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Abstract

In this study, a cylinder expansion test was performed using a square prism OFHC copper with
a cylindrical extrusion filled with Comp B explosive charge. A Valyn VISAR was used as a
measuring tool to record the expansion history of the cylinder by Doppler shift of the light
reflected off its surface, which subsequently was used to obtain the velocity history of the

square prism cylinder.

Quadrature fringe signals obtained from the square prism cylinder test were analysed using the
results still showing some traces of fringe jumps. Whereas the hands-on calculations were more
precise in correcting the jumps. This introduced some shifts in the velocity results VISAR
Push-Pull reduction software and hands-on calculations. The outcome of the two velocity
graphs (reduction software and manual) did not correspond. This might be due to the software
velocity which caused the variation in the two velocity results. Overall, both software and

manual methods resulted in velocity values that were difficult to draw conclusions from.

In an attempt to further understand the test results, the displacement curve were also reduced
from the velocity graphs. Although the trend of the displacement graph obtained from the
reduction software is comparable to the displacement graph published in literature for the same
test, the magnitudes of the values are still difficult to explain.

The cylinder design used in this study was tested for the first time and numerous challenges
rose up during setup and execution and are discussed. It is important for another test to be
conducted with an improved setup in order to achieve a reliable interpretation of the cylinder

test results.
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Chapter 1
Introduction and Background

1.1. Introduction
In a variety of instances, explosive weapons are used in populated areas in terror campaigns to
cause death and injury to civilians. Hence, more active and effective human responses are
needed to enhance civilian protection. Amongst the explosive weapons, there are Improvised
Explosive Devices (IEDs). An IED is a homemade device used to destroy, incapacitate, harass
and destruct®. IEDs come in various sizes ranging from the size of a food tin to the size of gas
tanks. These are easily transported from point to point with low risk of detection in the civilian
environment. Figure 1.1 shows that the most prevailing IED attacks occur on the roads?,

presenting a real risk to civilians.

@ Home (private home, not
compound)

@ Office or organization compound/
residence

) Project site (village, camp,
distribution point, hospital, etc.)

@ Other public location (street,
market, restaurant, etc.)

@ Road (in transit)
@ Custody (official forces/police)

Figure 1.1: " Location of attacks (1997-2017)"

As shown in Figure 1.2 during the years 2011 to 2015 the use of explosives as a weapon
increased, with 25 explosives used in the year 2013. Between 2011 and 2013, about 4300 IED
events led to an estimated 65 400 number of casualties recorded in 66 countries (Wilkinson,
Turns et al. 2017). In 2017 the recorded number of major incidents against humanitarian

operations was 158 which affected 313 aid workers in 22 countries®.
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Figure 1.2: "Trends in tactics (1997-2017)"

The destructive effects from IED incidences such as primary blast injuries e.g. disruption of
human tissue, traumatic amputations, and collapse of buildings are caused by the shock wave
which is produced in the surrounding. Explosive devices do not only damage the human body
but also damage property and public infrastructure. Secondary injuries are caused by the
fragments and other objects erupting from the explosion. Many commonly available materials,
such as fertilizer, gunpowder, and hydrogen peroxide, can be used in conjuction with other
explosive materials in IEDs. The commercial availability of the materials has led to an increase
of IEDs as the weapon of choice?. In order to combat the scourge of these devices, reliable and
quantitative methodologies are required to investigate the underlying technology used to create

these devices.

An essential facet of this methodology is the ability to determine the equation of state (EOS)
of existing and new energetic materials. This EOS is essential for the prediction of their
performance. However, quantification of the EOS is no easy feat because the theoretical
modelling of energetic materials is complex due to the extreme thermodynamic and chemical
environment during and after detonation. The Council for Scientific and Industrial Research
(CSIR) Landward Sciences use commercial software packages such as Ansys Autodyn, LS
Dyna and EXPLO 5 computer codes for modelling explosive material and calculate detonation
parameters>® . The modelling of explosive material in these software packages relies on the
EQOS to define the relationship among the state parameters for the explosive. There are several

EOS in use such as polytropic gas law equation, Lennard-Jones-Devonshire (LJD), Beker-



Kistiakowsky-Wilson (BKW), Jacobs-Cowperthwaite- Zwisler (JCZ) and Jones-Wilkins-Lee
(JWL). The JWL EOS is more common in the hydrodynamic calculation domain than the other
EOS because of its simplicity, relative accuracy and availability of data for most significant
explosives’. The JWL EOS describes the relationship between the volume, pressure and energy
of detonation products’®. The parameters for the EOS are obtained from the cylinder expansion
test®®. The Lawrence Livermore National Laboratory (LLNL) is known for being the innovator

of the cylinder expansion test in the world.

The cylinder test utilises an Oxygen Free High Conductivity (OFHC) copper tube, also refered
to as a cylinder, confining an explosive material. The cylinder is normally 300 mm long with
inner diameter of 25 mm?%-12, The normal procedure for recording the expansion characteristics
of the cylinder is that the tube is planar initiated at one end while a rotating mirror camera
records the expansion via streak photography at a slit in the horizontal plane approximately
200 mm from the initiation end. The streak speed of the camera is typically in the range of 2
mm/ps to yield high spatial and temporal accuracy over the approximately 20-50 ps time
duration of the event. The test is also normally performed in a helium atmosphere to reduce

shock refractions.

Analysis of the wall position of the cylinder is typically attained from 500 data points and the
data is fitted with a high order polynomials or specific functions. The data is complicated by
the fact that the early acceleration of tube is driven by successive compression and reflective
shocks and the motion is also affected by non-uniform pull-back. Due to the fact that the
position data is differentiated to obtain velocity and twice differentiated to obtain acceleration,

it is vital to obtain accurate recordings of the position with time during the expansion procedure.

1.2. Motivation for this study
At the CSIR DBEL testing facility, the standard infrastructure includes a Cordin ultra high
speed camera (UHSC) instead of a streak photography capability. The Cordin UHSC is capable
of producing framing records of up to 2 Mfps, but with a restricted number of frames (20-30)
at maximum frame rate. This Cordin UHSC is mainly used to record the expanding cylinder
wall during a cylinder excpansion test. The cylinder test has been perfomed only in open air.
In principle, the expansion of the cylinder can be captured at different positions and time within
the range of the frames and then used in a fitting routine to deduce the continuous motion of
the cylinder wall. However, the accuracy of the results obtained by the Cordin UHSC becomes

unsatisfactory since only 20-30 data points are obtained in comparison to the standard 500 data



points usually obtained with the streak facilitated test™>. Furthermore, the method of extracting
expansion data from the images captured by the Cordin camera is tedious and is likely to have

human errors.

Therefore it is important to investigate an alternative method to UHSC. The proposed
instrument, Velocity Interferometer System for Any Reflector (VISAR), gives direct velocity
results, thus no differentiation of position data is required. Direct velocity measurements play
an important role in dynamic compression research because it enables the determination of
mechanical parameters for materials under extreme conditions when mass and momentum
conservation are taken in consideration'®. This method simplifies the experimental operation,
and also reduces the system error among measured points. The VISAR can be used to measure
short duration shock wave and high speed motion produced by explosives®. In the field of
terminal ballistics, the VISAR has shown potential through four examples: 1) impact of a steel
rod against a steel target plate 2) in-bore acceleration of a projectile in a two stage light gas gun
3) expansion of high explosive loaded cylinder 4) hypervelocity impact of a steel ball against

an aluminium target®®.

Hence, the main aim of this study is to develop a cylinder expansion test setup that will utilize
a VISAR to observe and measure the radial wall expansion and register its velocity. This
approach is not new and has been previously suggested by’ that it can measure the wall
velocity of the expanding cylinder. The recorded data can later be used to determine the JWL
EOS parameters. The cylinder expansion test setup is designed with the knowledge gained from

many years of doing the test at the CSIR and from literature survey.

1.3. Problem statement
The goal is to investigate the use of the VISAR as measuring tool during a cylinder expansion
test in order to extract the JWL EOS parameters from the measured results for different
explosive compositions. The objective is to validate if the currently available VISAR tool can
be effectively implemented as an alternative to the UHSC method. The application will help
the CSIR in analysing the data from the same test in a much faster and easier way than in

previous years.
The research hereby proposed seeks to:

e describe the theory and methodology of direct velocity measurements;

e demonstrate calculation of velocity data from experiments;



e and investigate the feasibility of the VISAR measurement at CSIR DBEL testing
facility.

1.4. Dissertation outline

The chapters in this dissertation are organized as follows:

In Chapter 2, we give an overview of the cylinder expansion test, the method of obtaining the
JWL parameters from the cylinder test is discussed and formula involved are presented.
Chapter 3 gives a discussion on the optical velocimetry techniques that have taken over high-
speed photography. In this chapter, the discussion of the VISAR is lengthened since it is the
technique being used in the study. Chapter 4, presents the design of the cylinder expansion test
setup and the components used in the design are explained. The laboratory and field setups are
discussed including challenges that came forth with the setups. Some important steps followed
during the execution of the experiment are also discussed in this section including the operation
of the VISAR. In this Chapter 5, test results from the cylinder test are presented in graphs and
are discussed and the methods used to analyse the experimental results are presented. Chapter
6, the last chapter, gives a general summary and presents the conclusion of the study.

Recommendations of possible future work are also given.



Chapter 2
Cylinder test and JWL parameters

2.1. Introduction
In this section the cylinder expansion test is overviewed and the parametric dynamics to obtain
the JWL EOS parameters from the experimental results of the cylinder test are discussed. The
optical velocity interferometer techniques utilized to measure the expansion are presented in
detail.

2.2. The cylinder test
The cylinder expansion test is a technique that measures the relative performance of an
explosive, material deformation and at what speed the detonation products expand a confining
material'®*®, LLNL is reported to have discovered the cylinder expansion test around 1960 and
developed the standard used today by 1965%°. The cylinder expansion test is the source to a
great percentage of practical and reliable information about explosives; Gurney velocities,
Taylor angles and detonation velocities can all be assumed from cylinder expansion test
data®?!, Furthermore, the cylinder test is the only test performed that measures detonation
densities while the detonation is in progression??. According to Polk, it is among the classic

experimental tools in research that are related to detonation dynamics?.

Cylinder expansion tests consist of a high explosive casted inside an open ended copper tube?3.
The most used copper tube during experiments has geometries; 305 mm length, an outer
diameter of 25.4 mm and wall thickness of 2.6 mm as shown schematically in Figure 2.18.
These geometries provide enough distance for the shock wave to run to a steady state. In
addition, the geometries allow enough time (approximately 15us) to complete wall motion

measurement before the shock wave reaches the end of the cylinder®’.
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Figure 2.1: Standard experimental geometries of the cylinder test®°

At 210 mm position from the point of detonation of the main charge, it is where the wall
expansion is commonly observed because at this position the shock wave has reached its steady
state?>. There are also other examples of geometries that literature shows for the cylinder
expansion tests. The copper tubes can also have cross-sections, from miniaturized diameters of
12.5 mm with approximately 100-120 mm lengths to larger diameters of 76.2 mm with 400
mm length and 110 mm diameter cylinders have also been tested?*. The type of material of the
standard cylinder used is an OFHC copper®!°. The OFHC is used because of its ductility and
to avoid the spallation of the copper wall during the experiment!’. The explosion is normally
initiated at one end of the cylinder, e.g. at the top as shown in Figure 2.2, then the cylinder

expands radially as the detonation wave progresses inside?.

Figure 2.2: Photograph of a typical set cylinder. In this case a recording instrument is a Photon

Doppler Velocimeter (PDV) with an optical probe as a light launching tool?



In cases where the cylinder expansion is determined through optical imaging, detonation wave
passes through the observed segment, the cylinder wall expands outwardly and obscures
backlighting provided by an artificial light source such as an argon bomb (an inflated
transparent plastic bag filled with argon gas that is activated by the detonation of a secondary
charge)®*°. The argon bomb allows the shadowgraph, an example shown in Figure 2.3, from

the main explosion event to be captured without influence of the self-luminosity from the event.

Figure 2.3: Streak camera record captured from a cylinder expansion test?®

A sensitive explosive drives the argon bomb to ionize the gas inside the bag, eventually
produce light. The intensity of the output light is sufficient enough to overpower the intensity
of self-luminosity from the the main event?”?®, This also implies that the time for the main
event must suggest an effective lighting time for the argon bomb?®. Figure 2.4 show a schematic
of a typical setup of the entire cylinder expansion test with an optical imaging system and an

argon bomb.
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Figure 2.4: Schematic configuration of the cylinder expansion test setup- adopted from*°

Snyman and Olivier employed a diffusing screen made from Lexan between the argon bomb
and the cylinder, as shown in Figure 2.5, to reduce the direct luminosity into the recording
UHSC and simultaneously providing enough contrast lighting for a complete shadow of the
cylinder®. The detonation wave is usually assumed, without being confirmed, to have smoothed
itself out by the time wall measurements are made?®. After the detonation of the explosive,
reaction products occur in a gas state. The elastic-plastic properties of the cylinder allow it to
expand to three times the original diameter, with velocities of interest at radial distances, 6 mm,
12.5 mm and 19 mm®3, In Figure 2.5, the frame serrated on both left and right sides functions

as a metric scale for the expansion diameter®.

Frame

Figure 2.5: Cylinder setup with diffusing Laxen screen and serrated frame. A view for the
recording UHSPC®



A few assumptions are adopted during the derivation of the relationship between parameters
of the detonation products that result from the cylinder test. It is assumed that during

detonation’? :

e All kinematic processes in relation to central cylinder surface are assumed to remain
constant for the entire expansion phase.

e The cylinder wall is incompressible.

e The detonation wave is planar and in a steady state.

e The explosive material transforms to detonation products immediately upon arrival of
the detonation wave.

e Gas products have negligible viscosity.

It is also difficult to recognize the instant initial expansion of the copper tube because the
cylinder motion is unstable at the early stages of expansion®. Upon detonation the shock wave
progresses through the cylinder at a detonation velocity “D” as indicated in Figure 2.6. The
shock wave is accompanied, from behind, by a flow of gaseous detonation products “W” of
extremely high pressure®33. It is the gaseous products that causes the wall expansion of the
cylinder®. In the progression of detonation, the shock wave reflects through the wall in
alternating series of compression and expansion waves. The expansion waves influence the

expansion of the cylinder wall?°.

During the cylinder expansion test, the employed measuring diagnostic usually observes the
most favourable flow conditions, when detonation has reach its steady state®. The steady state
occurs at the end of the reaction zone known as the Chapman Joguet (CJ)3*, where CJ condition
must be considered. Since the cylinder wall is assumed to be incompressible during detonation;
the stream of gas passing through the cylinder enclosed by a circle of original surface area is
equal in quantity to the gas spreading out through the expanded surface area of the cylinder®.
According to the conservation of mass this relation is expressed in Equation 1 using variables

indicated in Figure 2.6 as;
n(rg —rf) = n(r3, — rf) = Area Equation 1

Where 1;, and r,, are the radial positions of the inner and outer original surface of the cylinder,
respectively, and r; and r, are the radial positions of the expanded inner and outer cylinder

wall, respectively?!,
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Figure 2.6: Schematic showing the flow conditions of the detonation products in an expanded

cylinder- adopted from®

2.3. Parametric determination of the JWL EOS parameters from the cylinder
test results

The results obtained from the cylinder expansion test, in practice can be used to determine the
JWL EOS parameters®°. Differentiation of the radii obtained from images of the expanded
cylinder wall at different positions, leads to obtaining the velocity history of the expanded
cylinder. Velocity at particular wall expansions is of greater interest, although the wall
expansion radius is of importance in studying the effects of EOS parameters®*. EOS of
detonation products are mathematical expressions which describe particle streamlines behind
the chemical reaction zone. Laboratories and research groups use these EOS to predict the flow
trajectories associated with energetic materials®®. Once the radial expansion history of the
cylinder wall is obtained, a curve relating pressure to specific volume (P = P(V)) for the
explosive detonation products can be reconstructed. The P = P(V) curve describes the
adiabatic expansion from the CJ state (Pcy, Vci). Where, Pcy and Vc; are pressure and volume
at CJ state conditions, respectively. The procedure leading to the P = P(V) curve requires;

e double differentiation of the radial displacement to obtain acceleration;

e calculation of pressure as a fuction of acceleration;

e and determination of the density as a function of radius and gas velocity.
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Once all the variables have been determined numerically, Pc; and V¢; can also be obtained.
Another useful quantity which can be determined from pressure and volume is gamma, the
ratio of the specific heat. All these variables are presented in detail by Polk?!. Once all the
variables are obtained, the JWL EOS can be fitted into the experimental data obtained. JWL
EOS is used to calculate the products state as they expand from a certain high-pressure, high-
density condition following the chemical reaction to some terminal state at normal pressure
and gaseous density®®>. The JWL EOS is a Mie-Gruneisen based EOS formulated from
experiments by Jones and Miller, Wilkins and Lee®, hence the acronym “JWL”. Jones and
Miller formulated calculations for initial conditions that can be utilized as an initial point to
determine the relation between pressure, volume and temperature in the detonation shock front
at different loading densities during an adiabatic expansion of a material®’. The Jones’ relation
IS given as;
P=Ae RV -B-CT Equation 2

Subsequently to add on the equation by Jones, Wilkins developed an equation using spherical

metal expansion experiment. The equation is given as;
_a _ w\,-Rv  @E ;
P = et B (1 RV) e +5 Equation 3
Where A, B and C [GPa] are pressure coefficients and R is the eigenvalues. E is the internal

energy of detonation products per unit volume [GPa], w is the fraction of the adiabatic
exponent.

- C .
P(4) = o5 +Be ™V + Equation 4
Where;
_,_@1 :
= A0 1w Equation 5

V is the relative volume given as V = VL A is an abbreviation for adiabat and the pressure in

megabars (Mbar). Wilkin’s®® work responded well to both hydrodynamic and experimental
calculations with highlights on the initial stages of detonation products expansion. Later, Lee
extended the work by Jones and Wilkins by developing an equation from cylinder metal
expansion results. The equation obtained can also be used for the expansion of detonation
products involving large geometries®. The final equation from Jones, Wilkins and Lee’s work

in its general form is given as;
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P=A(1—$)e‘R1V+B(1—$

) e RaV 4 “’TE Equation 6

Urtiview and Hayes® revisited the JWL EOS to introduce a dynamic condition to the equation.
The study also provided a complete description of the principal eigenvalue “R1” and secondary
eigenvalue “R>” that lead to a well behaved gamma profile. Equation 7 presents transformed

vesion of the JWL EOS that satisfy isentropic flow conditions of detonation®**®.

P = Ae R1V 4 Be RV 4 cy—(@+D) Equation 7

e

1% 2" 3rd

The constants w, R;, R,, A and B govern the amount of energy available to do work between
early and expansion times. The complete adiabatic expansion region is controlled by the three
terms making up the JWL EOS, and that control is reproduced in the shape of the gamma
profile as shown in Figure 2.7%. The behaviour of detonation products at high pressures and
low expansion ratios is defined by the first term of Equation 4. The principal eigenvalue R:
dominates the wave shape at and near the gamma profile near the CJ plane as shown in Figure

2.7. It dominates up to where velocity of the explosive gas particle becomes zero®.
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Figure 2.7: "Contributions of various terms in JWL EOS to total adiabat” (adopted from3®).

In Figure 2.7, the intermediate pressure zone, 2" term of Equation 4, is the isentrope in the low
pressure area’. In this term the secondary eigenvalue R along with the energy value Eo controls
the transition region before the adiabatic exponent (w + 1) takes over®®. And the large
expansion ratio is described by the third term of Equation 4, the adiabatic expansion ratio’. It
is a variant of the ideal gas equation where the pressure is a power function of the volume. It
IS necessary to have this term, since the function must approach the ideal gas equation at very
large expansions. A detailed description of the variables that make up the three terms in
Equation 4 is given by Urtiview and Hayes®. Barker et al provided a thermodynamic and
mathematical background of the JWL EOS. The study also presented an analytic cylinder
model as well parametrization method. Barker achieved an excellent agreement in the
prediction of cylinder velocities between the diagnostic cylinder test and high rate continuum
modelling®. One of the advantages of the JWL EOS is its practical nature and the large enough

data base of experimental and popular explosives it supports®.
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Chapter 3

Optical velocity interferometer techniques

3.1 Introduction
High speed photography, for many years, led as the only method used to gather experimental
data from the cylinder expansion test in order to derive the JWL EOS parameters. The velocity
of the cylinder as it expands radially would be determined by differentiation of the cylinder
radial expansion displacement points from the captured photographs. Later in the years a
number of optical interferometer velocimeters were developed which directly measure velocity
from the expanded cylinder during a cylinder expansion test. Velocity interferometers are used
to obtain material properties under high pressure acceleration and shock loading conditions®.
A homodyne-based velocimeter was verified to measure up to a maximum velocity of 12
km/s*L. All optical velocimeters operate in the same principle regardless of their arrangement;
Doppler shift of the coherent incident beam upon reflecting off a surface in motion with the

aim to determine the velocity of the target*>43,

Most interferometer techniques require the target surface to be reflective and sometimes be
tilted slightly during detonation**. Optical fibers are utilized to send the incident light to the
target and collect the light reflected off the target because of their versatile and robustness that
enable remote operations®. In this chapter, three most popular velocimetry systems in the field
of explosive research will be discussed. They are, Fabry-Perot Interferometer (FP1) developed
in the 1980s by LLNL, the Photon Doppler Velocimeter (PDV) which was reported in 2006 by
LLNL and Velocimetry Interferometer for Any Reflector (VISAR) developed in the late 1960s
by Sandia National laboratories*®. Both the VISAR and Fabry-Perot are based on the
determination of the velocity of fast-moving surface by the Doppler Shift of reflected light.

Due to their implementation they have their advantages and disadvantages*®.

3.2. Fabry-Perot Interferometer (FPI)
The Fabry-Perot system was developed at LLNL as the basic of the standard diagnostic for
measuring kilometre-per-second velocities on explosive experiments*’. It records data on
streak cameras, which have limited record lengths. FPI has a simple structure, its high
resolution has been verified to be a controlling tool in many of its applications*®*°. In shock

waves experiments, FPI can measure targets free surface velocity ranging from 100 to 8000
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m/s with recorded durations varying from 0.2 to 100 ps*. Figure 3.1 shows the schematic of a

FPI system.

Figure 3.1: Fabry-Perot Interferometer System

FP1 makes use of reflections between two closely separate glass plates which function as
mirrors that partially reflect and transmit light multiple times*. Figure 3.2 shows the working
principle of the FPI. A ray of light reflected by the target surface enters the interferometer. The
light come across two mirrored plates. The two plates, M1 and M2, are parallel and separated
by the distance “d” which is typically a few nanometres*. In the FPI light goes through the
first mirror “M1”, once it encounters the second plate “M2” a fraction of the light gets reflected
multiple times with insignificant amount of energy escaping from each reflection®®0. The
smaller fraction gets transmitted through “M2” and the larger fraction is reflected. For every
occurrence of reflection and transmission, the wave amplitude is split into two fractions. This
results in a path length difference between subsequent transmissions which produce
interference patterns. The angle at which constructive interference occurs changes with
frequency of the light going to the FPI, hence forming contracting or expanding rings

diameter®.
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Figure 3.2: Illustration of the working principle of the FPI- adopted from*

As shown in Figure 3.2, at the focal point of the output lens to the detector, rays that reflected
from the same ray are brought to the same point. These rays reach the detector as rays that are
parallel to one another. The motion of the reflecting surface, influences the diameter of the
circular fringes relative to wavelength*?. Basically, FPI relies on the fringe position captured
to obtain velocity information®. The main advantage of the FPI system is that it does not
measure intensity vs time, rather position vs time®°. Even if the intensity of the reflected light
changes due to alterations on the surface of the target, the position recordings do not get
tampered with. In addition, data is easily reduced and from analysing a single photograph,
difference between acceleration and deceleration can be recognised; unlike in a case where the
intensity is recorded, the fringes signal has to be in quadrature*?. The FPI can impressively

handle more than one reflected frequency of light, that is why it is regarded as reliable®%°2,

A Fabry-Perot system uses free-space interferometers and streak cameras for each data channel.
The disadvantage is that components are costly, complex, require maintenance and operator
setup, require a custom-built optical table and with all these components occupy quite a bigger
space. The Fabry-Perot system also uses a large YAG laser whose output is doubled to 532 nm
because the streak camera photocathode is insensitive in the infrared region of the spectrum.
Even if the Fabry-Perot velocimeter produces excellent data, limitations in the entire channel

count remain due to its size, cost, and complexity®:.

3.3. Photo Doppler Velocimetry (PDV)
PDV is a displacement interferometer that operates by telecommunications optical components

of high-bandwidth®°, It is a heterodyne velocimetry technique, following its development
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around heterodyne detection using near infrared (1550 nm) single-mode fibre technologies*>2,

In this technique, light fringes correspond to a displacement of the measured surface of half a
wavelength of the incident laser light®. PDV operates by superimposing a portion of both the
incident and reflected Doppler Shifted light and measuring the beat frequency which is
proportional to the surface velocity of the moving target*®4"%, The heart of a PDV is a Mach-
Zehnder Interferometer (MZ1). The principle on which the MZI operates is given schematically
in a PDV setup shown in

Figure 3.3. Generally, light trarvese through an optical fibre to the probe that launches it to the
target in motion. The system is designed such that, a fraction of the incident light by-passes the

probe and traverse straight to the detector as non-shifted beam*’.

fi
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Figure 3.3: Schematic of PDV with a cylinder as target- adopted from*’

In

Figure 3.3, the frequency of the incident beam is “fi”” and the Doppler shifted beam is “fg”.
The two beams carrying varying frequencies (fi and fq) traverse to a detector systems with a
bandwidth high enough to respond to their varying frequencies, that is the beat frequency. At
visible and infrared wavelengths, the non-shifted beam frequency and the Doppler shifted
frequency are higher than the detector response; and as a result appear as continuous wave
components in the detector signal®. PDV has proved to give output signals of good quality in
difficult field setups. It has replaced velocimetry diagnostics of lower quality. Hence, it is called
the * velocimetry for masses™. PDV system is quite simple to put together and uses

components available on-shelf. Similar to the FP1, PDV can measure multiple frequencies®®.
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3.4. Velocity interferometer for Any Reflector (VISAR)

Shock compression experiments using velocity interferometry has been in use for many years,
but such measurements were uncommon until Barker and Hollenbanch developed a VISAR in
19721444 The VISAR optically detects fast motion of a reflective or diffuse target surface and
converts the detected motion into velocity measurements by Doppler-shifting the light upon
reflection**. It is built on a Wide Angle Michelson Interferometer (WAMI), which is described
to demonstrate a feasible interferometry system for velocity measurements'*®’. Literature
describes the WAMI as early as 1941, WAMI is a modified Michelson interferometer in
which light propagating through one of its two paths (or sometimes referred to as legs) is
delayed by an etalon glass of specific length and refractive index. The configuration of the
WAMI is such that, both paths are equal in length but light is delayed in time on the path with
an etalon due to the optical path difference. Figure 3.4 shows a schematic of a WAMI
configuration.

L1 L2

M1 _—

Input . T~
beam - ) 4_>___ -+

BS

Figure 3.4: Schematic of the WAMI (Joshi, Rav et al. 2011)

In Figure 3.4, the virtual length of "L," is equal to “L, — x”” which must be equal to the actual
length of "L," for interference to occur®’. Therefore the distance “Xx” between the M2’ and M2

is given as**®":
x=h(1-) Equation 8
Where h is the length of the etalon and n its refractive index.

If the actual length of the leg with etalon is L,, it means that the laser light travels a distance of

L, —hinair and h in etalon. The derivation of this delay time in the etalon is as follows;
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T= 2[(LZC_h + nh) — (ﬂ)]; Equation 9

_ 2[(L2C‘h n n%) _ (LZ_X); Equation 10

Substituting Equation 7 in Equation 9 results in the following expressions;

2((=+nd) = {(2) -2 (1-D)h; Equation 11
2[(@ + n%) - (L—CZ) + % - %]; Equation 12
2 [n—ch — %] Equation 13

Therefore, light is delayed on one path by t equating to;

T= Zg[n - ﬂ Equation 14
When “L, —x” is equal to “L,”, good fringe contrast can be obtained even with lighted
reflected off a diffuse surface, hence spatial coherence of the light is not required. Unlike in a
Michelson Interferometer (no etalon used), the long path length difference in the interferometer
requires a good mirrored target surface in order to maintain spatial coherence on the reflected
beam. This reflected beam is an incident beam on the VISAR interferometer®4. The delay time
brings a difference in the times at which the Doppler shifted light transit through the two paths
so that not only good fringes are obtained but also the motion of the target surface is detected**.
In addition to the etalon, another slight delay is brought by a retardation plate (1/8 wave-plate)
whose function is described below under the discussion on Push-Pull VISAR. Similarly to
other FPI and PDV, the VISAR make use of a fibre optical arrangement to direct the laser light
to the target and collects the reflected back scattered light signal into the interferometer. The
VISAR has been improved through out the years to be a more effective velocimetry
interferometer. For the purpose of this study, in this section only a Push-Pull VISAR will be

discussed.

3.4.1. Push- Pull VISAR Theory
The Push-Pull VISAR is a significant improvement of the previous VISAR (Conventional

VISAR), mainly in experiments with minimal laser power where incoherent light is strong
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(Dolan gives a detailed description of a conventional VISAR)!. Basically, the Push-Pull
VISAR uses the interferometer signal normally wasted in a conventional VISAR to improve
signal®®. Figure 3.5 shows an oscillograph of the signals from the two VISAR systems

mentioned above.

The first signal in Figure 3.5 is one of the two interferering quadrature coded signal recorded
in the conventional VISAR since it has a single polarizing beam splitter. The quadrature signal
in the middle was previously wasted in the conventional VISAR because light, upon
recombination at the beam splitter traverse two different directions. In a Push-Push VISAR
both light signals are retained and traverse to two built-in polarizing beam splitters. The third
signal shown in Figure 3.5 is two quadrature coded signals from a one of the two Push-Pull
VISAR polarizing beam splitters after they have been differentially amplified. The “zero
interference” line indicates the non-interefering fraction of the signal which in the
photodetectors, the amplification factors cancels out and hence results in no interference®®.
 INGREASING LIGHT TIME—e= = 50ns

!

CONVENTIONAL VISAR SIGNA
|- —— ZERCQ LIGHT

W
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———— ZERO LIGHT e

L L

MODIFIED VISAR SIGNAL
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Figure 3.5: Comparison of simultaneously obtained conventional and Push-Pull VISAR

signals- adopted from>®

Push-Pull VISAR is created through subtraction of appropriate pairs of signal coming from
two polarizing beam splitters!*. The pairs of signals are doubled and subtracted to remove the

noise embedded in the incoherent signal, a noninterfering signal®. This subtraction is
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performed by the differential amplifiers'®. The fringe shift resulting from the surface target can

be recorded by streak camera. However, oscilloscopes are more common available since the

streak camera is more expensive. Figure 3.6 shows a schematic of the “heart” of a Push-Pull

VISAR system.
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Figure 3.6: Configuration of the “heart” of a Push-Pull VISAR- adopted from®

In Figure 3.6, the dashed red rectangle demarcates the VISAR’s WAMI. In this study, the
description of how the light transit the VISAR is based on the Valyn VISAR module shown in
Figure 3.7. Valyn VISAR is a multi-beam Push-Pull VISAR. The description takes into account

the optical components, which come already installed as shown in Figure 3.7, directing the

light to the interferometer and to the signal processing system.
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Figure 3.7: Valyn VISAR module showing the light path

The VISAR module contains the interferometer (WAMI) and relevant optical components
which are fixed in a box like housing as shown in Figure 3.7. Inside the module, the Doppler
shifted light first encounters a collimator where it gets collimated before it is further
transmitted. The collimator consists of a plastic Flexalign assembly (1) in an aluminium
housing. In front of the Flexalign is an iris diaphragm which allows for easy attenuation of the
light signal by decreasing the beam diameter coming through the collimator. The light signal

from the collimator encounters the Utra-Narrow Bandpass (UNBP) filter (2).

UNBRP filter passes only light within about +/- 0.5 nm of the 532 nm laser wavelength. It passes
only 40% of the laser light. Its purpose is to minimize white light from the event which could
unfavourably affect the outputs from the VISAR’s fringe signal recording photodetectors. After
the UNBP filter, light goes to two high-efficiency oval mirrors 3a and another mirror in 3b
fitting. The two mirrors are coated to reflect over 99% of 532 nm wavelength light when the
angle of incident is 45°. The mirrors position the beam to enter the interferometer. After the
light passes the second mirror in 3b, it passes through a 500 mm focal length lens also in 3b

fitting which keeps the beam as small as possible when traversing into the interferometer. The
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interferometer optics are nearly perfect for the small optics than for larger one which is crucial

for the beam size to be small.

From the lens, light encounters a BIM beam splitter assembly (4) where a small amount, about
8%, from the Doppler shifted light is split for the BIM photomultiplier unit via the mirror (3c)
to the BIM fibre optic pick-up lens (6). The BIM beam splitter is oriented and tilted for precise
centering of the reflected light on the BIM fibre optic pick-up lens enroute to its own PMT.
The BIM detects any change in the intensity of the light reflected off the target surface.
Intensity changes result mainly from shock-induced changes in reflectance of the surface 4. The

rest of the light split by the BIM beam splitter goes to the interferometer beam splitter (5).

The 50/50 interferometer beam splitter is the first component of the VISAR’s interferometer
(WAMI) components. It is coated to split the beam with 50% transmission and 50% reflection
on one surface and the other surface is anti-reflection (AR) coated for less than % % reflection
at 532 nm wavelength. This beam splitter splits light to traverse through the two interferometer
paths and gets reflected back by the two high-efficiency interferometer mirrors (7a and 7b) in
the paths. One mirror (7a) is mounted on a piezoelectric translator. By varying the voltage to
the translator through BIAS potentiometers, varies the path length towards (7a) of the
interferometer by a few wavelengths of light. Variation in the potentiometer setting allows for
a production of a few fringes, a feature which allows for the alignment of the interferometer,
for checking of the alignment and fringe contrast, and for setting the refraction sensitivities of
the recording oscilloscopes*. Mirror (7b) is held by a metal tube which mounts a one-eighth
wave-plate (8). The one-eighth wave plate retards the P component of the light by a phase
angle of 90° with respect to the S component of the same transmitted light. Thus, at the point
of recombination on the beam splitter, the S and P components form two fringe patterns that

are 90° out-of-phase*.

Afterwards, The light carrying 90° out of phase fringes get separated from each other by the
pair of polarizing beam splitter (9a and 9b). The polarizing beam splitters separate the
horizontal polarized light fringes from the vertical polarized light. The polarizing beam splitters
utilize a Bouricious and Clifford method where half-S and half-P polarized light signals are
obtained by polarizing the incident Doppler shifted light at 45° to the vertical®*.

The four signals carrying fringe information are directed through pick-up lenses (1A-1B and
2A-2B in Figure 3.8) to their individual photomultiplier tubes (PMTSs) housed in a unit referred

to as a POD-4 inside the signal recording system (beam module) as two pairs of 180° out of
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phase signals. The PMTs transform the fringe signals into voltage signals. The low-noise PMT
unit from Valyn has a high voltage range of -700 to -1000 V with a 1.0 rise time. The two
differential amplifiers shown in Figure 3.8 amplify the four voltage signal from the four PMTs.
The 90° phase difference is accomplished by the pair of differential amplifiers between 1A-2A
and 2A-2B quadrature output signals from the PMTs. Each differential amplifier subtracts each
pair of signal with respect to 90° relationship phase of the two signals. Thereafter the resulting

voltage signal is amplified by a factor of 10°.
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Figure 3.8: Light signals from photomultiplier tubes to differential amplifiers- adopted from®!

The amplified pair of voltage signals gets plotted on the amplified monitoring oscilloscope
(AMO) as a Lissajous graph. Steady Lissajous figure can be achieved by optimizing alignment
in the interferometer by using two of the three BIAS potentiometers on the ramp generator,
which vary the voltages to the three piezoelectric elements in the PZAT. A 2 s duration setting

on the ramp generator is important to get visible fringes but can be ramped up to 100 ms once
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the Lissajous has been obtained. The ramp generator’s ramp capability produces fringes at

speeds from very low to about 1 kHz.

A steady Lissajous graph is important since it indicates that the entire setup is ready for
measurement. It indicates a number of things going on; (1) the laser is on (2) target surface is
well prepared (3) light is going into the VISAR module (4) light is coming out of the VISAR
module and (5) the photomultiplier tubes in the beam module are well functioning. The
recording oscilloscopes track the voltage signal from the AMO in the beam module in the form
of sine waves, which results from the changes happening on the detonation driven target. The
entire VISAR system consists of a laser, optical probe, VISAR interferometer module, signal
processing system known as the beam module, recording oscilloscope. Figure 3.9 presents a
schematic of the entire VISAR system instrumentation, where a spectral reflecting cylinder is

assumed.
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Figure 3.9: VALYN VISAR complete set-up- adopted from®*
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One of the great advantages of the Push-Pull VISAR is the four quadrature outputs with a
distinct phase it provides that enables it to provide a level of accuracy in velocity
measurements®®. The quadrature fringe recording, not only makes the determination of the
fringe count, very accurate, but also distinguishes acceleration from deceleration automatically.
This is mainly useful when the velocity history is complicated, which occurs when a target

under detonation vibrates due to internal reflections of a single or many waves®.

3.4.2. Applications of VISAR
The main application of VISAR has been in the measurements of free surface velocity histories
of shocked plates in impact arrangement. This work has reported also a study that describes
application of VISAR laser interferometer in the field of terminal ballistics'®. The study
highlighted examples in which the potential of this instrument could be presented; that is
“impact of a steel rod against a steel target plate, acceleration of a projectile in a two stage light
gas gun, expansion of high explosive loaded cylinder and hypervelocity impact of a ball against
an aluminium target”*®. Hongliang et al®® reported on the application of the Push-Pull type
VISAR for measuring the ablative acceleration of strong pulsed laser beam driven foil plates.
They employed an electronic streak camera to record the fringe pattern. The optical system
developed in the study indicated all the advantages of the Push-Pull type VISAR with a time

resolution much higher than the conventional type VISAR®.

VISAR is also applicable in window interferometry for getting information about either
compressive or rarefaction shock wave profiles. This can be done by fastening an appropriate
optical transparent window at the rear surface of the target and record velocity history at the
interface between target and window®’. VISAR’s leading advantages are the nanoseconds rise
time, approximately 1% to 2% accuracy and its capability to monitor both a specular and diffuse
reflecting surface!®. Resnyansky et al®? used a numerical analysis that confirmed the VISAR’s
ability to resolve processes on the nanosecond time scale. They used a gas gun system where a
VISAR records the free surface velocity of an aluminium target plate exposed to high velocity
impact by a steel flyer plate at impact velocity. Joshi®® used the VISAR to determine spall
strength of two industrially important materials, AI2024-T4 and SS304 with a gas gun system
as the projectile.

This VISAR has gained popularity over the years as the standard tool for measuring velocity

history in shock studies®. Push-Pull VISAR system is particularly effective in obtaining
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velocity measurements with target’s surface exposed to more than a single wavelength of light
because it can distinguish its required wavelength from other sources such as bright flashes®®.
VISAR can be powered entirely by a single standard generator, making remote field
applications a realistic effort®,

3.4.3. Push-Pull VISAR data reduction program
The VISAR detector and a WAMI system have similar outputs with the addition of an extra
subscript to indicate which polarization is being measured!*, horizontal polarization
represented with subscript x and vertical with subscript y. Output signals from the four
detectors (PMTSs) are given as follows:
Dia(t) = 83, (Do (t — t;) + 83, 1o (t — t;) +28;, 855/ Ic(t — t)Ic(t — t;) cos @ ()

Equation 15

Where 3,, 3, are coupling constants, 1. denotes the coherent input intensity, t;, t,represents the
transit time of the beam through the reference path anddelayed path, respectively and ¢(t)
denotes the phase difference

Doa(t) = a1, (DIp(t —ty) +a5,1p(t —t3) +2512322\/Ic(t =t (t—t;) cos @, (1)

Equation 16

Dip(t) = b%; (DIo(t — t1) + b3,1o(t — t5) +2b11by14/Tc(t — ty)Ic(t — ;) cos @ (V)
Equation 17

D,g(t) = b2, (D)ot — ty) + b, 1o (t — t;) +2612§22\/Ic(t —t)I(t—t3) cos @, (1)
Equation 18

-, (t) is the phase difference function that accounts for the round trip travelled by the Doppler
shifted beam through the one-eighth wave plate. The delay difference between polarizations is

associated with a relative phase delay B;
92(0) = [t —t) =Bl —p(t—t) = () — B Equation 19

Since the beam passes through the one-eighth wave plate twice, the phase shift ranges between
zero and a quarter of a wave. The pairs of the detector signals are said to be in perfect quadrature
when 8 = g . The phase delay, {3, for convenience, is expressed in terms of quadrature error &,
which describes the off-set of the VISAR system from being in perfect quadrature*. Hence, is

©,(t) given as;
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P20 =) —T/)—¢ Equation 20

Combining the definition in Equation 20 with Equation 16 and Equation 18 converts the cosine

factor to a sine and the resulting detector outputs are given as;

Dia(t) = a3, (DIt — ty) + a3, Io(t — t3) ‘|‘25‘11§21\/Ic(t —t)l.(t—t3) cos g (1)
Equation 21

Doa(t) = a1, (DIp(t —ty) +a5,1p(t — t;) ‘|‘25‘12§22\/Ic(t —t)I(t—t;) sin(@(t) —¢€)
Equation 22

Dig(t) = b%; (DIo(t — t1) + b3,1o(t — t5) +2b11by14/Tc(t — t1)Ic(t — t;) cos @ ()
Equation 23

Dyp(t) = b2, (Do (t — t1) + b3,10(t — t5) +2b12855/1c(t — t)I(t — t;) sin(e(t) — €)
Equation 24

The two signals in pairs are subtracted and result in two signals:

Dy (t) = n1aD1a(t) —M1pD1p(D)
= ['11A(5%1 +35,) — T]1B(B%1 + 651)]10(0 - 2[711A§11521 + T]1BB11621]Ic(t) cos @(t) =
Xo(t) — Ag(t) cos @(t) Equation 25

Where 1) is a scaling facto for each signal

Dy (t) = nzaD2a(t) —M2pDap(d) = [TIZA(Q%Z +43,) — nZB(B%Z + B%z)]lo(t) -
2[T12A5?112§122 + n2B612622]Ic(t) sin(@(t) — &) = yo(t) — Ay (D) sin(@(t) — €)
Equation 26

Where A, (t) and Ay (t) correspond to the time dependant amplitude respectively. The two

signals describe a Lissajous. After scaling, the signal fix the Lissajous center at the origin

with the output signals:

D, (t) = A (t) cos @ (1) Equation 27

Dy (t) = Ay (t) sin(@(t) — €) Equation 28
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The equation used by the reduction program to estimate @(t) from D(t) and Dy (t) , is given

by the ratio of the two output signals:

tan@(t) = tane + %A;Egsec € Equation 29

After getting the phase shift from the tangent equation above, the velocity history of the moving

surface can be determined using the fringe count+%4,
v(t—1/2) = VPF X F(%t) Equation 30

Where F(t) equates to;
F(t) = q;%) Equation 31

VISAR can measure velocities greater than one km/s at large velocity’. A successful VISAR
data acquisition results from attaining good fringe contrast during the experiment. In order to
get good fringes, the interferometer must receive sufficient coherent light. In the same way a

continuous apparent loss of contrast may result in low electronic amplification®®.

3.4.4. Processing the recorded data
The program performs the calculations on the fringe data. Firstly, it requires to load the two
quadrature fringe signals. In general, the oscilloscope saves the data in the .WFM file extension
known as the Waveform Data File, therefore it is important to keep the files with the signals in
the same format as this reduction program only accepts the same format. The next step after
loading files to be processed is to select “VISAR” on the submenu and specify the procedure
it will follow, in this case “fringe to velocity”. After this step, one has to select each fringe data
in the two dialog boxes Data 1 and Data 2 to have the two data files loaded and ready for

processing.

After loading the data into the software, there are other important functions to consider, such
as smoothing the data, adding an appropriate VPF constant and phase angle before obtaining
the desired results. Smoothing assist with removing noise from the data. The phase angle is
added as 90° phase. The VPF knob adjusts the velocity per fringe for the beam loaded. It is
important to put in a VPF constant that corresponds to the etalon used during the experiment

so the program produces appropriate results. The 90° phase shift of the two loaded signals must
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also be added. Figure 3.10 shows the three knobs to , for smoothing, adding the VPF and phase

angle.
Smoothing VPF Phase Angle
(#pts) (mm/usec/fringe) (deg)
10 12 081012 80 100
o oyt 14 06 st 14 60w, 120
; 16 043 E 40 140
%, £18 027 £138 207, 160
1 20 0.0 20 0 180
) 4 A
jﬁ | ﬂﬁ.8860 | ﬂﬁm
Window Correction Rotation ~ Control Fringe Jump Control
¥ 00000 ECECT trall 4| Add a Fringe
Show Table Subtract a Fringe
Reset Fringes
x| View Fringe Data
Auto Zero Base Line
7
DONE | PRINT | CANCEL @

Figure 3.10: Velocity plot adjusting knobs

The three plots in Figure 3.11 would then be produced immediately after all the relative
functions are considered, a plot of the fringe data (top left), circular plot (top right) and the
velocity plot (bottom right). The first plot presents the fringe data, the Doppler shifted signal
reflected off the reflective surface which got split into two upon entering the VISAR
interferometer and shifted in phase. The second plot is the circular plot, a representation of the
Lissajous graph. A plot of the two sinusoidal signal on the x and y axis that are out of phase by
90°. The resulting velocity plot is a product of the fringe shift, a normalized difference of the
phase before any shifting and the phase after shift, and the VPF constant. Upon producing the

plots, the program will allow you to save the velocity information in a csv format.
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Figure 3.11: Plots obtained by the reduction program after manipulating the waveform data

In this study, only the optical velocity interferometers are discussed. However, other common
diagnostics that can used to measure the expansion of the detonation driven cylinder are; high
speed photography and contact pins. The high speed photography methods vary in the number
of point they can gather, with the streak photography method recording 500 points and Cordin
UHSC recording about 30 points. With the optical velocity interferometers, there is no need to
postprocess the images after the test, a method prone to human error'®. Hence, this is one of
advantanges that the lead the VISAR to be used as the diagnostic to measure the expansion of

the detonation driven cylinder during the test for this study.
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Chapter 4
Methodology

4.1. Introduction
This chapter mainly describes the laboratory experiment and components that made up the
entire setup in the field. The setup and execution of the cylinder tests instrumented with a
VISAR at DBEL testing range are also presented.

4.2. Proof of concept experiment
The schematic of the laboratory setup is shown in Figure 4.1 . The setup consisted of the multi-
beam Valyn VISAR system; that is a laser source and head, beam module, ramp generator,
VISAR module and an optical probe (which launches the incident light and collects the
reflected light), Tektronix DPO 7354C recording oscilloscope and a cylinder as a target as
shown in Figure 4.1. The laser utilized during the laboratory test , and for the entire study, was
a Verdi V-8/V10. A compact solid-state diode-pumped, frequency doubled Nd-Vanadate (Nd-
YVOo,) laser that provides coherent 532 nm coherent continuous wave signal output. The power

of this laser can go up to 6.5 W maximum power.

Umbilical cable

a8 ; ¥
Laser power |,

supply >

Laser
head

‘ VISAR module Ramp generator

f

Beam module

Y

Recording oscilloscope

Coupler x

Cu tube Optical
probe

l\ ST mating sleeves
connector

Figure 4.1: Schematic diagram of the laboratory VISAR setup (top view)

An open ended empty plumbing copper pipe (cylinder), 300 mm long and 22 mm outer
diameter, was used as the target. This cylinder obviously was not an OFHC copper, however
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properties of the copper were not critical at this stage since it was not going to be detonated.
More importantly, the cylinder was polished so it had a reflective surface. A retort stand with
a rotator was used to hold the cylinder within 30 mm or at 150 mm, depending on the probe
used, from the optical probe fixed on the optical table. With the rotator we were able to tilt the
cylinder left and right with respect to the opticasl probe, aiming for the correct angle at which
most of the light would be reflected straight to probe. The mechanism was effective to some
level. The reflected light would sometimes be intense and this was observed through an
increase in intensity of the light as observed by looking at the viewing screens on the VISAR

module.

At first attempt of directing the light to the cylinder, the incident light was misaligned with the
cylinder, hence the probe could not collect enough light to form fringes in the interferometer.
Many adjustments to the alignment were performed, simultaneously regulating the input power
until a high intensity light signal was reflected to the VISAR module. When a good alignment
was achieved, the beam module would display a Lissajous graph with 200 mV. This is how it
was determined that the copper tube and optical probe were in alignment.. The etalon VPF
constant was not important during this part of the setup. An investigation of possible signal
losses within the setup was done by measuring the power of the incident beam at various points.
This exercise also served as a test whether the vertical angle of polarization of the laser from
the laser head was perpendicular to the lateral polarization axis of the AMBS/FC as required
for a high amount of light to be split off. Incident beam with input power “P;” was directed to
the power meter detector throught three exits as shown in Figure 4.2 and measurements of

output power “Po” were taken.

In Figure 4.2, the first arrangement “A” indicates power measurement from the laser head
directly. The beam was directed straight to the power meter detector. This arrangement resulted
in no power losses. In “B” the beam enters to via the AMBS/FC where about 40% of the light
is lost when it enters the fibre coupler according to the manufacturer, and then travels down
the optical fibre which is not attached to the opticl probe. This is where output power of ‘B”
was measured. And lastly in arrangement “C”, the beam traverse through the AMBS/FC, fibre
and the optical probe which directs it into the power meter detector. The power measurements
were done while improving alignment on the AMBS/FC, with the aim of reaching a typical
350 mW output power or more for an input of 1W. With adequate alignment, well defined

fringes can be formed with a signal of 350 mW striking the cylinder.
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Figure 4.2: Arrangement of measuring laser light power outputs at light paths A, B and C.

The results obtained for the above arrangement are collated in Table 4.1. Table 4.1 indicates
that at “A” the light had not yet entered the AMBS/FC or fibre, hence there were no losses. At
“B”, the losses were high at about 67% of the input power. The huge difference between the
output power at “A” and “B” is due to the misalignment of the AMBS/FC with the incoming
beam. The vertical axis of the incoming beam must be perpendicular to the lateral axis of the
AMBS/FC in order for the beamsplitter inside the coupler to split-off as much light to the fibre
directing light to the cylinder. Carrying on to “C”, the power losses obtained were about 66%
which is not far from the percentage losses at “B”. Total losses were around 93% and were
obtained by considering the input at “A” and output at “C”. These measurements implied that
there could still be improvement in aligning the polarization angle of the AMBS/FC in order
for the high percentage of light to be split off. After improving the alignment of the coupler,
the total losses could be taken down to 65% whereby an input of 1 W resulted in an output of
350 mW.
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Table 4.1: Results of power measurements at different positions in the light path (see Figure
4.2)

A B C Total
Input | Qutput | Input | Output | Pi- | Loss | Input Output | Pi- | Loss | Loss
power | power | power | power | Po (%) | power P; power | Po (%) | (%0)
Pi (W) | Po Pi Po (W) (W) Po (W)
(W) (W) (W) (difference | (W)

60% @ B)

of A*
1.00 |1.00 0.60 |0.19 04168 |0.19 0.06 0.13 {68 |90
150 |1.50 090 |0.29 0.61|68 |0.29 0.09 02 |69 |90
2.00 |2.00 120 |041 0.79 |66 | 0.41 0.16 025 (61 |87

* The VISAR manual reports 60-45% gain into the AMBS/FC

Combined with alignment of the cylinder, this setup yielded high intensity light that was able
to produce a Lissajous plot. Even though it took some time to get sufficient reflected signal
from a curved surface we took the decision to take the VISAR on site to perform a cylinder
expansion test. In preparing for the cylinder expansion test, a guide-line document was written
for the CSIR with a document number GLZMO00-18-001 TIN Rev 1%. components required for

the test were designed and are explained in the next section.

4.3. Preparation of the cylinders
Six cylinders were prepared for the study. The idea with six cylinders was to compare
expansion measured at different positions on the surface were a planar wave was fully
developed. One of the requirements for the VISAR system to produce high intensity fringe
signal is that the target must have a reflective surface. Therefore, the cylinder surfaces prepared
for this study were polished to mirror-like surfaces using Brasso. The cylinders were weighed
before they were filled with explosive. It is important to know the masses of the cylinders
because the it is used to determine their density which is used when calculating pressure. The
masses obtained are presented in Table 4.2. The cylinders were slightly different in dimensions,
hence the variation in their masses. Cylinders with smaller inner diameters weighed more than
the ones with larger inner diameter because of the amount of copper material extruded from
them. Although all the cylinders had slightly different dimensions, they held the same

properties hence behave the same way during detonation. Table 4.2 also lists other design
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parameters of the cylinders. Composition B charge, commonly referred to as comp B, was
casted into the six OFHC cylinders individually. Comp B is made up of 60% RDX, 40% TNT
and 1% wax. After casting, the cylinders were weighed again. The net weights are also
tabulated in Table 4.2.

Table 4.2: Important design parameters for the cylinders

Parameter Copper Tubes

#1 #2 #3 #4 #5 #6
Inner 18.00 18.80 18.97 18.86 18.87 19.00
diameter
(mm)
Outer 25.50 25.56 25.48 25.40 25.46 25.47
diameter/sid
e (mm)
Wall 3.75 3.38 3.26 3.27 3.29 3.24
thickness At
(mm) thinnest

points

Length (mm) | 300.00 | 308.62 305.67 305.60 307.05 307.05
Material type | OFHCH | OFHCH OFHCH OFHCH OFHCH OFHCH
99.992 | 99.95% Cu | 99.95% Cu | 99.95% Cu | 99.95% Cu | 99.95% Cu
% Cu
Charge shape | Square | Cylindrica | Cylindrica | Cylindrica | Cylindrica | Cylindrica

prism I I I I I
Empty 950 633 623 630 628 631
weight (g)
Full  weight | 1080 776 665 770 770 770
@)

The explosive filled cylinders were examined under the X-ray machine to detect possible voids
that may have formed during casting. X-ray examination was necessary before detonating the
cylinders because inconsistences such as voids in the explosive can affect its performance. The

cylinder was much longer than could be captured in one piece by the X-ray machine. Hence,
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the entire cylinder length could not be captured at once, it was captured from the center to one
end (Side A) and from the center to the other end (Side B), the X-ray combined images are

shown in Figure 4.3.

Duct tape

Side A

Side B

Figure 4.3: X-ray photographs of an explosive filled cylinder

The X-ray also show the duct tape which was wrapped around the cylinder surface. The X-ray
confirmed no voids or any inclusions, as shown in Figure 4.3. Only one cylinder is shown since

the rest of the five X-rays were similar.

4.4. Important components for the field setup
In the test setup at DBEL testing range, there were additional components that contributed to
the feasibility of the main components as per the test plan. These components included wooden
stand assemblies, optical probe protective assembly, cylinder holder made from plastic,

protective metal plate and a steel drum “vlip”,

4.4.1. Wooden stand assembly
The design of the four legged wooden stands built to hold the cylinder was from the previous
cylinder tests using Cordin UHSC. The top of the stand was modified, it had a base plug on
which a plastic cylindrical holder was screwed in order to hold the cylinder steady. The inner
diameter of the cylindrical holder could fit all five cylinders prepared because on the side it
had a grub screw that would be tightened after putting in a cylinder. The base of the cylindrical
holder and the wooden base plug were the same in diameter. These dimensions of the cylinder
are already mentioned above (Table 4.2). The cylindrical holder, when screwed on the surface
of the stand top, could be moved in a crosswise direction. The main idea behind this design
was to make adjustments of cylinder position when aligning it with the incoming beam without
the risk of losing the standoff distance. A computer aided diagram (CAD) of the stand top

assembly is shown in Figure 4.4.
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Figure 4.4: Design of the cylinder holder

4.4.2. Optical probe assembly

The VISAR system utilizes a plug-and-play optical probe to launch the incident beam to the
target and the same optical probe collects the beam reflected off the surface of the target. Only
three of these were available for this test while a total of six cylinders were prepared to be shot.
Hence, protective measure for the optical probes was designed to save them from the blast or
at least get destroyed only after they have collected the reflected light. The components of the
protective optical probe assembly were, metal cylinder, polyvinylchloride (PVVC) probe holder,
a BK 7 glass window and its holder and a mild steel disc as shown in Figure 4.5.

39



2
‘ ) 1. Metal cylinder
\ ‘ = . 2. Optical probe- head 16 mm diameter and 33 mm

— length
\ 3. PVC probe holder- length 40.15 mm
) Probe fitting back end- 30.19 mm length and
16 mm diameter
L back end- 10.24 mm length and 12.45 mm

diameter

/ A 4a. BK7 glass window- 28 mm diameter

A 4b. Polyethylen glass holder- inner diameter 28 mm and
U 35 mm outer diameter
4b

5. Mild steel disc- inner diameter 12.78 mm and outer
5 diameter 35 mm

Figure 4.5: Optical probe protective assembly

In Figure 4.5 the metal cylinder (component 1) houses all the other components. Inside the
PVC holder the optical probe was placed behind a BK 7 glass window which in turn was placed
behind a mild steel disc. The protecting optical probe assembly was built in such a way that
should the BK 7 glass window get damaged; it can be easily replaced with another one. All the

components were sacrificial including the plug-and-play optical probe used.

4.4.3. Protective metal plate
A metal plate was also prepared and placed between the cylinder and the “vlip” in front of the
optical probe assembly for further protection of the optical probe from possible fragments

erupting towards its direction from the event.

4.44. The “vlip”
The vlip” is a cylindrical steel drum, with legs of the same material, with 1525 mm length,
1500 mm internal diameter and 40 mm thickness. It is open on both ends and has been used as
a semi-enclosed environment for explosion performances. In the center of its wall, there are
four equally spaced openings of the same diameter. These openings normally hold pressure
assemblys during explosive tests aiming at measuring detonation pressure. One of the
openings, during our experiment was used to hold the optical probe assembly. The “vlip” not
only served as the optical probe holder during the experiment but also protected the fibres
against shock wave produced during the event. Knowledge from previous explosive tests
performed inside the “vlip” gave us confidence that it was also explosive proof to the net weight

of explosive used in the cylinder test. The “vlip”- cylinder setup is shown in Figure 4.6.
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Figure 4.6: Side view of the "vlip” setup

4.5. Field experimental setup
The test was executed at CSIR DBEL testing range according to the Standard Operating
Procedure (SOP) from previous years of perfoming the cylinder expansion test at the DBEL,
together with the SOP of the VISAR system as used in the laser laboratory at the CSIR National
Laser Cetre (NLC). A conceptual layout of the test is shown in Figure 4.7. The test was
performed at T7 shelter which housed two recording oscilloscopes and the VISAR system.
Outside the shelter was the optical probe with 150 mm working distance, cylinder and

supporting components as shown in Figure 4.7.
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Figure 4.7: Instrumentation set-up with the VISAR

The incident light was launched from the laser head through optical fibres to the optical probe
and eventually to the cylinder. Similarly the reflected light was collected from the cylinder
surface by the same optical probe to the VISAR module through optical fibres. The fibre cables
were running on the floor between the two end connections with over half of its length lying
on the ground outside the shelter. These fibre cables (incident and reflected fibre cables) were
covered by sand bags as protection against the shock wave from the explosion. The optical
probe assembly, with the probe assembled, was mounted on the “vlip” from the inside at 1515

mm height from the ground, with the probe lens facing outside as shown in Figure 4.8.
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(a) (b)

Figure 4.8: (a) Optical probe assembly inside the "vlip" showing the metal cylinder confining
other components | and an optical probe I1, (b) Optical probe assembly on opposite side of the

"vlip" wall, showing the mild steel disc in front of the BK 7 window II1.

In front of the “vlip” wall where the probe was facing there was a wooden stand assembly. A
metal plate with a circular opening of the same diameter as the steel disc at the centre was
placed against the “vlip” wall on the wooden stand between the probe and plugged cylinder
holder. This plate was constructed to enhance protection for the probe against fragments. An
example of the above mentioned arrangement is shown in Figure 4.9 before the cylinder was

placed.

Metal plate

Optical probe

Figure 4.9: View of the optical probe outside the "vlip"
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Pre-test calculations were done to determine the time of arrival of the shock wave at the point
of interest on the cylinder surface. The shock arrival times between the distances specified in
Figure 4.10 were determined using theoretical velocity of detonation of both booster and comp
B charge and the distance from the detonator to the observed position on the cylinder. That is,
TO to T3 in Figure 4.10.

_FS43 EBWFU firing line

S — TO Fire pulse from FS43= Ops
RP83 detonator
"""""" T1 Detonator into CH6= 3ps
< E »> 30 mm CH6 booster
T ry T2 CH6 Exp Expl
|
[
|
|
300 mm Cu tube:
I
VISAR field of view -: D — T3 shockfront/detonation at 181 mm
|
I
: 119 mm
|
|
I
_____ l W S T4 shockfront/detonation at 300 mm
-

Figure 4.10: Shock front arrival times

T1=3us Equation 32
L 30 mm ]
T2 = VOD (CH6)  83mm/ps 3.6 ps Equation 33
T3 - =L =229 Equation 34

~ VoD (Comp B) T 79 mm/ps

Therefore, the expected arrival time of the shock 181 mm from the point of detonation was

given by the summation,

T1+ T2+ T3 = 29.6 us Equation 35
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Data recording diagnostic that made available for the test were two recording oscilloscopes, a
Tektronix DPO 7354C and Yokogawa DL850. The Tektronix has a sampling rate of 3.5G S/s
and samples at 40G Hz frequency. The Yokogawa has a sampling rate of 100 MS/s and samples
at 500 MHz frequency. Due to the absence of a delay generator during testing day, both
oscilloscopes were set to record the entire event, from the point of detonation to the end for 50
ps. This duration time for the cylinder expansion test was recorded from previous cylinder tests
perfomed at DBEL. Although both oscilloscopes recorded the entire event for the same
duration, their recording length varied because they were sampling at different rates. Tektronix
was sampling at 3.5 GS/s and Yokogawa at 100 MS/s. Hence, theoretical record length for the

Tektronix was calculated to be 175000 samples and 5000 samples for Yokogawa as follows:

measured duration (s)

record length(S)= sampling rate (5/5) Equation 36
Tektronix:record length (S)= 3.5500st =175000S Equation 37
Yokogawa:record length (S)= %&zSOOO S Equation 38

45.1. Cylindrical copper tube expansion experimental setup

A cylindrical tube filled with comp B charge with dimensions 308.62 mm length and 25.56
mm outer diameter was set on the wooden stand in the cylindrical plastic holder. The cylinder
was at 150 mm distance away from the optical probe. Like in the laboratory, the main obstacle
with this setup was alignment. Alignment was more difficult than in the laboratory because of
sunlight glare entering the probe. As much as we worked with the lights on in the laboratory,
we had an option of switching them off to best align the cylinder. In the field there was high

glare of sunlight on the cylinder and we did not have proper measures to block it.

This setup ended up not succeeding because it required a lot of time to align the incident beam
with the cylinder in the sunlight. Since time was a factor in this study, we had to abandon the
cylinder and rather used the flat surface. The square prism OFHC copper tube was filled with
the same comp B. The extrusion in the square prism was cylindrical with the same average
diameter as the rest of the cylindrical OFHC copper tubes. As mentioned before, it was much

easier to align a flat surface than a curved surface.

45



45.2. Square prism tube expansion test
Figure 4.11 shows an explosively filled square prism tube made from copper, set on a wooden

stand against the “vlip”. In this section, unless stated otherwise when referring to “tube”, an

alternative to “cylinder”, it is always meant square prism tube.

Figure 4.11: Setup of the copper tube against “vlip” wall

On the top open end, the tube was overlaid with a CH6 booster which is a mixture of 97.5%
RDX, 1.5% calcium stearate, 0.5% polyisobutylene and 0.5% graphite. An RP83 detonator was
inserted through the booster cap. A close-up schematic representation of a booster-detonator

on a square prism tube is shown in Figure 4.12.

- CHe l‘ RP83 detonator
3

* Booster cap/ detonator holder
25.5 mi Booster holder
ZS.SV — Comp B 0 mm
Copper cube
300 mm

Figure 4.12: Setup of the copper tube with booster and detonator
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A booster gets initiated by the detonator which eventually initiates the main charge in the
cylinder. The use of a booster also assists in obtaining a planar shock front rather than a curved
front when it fully develops inside the cylinder. The overlaid tube was set on the wooden stand
to prepare for detonation. There was no holder designed for the tube, only for cylinders. A
piece of plank that was used to lift the metal plate so that the circular opening was inline with
the optical probe, also served as a platform on which the tube was laid. Inside the shelter the
VISAR system together with the two recording oscilloscopes were set. To improve sensitivity,
an etalon is chosen according to the principle that the VPF constant of the etalon must be equal
to about half the total velocity being measured from the event. As the square prism was non-
standard, no etalon was used. The plan was to compare the results obtained from the first shot
(square prism) with the second shot of standard parameters (cylinder) in which an etalon was
going to be used. Unfortunately there was no second shot.

Even with the square prism the intensity of the reflected light was weak, because no Lissajous
graph could be plotted at first. Manual adjustment of the tube with the incident light was
required to optimize the intensity of the signal. Even some little misalignment could not be
tolerated because the signal had to be strong enough to produce a Lissajous plot. However,
after considerable adjustments and makeshift screening of sunlight a signal confirming the
VISAR system was ready was achieved and a Lissajous plot was finally produced. An FS43
firing system was used to trigger the oscilloscopes. The same system also initiated the
detonator. Both oscilloscopes were connected to the FS43 firing system through a trigger box.
In both oscilloscopes used, one channel was responsible for the trigger signal and two channels
recorded the data. A trigger box connection is standard at DBEL test range for the safety of
electronic components in the same line of connection. Between the FS43 firing system and the
RP83 detonator was a firing module. The firing module allows long distance and remote

firings. The schematic presenting the firing system is given in Figure 4.13.
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Figure 4.13: Firing sequence

At a firing voltage of 3500 V of the FS43, the detonator initiated the booster and eventually
initiated the main charge in the tube; oscilloscopes were triggered and started measuring.
Results were saved in a computer drive. Both the oscilloscopes were set to record the entire
event, from the point of detonation to the end at 50 us. Tektronix oscilloscope, which was the
primary oscilloscope of the event recorded 125000 points of 2,5 GS/s at 0.4 ns sampling
interval. The second oscilloscope, Yokogawa, samples at a rate of 100 MS/s and at 200 MHz

frequency. This oscilloscope recorded 5005 points in total for he entire event.

4.6. Alignment of the cylinder expansion test
The cylinder expansion test with the VISAR as the measuring tool was setup at DBEL testing
range. As mentioned in section 4.5, the optical probe together with the cylinder were outside
the shelter. The tube that was used in the beginning of the setup was cylindrical (see section
4.5.1). Two factors that created challenges with aligning the cylinder with this geometry were
incoherent light coming from the surrounding and the mechanism used for positioning the
cylinder on the prepared stand. The challenges with alignment resulted in much time being
spent on the cylinder-probe setup in a hope of collecting enough reflected signal. However, the

alignment was not successful and this resulted to the use of a square prism.

Several efforts were made to improve the light signal reflected off the cylinder, such as
increasing the power of the incident beam and disconnected the optical probe fibre and the fibre
permanently connected to the VISAR module. During the exercise of improving the intensity
of light reflected off, the connection between the reflected-light fibre of the probe and the fibre

going to the VISAR module was disconnected. The light reflected off the cylinder was shone
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on the white paper and with bare eyes, it was observed that the colour of the light reflected was
the 532 nm green light. Light observed was more of whitish in colour, which showed that there
was incoherent light on the way of the green desired light. This was an indication that the
optical probe was misaligned with the cylinder and as a result the glare of sunlight bouncing

off other objects in the surrounding was interfering with the laser light.

As the reflected light was shone into the white paper, the cylinder-probe alignment was being
improved while maintaing the working distance 150 mm between the probe and the cylinder
until more of a green light was observed on the paper. The fibres were connected back and the
reflected light was directed to the VISAR module again. Another challenge encountered was
with the intensity of light not increasing as the input power was being increased. This was also
observed on the screens in the VISAR module. When the laser was still warming up, there was
power cut-off which unexpectedly stopped the process of warming up. During the test there
was no power conditioner nor voltage regulator connected to the laser. The laser was not
protected from any voltage spikes. Hence it was suspected that might be the reason for no
response in the intensity of the light as power was increased.

Since, the intensity of laser light to the cylinder could not be increased the only option was to
improve the alignment in order to capture as much reflected light as possible. This aligning
exercise was very tedious because there was no proper mechanism for shifting the copper tube
in extremely small amounts and there was too much sunlight which made alignment to be
difficult. After some time of alignment adjustments, the cylinder eventually reflected
acceptable intensity of the laser light using power output of 3 W. The formed light fringes were
also tuned before removing screens to check for the Lissajous graph on the AMO. The
Lissajous graph was plotted using 20 mV voltage setting per division on the AMO was as
shown in Figure 4.14. This signal was 20% of the typical 100 mV signal achieved during proof
of concept in the laboratory.
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Figure 4.14: Lissajous graph observed at 3W power output

Adjustments on the Lissajous were also challenging to keep it at the centre. When there was
zero voltage displayed on the AMO, the center point would remain at the center. The moment
voltage adds in the form of a Lissajous, it would shift down below the x-axis. This behaviour
showed that the vertical control of the Differential Amplifiers was unstable. As soon as the
Lissajous was formed, the explosive engineer went on to cap the cylinder with both the booster
and detonator. The slight movements made on the cylinder during overlaying resulted in the
Lissajous being unstable and reducing in size. Overlaying the booster did not have much effect
on the signal but inserting the detonator reduced the signal in great amounts. The insertion of
the detonator into the booster needed to be done with care and precision so the detonator
transfers all the energy to the booster and the booster does the same to excite the Comp B main

charge. Figure 4.15 shows the Lissajous graph that resulted after inserting the detonator.

Figure 4.15: Lissajous graph after over-laying booster and detonator
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The operating procedure of the VISAR suggests that, the test should not continue if the
Lissajous is not stable. However, after the insertion of the detonator the Lissajous had reduced
drastically, and there was no chance to go back and improve the alignment as it was highly risk
to do so. Also, there was no remote method to correct the alignment. Hence, as much as the
Lissajous showed non-optimal behaviour, it was almost stable and it was decided to fire the
first shot despite this. The oscilloscopes were triggered and recorded the first set of data. On
the following day of the test, the same setup was used to resume the cylinder expansion test.
This time, a signal conditioner was connected between the generator and laser power supply.

A blank black plastic tent was brought along to cover the setup outside the T7 shelter from
sunlight glare. The setup consisted of a cylindrical tube as the target. The procedure for aligning
the incoming beam with the cylinder was repeated while the cylinder- probe setup outside the
shelter was covered from possible incoherent light around the setup. While the alignment was
improved compared to the initial cylindrical tube alignment but unfortunately the beam module
was not responding at all. Several attempts at troubleshooting the setup and in the VISAR beam
module were done, but with no success. The planned second cylinder expansion test was
aborted which resulted in having only one set of data. The VISAR system was brought back to
the laboratory for thorough evaluation and to allow the PMTs to recover. Within the scope of

this study, it was not possible to schedule another test.
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Chapter 5

Results and discussions

5.1. Introduction
In this study, only one shot was effectively performed. Only the square prism tube was shot.
As mentioned in the methodology, the square prism used had a cylindrical extrusion which was
filled with comp B explosive. This chapter presents and discusses the test results. Furthermore,

the challenges related to the test and analysis of the results are also addressed.
5.2. Results

5.2.1. Software Analysis of the Recorded Results
Figure 5.1 (a) shows the fringe signals recorded by the Tektronix oscilloscope from the cylinder
expansion test. The total number of points recorded that produced each fringe signal was
125000 for 50 ps. the time interval between each point was 0.4 ns. These fringe signals were
loaded in the data reduction programme which produced the velocity plot in Figure 5.1 (b) by

computing the velocity using the relation;

v(t —1/2) = VPF X F(t) Equation 39
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Figure 5.1: (a) Fringe data and (b) Velocity time graph produced by the VISAR Push-Pull

Reduction program from the fringe data

The velocity data from the cylinder expansion test is showing many rapid changes as observed
in the profile shown in Figure 5.1 (b). It can also be seen that the velocity profile has very small
values for the first 0.5 ps as shown in Figure 5.2 (a). After this time, it starts to increase slightly.
At about 9 ps the curve goes down to the negative velocity and it picks up again at about 12 s
after detonation. Figure 5.2 (b) is showing a sharp increase in the velocity around 16 ps. Also,
this sharp increase goes up to 3800 m/s, whereas the expected maximum velocity for the comp
B charge used during the cylinder expansion test is 3000 m/s. For longer times the velocity

increases but at unreal values.
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Figure 5.2: (a) surface velocity of the cylinder in the first 0.5 s of the cylinder test (b)

surface velocity of the cylinder in the first 10 ps of the cylinder test

The displacement graph of the expanding cylinder was also obtained from the data reduction
program ( see Figure 5.3). Displacement profile shown remains around zero values for the first
16 s, beyond this time it increases monotonically. The displacement value beyond 150 mm
are unphysical as the space between the optical probe and the cylinder was 150 mm. Hence, it
was not possible for the optical probe to collect reflected laser light beyond this distance and
this data has to be considered unreliable for the magnitude of velocity and displacement. As it
is observed, the cuve is not perfectly smooth, it has small bumps that imply some rapid changes
in the expansion. It also shows a change of slope at about 48 ps in expansion, beyond this time
the slope is steeper. Another slight change variation in the slope is observed between 18 ps and
20 ps. The time calculated for the arrival of the shock wave at the point of interest was about
30 ps (see Equation 38) and as observed on the curve, the increase in the expansion started as
early as 16 ps. The shock wave inside the cylinder was about two times faster than expected

but offsets of a 15 us are not totally unexpected.
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Figure 5.3: Cylinder wall expansion results for 50 ps obtained from the reduction program

The displacement profile produced was compared to the reported displacement profiles (Peter
et al® and Polk?). Based on our own intuitive observation, these two displacement profiles
from literature are normalized such that the expansions look like it began at zero and the starting
points in the expansion that were plotted are about 1 and 2 ps, respectively. According to Figure
5.3, the arrival time for the shock wave is estimated to be 16 ps. Using this value as the
beginning of the expansion, the VISAR data is featured in Figure 5.4 with the results of Peter®
and Polk?! displacement curves. The displacement profiles are showing a similar behaviour
which implies a similar behaviour of a shock wave traversing inside the cylinders. The CSIR
UHSC and the LLNL streak photography results are showing a similar rising time while the
VISAR is much faster than the two photography methods.
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Figure 5.4: Cylinder expansion test wall displacement results extracted from LLNL?! and

CSIR images and displacement obtained from the reduced velocity results of the VISAR

Since the velocity values of the cylinder expansion test result presented are extremely high,
especially at low signal to noise ratio and also the displacement values obtained are unphysical,
it was necessary to understand the calculations behind the Push-Pull VISAR in detail. This
motivated us to perform the calculations independently. The equations that were used to

manually calculate the velocity were adopted from the work of Dolan* and Amit et al®.

5.2.2. Hands-on Analysis of the recorded data
The VISAR Push-Pull data reduction program is based on a set of mathematical equations. As
mentioned in chapter two, these equations basically represent the fringe shift and VPF constant
related to the etalon used during the experiment. And also contain the equations that represents
the signal of the PMTs. In this study, hands-on calculations were first performed to reproduce
the data set presented in literature by Amit et al** and the aluminium square discs experimental
results obtained in the laboratory at the CSIR. The work by Amit et al®* demonstrated the
fundamental equations that lead to obtaining the surface velocity signal using Equation 30
mentioned in section 5.2. In addition, the study also presented the quadrature fringe signals and

the the resulting free surface velocity signal.

Amit et al’s work did not have the data set tabulated, only the plots shown in Figure 5.5 were

published. In the interest of this study, a digitiser was used to extract data from the fringe graph
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in the study. The points were extracted by mouse clicks, hence the time intervals were not
equally spaced as they are in the original plot. Furthermore, the two data sets needed to be
based on a common sampling rate. Therefore another program was used to extrapolate points
that fixed the gap in the time intervals. The extracted data (see Figure 5.6) was fitted in the
hands-on calculations to produce the velocity time graph shown in Figure 5.7.

0.15 (a)
0.1

0.05

(b)

300 1

200 -

Free surface velocity (m/s)

T DI L DO oS o P e
0 0.5 1 1.5 2 2.5 3 3.5

Time (miscroseconds)

Figure 5.5: Original curves from the work of Amit et al (a) quadrature fringe signals (b) velocity
results (Adopted from®4)
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Figure 5.6: Quadrature fringe signals extracted from the work of Amit et al

The fringe signals amplitude in the original curve (Figure 5.5 (a)) lies below 0.1 and above
0.05; the extracted fringe signals (Figure 5.6) also show similar amplitude as well as matching
time scales were achieved. In the equations for quadrature fringe signals, there is a variable
called quadrature error (¢). Quadrature error basically describes how imperfect is the Lissajous
figure and how far it is from n/2 phase difference formed by the two quadrature signals. For
this data the quadrature error was assumed. After performing the calculations on Amit’s data,
the first velocity graph obtained (see Figure 5.7 (a)) gave the impression that there could be a

possibility of what is called the “2m ambiguity” in the fringe signals.

This occurs when there is a jump after a fringe cycle and 2w is added resulting in wrapped ¢
phases. A situation where by the phases obtained have a range of  radians in the 2¢ integer,
therefore the value of ¢ integer is off by some multiple of 7/2 radians. Since the data point were
not as many, it was easy to spot the jumps and correct them by making adjustments on the
phases. After the correcting the jumps, both the original curve and the one obtained from hands-
on calculations ( Figure 5.5 (b) and Figure 5.7 (b)), gave similar velocity profiles. These
surface velocity curves show a flat ringing steep just above 350 m/s from 0.4 psto 1.6 ps. The

velocity from this time decreases and picks up again at 2.1 ps.
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Figure 5.7: Results obtained from performing the hands-on calculations on the quadrature
fringe signals extracted from the work of Amit et al (a) velocity when phases are wrapped (b)

velocity after unwrapping the phases

Furthermore, the same calculations were performed on a set of fringe data shown in Figure 5.8
that was obtained during aluminium square discs experiments in the laboratory. The hands-on
calculated and reduction softwave velocity curves for this data are shown in Figure 5.9. The
two curves show a shift in velocity values, with the hands-on calculated velocity appearing

more on the negative axis. The time on both these curves came out completely matching.
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Figure 5.8: Fringe signals recorded during the aluminium discs experiment in the laser

laboratory
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Figure 5.9: Comparison of the velocity profiles produce from aluminium discs fringe signals

by VISAR Push-Pull data reduction program with results obtained by hands-on calculations

The hands-on calculation were successful on both literature work and laboratory results, and
gave confidence to proceed to the square prism cylinder results. The same fringe signals in
Figure 5.1 (a) were manually fitted into the mathematical equations to produce the velocity

time information. The reduction program is sensitive to which signal gets loaded first. Hence,

60



it is cruicial to know before hand the arrangement in DATA 1 and DATA 2 signal outputs to
the channels on the beam module and to the recording channels of the oscilloscope during the
experiment. This means that, if DATA 1 was carrying the signal on the x-axis and DATA 2
was carrying the signal on the y-axis forming the Lissajous figure, the signal arrangement
should remain the same when analysing the data on the program in order to get the results

corresponding to exactly what was measured.

Similarly, it was noted that when perfoming the mathematical equations to reduce the velocity,
the signal arrangement is equally important to the arrangement in the reduction program. In
this case, the value of € was determined by fitting points in the image of the Lissajous figure
taken just before the shot was fired. It was noticed that the value and mostly the sign, of the
quadrant on which ¢ lies has a huge impact on the velocity results. If the quadrature error is not
precisely determined can give a totally different result from the software’s. Therefore, it is best
to obtain the best alignment in the VISAR and achieve a more circular Lissajous graph with

minimal quadrature error.

The value of the quadrature error used by the VISAR reduction program is incorporated in the
algorithm hence it is not accessible to the user. As determined from point fitting, the value of
the quadrature error obtained in this study was -0.11 rad and was used in the calculation of
velocity. The first velocity curve obtained from the square prism cylinder data had fringe
jumps, also referred to as wrapped phases. The velocity appeared to be constrained within the

same value of 0.47 mm/ps for the entire 50 ps in detonation and when this curve was zoomed
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out (see Figure 5.10). Although the phase uncertainty in a Push-Pull VISAR has been reduced

by the use of quadrature, however, the 2 ambiguity still remains.
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Figure 5.10: Velocity results obtained from performing hands-on calculations on the fringe
signals (a) velocity in the entire period of detonation (b) velocity within the first 1.0 ps into

detonation.

A tangent function was determined first from which the function of ¢ was reduced, hence, it
was possible to plot the function of ¢ first and solve the wrapping problem. Literature®® also
does not really give an automated algorithim for this problem. The methods presented in
literature always come down to modifying the equation to the specific requirements of your

own data or one must know exactly where to add the integer of 2n next. Since there was no
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common method figured out from literature that is tailored to satisfy every unwrapping problem
during the analysis in this study, a semi-automated unwrapping method was formulated. The
semi-automated formular was constructed in an excel spreadsheet by nested IF statements
expressing that each calculated phase at time index i (¢i) should be kept unchanged (¢io) or
added — & rad (¢i-) or = rad (¢i+) to it and all subsequent points. ¢i was automatically changed

to the value which was closest to the previous phase (¢i-1).

However, the algorithm was not effective for every point in the data. By inspection it was clear
that when the data was noisy, it sometimes was possible to get a ‘better’ result by taking the
second closest value to (¢i-1) and not the best. Since this had to be done manually this approach
is “semi-automated”. Figure 5.11 shows the case where the automatic algorithm worked fine
for the unwrapping of phases. Figure 5.11 (a) shows the unwrapped original data, while the

result of the automatic unwrapping is shown in Figure 5.11 (b).

It was mostly tricky to unfold wrapped phases that were in the noisy parts of the data such as
the jJumps preceding the phases that were very close to the phase jump being corrected it or if
the 7 rad phases were following each other. Therefore, it was also necessary to go back to the
graph and observe which points were jumped by the algorithm and perform the necessary
corrections manually. Not all automatic corrected points were checked, only those where the
second best option was close to the best option were considered. With the second best being
used, there was still randomness/noise observed in the data where the jump was corrected.
Figure 5.12 (a) shows an example of the automatically unwrapped data and (b) shows the same
data after they were manually corrected. This type of correction occurred more in the noisy

parts of the velocity results.

63



Phase (rad)

Time (s)

(b)

.OE-07 8.0E-07 9.0E-07 1.0E-06

T
5.0E-07

6.0E-07

Phase (rad)
BN

|
[=)]
|

-10 -

Time (s)

Figure 5.11: Results of the semi-automated method formulated in excel spreadsheet (a)
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Figure 5.12: Velocity results with traces of noise in around unwrapped phases (a) wrapped

phases (b) unwrapped phases or corrected jump

After completing the uwrapping exercise, velocity results were obtained formed compared to
the velocity curve obtained through the reduction program (see Figure 5.13 (a)). The velocity
profile obtained through hands-on calculations is low in the parts where the intensity of the
signal is low. This really leaves a question mark on which algorithm works well with a low
intensity noise saturated data. The trend in the two signals is similar in the first 15 ps to the

curve obtained by the software but shifted in the y-axis (Figure 5.13 (b)). The process of
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correcting the jumps used in this study was suspected to be intense than in the reduction hence

in Figure 5.14 there are still traces of jumps in the results from the reduction program.
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Figure 5.13: Surface velocity extracted using software and hands-on equations for the entire
50 ps
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Figure 5.14: Surface velocity showing undetected jump by the reduction program and

randomness over a corrected jump by hands-on calculations

The curve shown in Figure 5.15 is a repitation of Figure 5.3. It is brought again in this section
to compare with the displacement curve obtained through hands-on calculations (see Figure
5.16). The hands-on calculated displacement curve shows reasonable values except it is rotated
over 180 degrees compared to Figure 5.15. With the difference in the velocity results, an exact
match of the two curves was not possible. The hands-on calculated displacement is reduced
from a velocity curve in which fringe jumps were comprehensively corrected. As mentioned
in section 5.2.1, the expansion seem like it began as early as 16 us. However, looking at Figure
5.16, an increase began later than this time, around 29 us which is the arrival time of the shock
wave calculated in the study although the direction is opposite represents a compression instead
of an expansion. Figure 5.17 shows a close-up of the two displacement curves, highlighting the

difference in their initial expansion.
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Figure 5.16: Displacement curve obtained from the hands-on calculated velocity
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Figure 5.17: Displacement curves reduced with the two methods presented in the study both
higlighting the first 16 ps after detonation

5.3. Discussion

5.3.1. Software Analysis of the Recorded Results
The set of fringe data saved from the cylinder test was analysed using the Push-Pull data
reduction program. The total recording time for the cylinder test was 50 ps. As observed on
the velocity graph produced by the program, meaningful results extracted from the fringe
information seem to be in the first 16 ps only (see Figure 5.1) and the velocity beyond this time
is extremely high to be significant for this test. The results do not explain the reaction starting
at very high pressure which decrease and eventually dies as the shock wave losses its energy
as it appears on the UHSC images of the standard cylinder expansion test. The profile also does
not show a constant velocity towards the completion of the detonation event. Normally, at
about 48 us the velocity is expected to be constant®’, but in our case it is showed an increase.
The velocity values of the test were found to be extremely high and very difficult to explain.

Hence, this velocity profile was not expected and difficult to draw conclusions.

Although the geometry of the cylinder tube (square prism ) utilized in the study was different
from the standard cylinder used to perform a cylinder expansion test ; its extrusion which
confined comp B charge was cylindrical. Hence, the behaviour during expansion was expected
to be more or less the same as the behaviour of a cylindrical tube as seen in Figure 5.13. It was
also noted that the differences in the results of the two tubes (cylinder and square prism) were

bound to be present because of the variation in their wall thicknesses which imply varying
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strengths in their structures. The standard cylindrical tube has a uniform wall thickness whereas
the square prism is thicker on the corners and thinner on the sides. Images taken post test show
signs of rupture of the square prism. A trace of the square prism wall was observed on the
“vlip”, as shown in Figure 5.18. Therefore, as much as similar results to the standard cylinder
were hoped for in a square prism expansion, their geometries did not behave the same under

detonation hence there are variations in the expansion results. It is also uncertain when the

rupture occurred during the event.

Figure 5.18: (a) “vlip” wall before the shot (b) Traces of the ruptured cylinder on the "vlip"
wall after the shot

5.3.2. Hands-on Analysis of the recorded data
Amit et al’s data fitted well into the hands-on equations. The velocity-time profile in Figure
5.7 correspond very well with the published graph. The only difference between the two data
sets was the maximum value of the velocity. The unwrapping in Amit et al’s data set was quite
easy because of the few points extracted. The data set from aluminium discs experiment did
not require any phase unwrapping, the 2n ambiguity was not applicable. The initial surface

velocity curve from the reduction program is almost zero while hands-on calculations show a
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small offset velocity. But the two graphs have exactly the same features. As it is evident from
Figure 5.16, the displacement graph reduced by hands-on calculations give more realistic
velocity values, except they are negative. The recorded changes of the cylinder surface are
within 150 mm working distance between the optical probe and cylinder. Furthermore, the
continuous increase is observed at almost approximately 30 ps which was calculated as the
arrival time of the shock wave where the probe was observing. A fine structure is also observed
in the velocity curve (see Figure 5.13), which implies that the jump correction algorithm was
effective although it became quite difficult where the signal to noise ratio (SNR) was low.

Factors that may have affected the expansion of the cylinder are as follows:

e Firstly, as mentioned in section 4.6 sunlight glare had a tremendous effect on the setup.
Although the sole purpose of UNBP filter in the VISAR module is to minimise the
white “self light” collected with the green 532 nm light from the cylinder, this
experiment had too much sunlight glare. Hence, the 40% of the 532 nm light that was
allowed to pass through the filter, according to the manufacturer, could have been a
fraction of an already small percent collected from the cylinder. For this reason the
Lissajous for this experiment symbolised a very small amount of light signal collected
to the VISAR module because it was too tiny. This size was last observed before leaving
the room for the safety of our ears from the explosion noise during the firing of the shot.
During the countdown to the shot, there was no mechanism set to observe what
happened to the already achieved Lissajous graph.

e Since the booster and detonator were already put over the cylinder, we took the risk and
went on to detonate with that small signal. Hence, this lack of optimization of the
VISAR system during our test may have affected its accuracy.

e Another factor could be the use of an inappropriate etalon; we may have added to or
subtracted from the time delay required for the cylinder test. An inaccuracy in required
delay time may result in some or most of the data in a fast event to be lost *°.

e The BNC cables that were used to connect the beam module to the recording
oscilloscopes were long, 50 Q extended to another of unknown impedance. This implies
that there is a possibility that there was impedance mismatch of the cables. Therefore it
is highly possible that there were reflections that resulted in power loss or bad signal.

e Also, there were a number of human errors on site as the VISAR instrumented test was

done for the first time at DBEL testing range. The fact that it worked the first time and
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one shot was done, it is clear that it can be taken to the test range again for the cylinder

tests that will have improved setup and components such as stand design.

All the factors mentioned above had an effect mainly in the intensity of the laser light carrying
the information about the behaviour of the cylinder wall. However, the fact that the test did not
produce expected results does not despise the advantages of using the VISAR during a cylinder
expansion test. The cylinder expansion test instrumented with the VISAR has less costs
compared to the one instrumented with a Cordin UHSC. Firstly, the Cordin UHSC time
resolution is not as high as the VISAR’s. The Cordin UHSC requires more gas for every test
planned. The higher the frame rate, the faster it depletes the gas. The gas used is a balloon grade
helium which much expensive per tank because of its lower 99.99% purity. The VISAR can be
used for a couple of years with the same PMTs and produces data points more than the UHSC.
Unlike the VISAR which is portable, the Cordin camera is quite special, it can only be operated
where it is installed.
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Chapter 6
Conclusion and recommendations

6.1. Conclusion
A cylinder expansion test with a square prism tube as target, instrumented with a VISAR
system was carried out. This confirmed that, despite certain difficulties the VISAR system can
be used at DBEL testing range, although this study did not prove the accuracy and flexibility
of the system in such an environment. Due to the unrealistic velocity values, the interpretation
of the results was not ideal and the results were inconclusive. Nonetheless, the analysis

provided in this study will be invaluable in the design and execution of future VISAR test.

More than one method was used to retrieved the velocity information from fringe data; using
the data reduction program, also hands-on calculations were used to obtain velocity information
from fringe data on three sets of data; (1) data from literature by Amit®, (2) aluminium square
discs experiment and (3) data obtained from the square prism cylinder. The hands-on
calculations were successful in all three data sets. The process of solving the the fringe jumps
or in other terms wrapped phases was a challenge. A semi-automated unwrapping method was
accomplished and used in performing the calculations. The unwrapping of the phases resulted
in some profile although it is difficult to be confident, because of the low SNR values.

It is however clear that the technique is sensitive to events happening at very shot time scales.
It is of importance to mention that understanding the two approaches of analysing the fringe
data was quite a success and huge achievement in this study. However, due to the uncertainties
of the square prism cylinder velocity results further processing of the results to obtain the JWL
EOS parameters could not be carried out as planned for later. A new experiment has to be
conducted to achieve better SNR that makes certain and that could result into correct velocity
history of the cylinder. This also means that if the test fails in having high intensity, one has to

come up with an optimal process of correcting the fringe jumps.

6.2. Recommendations

Based on the experiences from this work, the following recommendations are made:

i. The cylinder expansion test instrumented with a VISAR must be conducted under the
shade. Since DBEL testing range operates during the day while the sun is still up, it is
highly recommended that an object covering the optical probe-cylinder setup be

designed.
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Vi.

Vil.

A proper design of the cylinder holder that is firmly fixed on the table to avoid the
misalignment during the insertion of the detonator. The holder must be able to hold the
cylinder at the bottom and at the top, mm away from the booster and must not interfere
with the expansion of the wall.

A camera setup that will enable the person aligning the cylinder with the incoming
beam to see the light intensity changes on the viewing screens in the VISAR module.
A camera setup that will enable the explosive engineer to be able to see any changes
happening to the Lissajous as he/she gets ready to detonate the cylinder.

A delay generator must be connected to the recording oscilloscope to set and achieve
meaningful time scales.

A signal conditioner or voltage regulator that can keep the VISAR system and recording
oscilloscopes running for a minimum of 20 minutes must be connected to the setup to
allow enough time for backup generator to be connected in cases of power failure and
to avoid voltage spikes affecting the VISAR system.

The BIM must be connected to the VISAR to monitor any self-light entering the
VISAR module. Through this signal, the variations occurring in the average light

intensity would be observed.

viii. The BNC cables used for connecting the VISAR beam module with the

recording oscilloscopes must be short, about 1 m long. This create a short path travelled
by the signal and therefore avoides incidents such as delayed trigger.
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