmetry of the Kerr medium. Consider the net electric field E

produced by a light wave of frequency ω together with an external electric field E0:

E = E0 +Eω cos(ωt) (4.3)

where Eω is the vector amplitude of the wave.

Combining these two equations produces a complex expression for P. For the DC Kerr effect, we can

neglect all except the linear terms and those in χ(3)|E0|2Eω :

P' ε0

(
χ
(1)+3χ

(3)|E0|2
)

Eω cos(ωt) (4.4)

which is similar to the linear relationship between polarization and an electric field of a wave, with an additional

non-linear susceptibility term proportional to the square of the amplitude of the external field.

For non-symmetric media (e.g. liquids), this induced change of susceptibility produces a change in refrac-

tive index in the direction of the electric field:

∆n = λ0K|E0|2 (4.5)

where λ0 is the vacuum wavelength and K is the Kerr constant for the medium. The applied field induces

birefringence in the medium in the direction of the field. A Kerr cell with a transverse field can thus act as a

switchable wave plate, rotating the plane of polarization of a wave travelling through it.

The values of K depend on the medium and are about 9.4×10−14 mV−2 for water, and 4.4×10−12 mV−2

for nitrobenzene. For crystals, the susceptibility of the medium will in general be a tensor, and the Kerr effect

produces a modification of this tensor.

Optical Kerr effect or AC Kerr effect: In the optical or AC Kerr effect, an intense beam of light in a medium

can itself provide the modulating electric field, without the need for an external field to be applied. In this case,

the electric field is given by:

E = Eω cos(ωt) (4.6)

where Eω is the amplitude of the wave as before.
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Combining this with the equation for the polarization, and taking only linear terms and those in χ(3)|Eω |3:

P' ε0

(
χ
(1)+

3
4

χ
(3)|Eω |2

)
Eω cos(ωt) (4.7)

As before, this looks like a linear susceptibility with an additional non-linear term:

χ = χLIN +χNL = χ
(1)+

3χ(3)

4
|Eω |2 (4.8)

and since:

n = (1+χ)1/2 = (1+χLIN +χNL)
1/2 ' n0

(
1+

1
2n02 χNL

)
(4.9)

where n0 = (1+ χLIN)
1/2 is the linear refractive index. Using a Taylor expansion since χNL << n2

0, this gives

an intensity dependent refractive index (IDRI) of:

n = n0 +
3χ(3)

8n0
|Eω |2 = n0 +n2I (4.10)

where n2 is the second-order nonlinear refractive index, and I is the intensity of the wave. The refractive index

change is thus proportional to the intensity of the light travelling through the medium.

The values of n2 are relatively small for most materials, on the order of 10−20 m2W−1 for typical glasses.

Therefore beam intensities (irradiances) on the order of 1 GWcm−2 (such as those produced by lasers) are

necessary to produce significant variations in refractive index via the AC Kerr effect.

The optical Kerr effect manifests itself temporally as self-phase modulation, a self-induced phase- and

frequency-shift of a pulse of light as it travels through a medium. This process, along with dispersion, can

produce optical solitons.

Spatially, an intense beam of light in a medium will produce a change in the medium’s refractive index that

mimics the transverse intensity pattern of the beam. For example, a Gaussian beam results in a Gaussian refrac-

tive index profile, similar to that of a gradient-index lens. This causes the beam to focus itself, a phenomenon

known as self-focusing.

As the beam self-focuses, the peak intensity increases which, in turn, causes more self-focusing to occur.

The beam is prevented from self-focusing indefinitely by nonlinear effects such as multiphoton ionization,

which become important when the intensity becomes very high. As the intensity of the self-focused spot

increases beyond a certain value, the medium is ionized by the high local optical field. This lowers the refractive

index, defocusing the propagating light beam. Propagation then proceeds in a series of repeated focusing and

defocusing steps.

4.2 Working principle of an OKE gating

An OKE-based time-gate comprises of a Kerr medium sandwiched in between two crossed linear polarizers.

The schematic in Fig. 4.2 shows working of such an optical time-gate. Kerr medium, in general, is an optical

medium with high third order susceptibility χ(3) and high second order refractive index n2, due to which, it

exhibits strong birefringence in response to an external electric field, also called a pump beam (or pulse) in

this context. Another pulse called a probe pulse, which after passing through the first polarizer gets linearly
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Figure 4.2: Schematic showing working of an OKE-based time-gate - left: in closed state, right: in open
state.

polarized and is then incident at the Kerr medium. Note that probe pulse is usually not intense enough to induce

any significant Kerr effect in the medium and thus the probe-induced Kerr effect can be ignored. Now, when

there is no pump pulse incident at Kerr medium or it does not arrive at the Kerr medium at the same time

as the probe pulse, the polarization of the probe pulse remains intact as it passes through the Kerr medium

and is almost completely blocked by the second polarizer since, its polarization axis is perpendicular to the

polarization of the probe. Hence, there is no light at the detector and in this scenario the optical time-gate is

said to be in the closed state.

On the other hand, if the pump pulse is incident at the Kerr medium at the same time as the probe pulse

arrives, the optical time-gate is said to be in the open state. The intense pump pulse induces a very strong

but transient birefringence, for a duration depending on the nature of the Kerr medium and on the pump pulse

characteristics influencing the polarization of the probe pulse and allowing a part of it to pass through the second

linear polarizer. Since the opening and closing of the time-gate depends on the arrival of the pump pulse it is

often referred as the switching beam (or pulse).

In the following sections classical crossed-beam configuration of the optical Kerr effect based time-gate is

described in a bit detail and later its applicability in time-resolved imaging of the fuel sprays is discussed. A

novel approach to solve some of the issues with this classical configuration is then presented where the pump

and the probe pulses overlap in a collinear fashion.

4.3 Crossed-beam configuration

The first ballistic image of a water jet was published in 1995 by P.A. Galland et al. [81]. The time-gated

geometry originally developed for medical imaging was further improved by M. Paciaroni and M. Linne [48,

82,83] for ballistic or time-resolved imaging of high-pressure fuel sprays. They worked with the crossed-beam

configuration of the optical time-gate discussed in detail in this section.

4.3.1 Crossed-beam, single color configuration

Optical setup: A schematic of the optical setup for time-resolved imaging with the crossed-beam (single

color) OKE-based time-gate is shown in Fig. 4.3. The incoming femtosecond laser beam1 is divided into pump

and probe beams using a 50 : 50 beam splitter (BS). The pump pulse, used to activate the Kerr medium (K) for

1The same femtosecond laser described earlier in section 2.2 is used.
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Figure 4.3: Schematic of the experimental setup for crossed-beam, single color configuration of the
OKE-based time-gate. Nomenclature: {BS} - 50 : 50 beam splitter, {M1, M2, M3, M4, M5} - mirrors,
{L1, L2} - lenses, {H1, H2} - half waveplates, {P1, P2, P3} - linear polarizers, {K} - Kerr medium, {α}

- angle between pump and probe beams.

a very short duration, passes through a computer controlled delay stage with a least count of 0.1 µm, which

corresponds to a temporal delay of 0.67 fs in air. The delay stage is used to introduce a small delay between

the pump and probe pulses and to synchronize them as well so that they arrive at the Kerr medium (K) at

almost the same time and a good optical alignment takes care of the fact that they must overlap spatially as

well inside the Kerr medium, 1.0 mm liquid carbon disulfide (CS2). Carbon disulfide is the commonly used

Kerr medium in context of the optical time-gates because of its unique optical properties (high second order

refractive index), which allow high transmission efficiency through the optical gate. A more detailed discussion

of the influence of Kerr medium on the optical gate characteristics will follow towards the end of this chapter.

A combination of a rotatable half wave-plate (H1) and a linear polarizer (P3, fixed) is used control the average

power of the pump pulse. The polarization axis of the linear polarizer is fixed to have maximum transmission

of the linearly polarized femtosecond laser pulses through it. Another half wave-plate (H2) is used to rotate

the axis of polarization of the pump by 45◦ with respect to the probe beam to maximize the effect of the Kerr

medium on the probe pulse, thereby maximizing the transmission of the probe through the optical gate. The

transmission of the probe beam through the OKE-based time-gate is given by [84],

IT

I0
= sin2

(
∆φ

2

)
sin2 (2θ) (4.11)

where I0 is the incident probe intensity and IT is the intensity of the probe transmitted through the optical gate,

∆φ is the phase shift experienced by the probe pulse and θ is the angle between the polarization states of pump

and probe beams. So, the transmitted intensity, IT is maximum for θ = 45◦.

The probe beam is directed towards the object (O) or sample under study which results in its spreading in

time due to its interaction with the object. The forward scattered light signal is then collected using a wide
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aperture biconvex lens L1. The focal length of the lens can be chosen to get the desired magnification of the

object on camera. The extended pulse then passes through the Kerr medium which is sandwiched between

two crossed linear polarizers (P1 and P2). The polarization axis of P1 acts as a polarization filter for the light

scattered by the object and choosing its polarization axis cautiously is very important. It is known that the

multiply scattered light looses its polarization information [85, 86] and hence the polarization axis of P1 was

chosen to maximize the selection of the ballistic light by aligning its polarization axis parallel to the incoming

linearly polarized light (without placing the object O). An additional neutral density filter could be used to

adjust the intensity of the light reaching the detector according to its limitations.

Figure 4.4 shows time-resolved images (without and object placed at the object plane) for three delays

between the pump and the probe pulses obtained through this configuration. The angle between pump and

T D =−0.67 ps T D = 0 ps T D = 0.67 ps

Figure 4.4: Examples of the time-resolved images obtained through crossed-beam, single color con-
figuration of the optical time-gate with α < 15◦. The relative temporal delay (T D) between pump and

probe pulses are shown below each image.

probe beams (α) was less than 15◦.

Applicability in time-resolved imaging: One of the major drawbacks with this classical crossed-beam, sin-

gle color configuration which makes it unsuitable for time-resolved imaging of high-pressure multiphase flows

is its low imaging spatial resolution. The reason for this is that in this configuration Kerr medium (K) is placed

at the Fourier (or focal) plane of the lens L1. As a result, the transmission of spatial frequencies through

the optical gate is not homogeneous. The higher spatial frequencies are cut-off and this limits the achievable

imaging spatial resolution in this configuration. This implies that one cannot resolve small structures in the

time-resolved images. The spatial resolution for this configuration is estimated using modulation transfer func-

tion (MTF) and is discussed in detail the next section. In this configuration, with liquid CS2 as the Kerr medium

(placed at Fourier plane) the achievable imaging spatial resolution was found to be ∼ 50 line pairs per mm (see

Fig. 4.14).

On the other hand, to improve the imaging spatial resolution, if Kerr medium is placed at the image plane

of lens L1, due to the small value of the angle α , there is a lot of noise due to the scattering of high-power

pump beam through the Kerr medium and in this configuration there is no way to filter out this noise as well

because pump and probe beams have the same wavelengths (λ = 800 nm). An easy solution to this problem

could be to use separate wavelengths for pump and probe beams and this modified configuration is discussed

in the following subsection. However, as you will see, due to finite probe beam size (at the image plane), there

are several other issues due to which applicability of the crossed-beam configuration for time-resolved imaging

is limited. These are discussed in detail in the following subsection.
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4.3.2 Crossed-beam, frequency-doubled configuration

Optical setup: A schematic of the optical setup for time-resolved imaging with the crossed-beam (dual color

or frequency-doubled) OKE-based time-gate is shown in Fig. 4.5. Most part of this optical setup remains similar
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Figure 4.5: Schematic of the experimental setup for crossed-beam, frequency-doubled (dual color)
configuration of the OKE-based time-gate. Nomenclature: {BS} - 50 : 50 beam splitter, {M1, M2, M3,
M4, M5} - mirrors, {BBO} - β -barium borate crystal, {L1, L2} - lenses, {H1, H2} - half waveplates,
{P1, P2, P3} - linear polarizers, {F1} - notch filter, {K} - Kerr medium, {α} - angle between pump and

probe beams.

to that in the previous case - crossed-beam configuration with the same wavelengths for pump and probe beams.

However, in this case after splitting the incoming femtosecond laser beam into pump and probe beams, a β -

barium borate crystal is used for type-I frequency doubling (or second harmonic generation) in the path of the

probe beam before the object plane. The probe pulse, now with wavelength λ = 400 nm, then illuminates

the object and passes through the optical gate as was in the previous case with an angle α between the two

beams at the Kerr medium (K). Unlike the restriction in the single color configuration, here Kerr medium can

be placed at the image plane of lens L1, since noise due to high-power pump beam can now be separated easily

using an appropriate notch or band-pass filter, as they have different wavelengths (for pump, λ = 800 nm). The

placement of Kerr medium at the image plane of L1 is necessary for improving the imaging spatial resolution.

Applicability in time-resolved imaging: The crossed-beam optical setup with frequency-doubled probe for

the OKE-based time-gate has several issues linked to it due to the non-collinear overlap of the pump and probe

pulses inside the Kerr medium. Due to the angle α 6= 0 between the pump and the probe pulses and finite

size of the probe beam (as Kerr medium is placed at the image plane of L1 in this configuration), the overlap

between them does not occur at the same time all over the space and hence when the light through the time-gate

is incident at the CDD camera, information on the right and the left side of the image does not correspond to the

same time event. The schematic in Figure 4.6 shows the overlap of the two pulses inside the Kerr medium at a



4.3. Crossed-beam configuration 75

particular instant of time and how one side of the time-resolved image obtained with this configuration might

contain ballistic light with minimum contribution coming from the scattered photons while the other side of

the image could have a much larger contribution from these photons depending on the probe beam size and the

angle α between the two beams.

Kerr medium

q

Pump
pulse

Probe
pulse

Δt

α

p

Scattered
light

Ballistic
light

Figure 4.6: Schematic showing overlap of pump and probe pulses inside the Kerr medium in the crossed-
beam, dual color configuration. p and q are the pulse widths of the pump (λ = 800 nm) and probe

(λ = 400 nm) pulses. The probe pulse is extended due to its interaction with the object.

Also while using this classical time-gate configuration for time-resolved imaging, again due to the non-

collinear overlap and finite beam sizes, the time-gated signal shifts from left to right on the detector when the

delay between the pump and the probe pulses is changed to scan the incoming probe beam and the amount of

the shift depends on the optical magnification of the setup as well. Figure 4.7 shows the average line profiles

of the time-gated images for different delays between the two pulses, indicated in the figure. Note that the

Figure 4.7: Averaged line profiles for the time-gated images showing the spatial shift for various delays
between the pump and probe pulses.

angle between the pump and probe beams here is less than 15◦ and the pulse widths of both these pulses are

approximately the same (∼ 100 fs), since there was no object at the object plane (O).

Moreover, the crossed-beam geometry of the optical gate also influences its temporal characteristics. The
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temporal resolution and opening & closing time-profiles of the optical gate for four different angles α between

the pump and the probe beams are presented in Fig. 4.8, with Kerr medium placed at the image plane of L1.

Note that due to the finite size of the involved optics it was not possible to reduce the angle beyond α = 9◦.

The gate duration for this angle can be reduced further to about 1 ps which is same as the relaxation time of the

Kerr medium, 1.0 mm liquid CS2 by placing it at the Fourier plane of the lens L1 but at the cost of the spatial

resolution for the entire optical setup.

Figure 4.8: Dependence of temporal resolution on the angle α between the pump and probe beams. The
measurement was carried out with 1.0 mm liquid CS2 as the Kerr medium without any object placed at

the object plane O.

The classical crossed-beam configuration of the OKE-based time-gate has a lot of complications summa-

rized below which restricts its use for time-resolved imaging of high-pressure multiphase flows:

• Information on the two sides of the time-gated images does not correspond to the same time-event due to

finite probe beam size (see the schematic in Fig. 4.6).

• Unavoidable spatial shift in the time-gated signal for different delays (see Fig. 4.4 or 4.7) depending on

the overlapping beam diameters and angle α between pump and probe beams.

• Dependence of the temporal resolution on the angle α between the pump and the probe (see Fig. 4.8).

• Bad spatial resolution due to in-homogeneous transmission of spatial frequencies through the optical

gate, if Kerr medium is placed at the Fourier plane, as is the case in single color configuration. And when

it is placed at the image plane, due to bigger beam size, the dependency on the angle α is more prominent

and leads to larger spatial shifts and temporal resolutions.

• In order to improve the spatial resolution of the time-resolved images, if Kerr medium is placed at the

image plane in crossed-beam, single color configuration, there will be a lot of unavoidable noise in the

time-resolved images due to the scattering of high-power pump beam through the Kerr medium.

To overcome most of these issues with this configuration a novel configuration with collinear overlap of

pump and probe pulses is discussed in the following section.
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4.4 Collinear, frequency-doubled configuration

4.4.1 Optical setup

The trick to have pump and probe pulses overlap in a collinear fashion inside the Kerr medium is to use two

different wavelengths for the individual beams so that they can be separated out using notch and/or band-pass

filters after their interaction. A schematic of the optical setup is shown in Fig. 4.9. The incoming femtosecond
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Figure 4.9: Schematic of the frequency doubled configuration for the OKE-based time-gate with
collinear overlap of the pump and probe pulses inside the Kerr medium. Nomenclature: {BS} - 50 : 50
beam splitter, {M1, M2, M3, M4} - mirrors, {L1, L2} - lenses, {H1} - half wave-plates, {P1, P2} - linear
polarizers, {K} - Kerr medium, {BBO} - β -barium borate crystal, {F1, F2} - neutral density filters, {F3}

- notch filter, {F4} - band pass filter, {D1, D2} - dichroic filters.

laser beam (λ = 800 nm), as before, is separated into pump and probe beams. The probe beam is frequency-

doubled with type-I second harmonic generation in a β -barium borate (BBO) crystal, where two photons having

ordinary polarization with respect to the crystal combine to form a photon with double the frequency (or half

the wavelength) and extraordinary polarization. After, the 400 nm probe is directed towards the object plane. A

couple of dichroic filters (D1, D2) have been used to conveniently combine and separate the pump (λ = 800 nm)

and probe beams. A notch filter (F3) have been used to reduce the 800 nm noise reaching the detector, which

could either originate from the pump beam due to its scattering from the Kerr medium or from the probe beam

as a result of non-ideal frequency doubling or due to the limitations of the dichroic filters.

A huge advantage due to the collinear overlap of the pump and probe pulses is that now there is no spatial

shift observed in time-resolved images corresponding to different time-events, obtained by changing the delay

between the two pulses. Figure 4.10 shows the averaged line profiles for the time-resolved images, without any

object at the object plane, obtained for different delays and it can be seen that as opposed to Fig. 4.7 for the

classical crossed-beam configuration there is no spatial shift in this collinear configuration of the OKE-based

time-gate.
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Figure 4.10: Averaged line profiles for the time-gated images obtained with this collinear frequency-
doubled configuration of the optical gate for various delays between the pump and probe pulses.

This optical configuration for the time-gate could be used for time-resolved imaging of high-pressure mul-

tiphase flows and was studied further in detail. The time-profile of the gate and the spatial resolution were

measured and compared with the crossed-beam configuration.

4.4.2 Spatial and temporal resolutions

The temporal resolution including opening and closing time-profiles for the collinear, frequency-doubled OKE-

based time-gate were measured by changing the delay between the pump and probe pulses using the delay stage

as in Fig. 4.9 and the average laser intensity was measured using a photo-diode (PD300) with a hand-held laser

power and energy meter (Ophir Nova II). The optical setup was automated with NI LabVIEW using the drivers

and basic VIs provided by the manufacturers of instruments for quick and precise measurements with ease.

Figure 4.11 shows the time-profile for dual color, collinear configuration of the optical gate for three different

thicknesses of the Kerr medium (liquid CS2). The time resolutions (fwhm: full width at half maximum) for

various thicknesses of the CS2 cell are indicated in the figure.

The difference in the temporal resolution for 1.0 mm and 10 mm thick CS2 cells in the collinear, frequency-

doubled configuration is huge (about 10 times) while there is no significant difference in the classical crossed-

beam configuration for different thicknesses of the Kerr medium. This dissimilarity is due to the fact that

different wavelengths have different group velocities inside the Kerr medium liquid carbon disulfide. In case of

the classical configuration where pump and probe beams are both of the same wavelength and if for a particular

delay they don’t overlap outside the Kerr medium (i.e. in air) they won’t overlap inside the Kerr medium

as well, whereas in case of the frequency-doubled configuration they both have different wavelengths (pump:

λ = 800 nm, probe: λ = 400 nm) and so are their group velocities inside CS2 (v400
g < v800

g ), thus even if for

some delay they don’t overlap outside, it is possible for the pump pulse (λ = 800 nm) moving faster inside CS2

to run over the probe pulse while still being inside the medium (see the schematic in Fig. 4.12). Therefore, if

the Kerr medium is thicker the possibility of crossing over is more and hence the optical-gate remains open for
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Figure 4.11: The opening and closing profiles for the optical gate in collinear configuration with 1.0 mm,
2.0 mm and 10 mm liquid CS2 as the Kerr medium.
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Figure 4.12: Schematic showing overlap of pump and probe pulse inside liquid CS2 for single and
dual color configurations of the optical time-gate. Colored arrows indicate group velocities for pulses of
different wavelengths inside and outside the CS2 cell (thicker and larger arrow indicates higher velocity).
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a longer duration.

Spatial resolution estimation: Apart from the temporal resolution, another critical parameter for an optical

gate is the quality of the measured images, and particularly spatial resolution, which may be estimated using the

normalized modulation transfer function (MTF) [87, 88], which is related to the edge-spread function (ESF),

F(x) as follows,

MTF(ν) =
∫ dF(x)

dx
e−i2πνxdx (4.12)

where ν is the spatial frequency in line pairs/mm, x is the abscissa along an axis orthogonal to the concerned

edge. In other words, MTF is the Fourier transform of the derivative of the ESF, which is also the line-spread

function. It should be noted that while calculation of MTF from the over-sampled ESF data, the differentiation

along the concerned edge is very sensitive to the high-frequency noise and in order to avoid amplifying this

noise during the computation of the derivative, the averaged over-sampled ESF is fitted using the Logistic

(Fermi) function f (x) [89],

ESF(x) = d + f (x) = d +
a

1+ exp[(x−b)/c]
(4.13)

where a, b, c and d are the desired fit parameters.

Here, MTF was measured for a static knife-edge shown in Fig. 4.13 along with the measured and fitted

ESFs for the indicated edge.

Figure 4.13: Image of a slanted glass fiber (245 µm) obtained using collinear time-gate configuration
with 1.0 mm thick CS2 cell and the corresponding averaged edge-spread function (ESF) for the indicated

edge in the image.

Figure 4.14 shows normalized MTF calculated using eq. (4.12) for collinear, frequency-doubled configura-

tion with the Kerr medium (1.0 mm CS2) placed at the image plane of the lens L1 of Fig. 4.9. For comparison

Fig. 4.14 also shows the normalized MTF for the classical crossed-beam configuration with CS2 placed at the

Fourier plane of L1 of Fig. 4.3. The achievable imaging spatial resolution from the MTF curve (Nyquist or

cut-off frequency) with CS2 as the Kerr medium placed at the image plane of L1 for collinear configuration was
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Figure 4.14: Normalized modulation transfer function (MTF) as a function of spatial frequency (ν) (in
lines pairs/mm) calculated using the fitted ESFs for the collinear and crossed-beam configurations of the
optical gate. Note that in the collinear configuration the Kerr medium (CS2) was placed at the image
plane (IP) of the lens L1 whereas in the crossed-beam configuration it was placed at the Fourier plane

(FP) of L1.

found to be ∼ 150 line pairs/mm and for the non-collinear configuration with the same Kerr medium placed at

the Fourier plane of L1, it was found to be ∼ 50 line pairs/mm.

4.4.3 Testing OKG and application on sprays

In the collinear optical time-gate configuration with frequency-doubled probe, the object (O) was replaced by a

micro-structured glass fiber (LMA-25) from NKT Photonics with overall diameter φ = 342 µm. A schematic

for the cross section of this fiber is shown in Fig 4.15(a). Liquid carbon disulfide (CS2) filled inside a 1.0 mm

quartz cell was used as the Kerr medium. The optical time-gate with gate-duration of about 1.0 ps was used to

separate the ballistic and refracted light signals. The hidden micro-structures are clearly visible in the refracted

image, whereas are completely filtered out in the ballistic image, see Fig 4.15(b) and (c). The optical path

difference between the ballistic and refractive light signals here was about 500 µm (twice the displacement

value for the delay stage) and as we know the thickness of the fiber 342 µm, the estimated value of the average

refractive index (n) for the optical fiber would be n = 1.46, which matches the value provided by the manufac-

turers. Hence, it is shown that the collinear, frequency-doubled optical Kerr effect based time-gate with 1.0 mm

CS2 as the Kerr medium is capable of separating the ballistic and refracted light signals through a 342 µm thick

optical media with refractive index of 1.46.

Figure 4.16 shows an application of the 1.0 mm CS2 optical time-gate to a liquid spray, produced by

Inj. A2. The injection pressure was 450 bar, and the resulting velocity about 300 m/s. The fluid used in the

measurements was a calibration oil (Shell NormaFluid - ISO 4113, physical properties listed in Table 2.1) with

physical properties similar to that of diesel, and a refractive index of n = 1.46. The images shown in the figure

are just a millimeter from the injector nozzle with direction of flow from right to left. Again, the delay between

2Single orifice nozzle with orifice diameter φ = 185 µm, refer to page 8.
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This single-mode large mode area fiber combines a large effec-
tive mode field area (~ 265 µm2) and low loss to allow high po-
wer delivery without nonlinear effects or material damage.  
  
The fiber is endlessly single-mode (i.e. it has no higher order 
mode cut-off) and delivers excellent mode quality at all wave-
lengths. 
  Typical measured spectral attenuation 

 Low fiber  loss from 800 to 1700  nm 
 Single-mode at all wavelengths 
 Radiation hard pure silica fiber 
 High threshold power for nonlinear effects 
 Wavelength independent MFD  

Typical measured NA and MFD 

Crystal Fibre  ●  aeroLASE  ●  Koheras  ●  SuperK 
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Single-Mode 25µm Core Fiber 

Applications 
- Single-mode high power delivery  
- Multi-wavelength transmission 
- Mode filtering 
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- Short pulse delivery 

Optical properties  

Single mode cut-off wavelength* None 

Attenuation @ 1064 nm <  8 dB/km 

Attenuation @ 1550 nm <  5 dB/km 
Mode field diameter @ 780nm  (1/e2) 20.6 ± 2.0 µm 
Mode field diameter @ 1064 nm (1/e2)  20.9 ± 2.0 µm 

NA @ 1064 nm (5%) 0.05 ± 0.02 

Physical properties  
Core diameter 25.0 ± 1.0 µm 
Outer cladding diameter, OD 258 ± 5 µm 

Coating diameter 342 ± 10 µm 

Core and cladding material Pure silica 
Coating material, single layer Acrylate 

Coating concentricity < 10 µm 
Proof test level 0.33 % 
  

* TIA-455-80-C standard 

All interfaces are provided with a 150 ± 25 µm sealing length of 
the PCF structure. 
 
Please contact us for other custom interfacing options. 

Standard interfacing options 

FC/PC connector 0.0 ± 0.5 deg angle 

FC/APC connector 8.0 ± 0.5 deg angle   

SMA 905 0.0 or 5.0 ± 0.5 deg angle 

Collapse and cleave 0.0 ± 0.5 deg angle  

(a) (b) (c)

Figure 4.15: (a) Schematic of the cross section of a 342 µm large mode area fiber (LMA-25). (b)
Ballistic and (c) refraction images of the same micro-structured optical fiber obtained using 1.0 mm CS2
optical gate. The hidden micro-structures are visible in the refraction image. Color bars represent light

intensity in arbitrary units. Average pump power 0.34 W.

the pump and the probe was adjusted so that detection time coincides with ballistic light Fig. 4.16(a). When

the delay was increased, ballistic light disappeared and a small fluctuating bright line appeared at the center of

the jet, corresponding to the refracted light (Fig. 4.16(b)), showing that at a few hundreds of micrometers from

the nozzle, the liquid jet shape is still close to a cylinder.

It should be noticed that the gate duration for 1.0 mm CS2 based time-gate is about 1 ps and it seems that

it is not short enough to separate the ballistic and the refracted light signals: the 185 µm diameter corresponds

to a 300 fs time delay between them. However, the separation of the refracted and the ballistic light signals

was possible even by a time gate of larger duration, by precisely controlling the delay between pump and probe

pulses, see Fig. 4.17. This gives us a precise control of when to open the optical time-gate with respect to

the probe pulse. Since ballistic light signal is much more intense compared to the refracted light, with an

appropriate delay between the pulses (blue, solid line curve of Fig. 4.17), even a small transmission through

the time-gate could be sufficient to produce a good contrast ballistic image at the detector. The contribution of

the refracted and multiply scattered light becomes negligible for this delay. Then by precisely increasing the

delay between pump and probe pulses (blue, dashed line curve of Fig. 4.17), it is possible to obtain an image

with contribution mainly from the refracted light. A similar approach was used by S.P. Duran et al. to obtain

ballistic images of fuel sprays using an even larger optical time-gate (gate duration > 7.0 ps) [90].

Finally, this collinear configuration allowed us to overcome most of the drawbacks in the classical crossed-

beam configuration due to the non-collinear overlap of the pump and probe pulses such as the unavoidable spa-

tial shift for different time-delays depending upon the overlapping beam diameters and α , angular dependence

of the temporal resolution, low spatial resolution due to inhomogeneous transmission of spatial frequencies

when Kerr medium is to be placed at the Fourier plane and high noise levels due to scattering of the high-power

pump beam through the Kerr medium if it is placed at the image plane. However, a problem still remains: the

presence of laser speckle on the time-gated spray images. Towards the end of Chapter 2 we have shown that

the use of supercontinuum-derived illumination could improve the quality of spray images by reducing laser

speckle upto a great extent. So now the question is, if it is possible to use the SC-derived illumination with the

optical-gate to further improve the quality of the time-resolved spray images? The following section explores

the prospects of the same.
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(a) Ballistic image

(b) Refraction image

Figure 4.16: (a) Ballistic and (b) refraction images of fuel spray close to the nozzle (Inj. A) separated
using 1.0 mm CS2 optical time-gate. Color bars represent light intensity in arbitrary units.
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Figure 4.17: Schematic to show the ballistic and the refracted light signals through a 185 µm thick
medium with the refractive index of 1.46 (black, solid line curve). The blue, solid and dashed curves
shows the transmission through the 1.0 mm CS2 optical time-gate (gate duration ∼ 1.0 ps) for two

different delays between the pulses, separating ballistic and refraction light signals.

4.5 Collinear configuration with SC-derived probe

4.5.1 Optical setup

In order to further improve the spatial resolution for OKE-based time-gate in collinear configuration, the illu-

mination source was changed to a low coherence source derived from the supercontinuum (SC) and now any

band of wavelengths can be selected after collimating the SC light, using the appropriate band pass filters. A

schematic of the modified optical setup is shown in Fig. 4.18. Most part of the optical setup remains as it is

in the collinear configuration of the optical gate with frequency doubled probe (Fig. 4.9) except a few minor

changes: the BBO crystal used for frequency doubling in the previous configuration has been replaced by a

4 cm cuvette filled with distilled water, to focus the probe beam inside this water cuvette for SC generation

and later to collimate the beam additional lenses L1 and L2 ( f = 100 mm) have been used and then to select a

narrow band of wavelengths (λ = 620−680 nm) for illuminating the object under study a band-pass filter F1

was used. These minor changes result in a few major differences in the characteristics of the optical time-gates.

The changes in spatial and temporal characteristics of the optical gate are shown and compared with the FD

configuration in the following subsection.

4.5.2 Spatial and temporal resolution

The spatial and temporal resolutions for this configuration of the optical gate with SC derived probe were

measured as described in subsection 4.4.2. Figure 4.19 show the averaged and fitted edge spread functions

(ESFs) along with the edge of the fiber which was used to measure it and Fig. 4.20 show the modulation transfer

function (MTF) as a function of the spatial frequency (in line pairs per mm.) estimated from the fitted ESFs for
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Figure 4.18: Schematic of the modified collinear configuration for the OKE-based time-gate with SC
derived probe. Nomenclature: {BS} - 50 : 50 beam splitter, {M1, M2, M3, M4} - mirrors, {L1, L2,
L3, L4} - lenses, {H1, H2} - half wave-plates, {P1, P2, P3} - linear polarizers, {H2O} - distilled water
cuvette, {BBO} - β -barium borate crystal, {F1} - band pass filter, {F2} - notch filter, {D1, D2} - dichroic

filters.

the collinear, frequency doubled and collinear, SC derived time-gate optical setups presented in Figs. 4.9 and

4.18 respectively.

As was expected, the achievable spatial resolution for the optical gate with SC derived probe is slightly

better than that with frequency doubled probe. This could be attributed to the fact that the SC-derived light is

far less coherent than the laser or type-I frequency doubled light using a BBO crystal. Due to this there are

fewer speckle and interference patterns in the time-resolved images obtained with SC derived illumination and

hence we get a slight enhancement in the spatial resolution for this configuration of the optical gate.

Figure 4.21 shows a comparison of the temporal resolution for the collinear configuration of the optical

gates with SC derived and frequency doubled probe beams for two different thicknesses of the Kerr medium -

1.0 mm and 10 mm carbon disulfide. The opening and closing time-profiles are similar for both these config-

urations. However an interesting difference between the two is very clear from the figure. The gate duration

(fwhm) with frequency doubled probe for 10 mm thick CS2 was found to be about 10 times larger than that

with SC-derived probe for the same thickness of the Kerr medium while it is almost the same with 1.0 mm

thick CS2 in both the configurations.

The huge variation in the optical gate duration for 10 mm thick Kerr medium is again due to the group

velocity dispersion inside liquid CS2. As mentioned earlier, the group velocity for λ = 400 nm (v400
g ) in liquid

CS2 is lower than the group velocity for λ = 800 nm (v400
g < v800

g ). Hence, the 800 nm pulse (pump) can catch

up and overlap with the 400 nm probe pulse while traversing through the liquid CS2. Note that this overlapping

has no effect if it occurs outside the Kerr medium, but acts on the polarization of the probe pulse when it occurs

inside the Kerr medium. Limiting the thickness of the CS2 cell then reduces the possibility of overlapping of
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Figure 4.19: Image of a slanted glass fiber (φ = 125 µm) obtained using SC-derived illumination with
collinear optical time-gate configuration and the corresponding averaged ESF extracted from the indi-

cated edge in the image (blue, solid line curve) and fitted ESF (red, solid line curve).

Figure 4.20: Normalized modulation transfer function (MTF) as a function of spatial frequency (ν) (in
line pairs/mm) calculated using the fitted ESFs for the collinear configuration of the optical gate with

SC-derived (red, solid line curve) and FD (blue, dotted line curve) probe beams for illumination.
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Figure 4.21: Temporal profile of the OKE-based time gate (with 1.0 mm and 10 mm CS2 as Kerr
medium) for SC-derived probe pulse (λ = 635 nm, in red and black) and for frequency-doubled (FD)

probe (λ = 400 nm, in blue and green).

the two pulses inside the cell and diminishes the optical gate duration. The same happens for the λ = 635 nm

SC-derived pulse and λ = 800 nm pump pulse, but for these wavelengths the difference between the group

velocities in CS2 is small and the gate duration does not increase so drastically when the thickness of the CS2

cell is increased from 1.0 mm to 10 mm.

In order to comprehend the dependence of the chosen wavelengths for imaging or probe pulse in this

configuration of the optical-gate on its temporal characteristics, another optical setup was built. A schematic

of the optical setup is shown in Fig. 4.22. Notice that this optical setup is very similar to the crossed-beam

optical-gate setup, Fig. 4.3. The main difference is the conversion of 800 nm probe pulse into a broad band

SC-derived pulse. The concept used for SC-generation is exactly the same as explained before. However, note

that here we just use a notch filter (F1) to cut off the fundamental laser beam (λ = 800 nm) which was used

for SC-generation and rest of the broadened spectra is used as probe pulse for measuring the effect of group

velocity dispersion on the optical gate duration [53]. The measurements were made for a small angle between

the pump and probe beams, less than 15◦, using a fiber-optic spectrometer Maya2000 Pro from Ocean Optics.

The non-filtered SC spreads inside the CS2 cell depending on the group velocities for individual wavelengths (a

small contribution might also come from water and other optical elements in path) and then the delay between

pump and SC pulses selects a narrow band of wavelengths, which is measured by the spectrometer.

For each delay between pump and probe pulses, an average spectrum (averaged over 100 spectra) is mea-

sured. If the delay between the pulses is right, we expect to observe a peak centered at the gated wavelength. In

other words, the wavelengths for which both pump and probe pulses overlap inside the Kerr medium depending

on their relative optical paths (manipulated precisely using the delay stage), thereby increasing their intensity

in the output spectrum. A scan over the entire extended SC-derived probe pulse is made. Later all these spectra

for different delays were combined together to give Fig 4.23. Note that similar measurement could have been

made with the collinear configuration of the optical gate but due to the limitations of the dichroic mirrors used

in the collinear configuration, the crossed-beam configuration was chosen for this measurement with the entire
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Figure 4.22: Schematic of the optical setup used to measure the chirp characteristics of the generated
supercontinuum. Nomenclature: {BS} - 50 : 50 beam splitter, {M1, M2, M3, M4, M5} - mirrors, {L1,
L2, L3, L4} - lenses, {H1, H2} - half wave-plates, {P1, P2, P3} - linear polarizers, {H2O} - distilled water

cuvette, {F1} - notch filter, {K} - Kerr medium, {α} - angle between probe and pump beams.

Figure 4.23: Dependence of gate duration on the chosen wavelength band in SC-derived optical time-
gate. The abscissa shows temporal delays between pump and probe pulses. Measurements made with
1.0 mm liquid CS2 as the Kerr medium. The same selected bandwidth centered at different wavelengths

results into different gate durations.
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SC spectrum. Also, it is clear from this measurement that the duration of the entire SC pulse is definitely less

than 25 ps, which is enough to freeze the motion of the spray at the detector with a pixel size of 6.5 µm (with

reference to section 2.3).

Now as we see in Fig. 4.23 that even a narrow band of wavelengths selected near λ = 400 nm could

result into a much larger optical gate duration compared to a narrow band selected near the wavelength of the

pump beam λ = 800 nm. This allows us to use a broader band of wavelengths near λ = 800 nm so as to

have sufficient light for illumination of the object under study and detection without affecting the optical gate

duration significantly.

4.5.3 Application to fuel sprays

Finally after the successful development and thorough characterization of the optical gate using low coherence

probe pulse derived from SC, it was tested for the imaging of high-pressure fuel sprays. Figure 4.24 shows a

comparison of the spray images 4.0 mm away from the nozzle (Inj. A) in the direction of the flow, obtained

with the collinear configuration of the optical gate with coherent (frequency doubled) and low coherence (SC-

derived) illumination sources. The injection pressure was kept constant at around 400 bar for both these cases.

The speckle due to the laser is clearly visible in the time-resolved images obtained by using coherent illumina-

tion whereas the same is largely reduced when the spray was illuminated by the supercontinuum derived, low

coherence light.

4.6 Influence of the Kerr medium

The commonly used Kerr medium in context of the optical time-gates is liquid carbon disulfide (CS2), and was

used widely in this work because of its unique optical properties. The high second order refractive index (n2) of

CS2 is responsible for the high transmission efficiency through the optical gate compared to other Kerr media

like BK-7 or fused silica glasses. Table 4.1 lists a few other materials with their known chemical composition

and non-linear refractive indexes (n2) that could as well be used as Kerr medium. A comparison of the gating

Table 4.1: Prospective Kerr media, their chemical compositions and nonlinear refractive coefficients
(γ), n = n0 + γI [91].

Material name Physical state Composition Nonlinear RC (γγγ)
@@@ATP @@@888000000 nm (in cm222/W)

BI glass [92] Solid Bi2O3-B2O3-SiO2 1.6×10−14

Se-based
Solid As2Se3 1.3×10−13

Chalcogenide glass [93]

BI glass [94] Solid
Bi2O3-B2O3-TiO2 8.85×10−14
(70% - 15% - 15%)

BZH2 [95] Solid
Bi2O3-B2O3-ZnO

2.9×10−15
(25% - 37.5% - 37.5%)

Schott BK-7 [93] Solid – 3.4×10−16 @1064 nm
Gadolinium gallium

Solid Gd3Ga5O12 1.25×10−15 @1064 nm
garnet (GGG) [96]

Carbon disulfide [97] Liquid CS2 3.10×10−15

efficiency however could not be made due to unavailability of these materials commercially.
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Figure 4.24: Ballistic images of fuel spray ejected using Inj. A at 400 bar of injection pressure with (a)
frequency-doubled, coherent and (b) SC-derived, low-coherence illumination sources with the collinear
OKE-based time-gate. Color bars represent light intensity in arbitrary units. Direction of flow is from

right to the left for both these cases.
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Induced retardation or birefringence responsible for the change in polarization of the probe on incidence

of high-power pump beam is investigated in details in the following chapter. Here in this section a few other

promising Kerr media that may be used for optical time-gates are discussed. Since, CS2 is a liquid medium its

response and relaxation are slower than that of a solid Kerr media. Fig. 4.25 shows the response and relaxation

of the solid BK-7 glass and liquid carbon disulfide (CS2). It is very clear from this figure that for time-resolved

Figure 4.25: Comparison of response and relaxation times for liquid CS2 and solid BK-7 glass for the
collinear, frequency-doubled configuration of the optical gate.

imaging applications a solid state Kerr medium would be preferred over a liquid medium due to its faster and

symmetric response and relaxation times. Optical time-gate with BK-7 glass as Kerr medium was tested for

ballistic imaging with a 245 µm glass optical fiber as an object. Figure 4.26 shows the obtained ballistic and

refraction images and corresponding line profiles. However, due to low second order refractive index of BK-7

glass the efficiency of the optical gating using this as a Kerr medium was not found enough for fuel spray

imaging using our fs laser source.

Another solid state Kerr medium Gadolinium Gallium Garnet (GGG) crystal (Gd3Ga5O12) [98] was tested

for better efficiency in the collinear frequency-doubled configuration of the optical gate. The response and

relaxation times for GGG and CS2 are shown in the Fig. 4.27.

Furthermore, certain specially manufactured glasses like Tellurite glass [99,100] have shown some promis-

ing results for ballistic imaging using the OKE-based time-gating [101]. However, a comparison between

the efficiency of the time-gate with liquid CS2 and solid Tellurite glass as Kerr medium couldn’t be found in

literature so far.

4.7 Conclusions

The aim of this chapter was to show how a non-conventional imaging technique may be used for diesel sprays.

Because one of the problems of diesel spray imaging is the multiple scattering of light, the potential of ballistic

imaging has been explored. Starting from the classical crossed-beam configuration, where pump and probe

beams overlap inside the Kerr medium with a small angle α in between them which is necessary to separate
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Figure 4.26: Ballistic (top left) and refracted (top right) light through an optical fiber (thickness =
245 µm) separated using 2.0 mm glass (BK-7) optical time-gate and the corresponding line profiles

(bottom).

Figure 4.27: Comparison of response and relaxation times for liquid CS2 and solid GGG crystal ob-
tained for the collinear, frequency-doubled configuration of the optical gate.
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them later (as they are of same wavelengths), we have tested different configurations to overcome some of

its drawbacks. A few that have been identified and must be overcome for this technique to be used for time-

resolved imaging at small timescales: (i) the time detected on an image is not the same at each side of the

image (see Fig. 4.6), (ii) there is substantial spatial shift in the time-resolved images recorded for different

delays between the two pulses (Fig. 4.7), (iii) depending on the placement of the Kerr medium optical gate

characteristics vary, both in terms of temporal and spatial resolutions because both these characteristics are

dependent on the beam sizes of the overlapping beams inside Kerr medium, (iv) high-levels of noise originating

from the scattering of high-power pump pulses from the Kerr medium in single color configuration.

Most of these issues were resolved with the proposed collinear, frequency-doubled configuration of the

optical gate, where two separate wavelengths were chosen for pump and probe beams and dichroic mirrors

were used to combine and later separate them conveniently and it was made sure that they overlap collinearly

inside the Kerr medium. The problems due to dependency of gate characteristics on the angle α and beam sizes

were resolved, as α = 0 in collinear configuration. This allowed us to place the Kerr medium at the image

plane and obtain time-resolved images with a much better spatial resolution and with almost no noise from the

scattering of the pump pulse because the pump pulse can now be separated more efficiently using appropriate

band-pass or notch filters. It was found that due to placement of the Kerr medium at the image plane in collinear

configuration, imaging spatial resolution was improved significantly without affecting the temporal resolution.

However, an interesting difference was noticed in the temporal characteristics of the optical gate: if a thicker

Kerr medium (liquid CS2) is used with this collinear, frequency-doubled configuration, the temporal resolution

will be much larger (see Fig. 4.11) than it would have been in the crossed-beam, single color configuration. This

was due to difference in the group velocities for the pump and probe beams, as they had different wavelengths.

This means that we have to use a thin Kerr medium, however if the thickness of the Kerr medium is reduced

too much the gating efficiency would decrease tremendously. Using a millimeter thick liquid CS2 as the Kerr

medium, ballistic and refracted images of the fuel spray issued at 400 bar of injection pressure by the Inj. A3

were recorded by varying the delay between the pump and probe pulses.

Next, in order to reduce laser speckle in the time-resolved images, possibility of using supercontinuum-

derived illumination has been explored. Again, the spatial and temporal resolution were measured and it was

found that both spatial and temporal resolutions remain almost the same. However, with the SC-derived illu-

mination we have a choice of using a thicker Kerr medium (for better gating efficiency) without compromising

with the gate duration too much, all one has to make sure is that the group velocity difference between the

pump beam and SC-derived probe beam is not large. Moreover, one of the biggest disadvantage of SC-derived

illumination is that during SC-generation by focusing the high-power fs laser pulses in water or other non-linear

optical materials like calcium fluoride (CaF2), lithium fluoride (LiF), etc. [53], there is a huge loss of energy

which reduces the overall efficiency of the system. Anyway, some preliminary images of fuel spray 4 mm

away from the nozzle were obtained and compared with the image obtained with frequency-doubled configu-

ration and it was found that indeed laser speckle is not visible in the time-resolved spray image obtained with

SC-derived illumination.

The usability of various OKE-based time-gate configurations for time-resolved imaging of fuel sprays have

been investigated by measuring the temporal and spatial resolutions. The obtained results are summarized in

Table 4.2.

3Single orifice nozzle with orifice diameter φ = 185 µm, refer to page 8.
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Table 4.2: Summary indicating usability of various OKE-based time-gate configurations for time-
resolved imaging of multiphase flows.

Optical config. Spatial res. Temporal res. Usability
Crossed-beam (single color) Very bad Very good Not preferred
Crossed-beam (dual color) Good Very good Not preferred∗

Col., freq.-doubled Good Very good Usable
Col., SC-derived Very good Very good Usable

∗Due to several other problems discussed in subsection 4.3.2.

For an even better optical gate, as we saw in the previous section a solid state Kerr medium is preferred.

As of now, we could not find any solid state Kerr medium in literature with better efficiency in the optical gate

configuration than that of liquid CS2. The two other mediums that we could procure and test (BK-7 glass and

GGG crystal) showed lower efficiency than CS2. However, their response and relaxation times were found to

be far better than that of CS2 which is why a much better temporal resolution was obtained using them. We

hope that in future an efficient solid state Kerr medium will be discovered and even better optical-time gates

could be made using them and used for time-resolved imaging of not only multiphase flows but in other areas

of science and technology as well.



Chapter 5

Polarization properties of Kerr medium

In the previous chapters, we have proposed improved versions of ballistic imaging configurations. The heart

of an optical gate is the Kerr medium. The main Kerr medium which is generally used in optical time-gate

setups as found in the literature [90, 102–113] and was used extensively in this work as well was liquid carbon

disulfide (CS2), because of its unique optical properties (high second order refractive index (n2) and almost no

absorption in visible and near infrared regions). Other compounds/materials could also be used as Kerr medium

in the optical time-gate configuration and there are examples of such studies [98, 100, 101, 114, 115], however

to the best of our knowledge, the most efficient Kerr medium with high transmission in the time gating setup is

liquid CS2. The Kerr medium is the heart of such time-resolved imaging techniques and therefore, a complete

characterization of its optical polarization properties is very crucial for a better understanding and progress.

Time properties of CS2 are well described in the literature [102, 113, 116–118]. The change in polarization

of the probe pulses due to the transient birefringence induced in CS2 upon incidence of the high-power pump

pulses is the main reason behind working of an OKE-based time-gate. The aim of the work presented in

this chapter is to fully describe the polarization properties of CS2 at the sub-picosecond scale under different

probe-pump configurations. The most complete formalism to describe the polarization properties of any optical

media developed so far is the Stokes-Mueller formalism capable of dealing with polarized, unpolarized as well

as partially polarized light. In this formalism, light in any polarization state is described by a 4-element Stokes

vector and the polarization properties of the medium itself are completely characterized by a 16 element (4×4)

Mueller matrix formulated by Hans Mueller in 1943 and has been in use since then in different areas of science

and technology for numerous applications [85, 119–121].

It is now a well known fact from scattering theory that any optically dense media with particle size (a)

comparable to the wavelength (λ ) of the incident light, scatters light which may cause loss of polarization

(commonly known as depolarization in polarimetry) during its propagation through the medium. Simpler 2×2

calculuses developed so far, for example Jones calculus fails to take this into account since it can not deal

with the partially polarized light and hence may lead to erroneous results. Therefore, to fully characterize the

polarization effects for optical Kerr effect in CS2 Mueller calculus has been utilized. There have been a few

attempts for measuring time-resolved Mueller matrix with an electronic gate of 200 ps with a time step of

25 ps [122] which is not enough for separating ballistic and multiply scattered light for applications to rapidly

changing media like fuel sprays. In this chapter the polarization properties of the commonly used Kerr medium,

liquid carbon-disulfide (CS2), in optical time-gates are investigated by measuring its Mueller matrix using the

dual rotating retarder approach.

95
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The theory on the formation and measurement of Mueller matrix and its decomposition are presented in

section 5.1. Section 5.2 and section 5.3 presents the optical setups used to measure the 16 elements of Mueller

matrix of carbon disulfide (CS2) in the two configurations of the optical gate – crossed-beam, single color and

collinear, frequency-doubled, with the corresponding results and discussions. And finally in section 5.4 we

conclude our findings highlighting some of the future aspects where such measurements could be useful.

5.1 Theory

5.1.1 Mueller matrix measurement strategy

The Mueller matrix measurement is based on a rotating retarder approach as is formulated in Refs. [24, 123].

The principle is to illuminate the medium with light of various polarizations, generated by polarization state

generator (PSG) and then to measure (or analyze) the changes in the incident polarization due to the interaction

of light with the medium using a polarization state analyzer (PSA). The constituents of the polarization state

generator (PSG) matrix W are a fixed horizontally aligned linear polarizer P1 followed by a rotatable quarter

wave retarder Q1. Similarly the polarizer state analyzer (PSA) matrix A comprises of a rotatable quarter wave

retarder Q2 followed by a fixed linear polarizer P2 cross-aligned with the polarizer P1. This Mueller matrix

measurement strategy utilizes elliptical polarization states which are generated and analyzed by rotating the

quarter wave retarders Q1 and Q2 respectively. Note that the orientation of the polarization axis of the linear

polarizers P1 and P2 remains fixed at all times. The orientation of the fast axis of the quarter wave retarders Q1

and Q2 (θi) in PSG and PSA respectively are kept same as in the above reference: θi = 35◦, 70◦, 105◦ and 140◦

with respect to the polarizer P1 aligned at horizontal.

The PSG matrix W (θi) for horizontally polarized incident light is constructed as follows,

W (θi) =
1
2


1 0 0 0

0 C2
θi
+S2

θi
Cδ SθiCθi(1−Cδ ) −SθiSδ

0 SθiCθi(1−Cδ ) S2
θi
+C2

θi
Cδ CθiSδ

0 SθiSδ −CθiSδ Cδ


︸ ︷︷ ︸

MQ1

×


1 1 0 0

1 1 0 0

0 0 0 0

0 0 0 0
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MP1 at Horizontal

×


1

1

0

0


︸ ︷︷ ︸

Incident Pol.

=


1

C2
θi
+S2

θi
Cδ

CθiSθi(1−Cδ )

SθiSδ

 (5.1)

where, Cδ = cosδ , Sδ = sinδ , Cθi = cos2θi and Sθi = sin2θi, θi’s being orientation angles of the fast axis of

the quarter wave retarder (Q1) with respect to the polarizer P1 and δ being its retardance (δ = π/2 radians for

quarter wave retarder). Such four column vectors obtained for four orientation angles (θi) of the quarter wave

retarder (Q1) are clubbed together to form a 4×4 PSG matrix W .
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Similarly the construction of polarization state analyzer (PSA) matrix A leads to,

A(θi) =


1 −1 0 0

−1 1 0 0

0 0 0 0

0 0 0 0


︸ ︷︷ ︸

MP2 at Vertical

×


1 0 0 0

0 C2
θi
+S2

θi
Cδ SθiCθi(1−Cδ ) −SθiSδ

0 SθiCθi(1−Cδ ) S2
θi
+C2

θi
Cδ CθiSδ

0 SθiSδ −CθiSδ Cδ


︸ ︷︷ ︸

MQ2

(5.2)

where again, Cδ = cosδ , Sδ = sinδ , Cθi = cos2θi and Sθi = sin2θi, θi’s being orientation angles of the fast

axis of the quarter wave retarder (Q2) with respect to the polarizer P1 and δ being its retardance (δ = π/2

radian). As in most polarimeters, polarization state analyzer is followed by an intensity based detector, which

just records the total intensity falling on it, given by the first element of the output Stokes vector, and since,

Sout = A(θi)Sin

only first row of A(θi) is required for determining the first element of Sout, which is given by (from equation

(5.2)),

A(θi) =
[

1 −C2
θi
−S2

θi
Cδ SθiCθi(Cδ −1) SθiSδ

]
(5.3)

Here again the four row vectors obtained for four orientations of the quarter wave retarder Q2 are clubbed

together to form 4×4 PSA matrix A.

Now to determine the 16 elements of the 4× 4 Mueller matrix of the sample Ms, sixteen intensity-based

measurements are recorded for sixteen pairs of the orientation angles of the quarter wave retarders Q1 and Q2

grouped together in the form of a 4×4 measurement matrix Mi, we have,

Mi = A ·Ms ·W (5.4)

The Mueller matrix (Ms) for the sample is then calculated from the Q matrix obtained by the Kronecker

product of the PSA matrix (A(θi)) with the transpose of the PSG matrix (W (θi)) as is described in detail

in [24, 124] by rewriting the measurement vector Mi in the form of a 16×1 column vector,

Mvec
s = Q−1 ·Mvec

i (5.5)

The obtained Mueller matrix of the sample Mvec
s in the form of a 16×1 column vector is reshaped back to 4×4

matrix and is then subjected to Polar decomposition to obtain various interpretable polarization parameters as

is discussed in the following sub-section.

5.1.2 Decomposition of measured Mueller matrices

In general, Mueller matrix for any unknown turbid media can not be easily interpreted in terms of polarization

parameters and hence are usually decomposed to obtain various interpretable polarization parameters namely

− depolarization, diattenuation and retardance. In simple terms, depolarization (∆) quantifies the loss of polar-

ization during the interaction of polarized light with the medium, diattenuation (d) quantifies the polarization

dependent transmission of the incident polarization through the medium and retardance represents the inte-
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grated effect of birefringence (difference in the refractive indices for the two orthogonal components of the

incident polarization) while it is traversing through the medium. The change in the birefringence of liquid CS2

upon incidence of the intense pump pulse should be reflected as linear retardance (δ ) in these measurements.

A decomposition scheme proposed by Lu and Chipman [25] also known as polar decomposition has been used

here to extract these interpretable polarization parameters from measured Mueller matrices. According to the

polar decomposition, Mueller matrix M can be written as a product of three matrices independently character-

izing these polarization parameters,

M⇐M∆ ·MR ·MD (5.6)

here M∆ denotes a 4×4 matrix for depolarization (∆) (for both linear and circular depolarization effects), MR

is also a 4×4 matrix characterizing retardance (R) (both linear retardance (∝ birefringence (∆n)× L/λ , where

L is the thickness of the medium) and circular retardance (= 2 × optical rotation (ψ)) and MD for diattenuation

effects (including linear and circular effects). From these three decomposed matrices, M∆, MR, MD individual

polarization parameters are determined [25] using the following set of equations,

∆ = 1− |tr(M∆)−1|
3

, 0≤ ∆≤ 1 (5.7a)

d =
1

M11
D

√(
M12

D

)2
+
(
M13

D

)2
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(
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D

)2 (5.7b)

δ = cos−1
(√(

M22
R +M33

R

)2
+
(
M32

R −M23
R

)2−1
)

(5.7c)

ψ = tan−1
(

M32
R −M23

R

M22
R +M33

R

)
(5.7d)

Here the superscripts denote a matrix element, for example M11
D denotes (1,1) element of matrix the MD and

tr(M) represents trace of the matrix M (sum of the matrix elements along the main diagonal).

5.2 Single color, crossed-beam configuration

5.2.1 Experimental setup

The schematic of the experimental setup used to measure the Mueller matrix of a Kerr effect liquid in single

color (pulses of same wavelength are used as pump and probe), crossed-beam (with respect to pump and probe

beams) configuration is as shown in Fig. 5.1. This optical setup remains very similar to the crossed-beam

optical setup for time-gate described in section 4.3. The incoming (∼ 100 fs) laser pulses, from the same fs

laser described in the previous chapters, are separated into pump and probe pulses using a 30 : 70 beam splitter

(BS). The probe pulse is then used for measuring the Mueller matrix of the Kerr (CS2) cell while the pump

pulse is used to activate the optical Kerr effect in the cell. A delay stage introduces a controllable temporal

delay (with a resolution of 0.03 ps in air) between the pump and the probe pulse. As for ballistic imaging in

the classical crossed-beam configuration, the angle between the probe and pump beam, α = 10.42◦, was kept

as close to zero as possible. The pump pulse is blocked after passing through the CS2 cell while the transmitted

probe pulse passes through PSA and is detected by the EM-CCD camera, C9100-02 from Hamamatsu.
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Figure 5.1: Schematic of the experimental setup for measuring Mueller matrix of carbon disulfide in
single color, crossed-beam configuration. Angle between the probe and the pump beams α = 10.42◦.
Nomenclature: {M1, M2, M3, M4, M5} - mirrors, {P1, P2, P3} - polarizers, {H1, H2} - half-wave plates,
{Q1, Q2} - quarter-wave plates, {BS} - 30 : 70 beam splitter, {F1} - neutral density filter, {K} - Kerr
medium (liquid CS2), {α} - angle between pump & probe beams, {PSA} - polarization state generator,

{PSA} - polarization state analyzer.
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Now, as mentioned earlier, in order to measure the Mueller matrix using the discussed strategy proposed

by J. Soni et al. [24], we need polarization state generator (PSG) – comprising of a polarizer (P1) and a quarter

waveplate (Q1) to illuminate the sample (liquid CS2) with light of various polarizations (4 in number, generated

by rotating the fast axis of Q1 to four angles: 35◦, 70◦, 105◦ and 140◦ with respect to P1) and analyzer (PSA)

comprising of the same optical elements placed in the reverse order, quarter waveplate Q2 followed by the

crossed-state1 polarizer P2, for analyzing the changes in the incident polarizations by rotating Q2 to the same

4 angles. For each incident polarization we will make 4 measurements, and hence 16 measurements in total to

determine the 4×4 Mueller matrix of CS2.

5.2.2 Results

The spatio-temporal measurements for calculating Mueller matrix of carbon disulfide (CS2) exhibiting optical

Kerr effect were recorded for various delays between the pump and the probe pulses in the single color, crossed-

beam configuration. Similar measurements were also taken for different average powers of the pump beam for a

fixed delay between pump and probe pulses for this configuration. For illustration, Fig. 5.2 shows the calculated

Mueller matrix for CS2, (MCS2) in this configuration for cell thickness of 10 mm with angle between pump and

probe beams α = 10.42◦) for a particular delay between pump and probe pulses. It should be noted that for

an ideal retarder (MQ1) in equation (5.1), all elements of the first row and first column are zero (except the

first element M(1,1), which is equal to 1). The elements M(2,3) and M(3,2) have the same value while the

elements, M(2,4) = −M(4,2) and M(3,4) = −M(4,3). If one compares this behavior with the measured

Mueller matrix MCS2 it can be observed that it resembles the Mueller matrix for a retarder, especially in the

region where the two pulses overlap.

The measured Mueller matrices for various delays between the pump and the probe pulse were decomposed

using Lu-Chipman polar decomposition described briefly in subsection 5.1.2 to yield the polarization param-

eters namely depolarization (∆), diattenuation (D) and linear retardance (δ ) using the set of equations (5.7).

Fig. 5.3 shows linear retardance (δ ) for carbon disulfide (CS2) cell (cell thickness = 10 mm) exhibiting optical

Kerr effect for different delays between the probe and pump pulse. The average power of these two pulses and

the angle between them (α = 10.42◦) were kept fixed during the measurements.

As mentioned before, the induced birefringence in liquid CS2 is proportional to the linear retardance δ and

in literature, there are a lot of different theories and models to map this optical response in carbon disulfide [102,

103, 118]. According to S. Idlahcen et al. [102], a very simplistic approach to model the induced birefringence

∆n in CS2 assuming its response to an incoming pump pulse (both Gaussian in space and time) governed by a

single relaxation process, at a position~r as a function of time t could be,

∆n(~r, t) =

√
πn2Ip0τp

2
exp

[
−x′2 + y′2

r2
p

]
exp

[
τ2

p

4τ2
0
− t− z′/vpump

g

τ0

]

×
{

erfc
[

τp

2τ0
− t− z′/vpump

g

τp

]
−A · erfc

[
τp

2τr
+

τp

2τ0
− t− z′/vpump

g

τp

]}
(5.8)

A = exp
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τ2

p

4τ2
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τr

]

1with respect to polarizer P1
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Figure 5.2: Mueller matrix (MCS2) for the CS2 cell (cell thickness = 10 mm) in single color, crossed-
beam configuration calculated for a particular delay (zero) between the probe and the pump pulse from
sixteen intensity measurements using rotating retarder technique. Angle between the probe and the
pump beam, α = 10.42◦. Note that the average power of both these beams was constant during these

measurements.
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(a) TD =−0.33 ps. (b) TD = 0 ps. (c) TD = 0.33 ps.

Figure 5.3: Polar decomposition derived linear retardance (δ ) for CS2 cell (cell thickness = 10 mm) for
various delays between the probe and the pump pulse in single color, crossed-beam configuration. Angle
between the probe and the pump beam, α = 10.42◦. Note that the average power of both the beams was

constant for all these measurements.
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where, n2 = 3× 10−15 cm2/W (from Table 4.1) is the nonlinear refractive index, Ip0 is the maximum pulse

intensity with rp and τp being spatial radius and time width of the pulse respectively, τr and τ0 are the rise time

(response time of the CS2 molecules to the pump pulse electric field) and relaxation time of the birefringent

effect and vpump
g is the group velocity of the pump pulse. x′, y′ and z′ are the rotated set of coordinates, rotated

by an angle α (angle between the probe and the pump beam) along the y-axis, with respect to the coordinate

system attached to the CS2 cell. The linear retardance or birefringence curve for delay =−0.17 ps between the

pump and the probe pulses in Fig. 5.3 was fitted using the above model with the following parameters: angle

between the pump and the probe pulses α = 10.42◦, rise time τr = 0.4 ps and relaxation time τ0 = 1.1 ps and

as one can see it fits fairly well.

The spatial shift in the induced birefringence in this crossed-beam configuration for various delays between

the pump and probe beams is clearly visible in Fig. 5.3. This is the fundamental reason for the spatial shift that

we observed in the time-resolved images obtained with this configuration in the previous chapter (Fig. 4.7).

Fig. 5.4 shows the polar decomposition derived linear retardance (δ ) for CS2 exhibiting optical Kerr effect

for different average powers of the pump pulse maintaining a constant delay between it and the probe pulse.

The average power of the probe beam for various measurements was kept same along with the angle between

Figure 5.4: Polar decomposition derived linear retardance (δ ) for CS2 cell (cell thickness = 10 mm) for
different average pump power and a fixed time-delay between the probe and the pump pulses in single

color, crossed-beam configuration. Angle between the pump and the probe beam, α = 10.42◦.

the pump and the probe beams (α = 10.42◦). A pair of lenses were also introduced in the path of the probe

beam before and after the CS2 cell to focus the probe beam at the CS2 cell and then the transmitted probe beam

at the CCD Camera in order to probe a smaller area of the Kerr liquid so that the changes in its linear retardance

with average pump power become significantly distinct as are visible in Fig. 5.4. Clearly, the value of the linear

retardance increases with the increase in the average power of the pump pulse. As is expected for this single

color, crossed-beam configuration the values of δ are not same on the left and the right sides of the probe beam

along x-axis for various powers of the pump pulse since this information on the two sides of the probe beam is

not at the same time.

Fig. 5.5 shows the polar decomposition derived diattenuation for CS2 for different average powers of the
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pump pulse and again while maintaining the same constant delay between the two pulses (pump and probe).

The value of the diattenuation over the entire spatial region appears to be decreasing with the increase in the

Figure 5.5: Polar decomposition derived diattenuation (d) for CS2 cell (cell thickness = 10 mm) for
different average pump power and a fixed time-delay between the probe and the pump pulses in single

color, crossed-beam configuration. Angle between the pump and the probe beam, α = 10.42◦.

pump power. Nevertheless, the value of diattenuation is small.

Figure 5.6 shows the polar decomposition derived depolarization (∆) for CS2 again for different average

powers of the pump pulse keeping a fixed temporal delay between the probe and the pump pulses. The value

of the depolarization (∆) increases with the increase in the average pump power for this crossed-beam config-

uration. The scattering of the pump beam by the liquid CS2 molecules increases as the intensity of the pump

beam is increased. This causes the multiply scattered light from the CS2 molecules to loose more and more of

its polarization information. And since the detector couldn’t separate this scattered light (originating from the

pump beam) from the scattered light (originating from the probe beam: ideally only this should be detected)

we observe an overall increase in values of the depolarization (∆).

5.3 Dual wavelength, collinear configuration

For single color, crossed-beam configuration presented in the previous section, it can be noted that due to the

presence of non-collinearity in the system between the pump and the probe beams, it is not possible to separate

spatial and temporal information so as to obtain separate two-dimensional mappings of the various polarization

parameters for each temporal window. Also if the angle between these two beams is decreased further (to

achieve collinearity) the clarity of the obtained data decreases due to the inseparable noise originating from the

scattering of the intense pump beam by the liquid CS2 molecules. To avoid the mixing of spatial and temporal

information retaining the clarity of the data we present in this section a collinear configuration which uses

separate wavelengths for the pump and the probe beams.
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Figure 5.6: Polar decomposition derived depolarization (∆) for CS2 cell (cell thickness = 10 mm) for
different average pump power and a fixed time-delay between the probe and the pump pulses in single

color, crossed-beam configuration. Angle between the pump and the probe beam, α = 10.42◦.

5.3.1 Experimental setup

The spatio-temporal Mueller matrices were measured for liquid carbon disulfide (CS2) in this dual wavelength,

collinear configuration - the schematic of the experimental setup for which is shown in Fig. 5.7. The probe

pulse λ = 400 nm here is generated using the principle of second harmonic generation with the β -barium

borate (BBO) crystal. The pump and the probe beams since have different wavelengths, it has been possible to

have them incident at the CS2 cell in a collinear fashion using the dichroic mirrors D1 and D2. A band pass filter

(F2) has been used to block any scattered red light (λ = 800 nm, from pump pulse) from being captured by the

detector. So, only the transmitted blue light (probe pulse) from the CS2 cell passes through PSA and is detected

by the EM-CCD Camera. Hence, we expect better spatial and temporal resolutions for this configuration as

compared to the previous crossed-beam configuration.

Also, note that for this frequency-doubled configuration the incident polarization on polarization state gen-

erator (PSG) is changed to vertical (relative to the horizontal in the previous configuration) because of the use

of BBO crystal for second harmonic generation. The frequency-doubled light (400 nm probe beam) will have

orthogonal polarization with respect to the incident polarization which in this case was horizontal (as the fs

laser produced linearly polarized pulses). Hence, the polarizers P1 and P2 were rotated by 90◦. This changes

the PSG matrix (W ) for this configuration to,

W (θi) =


1

−C2
θi
−S2

θi
Cδ

CθiSθi(Cδ −1)

−SθiSδ

 (5.9)

where again, Cδ = cosδ , Sδ = sinδ , Cθi = cos2θi and Sθi = sin2θi, θi’s being the orientation angles of the

retarder (Q1).



106 Chapter 5. Polarization properties of Kerr medium

Ag/2

λ/2

400

Blocked
~120 fs, 800 nm

Laser pulses

BS

M1 H2

M2

F1

BBO

M3

M4

D1

D2

Kerr medium

F2

To
detector

80
0

40
0

80
0

40
0

Delay
stage

P
ro

be
 b

ea
m

40
0 

n
m

8
00

 
n

m

P
u

m
p 

be
am

(8
00

 n
m

)

P1

P2

λ/4

Q1

Q2

λ/4

PSG

PSA

λ/2

H1 P3

Figure 5.7: Schematic of the experimental setup for double wavelength (two color), collinear configura-
tion. Nomenclature: {M1, M2, M3, M4} - mirrors, {P1, P2, P3} - linear polarizers, {H1, H2} - half-wave
plates, {Q1, Q2} - quarter-wave plates, {BS} - 30 : 70 beam splitter, {BBO} - β -barium borate crystal,
{F1} - neutral density filter, {F2} - band pass filter, {D1, D2} - dichroic filters, {PSG} - polarization

state generator, {PSA} - polarization state analyzer.
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And polarization state analyzer (PSA) matrix (A) changes to,

A(θi) =


1 1 0 0

1 1 0 0

0 0 0 0

0 0 0 0


︸ ︷︷ ︸

MPol at Horizontal

×


1 0 0 0

0 C2
θi
+S2

θi
Cδ SθiCθi(1−Cδ ) −SθiSδ

0 SθiCθi(1−Cδ ) S2
θi
+C2

θi
Cδ CθiSδ

0 SθiSδ −CθiSδ Cδ


︸ ︷︷ ︸

MRetarder

(5.10)

(symbols have same meaning as defined earlier with θi’s being the orientation angles of the retarder Q2).

5.3.2 Results

The spatial Mueller matrices for carbon disulfide (CS2) exhibiting optical Kerr effect were measured for various

temporal delays between the pump and the probe pulse. The measured Mueller matrices were ones again

decomposed using polar decomposition to yield linear retardance (δ ) shown in Fig. 5.8 for a CS2 cell of

thickness 10 mm and in Fig. 5.9 for a cell with reduced thickness of 1 mm. One of the major differences

Figure 5.8: Polar decomposition derived linear retardance (δ ) for CS2 cell (cell thickness = 10 mm) ex-
hibiting optical Kerr effect for various delays between the probe and the pump pulse in dual wavelength
(two color), collinear configuration. The average power of the pump beam was about 300 mW during

these measurements.

in these results, as is clear from the two figures, is that the delay duration - time over which the values of the

linear retardance (δ ) starting from a low value (implying that there is no or very little overlap between the two

pulses inside the CS2 cell) increases to a maxima (implying that the two pulses overlap completely inside the

CS2 cell) and then decrease back to its initial value, is large (∼ 6 ps) for 10 mm thick cell as compared to 1 mm

cell (∼ 1.5 ps). The reason being that the group velocities for 400 nm (probe) and 800 nm (pump) pulses are

different inside the CS2 cell, and so larger the cell thickness longer time or distance they will have to overlap
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Figure 5.9: Polar decomposition derived linear retardance (δ ) for CS2 cell (cell thickness = 1 mm) ex-
hibiting optical Kerr effect for various delays between the probe and the pump pulse in dual wavelength
(two color), collinear configuration. The average power of the pump beam was about 400 mW during

these measurements.

inside the cell.

Another significant observation from these results is that for 1 mm thick CS2 cell when the delay is de-

creased from 0.50 ps to 0 ps (maximum δ ) and then to−1 ps the change in the linear retardance of the cell does

not vary uniformly with the delay. It increases to the maximum value rapidly but decreases back to the initial

value slowly. This is due to the fast response and slow relaxation of the liquid CS2 and explains the asymmetry

in the time resolution curves of Fig. 4.11.

5.4 Conclusions

A complete polarization characterization of optical Kerr effect in CS2 has been done based on the spatio-

temporal Mueller matrix measurement (temporal delay < 1 ps) for both collinear and crossed-beam configu-

rations of the time-gate previously discussed. The frequency-doubled configuration being collinear in nature,

for any particular temporal delay between the probe and the pump pulse, obtained results in the form of two-

dimensional images contain information about the sample for the same time event since the overlap between

probe and pump pulse is uniform in time over the entire spatial region. Whereas in single color, crossed-beam

configuration there is a progression in time as one moves from one side to the other side of the time-resolved

image. This point has already been addressed in the previous chapter, however by measuring the induced tran-

sient birefringence in liquid CS2 for different overlaps between pump and probe pulses, we are certain about

this fact. Also, the spatial shift in the linear retardance (or birefringence) for various delays (see Fig. 5.3) is

confirmed in the crossed-beam configuration of the optical gate.

Apart from this we also observed some induced diattenuation in liquid CS2 at low pump power, which
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decreased as the pump power was increased (see Fig. 5.5). This tells us that there is a preferential transmission

along one direction based on the polarization of the incoming light (like in a polarizer), for low pump power.

But as the pump power is increased induced diattenuation decreases and transmission becomes more uniform.

We also observed about 50% loss in polarization of the probe beam at 400 mW of average pump power. The

reasons for this result are not clear to us.

Until now single color, crossed-beam configuration has been in use for time-resolved imaging which is

not very suitable for measurements due to various reasons discussed in the previous chapter. The collinear,

frequency-doubled configuration improves the optical gating technique and now as the Mueller matrix for

liquid CS2 is also known, in future, time-resolved Mueller imaging with ps temporal resolution is possible for

any dense scattering media like soot particle suspensions, low-pressure fuel-sprays, biological tissues etc. using

the approach highlighted below.

The collinear, frequency-doubled optical time-gate setup, Fig. 4.9 can be modified to include a PSG just

before the object plane and a PSA just before the detector (CCD camera). Such an optical setup would be

capable of measuring the time-resolved Mueller matrix for any optical medium. Mathematically,

MMeasured = MSample×MCS2 =⇒ MSample = MMeasured M−1
CS2

(5.11)

And later MCS2 could be used to get the time-resolved Mueller matrix for the sample.

Moreover, the intrinsic birefringence of the calibration oils or fuels could be used to estimate the mass

of the liquid in fuel sprays. As mentioned earlier, retardance represents an integrated effect of birefringence

over the path of the beam. In other words, δ ∝ L, where L is the thickness of the liquid as seen by the light

beam (mean path length of beam in the liquid). So, a simple calibration done for the measured value of linear

retardance (δ ) by varying the thicknesses of the liquid (calibration oil or fuel) could give us an indication about

the volume (or mass, since the density is known) of the fuel present in the optical path of the beam. However, it

should be noted that due to fast motion of the fuel sprays it is not possible to measure the Mueller matrix of fuel

spray using the rotating retarder approach (not a high-repetition measurement scheme). Although, another MM

measurement strategy could be developed (for example, using the Nematic liquid crystal based-reatarders) for

faster measurement of the entire 16-elements of the matrix and in case we are only interested in the estimation

of linear retardance, we do not need to measure all 16-elements of MM.





Chapter 6

Conclusions and future aspects

Development of optical diagnostics for high-pressure fuel injections possess many challenges: (i) small field

of view (or area of interest), (ii) high two-phase flow liquid density and (iii) high velocity of the liquid jet. Due

to these reasons, existing optical diagnostics must be improved or new diagnostic tools capable of dealing with

these challenges must be developed to keep up with the advancements in engine design and technology. This

gives us an opportunity not only to improve the experiments but also to think of ways obtained experimental

data could be analyzed to extract new quantitative information so as to overpass the present limitations. This

was the main objective of this work.

The classical imaging techniques utilizing an high-speed camera and a continuous light source for illumi-

nation were first tested on both injectors (Inj. A and Inj. B). It has been shown that for low injection pressures

(jet velocity∼ 100 m/s), the images obtained using these relatively simple imaging techniques could be used to

extract some interesting properties of sprays like, the spray penetration length & speed and spray (half) cone-

angles. The border of the obtained spray images at 300 bar of injection pressure was sharp enough to visualize

evolving liquid structures and ligaments as spray progresses in time. A method, called off-boundary displace-

ment, has been proposed to analyze the occurrence of such structures along the spray boundaries. Statistical

analysis of the corresponding plots to yield more significant results has not been performed yet due to the time

constraint, however the approach for doing so is highlighted. The evolution of the liquid structure velocity with

time after the SOI has also been shown, by using an algorithm which correlates two successive images obtained

with the high-speed camera (time between consecutive frames: ∼ 10 µs).

When the pressure increases, motion blur appears on the spray images illuminated with continuous light

due to rather long exposure times of the high-speed cameras (300 ns). This problem can be resolved easily by

using a short pulsed illumination (typically ∼ 1 ps, would be sufficient to freeze the motion of the spray with

respect to the detector), synchronized with a CCD or CMOS camera for single-shot (or low repetition) imaging.

A double-pulsed femtosecond laser source was used for imaging of fuel sprays issued with Inj. A at 400 bar

of injection pressure. The motive behind using a double-pulsed illumination was to use the obtained spray

image-pair (obtained with a suitable PIV camera) for velocity measurements by correlating the two images of

the pair. The time between these two images is of the order of a few hundreds of nanoseconds and therefore it

is possible to target spray issued at a much higher injection pressure using this approach. Statistical significant

spray velocity maps were obtained in this case by analyzing 500 spray images, one for each fuel injection. Due

to the low repetition rates of the commercially available ps or fs laser sources, this technique so far has been

limited to one image/image-pair per injection.

111
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To the best of our knowledge, for the first time a picosecond fiber laser has been used for high-speed spray

imaging by synchronizing it with an high-speed camera, instead of a usual single (or double) shot camera. This

has been possible because of the high-repetition rate (8 MHz) of the fiber laser source, which has been custom-

designed in our laboratory by another group according to our needs and is highly compact, cost effective (about

20 times cheaper than a Ti:Sapphire laser with similar specifications), stable against temperature variations

and vibrations and therefore perfect for spray applications. The fiber laser delivers 21 ps laser pulses centered

at λ = 1040 nm with pulse energy of about 0.3 µJ (average power 2.5 W) after two stages of amplification

process. The spray images obtained with this new ps fiber laser illumination are quantitatively compared with

the spray images obtained with continuous white-light illumination in terms of estimated spray edge length and

by measuring the spatial resolution with USAF test charts. The spatial resolution for the images obtained with

our fiber laser system was found to be 27.5 line pairs/mm (limited by the resolution of the high-speed camera),

compared to 16 line pairs/mm with continuous white-light illumination. The consequent improvement in terms

of resolution has therefore allowed to clearly observe liquid structures and ligaments with sharp boundaries.

Since the repetition rate of our fiber source is much higher than that of the most commercial ultrafast lasers

used for imaging, this feasibility study paves the way for studying high-pressure fuel spray with over a single

injection as the only limitation is now the frame rate of the high-speed camera. Further experiments are now

considered to exploit the full potential of this fiber source, for instance the study of the near-field dynamics of

the fuel jet using sequences of several pulses for obtaining a multiple exposure single spray image and later

using auto-correlation one could in principle extract spray velocity and acceleration along the spray boundaries,

as was done very recently by S. Moon et al. [125] for X-ray illuminated images.

The use of highly coherent laser pulses for illumination of sprays generates a lot of speckle and other

distortions on the images due to the interference and diffraction effects. A solution to overpass this problem

has been proposed: supercontinuum-derived illumination and it has been shown that during SC generation the

temporal coherence of the laser pulses has been destroyed beyond detection while they still remain partially

coherent in space. Nevertheless, the obtained spray images with SC-derived illumination were improved in

clarity, especially near the spray edges compared to those obtained with direct laser illumination. However this

improvement in spray images does not affect the spray velocities estimated using the cross-correlation based

approach as this is a pattern dependent approach and the presence or absence of the laser speckle in both images

of the image-pairs do not change the estimated velocity values. This has been verified by computing average

velocity maps for sprays issued using Inj. A at 400 bar of injection pressure with the two kinds of pulsed

illuminations (SC-derived and direct laser).

Various classical imaging techniques explored in this work, their advantages and disadvantages in context

of fuel spray imaging and what quantitative information could be extracted using them are summarized in

Table 6.1.

As you must have already noticed in Table 6.1, multiple scattering of light is listed as one of the drawbacks

for all of the classical imaging setups reviewed in this work. None of these simple optical setups are actually

capable of dealing with the multiply-scattered light from the droplet cloud surrounding the sprays. That is

why it becomes necessary to use and develop advanced optical tools for spray imaging. Of all the proposed

techniques in literature to separate multiply scattered light from different turbid media we chose to time-filter

the light signal after its interaction with sprays in order to get rid of multiply scattered light. Such a technique

makes use of ballistic or quasi-ballistic photons to obtain an image of the sample (sprays). The selection of
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Table 6.1: Summary of classical imaging techniques in context of fuel spray imaging.

Classical imaging technique Advantages Disadvantages

Imaging with continuous illumina-
tion and high-speed camera

(i) Very simple optical setup.
(ii) Studying time-evolution of
spray characteristics for every single
injection is possible.

(i) Motion blur for high-pressure in-
jections. (ii) Low imaging reso-
lution (in pixels) at high repetition
rates#. (iii) Reduced visibility due to
multiple scattering of light.

Imaging with pulsed illumination
and a CCD camera

(i) Motion blur is suppressed.
(ii) High image resolution.

(i) Acquisition rate limited by the
repetition rate of the ultrafast lasers.
(ii) Laser speckle (due to strong co-
herence of the laser pulses) degrades
image clarity. (iii) Reduced visi-
bility due to multiple scattering of
light.

Imaging with a picosecond fiber
laser and high-speed camera

(i) Motion blur is suppressed.
(ii) Time-evolution of the spray
characteristics could be studied.
(iii) Acquisition rate not limited by
the laser source anymore.

(i) Laser speckle (due to strong co-
herence of the laser pulses) degrades
image clarity. (ii) Low imaging res-
olution (in pixels) at high repetition
rates1. (iii) Reduced visibility due to
multiple scattering of light.

Imaging with supercontinuum-
derived illumination and a CCD
camera

(i) Motion blur is suppressed.
(ii) Laser speckle are reduced &
hence image quality is improved.
(iii) High image resolution.

(i) Acquisition rate limited by the
repetition rate of the laser. (ii) Re-
duced visibility due to multiple scat-
tering of light.

#As in present technology, the repetition rate is inversely proportional to the image resolution in pixels. Nevertheless, SIM series
high-speed cameras from Specialised Imaging doesn’t seem to have this problem, although it can only acquire 16 frames at once which
is usually not enough to record the complete evolution of the jet from the SOI until the end.

ballistic photons is achieved by using an extremely short (∼ 1 ps) optical time-gate, which comprises of a Kerr

medium, sandwiched in between two cross-state polarizers.

The classical crossed-beam configuration for ballistic imaging consists in dividing the incoming laser pulses

into pump and probe pulses. Probe pulses after passing through the spray are incident at the Kerr medium which

is activated using the pump pulses. The temporal delay between them is adjusted using a delay stage to make

sure that they arrive at the Kerr medium at the same time. Pump pulse induces a transient birefringence in the

Kerr medium which rotates the polarization of the probe beam and allows a part of it to pass through the second

(crossed) polarizer.

The problem with the classical crossed-beam configuration is the non-collinear overlap between the pump

and probe pulses inside the Kerr medium due to the finite beam sizes and the angle α between them. Temporal

characteristics of the optical gate have been measured for various angles (α) between the two beams. It was

found that the gate duration and transmission efficiency through the optical gate both depends on the angle α .

Moreover, a spatial shift was observed in the time-resolved images obtained for different time-delays between

the two pulses when the Kerr medium is placed at the image plane due to the finite beam sizes and the angle α .

And in case the Kerr medium is placed at the Fourier plane in order to reduce the beam size and thereby reduce

these effects (spatial shift, temporal dependence, etc.), the imaging spatial resolution degrades significantly due

to inhomogeneous transmission of spatial frequencies through the optical gate. Also, since this configuration

(in its primitive form) uses the same wavelengths for pump and probe beams there is a lot of unwanted noise

originating from the scattering of the intense pump beam by the Kerr medium.
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To solve the problems with the classical crossed-beam configuration a new optical arrangement with collinear

overlap of the pump and probe beams inside the Kerr medium is proposed for ballistic imaging of fuel sprays.

It consists in using type-I second harmonic generation in a BBO crystal to convert the probe from λ = 800 nm

to 400 nm for probing the sample (sprays) and then a pair of dichroic mirrors are used to combine pump

(λ = 800 nm) and probe (λ = 400 nm) beams to get a perfect overlap inside the Kerr medium, with α = 0. The

characteristics of the optical time-gate were measured and it was shown that there is a significant improvement

in the imaging spatial resolution with this configuration, since we need not place the Kerr medium at the focal

plane anymore. It can be placed anywhere in between the focal and image plane, as temporal characteristics

of the optical gate do not depend on the beam sizes in this configuration. However note that, the transmis-

sion through the gate depends on the induced birefringence in the Kerr medium, which in turn depends on the

intensity of the pump beam.

The temporal resolution of the optical gate with 1.0 mm liquid carbon disulfide (CS2) and 10 mm CS2 as the

Kerr medium was found to be ∼ 1 ps and ∼ 10 ps respectively. Such dependence on the thickness of the Kerr

medium is never observed in the classical crossed-beam configuration with same wavelengths for pump and

probe beams and hence they travel with exactly the same velocities inside the Kerr medium (carbon disulfide).

There is no group velocity dispersion. Whereas, in the collinear configuration the gate duration depends on

the thickness of liquid CS2, since pump (λ = 800 nm) and probe (λ = 400 nm) beams have different group

velocities in CS2 and so, thicker the Kerr medium is, more time the two pulses have for overlapping inside it

and larger is the gate duration.

Ballistic images of fuel sprays issued using Inj. A at 400 bar of injection pressure were obtained using

1.0 mm thick CS2 as a Kerr medium (resulting gate duration ∼ 1 ps) and it was shown for the first time that

using an optical time-gate in collinear configuration even the refracted light signal, which is merely 0.3 ps

delayed (for this particular case), could be separated from the ballistic/quasi-ballistic signal.

Nevertheless, the problem of laser speckle still remains in the time-resolved images of fuel sprays. That is

why the possibility of using supercontinuum derived light as the probe pulse in the time-gate setup for ballistic

imaging has been explored. The optical setup for collinear time-gate configuration was modified to incorporate

SC generation by focusing the fs laser pulses inside a water cuvette. After SC-generation a narrow band of

wavelengths was selected to be used as the probe beam for spray illumination. The imaging spatial resolution

for the optical gate with SC-derived probe beam is shown to have improved slightly.

Moreover, with SC-derived probe beam the difference in the temporal resolutions with and without SC for

1.0 mm and 10 mm liquid CS2 can be reduced by choosing an appropriate wavelength band close to the pump’s

wavelength (λ = 800 nm) as probe such that the group velocity dispersion is reduced to minimum. This would

allow one to use a thicker Kerr medium for higher transmission efficiency through the optical gate without

compromising with its temporal resolution.

The improvement in the spray images with SC derived illumination was demonstrated in Chapter 2. The

same was observed in the time-resolved spray images as well with the introduction of SC-derived illumination

in the OKE-based time-gate. It has been demonstrated by obtaining time-resolved images of sprays issued

using Inj. A at 400 bar of injection pressure 4.0 mm away from the nozzle, that the laser speckle is reduced in

the images obtained with collinear configuration where the probe beam is extracted from SC.

Like before, various optical configurations explored in this work for time-resolved imaging of fuel sprays

are enlisted with their advantages and disadvantages in Table 6.2.
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Table 6.2: Summary of various optical configurations for time-resolved imaging of fuel sprays.

Optical configurations Advantages Disadvantages

Single wavelength, crossed beam
(classical config.)

(i) Shortest temporal resolution.
(ii) Good efficiency.

(i) Low spatial resolution?. (ii) The
two sides of the images correspond
to different time-events. (iii) De-
pendence of gate characteristics on
beam sizes and angle b/w them.
(iv) Huge noise due to pump beam
scattering. (v) Laser speckle.

Dual wavelength, collinear configu-
ration

(i) High spatial resolution. (ii) Short
temporal resolution achievable at the
cost of efficiency.

(i) Large group velocity dispersion
in CS2. (ii) Laser speckle.

Collinear configuration with SC-
derived probe

(i) Better transmission efficiency.
(ii) Short gate duration. (iii) High
spatial resolution. (iv) Images with
almost no laser speckle.

(i) Substantial loss of energy during
SC generation.

?if Kerr medium is placed at the Fourier plane.

The perfect knowledge of the Kerr medium (liquid CS2) is necessary to fully understand the ballistic imag-

ing setup. That is why a complete characterization of the polarization properties of CS2 has been performed

by measuring all 16 elements of the Mueller matrix using the rotating retarder approach. The properties that

change (like retardance, diattenuation) upon incidence of the pump pulses at the Kerr medium were measured

for crossed-beam and collinear configurations of the optical gate. The effect of the pump power on the induced

retardance and diattenuation in CS2 were studied as well. It was found that the effect of induced birefringence

in the Kerr medium upon incidence of the pump beam in the crossed-beam configuration is only evident over a

small rectangular region, which shifts in space horizontally as the time-delay between pump and probe beams

is changed. On the contrary, in collinear configuration there was no spatial shift in the linear retardance values

upon incidence of the pump beam. With increase in the pump power the induced linear retardance increases,

which means an increase in the efficiency of the optical gate up to a limit. However, if a huge pump power is

used the polarization of the probe will rotate by an angle more than π/2, and a part of it will be blocked by

the crossed polarizer, thereby decreasing the transmission efficiency. Apart from retardance, some non-zero

diattenuation (polarization dependent transmission) was also induced in liquid CS2 upon incidence of the pump

beam, and this value decreased upon increasing the pump power.

The ongoing CANNEx project funded by ANR, which aims at investigating the influence of cavitation on

spray formation, was an opportunity for us to apply the imaging techniques proposed in this work to extract

some meaningful information about the spray. Due to the limited time, only classical imaging techniques

could be used so far to achieve some of the goals of this project. A double-pulse femtosecond laser with a

double-frame sCMOS camera was used for studying the variation of spray half cone-angles and velocity in

the near-field of the spray with the development of cavitation inside the nozzle of Inj. B. In the framework of

this project, an asymmetrical transparent injector (Inj. B) was designed at LMFA - École Central de Lyon and

images of internal flow at 300 bar of injection pressure were obtained at different times after the SOI. Also, the

corresponding needle-lift was measured for the injection duration.

A parameter average cavitation intensity has been defined and estimated using the images of internal flow

at different times after the SOI. Next, the influence of cavitation is studied on the near-nozzle spray velocity and

half-cone angles. Directly by looking at the spray images it was clear that the more cavitated side of the nozzle
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(due to asymmetric design of the nozzle) leads to a more complex spray, indicative of a better atomization

process. Similar behavior has been observed by other researchers as well with symmetric cavitations and it is

now believed that cavitation favors atomization. We also observed that cavitation intensity reached a maximum

even before the complete needle lift as opposed to the obvious expectation that cavitation would be maximum

at complete needle lift. The trend followed by the spray half-cone angles, as well, were found to be very similar

to that followed by the cavitation intensity. However, some discrepancies were observed in the velocity maps

(and profiles) on the two sides of the sprays apart from the asymmetric behavior due to cavitation.

Future aspects

In order to improve upon the transmission efficiency and temporal characteristics of the optical gate for time-

resolved imaging of fuel sprays it is necessary to search for better, preferably solid state Kerr media. Several

research groups are exploring the prospects of doped glasses – doped with oxides of bismuth (Bi2O3) [92,

95, 126], Bi2O3 with oxides of titanium (TiO2) [94], oxides of tellurium (TeO2) [99, 127] and glasses made

of other materials like selenium-based chalcogenide glasses [93] with an aim to replace the liquid CS2 in the

optical time-gate setup. Some successful attempts have also been made by W. Tan et al. [100,101] using tellurite

glasses for ballistic and time-resolved 3D imaging. However, none of their articles published so far compare the

efficiency of the tellurite glasses with liquid CS2 and occupying such materials commercially wasn’t an option

because most of these materials are manufactured in their own laboratories for testing purposes. Perhaps, in

future other new materials could be explored for such applications.

Some of the classical imaging techniques discussed in Chapter 2 of this thesis were applied to understand

the influence of cavitation inside the injector nozzle on the macroscopic properties of fuel sprays. Although

a more thorough investigation is required to understand the changes in spray characteristics due to cavitation

inside the nozzle. A large set of images must be obtained for both internal flow and fuel spray in the near-

nozzle region at different times after the SOI in order to obtain statistical trends concerning the near nozzle

exit velocities, off-boundary displacement diagrams, spray cone angle etc. Such statistical measurements are

necessary to establish a relationship between these external observable parameters and cavitation.

Further, sophisticated imaging techniques discussed in Chapter 4 could be applied to obtain a large number

of time-resolved images of the fully developed fuel sprays and the complexity of the spray edges could be

studied using the curvature scale space based shape analysis tools discussed in several articles, more common

in computer science applications for shape and geometry detection [58, 128–133].

The time-resolved imaging setup could as well be applied to other areas of science and technology, for

example in biology, it was been used for ballistic imaging [79,134] of tissue samples with an aim to distinguish

between malignant and normal cells. The morphology, composition and build up of different cells is different

in almost all multicellular organisms. A tissue is formed by a group of similar or different kinds of cells.

Due to the presence of various submicron structures like, mitochondrion, cell nuclei, golgi bodies etc. inside

each cell (in different numbers as well at times, depending upon the type and function of the cells), it scatters

light differently. An abromality at the cellular level could result in changing the composition of a particular or

various organelles inside the cells. This would theoretically mean that a normal and an abnormal cell would

scatter light differently. If we could detect this difference using non-invasive tools such as light we would be

able to diagnose a disease without any surgical procedures.
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Such diagnostics would be a revolution in the field of medicine especially for early detection of diseases

with late symptoms, such as cancer. It is now well know that in most forms of cancer, cells do not die when

they are supposed to but new cells keep forming at the same rate. This leads to the accumulation of these extra

cells in a small area inside our body, resulting in malignant tumors. A lot of research is being carried out for

early detection of such density changes in the tissues in our body. Analysis of the scattered light from such

malignant tissues could prove to be very useful in such applications. A lot of work has been done by various

researchers in this field using various kinds of optical tools [79, 134, 135].

Time-resolved imaging setup could be combined with the Mueller matrix measurement setup to obtain time-

resolved Mueller images of biological tissues with temporal resolution of ∼ 1 ps, with CS2 as Kerr medium.

Such measurements could be extremely useful in understanding the changes in the polarization properties of

light as it traverses through a chunk of tissue [85, 124]. Time-resolved measurements with supercontinuum

derived probe in the back-scattering geometry could provide in-depth information about the tissue samples, the

information coming from different layers of cells in tissues.
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ULTRAFAST IMAGING OF FUEL SPRAYS:
development of optical diagnostics, image processing

Abstract – Fuel atomization plays a very crucial role in determining the overall efficiency of diesel internal
combustion engines. This work focuses on developing fast optical diagnostic tools for the study of the liquid
fuel atomization with an aim to characterize the fuel sprays in the near-field of the injector nozzle. At first,
classical imaging techniques using continuous illumination with a high-speed camera and an ultra-short pulsed
illumination with a high-resolution CCD camera are reviewed. Next, the possibility of supercontinuum (SC)
derived illumination is investigated. It was observed that the spray images obtained with such an illumination
were almost free from laser speckle, which tremendously improved the clarity of these images. An application
of the classical imaging technique to a preliminary study of cavitation inside a transparent injector is presented.

In the next part of the thesis optical techniques to reduce the noise originating due to the multiple scattering
of light from its interaction with the fuel spray are studied. Optical Kerr effect based time-gate in its primitive
crossed-beam configuration is reviewed and a novel approach with collinear overlap of the pump and probe
beams for time-resolved imaging of fuel spray with time resolution ∼ 1 ps is proposed. Ballistic images of
fuel spray in the near-nozzle region with high spatial resolution are obtained. The possibility of using SC-
derived illumination with the optical time-gate configuration is also discussed. Preliminary time-gated spray
images obtained by using SC-derived probe beam for spray illumination in the optical-gate setup shows that
laser speckle is substantially reduced maintaining a similar time resolution.

The change in the optical polarization properties of the Kerr medium on introduction of the pump pulse are
completely characterized by measuring its Mueller matrix (MM). The polarization parameters – depolarization,
diattenuation, and retardance are then quantified by decomposing the measured MM using polar decomposition
formalism.
Keywords – Atomization, spray, high-pressure diesel injection, high-speed imaging, femtosecond laser, non-
linear optics, ballistic imaging, Mueller matrix imaging.

IMAGERIE ULTRA-RAPIDE DES SPRAYS DE CARBURANT :
développement de diagnostics optiques, traitement d’images

Résumé – L’atomisation du carburant joue un rôle très important dans l’efficacité globale du moteur à combus-
tion interne utilisant le Diesel. Ce travail se concentre sur le développement d’outils de diagnostics optiques
rapides pour l’étude de l’atomisation du combustible liquide, avec pour but de caractériser les jets de carburant
en proche sortie de l’injecteur. Dans un premier temps, les techniques d’imagerie classiques utilisant (i) un
éclairage continu avec une caméra à haute vitesse et (ii) un éclairage pulsé ultra-court avec une caméra CCD
haute résolution sont examinées. L’utilisation d’un supercontinuum (SC) pour éclairer le jet est testée. On
observe alors que les images de spray obtenues avec ce type d’éclairage sont presque exemptes de speckle, ce
qui en améliore considérablement la netteté. Une technique d’imagerie classique est ensuite appliquée à l’étude
de la cavitation à l’intérieur d’un injecteur transparent et une première approche de ce problème est présentée.

Dans la partie suivante de la thèse, la problématique de la réduction du bruit dû à la diffusion multiple
de la lumière sur le jet de carburant est posée. Les avantages et les inconvénients d’un montage utilisant une
porte optique à effet Kerr avec des faisceaux pompe et sonde non colinéaires sont présentés. Une nouvelle
approche avec des faisceaux pompe et sonde colinéaires aboutissant à une résolution temporelle de ∼ 1 ps
est proposée. Des images balistiques de sprays de carburant en proche sortie d’injecteur ayant une excellente
résolution spatiale sont ainsi obtenues. La possibilité d’utiliser un éclairage de type SC avec une porte optique
est également discutée. Les images de sprays réalisées par ce montage montrent que l’on réduit le specke tout
en gardant une bonne résolution spatiale.

Enfin, les propriétés polarimétriques du milieu Kerr utilisé lorsqu’il est soumis au faisceau pompe sont
caractérisées par la mesure de sa matrice de Mueller (MM). Les paramètres de polarisation dépolarisation, di-
atténuation et retardance sont alors quantifiés par décomposition de la MM mesurée, en utilisant le formalisme
de décomposition polaire.
Mots clé – Atomisation, spray, injection Diesel haute pression, imagerie à haute vitesse, laser femtoseconde,
optique non linéaire, imagerie balistique, matrice de Mueller.
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