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The proliferation of man-made debris in near earth orbits is of increasing concern to the space 

community. Impacts with spacecraft can cause significant damage. Ground based simulation 

facilities are an essential tool for assessing, understanding and evaluating protection strategies 

against the effects of this hazard. The development of a new orbital debris simulation facility, 

based on the use of the laser driven flyer plate, is described. The study was motivated by the 

need to simulate the impact of aluminium plate-like particles, with diameters of 10-1 OO).lm and 

velocities up to 1 Okms-1
. There are currently no facilities which have this capability. 

The flyer plate is generated by firing a high power pulsed Nd:Y AG laser beam at a target. 

Results of experiments using two different types of target are presented. The first target 

consists of a fused silica disc coated with a 5).lm thick layer of aluminium (called a fully coated 

target), and the second target consists of a fused silica disc covered with an array of 5 ).lm 

thick circular aluminium dots (called an etched target). Glass and thin metal foil samples have 

been placed behind the target, at stand-off distances in the range 120 ).lm - 60 mm, to study 

the flyer plate impact. 

Flyer plates from the fully coated target have been obseNed to fragment before they reach 

the sample, for stand-off distances over 0.5 mm ; the evidence for this is provided by the 

distribution of holes in the thin metal foils. The area and diameter distribution of the fragments 

has been derived from the hole diameters in the foil using a hole-growth equation. The spread 

in the velocity of the fragments has been measured using a time of flight technique, whereby 

the arrival of the fragments at the sample is detected using the impact flash. Fragments with 

diameters in the range 3 - 91 ).lm, and velocities of 1 - 6 kms-1 have been measured. The 

distribution of the fragment surface areas has been shown to agree well with a fragmentation 

theory based on Poisson statistics. 

Flyer plates have been generated for the first time using the etched target. In this case, it has 

been shown that fragmentation is less severe, although only a limited set of experiments have 

been performed. Use of a 185).lm diameter dot has produced approximately equal size plate

like fragments with an average diameter of 60).lm, and a maximum velocity of 2 kms- 1
• A single, 

intact flyer plate from a 50 ).lm dot has been observed to impact a sample placed 50 mm from 

the target. The use of both types of target for simulation of orbital debris impacts is discussed, 

and recommendations are made for future development of the facility. 
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GLOSSARY 

Driving plasma - plasma produced due to the interaction of the laser beam with the target 

coating, which accelerates the flyer plate 

EDS - Energy Dispersive X-ray Spectrometry 

Spot analysis - EDS measurement made at one specific point. In practice, the area 

analysed will be of the order of several microns across and several microns deep 

Ejecta - secondary particles or gaseous products which are produced as a result of the impact 

of a single primary particle 

ESA - European Space Agency 

Ex-situ - analysis procedure or measurement performed after the laser beam shot 

EURECA- European Retrievable Carrier 

HST - Hubble Space Telescope 

LDEF - Long Duration Exposure Facility 

Flight distance - distance travelled by flyer plate, or a fragment, between sample and target 

Flyer plate - general term for single or multiple pieces of material travelling between the target 

and the sample, as a result of the interaction of the laser beam with target 

Fragments - individual pieces of material produced as a result of flyer plate breaking up 

GEO - Geostationary Earth Orbit 

FWHM - Full Width Half Max, defined as time taken for a pulse to rise from and fall back to 

half of its maximum amplitude 

FW10%M - Full Width 10% Max - defined as time taken for a pulse to rise from and fall back 

to 10% of its maximum amplitude 

Impact feature - effect created by the impact of an individual particle with the sample 

Impact plasma - plasma produced when the flyer plate hits the sample 

Impact flash - pulse of light radiated by impact plasma 

In-situ - measurement performed during the laser beam shot 

Laser beam 

1/ef radius (gaussian beam) - radius at which intensity has dropped to 1/ef of its 

maximum value 

Roundness = Length of major axis / length of minor axis of laser beam 

Laser beam shot - general term used to describe firing of laser beam at target 

LEO - Low Earth Orbit 

Nd:YAG - Neodymium : Yttrium-Aluminium-Garnet 

OD - Optical Density = logio (incident intensity / transmitted intensity) 
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Orbital regions 

LEO - orbit with mean altitude of less than 2000 km 

Sun-synchronous orbit - retrograde LEO orbit in which orbit plane processes at the 

same rate the earth revolves around the sun 

Molniya orbit - highly elliptical orbit, with an inclination of 63-65 degrees, a period of 

about 12 hours and an apogee above the Northern Hemisphere 

Geostationary earth orbit - nearly circular orbit with a period of approximately 1,436 

minutes and an inclination close to zero degrees 

Sample - specimen at which the flyer plate is fired 

Front of sample - surface which flyer plates hits first. The front of the sample faces 

the rear of the target 

SEM - Scanning Electron Microscope 

SMM - Solar Maximum Mission 

Substrate - transparent material onto which target coating is deposited 

Target - general term for substrate coated with aluminium, at which the laser beam is fired 

Front of target - surface which laser beam hits first 

Rear of target - surface facing sample, from which flyer plate is generated 

Fully coated target - specific type of target used in this work, consisting of a 

continuous layer of aluminium deposited onto a fused silica disc 

Etched target - specific type of target used in this work, consisting of an array of 

individual aluminium dots, etched from the surface of a fully coated target 

Target coating - layer of material deposited onto substrate 



NOMENCLATURE 

Ai average area of small fragments, as described by bilinear exponential distribution 

A2 average area of large fragments, as described by bilinear exponential distribution 

Afoii total sample foil area covered by fragments 

Aphot area of hole in sample foil as measured from photometric image 

As EM area of hole in sample foil as measured from SEM image 

afrag total area of measured fragments 

atarg area of aluminium removed from target by laser beam 

Axt decay time of impact flash ; tf (10%) - tm 

Axr rise time of impact flash : L - t r (10%) 

D hole diameter in sample foil 

d particle diameter derived from hole diameter in sample foil 

dmax diameter of largest flyer plate fragment 

E laser beam energy at target interface 

Eiaser lasBF beam energy at laser output 

f sample foil thickness 

Fo average laser beam fluence at target interface 

fiens focal length of laser beam focussing lens 

Hmax maximum amplitude of impact flash 

I intensity of light 

Ir irradiance of light at detector 

Lo target - sample distance 

X wavelength of laser light 

N(a) total number of fragments with area > a 

Ni number of small fragments, with area Ai, as described by bilinear exponential distribution 

Nz number of large fragments, with area A2, as described by bilinear exponential distribution 

Nm total number of measured fragments 

NH total number of holes detected in sample foil 

p density 

P vacuum chamber pressure 

o yield strength of material 

t time after laser beam has been fired 

to time at which laser beam is fired 

t r ( 1 0 % ) time delay between laser firing and amplitude of impact flash rising edge reaching 0.1 Hmax 

tm time delay between laser firing and amplitude of impact flash reaching Hmax 

tf(10%) time delay between laser firing and amplitude of impact flash falling edge reaching 0.1 Hmax 

V flyer plate velocity 

Vf fragment velocity derived from tr(10%) : fastest velocity to be measured 

Vc fragment velocity derived from tm 

Vs fragment velocity derived from tf(10%) : slowest velocity to be measured 
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Vpred theoretical flyer plate velocity 

Wo 1/ef radius of unfocussed laser beam 

Wo 1/ef radius of focussed laser beam 

xo distance of target from focal point of lens 

Xt original thickness of target coating 

Xd thickness of target coating ablated by laser beam 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

The ground based acceleration of small projectiles has been used since the late 1950's for 

simulating the high velocity impacts between spacecraft and other objects in near earth orbit. 

Such testing provides a means of determining how well components, subsystems or entire 

spacecraft will survive the effects of a collision. In the early years of the space age, the risk of 

impact came solely from meteoroids. These are naturally occurring objects, composed of 

materials such as ice, stone and iron. They originate from the remains of comets and asteroids 

[McDonnelH978], However, over the past two decades, a man made impact hazard has 

developed. This is called orbital debris. As the name suggests, orbital debris is the collection of 

non-functional man made material which been placed into orbit about the earth since the 

beginning of the space age (1957). It consists of a diverse range of objects such as flecks of 

spacecraft surface coatings, rocket motor exhaust, instrument covers, dropped tools or whole 

disused satellites. These can vary in size from a fraction of a micron to upwards of several 

metres. In a typical Low Earth Orbit, the majority of orbital debris collisions occur with 

velocities varying from 5 to 15 knis^ (§1.2). 

The orbital debris problem has provided the impetus for new research into ground based 

acceleration techniques, the main motivation being to increase the range of size, shape, 

composition and velocity of projectile which can be produced. Much of the recent effort has 

dealt with the simulation of debris in the size range upwards of a few millimetres, which could 

cause severe or catastrophic damage to a spacecraft. This is mainly because of the threat to 

manned space missions. This thesis, however, is specifically concerned with the development 

of an acceleration technique for simulating debris particles with diameters of 10-100 |im. 

A description of impact effects follows in §1.3. Basically, whilst individual particles in this size 

range may not cause significant damage, the accumulation of a large number of impacts may 

cause a gradual deterioration in the performance of sensitive materials and spacecraft sub 

systems which are exposed directly to the space environment. This could be of particular 

significance for spacecraft on extended lifetime missions, such as the International Space 

Station or the Hubble Space Telescope, which may spend at least 10-15 years in orbit. One 

area which is at present poorly understood for particles of this size is the creation of ejecta 

from the initial impact. This can be in the form of secondary particles or gaseous products. The 

ejecta can either hit surrounding spacecraft surfaces, causing further damage, or it can go 

back into orbit, thus acting as an additional source of debris [Johnson 1991]. 

1 
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To obtain an understanding of ejecta formation, measurements of the mass and composition 

of the gaseous products, or the number, size and mass of the secondary particles must be 

made, for the impact of a primary particle of known size and velocity. This requires a ground 

based facility which can accelerate particles one at a time, so that the ejecta from a specific 

impact can be correlated with the particle which produced it. However, this is difficult to 

achieve for debris in the size range 10 - 100 pm, using currently established acceleration 

techniques (Chapter 2). 

Recently, it has been shown that the laser driven flyer plate (§1.4) can be used to simulate the 

impact of 700 pm diameter x 5pm thick orbital debris particles moving at 7kms\ This 

technique allowed the gaseous products produced during the flyer plate impact to be collected 

and analysed using a time of flight mass spectrometer [Roybal 1995\. Therefore, the European 

Space Agency (ESA) funded a project to investigate the use of the laser driven flyer plate for 

simulating smaller particle impacts in the 10 -100 î m diameter range. 

The specific ESA requirements set out at the beginning of the project were : 

9 To accelerate, one at a time, aluminium plate-like particles with dimensions (thickness x 

diameter) variable between 5x10 and 5x100 pm 

® To achieve a minimum velocity of 10 kms ^ for a 5 x 100 pm particle 

® To achieve a firing rate i.e the time between consecutive flyer plate shots, no greater than 

10 minutes, with at least 10 impact tests possible before breaking the vacuum 

The ESA project was divided into two parts. In part (a), the experinnental facility was designed 

and built, and flyer plate experiments were performed to measure the diameter and velocity of 

orbital debris particle which could be simulated. Part (b), which was ongoing at the time of 

writing, involved impact tests on solar cell cover glasses. The thesis is based only on the work 

in part (a). The specific aims of the thesis are outlined in §1.6. 

1.2 THE SUB-MILLIMETRE ORBITAL DEBRIS ENVIRONMENT 

As described in §1.1, the orbital debris environment consists of many different types of objects, 

with varying shape, size and composition. As a means of classification, three different size 

regimes, large, medium and small, can be identified, although there are certainly no distinct 

boundaries [NRC 1995\. The common practice is to describe the size in terms of a diameter, 

although this does not mean that all debris objects are spherical. Indeed, many will have very 

irregular shapes. This convention is simply a convenient and approximate means of 

quantifying the size of a very diverse range of different objects. 
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Large objects are those typically over 10 cm in diameter, with masses above about 1 kg, which 

can be tracked from earth and catalogued. There are currently known to be upwards of 10,000 

such objects in orbit. Medium size objects have diameters in the range 1 mm to 10 cm, with 

typical masses in the milligram to kilogram range. Though some of these objects can be 

tracked, very little is generally known about this part of the environment due to the lack of 

direct measurement techniques currently available. 

Small objects are those with diameters below about 1 mm, and masses less than 

approximately one milligram. This is the regime of interest for this project. Most of our current 

understanding has been obtained from the in situ sampling of objects using detectors on board 

spacecraft. Over the past two decades, experimental data has been obtained from a wide 

variety of spacecraft, such as the Solar Maximum Mission spacecraft, the Salyut and Mir 

space stations, LDEF, EURECA and the Hubble Space Telescope. Although this represents a 

substantial cross section of different surfaces, the data is still very limited, because most of 

these spacecraft operated at altitudes between 300 and 600 km. 

1.2.1 SOURCES AND SINKS 

Sub-millimetre objects can be produced as a result of mission related activities, fragmentation 

events and collisions. Mission related activities concern a spacecraft's deployment, activation 

and operation. A specific type of this debris comes from the operation of solid rocket motors, 

which are normally used as final transfer stages. During the burning process, large numbers of 

aluminium oxide particles are formed, and these can be ejected at velocities up to 4 kms"̂  

[NRC 1995\. It has been estimated that these particles will be spherical in shape, ranging in 

diameter from 0.1 jum to 40 pim. Perhaps as many as 10^° may be created during the firing of 

a single rocket [Schmidt 19931. Other mission related debris can be produced as a result of the 

general deterioration of spacecraft materials and components after a prolonged time in orbit. 

Painted surfaces are particularly prone to degradation under the influence of solar radiation 

and atomic oxygen [Silverman 1995a]. For example, it has been estimated that 10^̂  to 10^" 

plate-like debris particles of approximately 10 |im in diameter could be produced from the 

painted surface of a satellite above 475 km in altitude after a year in orbit [Stark 1997]. 

Fragmentation events can occur due to a propulsion system malfunction or an internal 

explosion on board the spacecraft. Since 1961, there have been more than 120 known satellite 

break-ups [Chamberlain 1993]. As well as producing over 8,100 catalogued objects, it is likely 

that these events resulted in the ejection of many, many more pieces of smaller debris. Such 

debris will exhibit a large range of different shapes and sizes. Finally, when a spacecraft 

collides with other objects (of natural or man made origin), sub-millimetre debris can also be 
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produced. A collision with a large object may produce an effect similar to an internal 

fragmentation event, whereas during a small particle collision a cloud of secondary particles, 

perhaps sub micron in diameter, will be ejected from the impact crater. The composition of 

these particles will depend upon the composition of the impacting particle and the surface with 

which it collides. In general, the average density of sub-millimetre orbital debris particles is 

assumed to be approximately 2700 kgmt representing aluminium [Silverman 1995a\. 

The orbital debris environment is constantly changing. Objects can be effected by a variety of 

natural perturbing forces, which may alter their trajectory or remove them from orbit 

completely. At present, this is the only way in which proliferation of the hazard is being 

reduced. The main force acting on debris in orbits below 800 km is atmospheric drag [Johnson 

1991], This will cause the object to gradually loose altitude and then burn up in the upper 

reaches of the atmosphere. The rate at which this happens depends upon the object's mass, 

cross sectional area and the atmospheric density. Sub-millimetre size debris tends to have 

larger cross sectional area to mass ratios than centimetre-sized objects, which means it will 

loose altitude more quickly. For example, it has been estimated that less than 5 % of 

aluminium oxide particles produced by solid rocket exhaust will remain in orbit after a year 

[Muller 1985\. The rate of decay of objects will also increase around solar maximum, due to 

the heating and expansion of the atmosphere. This will be particularly significant at orbital 

altitudes less than 1000 km [NRC 1995]. 

Objects in higher orbits have significantly longer lifetimes. They are predominantly effected by 

solar and lunar gravitational forces and solar radiation pressure. Whilst these forces will not 

directly remove the object from orbit, they can alter its trajectory significantly, and increase the 

eccentricity of the orbit. This may result in a lower altitude perigee, which will expose the object 

to higher atmospheric density levels, and hence give it a more rapid decay due to atmospheric 

drag. However, this process may take tens, hundreds or even millions of years, depending on 

the initial height of the orbit. 

1.2.2 POPULATION DISTRIBUTION 

It is estimated that the total mass of sub-millimetre objects constitutes less than 0.01 % of the 

total mass of all orbital debris. However, the total number of these objects exceeds that of the 

larger objects by many, many orders of magnitude. The number of objects above 10 cm in 

diameter is currently estimated to be approximately 10,000, whereas a single burn of a solid 

rocket motor alone is thought to produce around 10^° particles of diameter 50 ^m and below. 

The debris population depends significantly on altitude. Spacecraft use certain orbits more 

frequently than others, so that a greater quantity of debris is also found in these orbits. Some 



of the most densely populated regions are Low Earth Orbits, Sun-Synchronous Orbits, 

Geostationary Transfer Orbits, Molniya Orbits and Geostationary Earth Orbits. It is thought that 

sub-millimetre debris may also be found in swarms, which are associated with a particular 

source, such as a spent rocket stage or atomic oxygen erosion of a painted surface. Evidence 

of such swarms was found by several active experiments on board LDEF during its 69 months 

in orbit [Mulholland 1991], 

1.2.3 IMPACT VELOCITY DISTRIBUTION 

The relative velocity with which a piece of debris collides with a spacecraft will depend upon 

the orbital altitude at which the collision occurs, and the eccentricity and inclination of the two 

orbits [Kessler 19881. For circular orbits, the collision velocity can vary from nearly 0 kms"̂  for 

two objects colliding in nearly the same orbit, to twice the orbital velocity for a head on 

collision. In general, the collision velocity increases as the angle of intersection of the orbits of 

the two objects increases towards 180°. 

Objects in lower altitude orbits move faster than objects in higher altitude orbits. For circular 

LEO orbits, the orbital velocity varies from 7 - 8 kms'\ Therefore, the collision velocity of 

objects in these orbits can vary from about 0 to 16 kms \ The predicted fraction of debris 

impacts at various velocities, for a spacecraft in an LEO orbit of average altitude, as a function 

of the spacecraft's orbital inclination, is shown in Figure 1.1. It can be seen that the proportion 

of high velocity collisions increases for spacecraft in higher inclination orbits. For 

semisynchronous orbits, the orbital velocity is approximately 3.9 kms"\ so that the maximum 

collision velocity is 7.8 kms'\ However, many spacecraft in these orbits operate in 

constellations, with inclinations of 60°, so that the average collision velocity is about 4 kms'\ 

In GEO, the current population of catalogued debris objects has inclinations ranging from 0 to 

15 °. Sub-mm size fragmentation debris associated with these objects could be expected to 

follow similar orbits. Most active spacecraft operating in GEO are maintained at an inclination 

near to 0° i.e. near to the inclination of the debris. Therefore, due to the lower differences in 

inclination, and the lower orbital velocity, collisions in GEO occur at lower velocities than in 

LEO. The long term average collision velocity between debris and spacecraft in GEO is 

estimated to be approximately 0.5 kms'̂  [NRC 1995], 
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Debris vetocity relative to spacecraft v (IWsec) 

Figure 1.1 Fraction of orbital debris impacts at various velocities, for a spacecraft in an average 

Low Earth Orbit (after NRC 1995 : Orbital debris, A technical assessment) 
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Figure 1.2 Average cumulative cross sectional area orbital debris f lux for a spacecraft in an 

average Low Earth Orbit (after NRC 1995 : Orbital debris, A technical assessment) 
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1.2.4 COLLISION PROBABILITY 

The probability that a collision will occur between a spacecraft and a piece of debris will 

depend on the cross sectional area of the spacecraft and the debris flux. As described in 

§1.2.2, the debris flux depends significantly on the orbital region which the spacecraft is in. 

The average cumulative cross sectional area orbital debris flux for a spacecraft in a typical low 

earth orbit, as a function of the debris size, is shown in Figure 1.2. This figure oversimplifies 

the nature of the debris population, because the data was obtained over a seven year time 

period (1986 - 1992), and does not take into account variations with altitude [A/RC 7995], 

However, it can be used to obtain an estimate of the expected number of collisions between a 

spacecraft and a piece of orbital debris of a given size, for a given length of time in LEO. For 

example, a spacecraft with a surface area of 10 will collide with approximately 50,000 

particles with diameters in the range 10 pim to 100 |um, over a mission length of 10 years, with 

the number of impacts decreasing as the size of the particle increases. On average, this 

equates to the impact of one particle per 2 cm^ of the spacecraft surface. 

1.3 ORBTIAL DEBRIS IMPACT EFFECTS 

In general, the individual impact of particles in the 10-100 |nm diameter range will not cause 

catastrophic damage to a spacecraft or its sub systems. However, the accumulation of a 

number of impacts over a period of time may cause a gradual deterioration in the surfaces of 

materials and sensitive components. This type of damage can be accentuated by other 

environmental hazards, such as atomic oxygen and solar radiation. Most at risk are those 

materials or components which are exposed directly to the space environment. This includes 

optics, thermal control blankets and solar arrays. Large databases of impact features on these 

materials have been derived from retrieved surfaces of spacecraft such as LDEF [Zolensky 

1995], SMM [Bernhard 1997], EURECA [Aceti 1995] and the HST [Drolshagen 1995] . An 

indication of the types of damage which can occur is given in the following sections. 

1.3.1 OPTICAL COMPONENTS 

Optical components are generally made of brittle materials (e.g. fused silica, glass, 

germanium). A typical damage site due to a sub-millimetre particle impact will consist of a 

central crater, filled with finely crushed material and surrounded by fracture areas. An example 

of an impact on a BK7 glass surface which was flown on board LDEF is shown Figure 1.3 

[Zolensky 1995\. Although such impact damage may not downgrade the transmissivity or the 

reflectivity of the component, it could significantly worsen the optical scatter [Atkinson 1993]. 

This will lead to a reduction in light throughput, resolution and signal / noise ratio. 
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Figure 1.3 Scanning electron micrograph of impact crater on space exposed BK-7 glass surface, 

showing central pit, cracks and ripple-like structure (after Zolensky 1995). 

Impact feature 

/ 
20 m m 

Figure 1.4 Post flight photograph of thermal cover over upper centre one-sixth of tray E10 on the 

Long Duration Exposure Facility (LDEF). Numerous impact features can be seen, consisting of a 

central circular hole surrounded by a raised lip of molten Teflon (after O'Neal 1996). 
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1.3.2 THERMAL CONTROL BLANKETS 

Thermal control blankets are typically constructed of layers of metallised polymer (e.g. silver 

coated Teflon, aluminised Mylar), of tlie order of a few hundred microns thick. It is unlikely that 

a single sub-millimetre particle impact will have a significant effect on the performance of this 

type of material. However, the accumulation of a large number of impacts due to an extended 

period in orbit could cause a change in the solar absorptance of the blanket [g/Wrman 79956]. 

This could effect the operation of thermally sensitive instruments on board the spacecraft. An 

example of a silver coated Teflon thermal control blanket flown on board LDEF is shown in 

Figure 1.4 [O'Neal 1996\. A typical impact feature consisted of a central circular or elliptical 

hole, surrounded by a raised lip of molten Teflon. In many cases, a delamination zone 

surrounded the central crater, with sharp distinct rings. Discolouration of the underlying silver 

layer also occurred, due to atomic oxygen exposure. 

1.3.3 SOLAR ARRAYS 

The cells in a solar array typically consist of a thin (150 - 300 urn thick) glass cover slide, a 

semi-conductor wafer (e.g. silicon) and a substrate (e.g. aluminium with thin layer of kapton 

insulation). Due to the composite nature of the cell, the impact damage can vary depending on 

how far the particle penetrates. Damage to the cover glass will be similar to that for optical 

components, described in §1.3.1. For deeper impacts, melting of the silicon can occur, to form 

a central crater with a lip, surrounded by a conchoidal fracture zone. 

1.4 THE LASER DRIVEN FLYER PLATE 

The laser driven flyer plate is a projectile with a large diameter to thickness ratio. A pulsed 

laser beam is used to create a high pressure plasma on the rear surface of the projectile, and 

this drives the projectile forward at high velocity. The projectile is initially created from a 

stationary piece of material called the target. Depending on the construction of the target, the 

plasma will either expand freely from the surface (direct ablation), or will initially be confined 

near to the surface (confined ablation). The two processes are described below. For the 

purposes of this work, only confined ablation targets were used. 



1.4.1 DIRECT ABLATION 

For direct ablation flyer plate experiments, the target consists of a thin foil. The laser beam is 

fired at the target, and a plasma expands freely from the surface. The plasma imparts a 

momentum to the target, and the projectile, or flyer plate, breaks away from the bulk target 

material at high velocity. 

Since the early 1980's, an extensive number of flyer plate experiments have been performed 

using direct ablation, for the application of inertial confinement fusion. In this concept, the 

implosion of a pellet containing Deuterium is driven by the rocket like inward acceleration of 

the pellet shell due to laser ablation of the outer surface [Ripin 1980]. To investigate the 

acceleration process of the shell, flyer plates have been created out of targets typically 

consisting of a thin rigid foil of aluminium or styrene, a few hundred microns in diameter and 

tens of microns thick. The flyer plate is used to represent a small section of the surface of the 

shell, which will be approximately planar. However, these type of fusion experiments typically 

use laser beam intensities of the order 10^ to 10® GWcm"^, requiring large, expensive, laser 

installations capable of delivering pulse energies of tens of joules. Thus the direct ablation 

regime was not used in this project. 

1.4.2 CONFINED ABLATION 

Acceleration of laser driven flyer plates using confined ablation was first proposed by Sheffield 

(1983). In this case, the target consists of a thin layer of metal backed by a transparent 

substrate. Sheffield initially used a substrate consisting of a layer of water, with the metal in the 

form of a thin foil. However, since then, substrates in the form of glass discs [e.g. Paisley 

1990] and fibre optics [e.g. Trott 1990\ have also been used. The metal can again be in the 

form of a foil, which is adhered to the substrate with vacuum grease or anodic bonding 

[Roybal 1999], or it can be vapour deposited or sputtered onto the substrate as a thin film. 

The laser beam is fired through the substrate at the rear surface of the metal, and as in the 

direct ablation case, a laser induced plasma is created, and the projectile breaks away from 

the bulk target material at high velocity. However, the substrate initially confines the plasma 

during the laser beam interaction, and this effectively increases the energy which can be 

coupled into the flyer plate. Therefore, a higher velocity can be obtained for a given laser beam 

intensity. Sheffield showed that sub-millimetre size flyer plates could be accelerated to 

velocities of several kilometres per second, using laser beam intensities of 1 - 20 GW cm'^ 

[Sheffield 1983\. Such intensities can be obtained using standard off-the-shelf bench top 

lasers. 

10 
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1.5 USE OF FLYER PLATE TECHNIQUE FOR ORBITAL DEBRIS SIMULATION 

A study of the literature was undertaken, and several aspects of the confined ablation flyer 

plate technique were identified, which required attention and investigation, due to the lack of 

previous research. These are summarised in the following sections. 

1.5.1 BACKGROUND PRESSURE 

Most previous experiments have been conducted in air at atmospheric pressure. For the 

purposes of orbital debris simulation, the flyer plate must be generated in a vacuum chamber, 

to reproduce the typical pressures of 10"® to 10'^mbar which are encountered in LEO 

[Silverman 1995a]. The laser can be placed outside the chamber, and the beam is directed 

onto the target through a transparent window [Roybal 1995\. A schematic of the required set 

up is shown in Figure 1.5. 

Target coating 

Focused laser 
beam 

a 
J 

Entrance window 

Substrate V a c u u m chamber 

Figure 1.5 Laser acceleration of flyer plate under vacuum, for orbital debris impact simulation 

1.5.2 FLYER PLATE FLIGHT DISTANCE 

The majority of previous investigations have been directed towards the application of 

detonating secondary explosives. Typical flyer plate flight distances of a few hundred microns 

have been used, so that the explosive is situated very close to the target. For orbital debris 

simulation, it may be possible to use such a short flight distance to study mechanical damage 

on a sample due to the flyer plate impact. However, it is possible that debris from the laser 

induced driving plasma may also hit the sample. 

11 
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For simulation experiments involving ejecta studies, the sample must be situated further away 

from the target, so that the secondary particles and gaseous products can be collected from 

the sample surface. For this reason, behaviour of the flyer plate over target-sample distances 

several orders of magnitude higher than that previously used required investigation (i.e. 

several millimetres and above, rather than a few hundred microns). 

1.5.3 FLYER PLATE FRAGMENTATION 

As described in §1.1, the main motivation for building the orbital debris simulation facility was 

to accelerate individual particles of a given diameter and velocity, one by one. For experiments 

using flight distances of a few hundred microns, it has been well established that the flyer plate 

initially leaves the target in one piece, and is accelerated to a constant velocity, which depends 

upon the laser beam fluence and the initial thickness of the target coating. Different velocities 

and diameters can be selected by adjusting these parameters accordingly (§3.3). 

However, several experiments and numerical simulations have clearly demonstrated that the 

flyer plate can fragment in flight, about 50 ns after the start of acceleration (§3.4). For a typical 

velocity of 5 kms'\ this corresponds to a flight distance of 250 p,m. Fragmentation may not be 

important if the sample can be placed close enough to the target to avoid this problem (such 

as in applications involving the detonation of explosives). However, for the current application, 

where a longer flight distance was required, it was identified as being of crucial importance. 

Depending on its severity, fragmentation of the flyer plate would restrict the capability of the 

technique to accelerate particles one by one. 

However, it was recognised that fragmentation of the flyer plate need not necessarily be 

considered from a negative point of view. As described in §1.1, the orbital debris environment 

contains particles with a wide range of different sizes. If the size and velocity distribution of 

flyer plate fragments were representative of the size and velocity distribution of the orbital 

debris, then the technique could be used to simulate the overall impact effects of the exposure 

of a material to the space environment. Therefore, though not meeting the specific requirement 

of the current ESA project, such a capability would be extremely useful to the space 

community, and was worthy of investigation. 

In summary, two points needed to be addressed : (a) would the flyer plate fragment over a 

flight distance greater than several hundred microns, and (b) if fragmentation did occur, would 

the size and velocity of fragments be representative of the orbital debris environment. 

12 
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1.5.4 TARGET CONSTRUCTION 

As described in §1.4, two types of target have been used in the majority of previous confined 

ablation experiments, (a) a coated glass disc, or (b) a coated fibre optic. A specific term has 

not been adopted in the literature for target type (a), but due to the need to constantly refer to it 

in this work, it will be called the fully coated target. This reflects the fact that it is constructed 

from a substrate which is coated all over on one surface with a layer of metal. The fully coated 

target has the advantage that it can be used repetitively to generate many flyer plates (100 -

200 for a 25 mm diameter target). The disc is simply translated across the laser beam between 

shots, so that a fresh piece of metal is hit each time. This is obviously an attractive feature for 

use in orbital debris simulation, where the experiments must be performed under vacuum. The 

target can be translated across the beam from outside the chamber, eliminating the need for 

repeated venting and pumping down of the chamber between shots. 

The disadvantage of this type of target is that the focussed laser beam is used to define the 

particle diameter. Typically, in previous flyer plate experiments using confined ablation, the 

laser beam has been focussed with a simple lens. In this case, the spatial intensity distribution 

of laser radiation on the target will be Gaussian i.e. the beam will not have a sharp edge [Iga 

1994]. It is therefore not clear at exactly what diameter the flyer plate will break away from the 

target. Specific measurements of the flyer plate diameter using this type of target could not be 

found in the literature. Again, it is likely that this has not been important for previous 

applications. 

However, experiments using flyer plates generated by direct ablation have shown that heat 

can be conducted out of the laser beam focal volume to surrounding un-irradiated areas of the 

foil. This has the effect of increasing the diameter of the accelerated material beyond that of 

the laser beam. In addition, early on in the laser pulse, when the acceleration of the flyer plate 

is low, the shear strength of the foil can allow the flyer plate to drag along a part of the 

adjacent foil [Ripin 1980\. Therefore, it is possible that these effects could occur in the 

confined ablation regime, leading to an uncertainty in the initial flyer plate diameter, and 

possibly the ejection of pieces of target coating in addition to the flyer plate. 

The fibre optic target overcomes the disadvantages described above, in that the diameter of 

the flyer plate is pre-defined on the end of the fibre, rather than being defined by the diameter 

of the laser beam. In addition, the spatial intensity distribution of the laser beam is smoothed 

out due to multiple reflections along the length of the fibre, so that it is approximately flat top 

when it hits the flyer plate. It has been suggested that homogenisation of the beam in this way 

can inhibit fragmentation of the flyer plate, compared with focussing the laser beam directly 

onto the fully coated target [Trott 1990). However, no quantitative measurements were 

reported to justify this statement. 

13 
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The disadvantages of the fibre optic target for orbital debris simulation are (a) it would be more 

difficult to incorporate into the vacuum facility, and perform multiple shots without breaking the 

vacuum, and (b) individually coated fibres are required for each shot. However, a new type of 

target was conceived, which combined the advantages of the fibre optic with the advantages of 

the disc target. This is a novel target design, which has not been used previously in flyer plate 

experiments. A schematic of the target is shown in Figure 1.6. It consists of an array of dots 

etched from the surface of a fully coated target. For the purposes of this work, it was called the 

etched target. It was necessary to develop a procedure for manufacturing the target, and then 

experimentation was required to find out if it offered any advantages over the fully coated 

target for orbital debris simulation. 

Side view (exaggerated in size for clarity) Front view 

Laser beam 

Substrate 

Aluminium dots 
Aluminium dots 

Figure 1. 6 Laser acceleration of flyer plate using etched target 
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1.6 AIMS AND OUTLINE OF THESIS 

An overview of the features of the flyer plate technique which required further investigation 

have been outlined in §1.5. The aims of the thesis can now be stated specifically as follows : 

* To design and build an experimental facility that can be used to simulate orbital debris 

impacts using laser driven flyer plates 

® To investigate the use of the fully coated target for generating sub-mm diameter flyer 

plates which can simulate mechanical orbital debris impact damage on a sample placed 

less than one millimetre from the target 

» To determine if either the fully coated target or the etched target can be used to accelerate 

single 10 - 100 |Lim diameter flyer plates, one by one, to velocities up to 10 kms \ for 

orbital debris impact simulation on a sample located far enough away from the target to 

enable the analysis of secondary ejecta 

9 To examine the nature of the flyer plate fragmentation process, specifically to quantify the 

diameter and velocity distributions of fragments which are produced, and determine if they 

could be used to simulate multiple impacts of sub-mm size orbital debris 

9 To compare the advantages and disadvantages of the laser driven flyer plate technique 

with other acceleration techniques, in the context of simulating sub-mm size orbital debris 

The outline of the remainder of the thesis is as follows ; 

Chapter 2 

This chapter is a critical examination of some of the established techniques which can be used 

to simulate the impact of orbital debris particles in the 10-100 jum size regime. 

Chapter 3 

The chapter begins with background information about the interaction of a laser beam with a 

metal surface (§3.1). The current understanding of the flyer plate acceleration process for 

confined ablation is given in §3.2, and this is followed by a summary of the results from 

previous flyer plate experiments (§3.3). Particular emphasis is placed on those aspects of the 

technique which were relevant to orbital debris simulation i.e. definition of flyer plate diameter 

and velocity, effect of background pressure and damage to substrate. The concept of flyer 

plate fragmentation is then discussed separately in §3.4. This includes a description of 

previous experiments, and a discussion of flyer plate fragmentation theories. 

15 
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Chapter 4 

This is a critical examination of a selection of techniques which were considered for measuring 

the flyer plate diameter and velocity. A time of flight velocity sensor (based on the impact flash) 

was chosen to measure the flyer plate velocity and thin impact foil sensors were chosen to 

measure the flyer plate diameter. These are described in §4.2. The results of previous impact 

flash experiments are presented in §4.3. Finally, §4.4 discusses the empirical impact 

equations which can be used to derive particle diameters from hole diameters in the thin foil 

sensor. 

Chapter 5 

This chapter begins with a description of the experimental facility, incorporating the laser, 

optics, laser beam diagnostics and the vacuum chamber (§5.1 - 5.4). The manufacture of the 

fully coated targets and the etched targets is described in §5.5. The remainder of the sections 

give details of the impact foil sensors, the velocity measurement system and the microscopes 

which were used for analysis of the surfaces of the sample and target. 

Chapter 6 

The general procedures used in the operation of the facility are described in §6.1 and §6.2. 

The time of flight velocity measurement technique is described in §6.3. This includes a detailed 

treatment of the methods used to interpret the impact flash produced by a distribution of 

particles hitting the sample. The techniques used to derive the diameter of the flyer plate 

fragments from the hole sizes in the thin foils is described in §6.4. 

Chapter 7 

This chapter presents and discusses the results of the flyer plate experiments using the fully 

coated targets. Flyer plate fragmentation is a central theme of the results. The chapter begins 

with the results of experiments at sub-mm flight distance, and then concentrates on longer 

flight distances in the range 10-60 mm. Particle diameter distributions are plotted for the 

fragments, and compared with a statistical fragmentation theory. Velocity distributions are 

determined using the impact flash. The overall implications of using the fully coated target for 

simulating orbital debris impacts is discussed. 

Chapter 8 

This chapter presents and discusses the results of the etched target experiments. Flyer plate 

fragmentation was less severe than for the fully coated targets, and this is discussed in the 

context of orbital debris simulation. The results are contrasted with those in Chapter 7 for the 

fully coated targets. 

Chapter 9 

This is a statement of the main conclusions of the thesis, and suggestions for further work. 
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CHAPTER 2 

OTHER SIIVIULATION TECHNIQUES 

The ground based simulation of hypervelocity impacts in space can be achieved using a 

variety of acceleration techniques. Some of these have traditionally been used in meteoroid 

simulation, and others have been developed specifically because of the orbital debris problem. 

This chapter is not a comprehensive review of all acceleration techniques, but rather a 

summary of the most commonly used techniques, concentrating on those which have the 

capability to accelerate particles within or near to the 10-100 |um size regime. The 

advantages and disadvantages of each technique are summarised, specifically within the 

context of orbital debris simulation, to allow a comparison to be made with the laser driven 

flyer plate technique in later chapters. Reference is made to the capabilities of individual test 

facilities where possible, although it is a generally recognised problem within the hypervelocity 

impact community that such information is often inaccessible. In addition, some techniques 

can be considered as experimental, and do not form the basis of an established test facility. 

2.1 PURPOSE AND REQUIREMENTS 

Ground based simulation facilities are a valuable resource for designers, manufacturers and 

operators of spacecraft, who need readily available access to impact data. The specific needs 

can be summarised as follows : 

® Accelerated testing-the accumulative effect of many impacts can be studied in a short 

period of time. This is necessary to assess the probability of survival of components on 

long duration space missions 

» Testing of new components and shielding - the effects of impacts on new materials can be 

studied, before they are flown in space, and shielding design can be tested and improved. 

The ground based testing approach is far cheaper and quicker than flying experiments in 

space, and returning them to earth for analysis 

® Basic scientific research - the fundamental physics of high speed impacts in space can be 

studied in a controlled laboratory environment, using measurement techniques which 

cannot be used in space 

8 Calibration of numerical models - experimental data is required to form boundary 

conditions for numerical models 

9 Design of space flight experiments - before costly and time consuming space flight 

experiments are designed, ground based simulation can be used to indicate the likely 

effects which will be expected in space, so that the experiment can be tailored accordingly 
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A typical simulation facility will consist of a projectile acceleration apparatus, a vacuum system, 

a sample holder and a range of diagnostics for measuring the characteristics of the projectile, 

and studying the impact. A user of the facility will ideally need to know the following 

information: 

1. Number of projectiles which impact the sample per test 

2. Shape, size, mass and velocity of projectiles 

3. Thermodynamic state of projectiles 

4. Angle of impact 

5. Chamber pressure 

In addition, from an economical point of view, the user will also be interested in the number of 

impact tests which can be performed in a given length of time, and the operating cost of the 

facility. 

2.2 CURRENT CAPABILITIES 

At present (end of 1999), there are three well established laboratory based techniques for 

accelerating sub-millimetre and micron size particles for simulation of impacts in space. These 

are the two stage light gas gun, the plasma gun, and the electrostatic dust accelerator. A 

summary of some existing test facilities which use these techniques, and the characteristics of 

the particles they can generate, is given in Table 2.1. This does not mean these are the only 

facilities ; the selection was made on the basis of continual references to these specific 

facilities in the literature. The three techniques are described in §2.3-2.5. In addition, three 

other techniques were studied which are of some relevance to the current application ; the 

electric gun, the multi-stage explosive launcher and direct laser ablation. These are discussed 

in §2.6. 

In the literature, the capabilities of a given simulation facility are sometimes expressed in terms 

of the particle velocity and diameter which they can accelerate, and at other times in terms of 

the particle velocity and mass. In some respects, this depends on the given application of the 

facility being described at the time. To convert between the particle mass and diameter, the 

density and shape of the particle must be known. For the current project, the ESA 

requirements were specified in terms of a particle diameter. This reflects the fact that the 

orbital debris environment is often characterised in the same way (§1.2). For simulation of 

impacts in the 10-100 jxm diameter regime, the particles are often spherical, or assumed to 

be spherical. However, for the current project, the particles are assumed to be plate-like, with a 

circular cross sectional area. 

18 



(O 

Accelerator Location Type Particle characteristics Reference 

Diameter Mass Velocity Shape Composition 

ia,m kg kms"̂  

NASA Johnson Space Centre, 

WSTF, USA 
2 stage light gas 

gun 
40-1000 10"®- 10"® 3 - 7 Spherical 

Aluminium, 

AI2O3, glass 
Horz (1998) 

Space Power Institute, Auburn 

University, USA 
Plasma gun 50 - 400 10"®- 10"''° 3-14 Spherical 

AI2O3, Silicon 

Carbide 
Best (1992) 

Technlsche Universltat, 

Mucnchen, Germany 
Plasma gun 50 - 250 10"® ""10"̂ ° 5-20 Spherical AI2O3, Olivine 

Igenbergs 

(1987) 

USSA, University of Kent at 

Canterbury, UK 

Electrostatic dust 

accelerator 
0.02 - 4 10"^°- 10^3 1 -215 Spherical 

Iron, Boron 

Carbide 
Burchell (1996) 

Max-Planck-lnstltut for 

Kernphysik,Heidlberg, Germany 

Electrostatic dust 

accelerator 
0.01 -2 0.5 - 60 Spherical 

Iron,Aluminium 

Carbon 
Fechtig (1972) 

i 
-0 

IV) 

0 

1 
§ s 

Table 2.1 Current capabilities of selected accelerator facilities 
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The difference in mass between a spherical particle of diameter d, and a circular plate like 

particle of the same diameter d, and a thickness h, both with the same density is given by : 

mi / m2 = 2d / 3h 

where mi = mass of spherical particle 

m2 = mass of plate-like particle 

For example, if d= 100 |j,m and h = 5 ^m, then mi / ma = 13 

if d = 10 iim and h = 5|im, then mi / m2 = 1.3 

It should be noted that the ratio approaches 1 as the thickness of the plate-like particle 

approaches its diameter. However, at this point, the particle can then no longer considered to 

be plate-like anyway. 

2.3 THE TWO STAGE LIGHT GAS GUN 

The two stage light gas gun consists of a powder chamber, a pump tube, a high pressure 

coupling and a launch tube containing the projectile. A charge is ignited inside the powder 

chamber, and forces a piston down the pump tube. As the piston moves down the tube, it 

compresses a light gas (usually hydrogen ) ahead of it. The gas moves through the tapered 

high pressure coupling, and is trapped at the other end by a metal disc, called a petal valve. At 

a pre-determined pressure, the disc bursts, and the high pressure gas forces the projectile 

down the launch tube. To minimise or prevent projectile break up during launch, and to 

minimise damage to the launch tube, the projectile is encased in a plastic sabot. The sabot 

separates from the projectile as it leaves the end of the tube [Zukas 1995\. 

The two stage light gas gun is generally used to accelerate particles with masses of 1 gram 

and greater. In this case, one particle is obtained for each firing of the gun. The reloading of 

the gun is generally quite a laborious process, and perhaps two or three shots will be possible 

per day. Contamination will also be produced from the remains of the sabot, and the 

compressed gas, though some of this can be prevented from hitting the sample by using 

mechanical apertures, and making the flight path long enough. 

It is possible to accelerate smaller size particles, by loading a collection of particles into the 

same sabot. Horz (1998) used a 5 mm caliber light gas gun to accelerate ensembles of 50 -

100 glass and aluminium spheres, 50 )im in diameter, to velocities of 7 kms'\ Mechanical 

apertures were used along the flight path to reduce the number of particles, so that only 2 - 5 
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would typically hit the test sample (but sometimes up to 10). Two main problems were noted. 

Firstly, small micro-cracks and flaws in the projectiles caused the projectiles to fragment during 

launch. Secondly, It was difficult to obtain ensembles of such small projectiles which were all 

exactly the same size and mass, so that impact conditions could not be defined accurately for 

individual particles. 

Grosch (1993) also reported attempts to accelerate nylon and aluminium particles with a gun 

of similar calibre. A maximum velocity of 7.5 kms'̂  was achieved for aluminium spheres with 

masses between 0.3 and 0.9 mg (corresponding to diameters in the range 600 - 1800 îm). A 

higher velocity of 9 kms ^ was achieved for nylon cylinders of similar mass. Problems were 

noted with several aspects of the launching arrangement, due to the fact that the gun was 

initially designed to accelerate much larger diameter particles. In particular, failure of the sabot 

occurred, particularly when launching the aluminium projectiles, causing fragments to hit the 

test sample. Sometimes, the projectile did not travel in a straight line, and missed the sample 

completely. 

2.4 THE PLASMA GUN 

In this technique, a collection of projectiles are accelerated along a launch tube due to 

aerodynamic forces exerted on them by an expanding plasma. The plasma is produced by 

discharging a high current capacitor bank through a foil, a wire or a gas. The projectiles are 

held in place by a diaphragm, which bursts when the plasma hits it. The projectiles are then 

"dragged along" the tube at a substantial fraction of the plasma velocity. The projectile material 

must be transparent to the radiation from the plasma, to prevent the projectile from melting and 

disintegrating during launching [Zukas 1995]. 

As the particles are accelerated by an expanding plasma, there will always be a variation in 

the velocity of the particle stream. This velocity variation will be a complex function of the initial 

particle shapes, mass and density, and other gun parameters. Best (1992) used a plasma gun 

based on an exploding aluminium foil to study impact phenomena on space station solar array 

structures. Aluminium oxide and olivine spheres, 100 - 400 |um in diameter, were accelerated 

to velocities in the range 3 - 1 3 kms'\ A single shot of the gun was found to produce an 

average of 55 particle impacts. Some of the impact craters also showed traces of 

contaminants from the plasma gun, when analysed carefully using Energy Dispersive X-Ray 

Spectrometry (EDS). 

Reschaeur (1993) used a plasma gun based on a Helium discharge plasma to accelerate 10 -

60 îm diameter glass spheres, of mass 10""° to 10"̂  kg, and velocity of 1.9-18.4 kms'\ 
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Glass was used as the projectile material, as this was found to be the best at withstanding the 

high temperatures and shock conditions encountered during the acceleration phase. Multiple 

particles were initially accelerated, and then individual impacts were isolated on the sample for 

analysis. In all of the experiments, the projectile shape was assumed to be spherical. 

2.5 THE ELECTROSTATIC DUST ACCELERATOR 

This particle acceleration method is an adaption of the Van de Graff linear accelerators used 

in nuclear physics to accelerate ions. A source of dust is agitated in a reservoir by a short high 

voltage pulse, and a number of the particles acquire a charge. The particles are then 

accelerated along a tube by a voltage of the order 2 - 3 MV, to a velocity which can be 

calculated by the equation : 

1/2 mV^ = qU 

where m -particle mass, V - velocity, q = charge, U = acceleration voltage 

As with the techniques described in the previous two sections, a collection of particles are also 

accelerated. However, the number of particles impacting the test sample can be reduced by 

employing an electrostatic deflection system to select particles only within a chosen range of 

mass and velocity (based on the fact that the particles are charged). The basic principle of 

operation of the Van de Graff accelerator imposes a correlation on the mass and velocity of 

particles which can be accelerated. Smaller particles will be accelerated to a higher velocity, 

for a given accelerator voltage. The maximum velocity of particle which can be achieved is 

limited by the voltage on the upper terminal, and the amount of charge which can be put onto 

the surface of the particle. The maximum voltage is only limited by generator technology. 

However, the maximum charge is limited by field - emission, which is more fundamental. This 

effect causes ions to be emitted from the surface of the particle when the electric field strength 

exceeds a certain value [McDonnell 1978\. 

Burchell (1996) used a 2 MV Van de Graff machine to accelerate a stream of charged iron 

particles in the mass range 10"̂ ° to 10"̂ ® kg, to velocities in the range 2 to 65 kms"̂  (with the 

higher velocity being attained for the lower mass). A collection of the particles were studied in 

the SEM prior to acceleration, and they were found to be highly spherical. Thus the mass 

range corresponded to particle diameters of 0.01 to 3.0 pm. Individual impacts were studied by 

selecting particles of a given mass and velocity, using an electrostatic deflector system. Pailer 

(1980) used a similar 2MV device to accelerate iron, aluminium, glass and polyphenylene 

particles, with masses in the range 10'̂ ° - 10'̂ ^ kg (0.01 - 0.3 diameter), to velocities in the 

range 1.4-11 kms'\ 
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2.6 OTHER TECHNIQUES 

These techniques are either still in the experimental stage, or are currently only used to 

accelerate projectiles far outside of the required 10 - 100 pm diameter range. 

2.6.1 ELECTRIC GUN 

This technique was of interest because it can be used to accelerate plate like projectiles. A thin 

plate of the flyer material is placed on top of a copper foil. A capacitor bank is discharged 

through the foil, and ohmic heating causes the foil to explode and drives the flyer forward at 

high velocity. Lee (1993) accelerated Mylar and Kapton flyer plates, 200 pm thick and 22 mm 

in diameter to velocities of 10 kms \ No experiments have been reported using smaller 

diameter flyer plates. 

2.6.2 EXPLOSIVE MULTI-STAGE LAUNCHER 

Again, this technique can be used to accelerate plate-like projectiles. An explosive is 

detonated by a plane wave generator, which causes the sequential detonation of a series of 

explosives, and subsequent acceleration of thick copper discs. The flyer plate material is 

placed at the end of a launch tube, where it is accelerated by the final explosive / disc 

combination. However, this technique is also only applicable to larger, heavier projectiles. 

Geille (1997) investigated the launch of an aluminium flyer plate, with a mass of 1g, to a 

velocity of 11 kms'\ 

2.6.3 DIRECT LASER ABLATION 

This technique uses the direct interaction of a pulsed laser beam with a sample, to simulate a 

high velocity impact, rather than actually accelerating a projectile. This is based on similarities 

between high velocity impact physics and high intensity laser / surface interactions. During a 

high velocity impact, the projectile transfers its momentum and energy to the sample surface 

through the early time shock dynamics. A shock wave propagates into the sample, resulting in 

the formation of a crater. The energy transfer occurs over a time-scale of the order of 

nanoseconds. Similarly, when a high power laser beam is focussed onto a surface, the rapid 

evaporation and expansion of the material produces a high pressure plasma, which also drives 

a shock wave into the remaining material, resulting in the formation of a crater. 

This technique was particularly interesting because laser ablation occurs during the initial 

acceleration of the laser driven flyer plate. Therefore, the damage formed on the fully coated 
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target at the site where the laser beam is fired might also be expected to resemble an impact 

crater. The dominant parameter governing the hypervelocity impact process is the kinetic 

energy of the projectile [K/ns/ow 7970]. It is not possible to simulate the impact simply by 

setting the laser beam energy equal to the energy of the projectile, because a large fraction of 

the laser beam energy is absorbed by the laser induced plasma. However, it has been shown 

that the early time history of a hypervelocity impact event can be simulated by ensuring that 

the laser induced plasma pressure is equal to the surface induced impact pressure. This 

requires setting the laser pulse duration equal to the projectile / surface interaction time, and 

setting the focal spot diameter equal to the particle diameter. Different velocity impacts can be 

simulated by varying the laser beam intensity [Pirri 1977]. 

The technique appears to be particularly attractive because of the simplicity of the apparatus 

required, and the ease with which different particle sizes can be selected. Theoretically, it 

should be possible to simulate 10-100 |im diameter particle impacts, though this has not been 

attempted experimentally. However, the technique does have its limitations. Roybal (1995) 

showed that the impact damage fornied on a polysulfone resin (a typical type of composite 

material flown on LDEF) was not representative of orbital debris impact damage , due to the 

transparency of the resin to the laser radiation at the wavelength used (1064 nm). His pulse 

duration was 18 ns, and the focussed beam diameter was 400 juim. It is clear that further 

experimentation is required using a wider range of laser beam parameters and types of 

sample, to assess the overall validity of this technique for simulating orbital debris impacts. 

2.7 SUMMARY 

No technique could be found which can accelerate plate-like aluminium particles, one by one, 

with diameters in the range 10-100 pm, to velocities of 10 kms \ The plasma gun can 

accelerate spherical particles, with diameters in the range 10 - 200 p,m, to velocities of 

20 kms \ However, a collection of particles are produced per shot, and the materials which 

can be used is restricted, due to the high temperature of the plasma. No reference to the use 

of the plasma gun for accelerating aluminium particles could be found. The Van de Graff 

accelerator can be used to simulate impacts one by one, and aluminium particles can be used. 

However, this technique is restricted to the acceleration of particles with diameters in the range 

0.01 - 3 ]um, though orbital debris impact velocities can easily be achieved. The light gas gun 

is most often used for the acceleration of particles above 0.5 mm in diameter, to maximum 

velocities of about 8 kms \ Collections of smaller, 50 |im diameter glass particles have been 

accelerated using this type of device, but problems were encountered with particle break-up 

during launch. 
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For the three main techniques discussed in §2.3 - §2.5, a collection of particles must be 

loaded into the device prior to launch. This is generally a time-consuming process, and 

restricts the number of shots which can be made to perhaps two or three per day. The 

accuracy with which the particle diameter can be defined depends upon the technology used 

in their initial manufacture. Particles which are approximately spherical in shape are normally 

used in these devices. Aluminium plate-like particles have been accelerated to velocities of 

11 kms"\ using the electric gun and explosive launcher, but the diameters of the plates have 

been far in excess of 10-100pm. 
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CHAPTER 3 

THE LASER DRIVEN FLYER PLATE 

This chapter presents background information about the laser driven flyer plate, and a review 

of relevant experiments conducted previously. It begins with a summary of the fundamental 

mechanisms associated with the laser irradiation of a metal surface, followed by a description 

of the flyer plate acceleration mechanism. The section after this gives details of experiments 

associated with the characteristics of the flyer plate over sub millimetre flight distance. Finally, 

the concept of flyer plate fragmentation is discussed in some detail, as this was a central 

theme in all of the experiments which were conducted during the course of this project. 

3.1 LASER IRRADIATION OF A METAL SURFACE 

When a metal is irradiated with a focussed laser beam, some of the energy will be reflected, 

and some will be absorbed within a thin layer near the surface. The radiation will not penetrate 

any further into the metal due to the skin effect [Allmen 1995\. For weak radiation in the region 

of the electromagnetic spectrum above the vacuum ultraviolet, metals typically have a 

reflectivity exceeding 95 %. However, if the radiation has an intensity above a certain 

threshold, then significant interactions can start to occur within the metal lattice. The absorbed 

energy will initially heat up the material, causing a localised change in microstructure. As the 

intensity increases, the target may then sublimate, and a very dense plasma can be formed. 

This plasma will expand rapidly away from the surface, and the recoil pressure can lead to a 

series of shock waves in the material. 

3.1.1 ABLATION THRESHOLD 

To couple the laser beam energy into the metal as efficiently as possible, the surface 

temperature should be increased rapidly using high intensity radiation in short pulse form. In 

this way, the energy absorbed by the surface does not diffuse from the interaction zone, and is 

used predominantly to excite the atoms and electrons. The term laser ablation is used to 

describe this phenomenon. For the majority of confined ablation laser driven flyer plate 

experiments described in the literature, the laser beam pulse length has typically been of the 

order 1 - 25 ns, and the intensity has ranged from 10® - 10 Wcm'^. 

The precise mechanism of laser ablation is not yet fully understood. However, the energy input 

mechanism prior to plasma formation can be modelled in terms of conventional laser heating. 

The energy required to ablate the surface of a material will be close to that required to heat the 

material beyond its melting temperature and cause significant evaporation. Previous 
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experiments have shown that a minimum laser beam fluence of approximately 5Jcm'^ is 

required for flyer plate acceleration in the confined ablation regime [Lawrence 1993], 

3.1.2 PLASMA FORMATION 

If the laser beam fluence greatly exceeds the ablation threshold, then a high density plasma is 

produced due to ionisation of the ablated material. The plasma will typically be formed within a 

few nanoseconds of the onset of the laser pulse. The density of this plasma significantly 

effects the subsequent coupling between the laser beam and the surface of the metal. When 

the plasma reaches the critical density, at which the plasma frequency is equal to the 

frequency of the laser radiation, then further radiative transport to the metal is cut-off. The 

laser radiation is then absorbed due to inverse bremsstrahlung in a thin layer of plasma near to 

the surface. At plasma densities above critical, energy is transported to the metal due to heat 

conduction by the electrons. This causes further vaporisation of the surface. The dynamics of 

the expanding plasma are determined by temperature and pressure gradients. The absorbing 

plasma layer propagates in the direction of the laser beam as a laser supported detonation 

wave. After the laser pulse has finished, the expansion of the plasma rapidly reduces to zero, 

the temperature and pressure decreases and the electrons and ions recombine into neutral 

atoms. 

3.1.3 LASER INDUCED SHOCK WAVES 

The rapid expansion of the laser induced plasma drives a shock wave into the material. An 

impulse is imparted to the material due to the pressure build up behind the shock front. This 

impulse far exceeds that which would be expected from normal evaporation at the same 

irradiance [Beech 1992\. The material will fracture if the magnitude of the stress produced by 

the shock wave exceeds the fracture strength of the material. Laser induced shock waves 

have been investigated extensively since the laser was first invented for a variety of different 

applications. The most common device for measuring the magnitude of the shock wave is the 

quartz gauge. This is a type of piezoelectric pressure transducer which is attached directly to 

the front of the target. This set up is essentially the same as for laser driven flyer plate 

experiments, except that the gauge prevents the flyer plate from leaving the target. 

The pressure generated by the laser induced shock wave has been measured for a wide 

range of laser beam intensities, pulse lengths and target thickness, for both confined ablation 

and direct ablation. For similar laser beam characteristics, it has been shown that the confining 

substrate can be used to achieve a higher pressure than for direct ablation. Fabbro (1990) 

gives analytical expressions for the pressure in each of these cases : 
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Confined ablation 

(/c6ar^) = 0.10 
/ (2 

2a + 3 
Z ' ' " (GWcm-") ( 3.1) 

Direct ablation 

(^6ar^) = 3.937"" (GWcm-")A-°^ (n^) (3.2) 

where Z = combined shock wave impedance of target and substrate 

lo = laser beam intensity 

a = experimentally determined constant 

For a laser wavelength of 1.06 |im, a pulse duration of 10 ns, a - 0.1 and Z = 2.1 x 10 ® 

gcm'V^ (glass / copper interface), the ratio Pc / Pd varies from 9.6 to 3.7 for laser beam 

intensities in the range 10® to 10" Wcm"^ 

3.2 THEORY OF FLYER PLATE ACCELERATION USING CONFINED ABLATION 

3.2.1 ACCELERATION MECHANISM 

The flyer plate acceleration process can be described in three steps [Fabbro 1990\: 

1) During the laser pulse, the pressure generated by the plasma induces a shock wave which 

propagates into the target and the confining material 

2) When the laser is switched off, the plasma still maintains a pressure which decreases 

during its adiabatic cooling. During these first two steps, the target acquires an impulse 

momentum due to the induced shock wave 

3) After complete recombination of the plasma, the expansion of the heated gas inside the 

interface continues to add momentum to the target 

The thickness of the interface increases with time as the plasma pressure increases, and the 

shock waves propagate into the two mediums. The absorbed laser energy is used to increase 

the internal energy of the plasma inside the interface, and to increase the kinetic energy of the 

two surfaces. For very thin foils, the transit time of the shock wave inside the target coating 

can be shorter than the duration of the laser pulse. In this case, the shock wave will reflect at 

the free (rear) surface of the coating as a release wave. Multiple reverberations occur during 
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the laser pulse. The velocity acquired by the flyer plate from the shock waves is given by : 

(ZLS) 
7M 

where T = laser pulse width, P(T) = pressure behind shock front, and m = flyer plate mass. 

However, it has been shown [Fabbro 1990] that the momentum delivered to the flyer plate by 

the heated gas is more significant than the momentum delivered by the shock waves during 

the laser pulse. Though the physical mechanisms are not fully understood, the final velocity of 

the flyer plate can be predicted using the principle of conservation of energy. This approach 

was adopted by Lawrence (1993), and is described in detail in the following section. 

3.2.2 A MODEL FOR PREDICTING FLYER PLATE VELOCITY 

Lawrence (1993) developed a simple analytical model for predicting the final flyer plate 

velocity in the confined ablation regime. This model does not require details of the physical 

processes occurring during flyer plate acceleration, such as shock wave and plasma 

formation, but instead uses the overlying principle of conservation of energy. The model is 

based on the Guerney Theory, which is used to predict particle velocities from chemical 

explosions [Zukas 19951. The energy deposited by the laser beam at the interface is 

analogous to the chemical energy of the explosion. For a laser beam with an average fluence 

Fo, this energy is given by : 

(3.4) 

where p = flyer plate density, r = energy loss coefficient, Xd = blow-off layer thickness 

Ed = decomposition energy, jHeff = effective absorption coefficient 

It is assumed that the laser beam energy is deposited exponentially in the target coating 

according to an effective absorption coefficient |ieff: 

U (3 5) 
- . I 

1 + fCjUn Pi/GCT 

where x = laser beam pulse width, jia = material absorption coefficient, a = thermal diffusivity = 

K/pCp (K = thermal conductivity, Cp = specific heat capacity} 

K = experimentally determined factor, to take account of uncertainties in pa and a. 
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The thickness (Xd) of the layer of material vaporised from the inner surface of the flyer (the 

plasma blow-off layer) is found by determining the depth at which the deposited energy is 

equal to the vaporisation energy, Ed of the target coating ; 

1 
-In 

/4arJFo(l -- r ) (3.6) 

The flyer plate velocity is found by equating the deposited energy with the kinetic energy of the 

expanding plasma and gas, and the remaining solid portion of the flyer plate. It is assumed 

that the spatial velocity distribution of the plasma can be represented as a linear function, 

extending from zero at the surface of the substrate to the final velocity at the rear surface of 

the flyer plate. The final velocity is then given by : 

^0 -
3E (3.7) 

All of the required parameters are either specified, or are standard material constants, apart 

from K (related to uncertainties in a and |ia) and r (related to energy losses due to reflection 

and radiation). Both of these values will be specific to the interaction between the laser beam 

and the material, and must be determined experimentally. The model was applied to the case 

of an aluminium flyer plate, using -r = 8 ns and Xi = Spim. Values for the loss coefficient, r, and 

the factor, K, were taken from the experimental data of Lawrence (1993); 

p, density, kgm"® 2700 

Ed, decomposition energy, Jkg"̂  1.2 X 10' 

a, thermal diffusivity, s 8.0x10* 

|ia, material absorption coefficient, kg^ 4.4x10* 

K 0.253 

r 0.78 

Table 3.1 Parameters used in calculation of flyer plate velocity using Guerney model (after 

Lawrence 1993) 

Figure 3.1 shows the thickness of the plasma blow-off layer, Xd, for varying laser fluence Fo, 

and Figure 3.2 shows the ratio of the blow-off layer thickness to the original flyer plate 

thickness x,, for Xt = 1,2,5 and 10 |um. The value F,h is the threshold fluence, below which 

flyer plate acceleration does not occur. 
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Figure 3. 1 Blow-off layer thickness for varying laser beam fluence 
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Figure 3. 2 Ratio of blow-off layer thickness to initial flyer plate thickness 

31 



Ch&4PTfFA3 7}YEr/.46?Ef? 0V9/y%5A/flLyT5f7jeLy47T5 

Figure 3.3 shows the flyer plate velocity, for various target coating thickness, using the 

previously calculated values of Xd. Care must be taken in interpreting these curves, as they 

are only valid at those values of fluence for which Xd/Xt < 1. 
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Figure 3. 3 Flyer plate velocity versus laser beam fluence for various flyer plate thickness, 

showing values for which Xd/xt < 1. 

3.3 FLYER PLATE EXPERIMENTS 

3.3.1 OVERVIEW 

Over the past two decades, a wide variety of theoretical and experimental studies of the flyer 

plate have been undertaken, using both confined ablation and direct ablation. The preceding 

sections have described some of the theoretical aspects of the laser beam interaction and the 

acceleration of the flyer plate. In this section, a summary of selected experiments is presented. 

The purpose of this summary is to provide background information about the experimental 

aspects of the technique, and to identify the experimental parameters which will effect the use 

of the flyer plate for impact simulation. A selection of establishments which have conducted 

flyer plate experiments using confined ablation over the past two decades is shown in Table 

3.2. Included in this table are a summary of the laser beam characteristics, lens focal lengths, 

background pressure, the main characteristics of the targets and the dimensions and velocity 

flyer plates which were produced. 
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Location of facility Flyer plate characteristics Flight distance Substrate References 

Target 

coating 

Thickness 

Velocity Composition 

urn kms'̂  mm 

Sandia National Laboratories, New Mexico, USA 25 -125 2-4.5 Al X 
13-30 mm thick 

fused silica 
Sheffield (1986) 

Sandia National Laboratories, New Mexico, USA 5 - 66 0.5-6.5 
Al, AI2O3, 

Mg, Cu 
0.075-0.3 

Fused silica fibres 
Trott(1991) 

Air Force Philips Laboratory, New Mexico, USA 5-25 3-6.2 Al X 
X 

Roybal (1995) 

Los Alamos National Laboratory, New Mexico, 

USA 0.5 - 20 1 - 6 Al, Cu 0.025-0.25 

2 mm thick fused 

silica Paisley (1990) 

Centre d'Etudes Scientifiques et Techniques 

d'Aquitaine (CEA), Le Barp, France 
2 -8 0.8-3 AI,Cu X 

Fused silica 

window Labaste (1995) 

Aeronautical and Maritime Research Laboratory, 

Melbourne, Australia 
2 -4 2-5.5 Al, AI2O3, 

Mg, MgF2, 

Cu 

0.2-0.5 Fused silica 

window 

Hatt(1995) 
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Table 3. 2 Summary of experiments using confined ablation to generate laser driven flyer plates 

X = no data available 



Location of facility Laser beam characteristics 
Laser beam 

coupling 

Laser 

fluence 

Background 

pressure 
References 

Laser 

type 
Wavelength 

Pulse 

duration 

Max 

Energy 

l̂ m ns mJ Jcm^ mbar 

Sandia National Laboratories, 

New Mexico, USA 
Nd:YAG 1.06 10 700 

410 mm lens, 

Wo' = 1.5 mm 
10-200 10® Sheffield 

09833 

Sandia National Laboratories, 

New Mexico, USA 
Nd:Glass 1.05 16-50 3100 

0.2-2.0 mm 

diameter fibres 
4-250 10® Trott(1991) 

Air Force Philips Laboratory, 

New Mexico, USA 
Nd;YAG 1.06 18 X 

Lens, 

Wo' = 0.7 mm 
X 

Ultra high 

vacuum 
Roybal (1995) 

Los Alamos National 

Laboratory, New Mexico, USA 
Nd:YAG 1.06 8-10 X 

250 mm lens, 

Wo =1.0 mm 
6-24 10® Paisley (1990) 

Centre d'Etudes Scientifiques 

et Techniques d'Aqultaine 

(CEA), Le Barp, France 
Nd:Glass 1.05 8 850 

650 mm lens, 

Wo = 1 - 2 mm 
2.4 - 24 10̂  Labaste (1995) 

Aeronautical and Maritime 

Research Laboratory, 

Melbourne, Australia 

Nd:YAG 1.06 6 X 
Lens, 
wq = 1 mm 

5-55 10® Hatt(1995) 
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Table 3.2 (continued) Summary of experiments using confined ablation to generate laser driven flyer plates 

X = no data available 
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3.3.2 LASER CHARACTERISTICS 

As described in §3.1, laser pulses of nanosecond duration or less, with intensities above 10^ -

10^ Wcm'^ are required for laser flyer plate experiments. The wavelength should be chosen so 

as to maximise absorption in the target coating and the plasma, and to minimise absorption in 

the substrate. At present, the solid state infra-red lasers are most suited to satisfying these 

requirements. As can be seen from Table 3.2, all previous experiments have used either the 

Nd:YAG or Nd:Glass laser, operating at the fundamental wavelength of 1064 nm or 1054 nm 

respectively. The Nd:YAG laser is the most versatile solid state laser in existence, and has 

gained prominent use in a wide range of laser applications. Neodymium doped yttrium 

aluminium garnet (Nd:YAG) has a high gain and good mechanical and thermal properties for 

laser operation [Koechner 7996]. It is hard, of good optical quality and has a high thermal 

conductivity. The laser can be Q-switched, to produce typical pulse lengths in the range 5 - 5 0 

ns, and output power up to about SOMW. 

In recent years, advances in laser technology have helped to improve the stability and beam 

quality of the Nd:YAG laser, and compact, bench top systems are now widely available 

commercially. The Nd:Glass laser is generally used where higher pulse energies are required. 

The Nd:Glass rod can be produced in larger sizes than Nd:YAG, and several can be coupled 

together to give a laser output of several hundred joules. These lasers are most often used in 

fusion applications. 

3.3.3 TARGET TYPES AND LASER BEAM COUPLING 

As described in Chapter 1, two different target types have been used in previous confined 

ablation experiments, (a) the fully coated target - a glass disc (usually fused silica), typically 

about 25 mm in diameter, coated all over on one side, and (b) a fibre optic, typically 200 -

2000 pm in diameter and a few metres in length, coated on one end. The laser beam is 

coupled to the fully coated target by focussing the beam through the substrate using a plano-

convex lens. As can be seen from Table 3.2, lens focal lengths in the region 50 - 600 mm 

have been used. The location of the target with respect to the lens defines the diameter of the 

laser beam on the target (Appendix A, Equation A1.4). 

The laser beam is coupled to the fibre optic using a short focal length lens (typically f = 100 

mm) positioned in close proximity to the un-coated end of the fibre. Several different types of 

fibre have been investigated, including step-index fibres and fibre tapers [Trott 1990\. It has 

been shown that fibre optic coupling can provide a higher energy absorption efficiency than 

direct lens coupling. Trott measured the intensity profile at the output end of several un-coated 
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fibres, and showed that a crude approximation to a top hat could be obtained. It was shown 

that the homogeneity of the beam could be improved by using longer fibres, or placing a loop 

in the fibre. However, as with the lens coupled experiments, no work has been done to 

systematically investigate the dependence of the flyer plate characteristics on the spatial 

intensity profile of the laser beam. In most cases, this parameter has not even been measured, 

which makes it very difficult to compare data obtained by different investigators using different 

lasers. 

3.3.4 FLYER PLATE DIAMETER 

In previous experiments, it has been assumed that the flyer plate leaves the target with a 

similar diameter to (a) the focussed laser beam, for the case of the fully coated target, or (b) 

the diameter of the fibre optic. However, this aspect of the technique has not been investigated 

in detail. No work has been done for flyer plate flight distances over 1 mm. A reference to a 

measurement of the flyer plate diameter is made in a paper by Trott (1995). A fast framing 

camera was used to obtain images of the flyer plate for the first 60 ns after leaving the end of a 

400 jim diameter fibre. It was shown that the flyer plate initially had a diameter approximately 

equal to the diameter of the fibre, before fragmentation started to occur. Fragmentation is 

discussed in more detail in §3.4. For fibre optic coupling, the minimum fibre diameter which 

has been used is 200 |um [Trott 1990], For fully coated targets and lens coupling, the minimum 

focussed spot size has been 700 |im [Roybal 1995\. 

3.3.5 BACKGROUND PRESSURE 

The majority of confined ablation experiments have been conducted in air at atmospheric 

pressure. This is probably due to the fact that the applications have not specifically required a 

lower background pressure. Only a small number of references to work at lower pressures 

could be found [Roybal 1995, 1999], These experiments were performed with the target 

mounted inside a high vacuum chamber. Although the pressure was not specifically noted, it 

was assumed to be lower than 10"® mbar, as a Time - of - Flight Mass Spectrometer was used 

as part of the diagnostics. This device requires a minimum background pressure of 

approximately 10"® mbar to operate. 

Once the flyer plate has left the substrate, it will encounter a resistance force due to the 

molecules in the background gas impinging upon it. The nature of this force will depend upon 

the ratio of the flyer plate diameter to the mean free path of the gas molecules. 
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For an ideal gas, the mean free path is given by the equation [c/o/)n ; 

' ' ^ L ' N 

where d = diameter of gas molecule 

The volume of the gas, V, and number of molecules N are linked by the pressure P and the 

mean velocity <v> ; 

P = — — m < v ^ > 
3 y 

<v;> = (3.10) 

where R = ideal gas constant, M = molecular mass, T - temperature 

For air at ambient temperature (293K), the following approximate formula for the mean free 

path is obtained [Roth 1976]; 

2 7.8x10- ' (3.11) 

P 

where P is the pressure in mbar. 

I is the mean free path in cm 

For pressures in the range 10'® to 10"̂  mbar, representative of conditions in LEO, the mean 

free path varies from approximately 8 m to 800 m. This is very much greater than the flyer 

plate diameters under consideration. Therefore, the motion of the flyer plate through the gas 

can be described using the theory of free molecular flow. The molecules incident on the 

surface can be treated completely independently of the molecules reflected from the surface, 

and both will obey a Maxwellian velocity distribution. The resistance offered by the gas is due 

to a greater number of molecules impinging on the front surface of the flyer plate than the rear. 

The drag force is given by the following formula [Fuchs 1964] : 

7^ = p (3.12) 

where = gas density 

r = flyer plate radius 

V = flyer plate velocity 
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A simple order of magnitude calculation can be made by considering the flyer plate 

deceleration due to this drag force for an instantaneous flyer plate velocity V : 

a = (3.13) 

where p^, = flyer plate density 

h = flyer plate thickness 

For a flyer plate density of 2700 kgm'^ representing aluminium, the deceleration is of the order 

0.18 to 18 ms^, for an instantaneous velocity of 5 kms'\ and pressures in the range 10"® to 

10'^mbar. Therefore, without doing any more complex calculations, it can be concluded that 

the resistance to the motion of the flyer plate due to the background gas will be negligible for 

the flight distances, flyer plate size and velocities and the background gas pressures relevant 

to the work described in this thesis. 

3.3.6 FLYER PLATE VELOCITY 

Flyer plate velocities have been measured over a wide range of experimental conditions, for 

both fully coated targets and fibre optics. The velocity dependence on laser beam fluence, 

pulse width and target composition and thickness have been investigated in detail. Most 

measurements have been made using laser interferometry. This technique is described in 

Chapter 4. In general, three velocity regimes have been identified. Firstly, no flyer plate 

acceleration occurs for laser fluences below a minimum threshold value. This is the regime 

where the laser beam has insufficient energy to create a plasma. In the second regime, the 

laser beam fluence effects the flyer 'plate velocity in a manner consistent with a simple kinetic 

energy law. For a given flyer plate diameter, the velocity is proportional to (F / p x)"^, where F 

is the fluence, x is the flyer plate thickness and p is the density. The theory developed by 

Lawrence (1993) describes well the experimental data in this regime. Finally, in the third 

regime, the laser beam starts to interact significantly with the substrate, and the kinetic energy 

law fails to hold. 

3.3.7 SUBSTRATE DAMAGE 

During the acceleration phase of the flyer plate, the laser beam and the plasma can interact 

with the substrate, causing mechanical and thermal damage. It is likely that pieces of fused 

silica are ejected from the surface of the substrate. Thus the substrate was identified as a 

possible source of contamination in using the flyer plate for impact simulation. Most previous 
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investigators have not been concerned with this aspect of the process, probably because it 

has been of little relevance to their applications. No previous work has been done to identify 

the presence of substrate material on a surface placed in front of the target. 

The laser beam can interact directly with the substrate, due to localised absorption at surface 

and bulk defects. This process depends on a range of factors such as the laser beam intensity, 

pulse width, wavelength and the condition of the surface. It has been shown that laser beam 

absorption in the substrate ultimately limits the maximum velocity which can be obtained using 

confined ablation [Fabbro 1990, Lawrence 1993, Farnsworth 1995\. 

Experiments have generally been conducted at intensities well below the laser induced 

damage threshold of the substrate. However, damage to the substrate can still be observed at 

the location where the flyer plate has been removed from the target, due to the effects of the 

laser induced plasma. As described in §3.1.3, the expansion of the plasma sends a shock 

wave into the substrate and the target coating. Some investigators have noted that the 

substrate material near to the surface is crushed to a fine powder, and the outer regions are 

broken into larger pieces [Anderholm 1970\. The energy density required to achieve this 

process, can be estimated by calculating the mechanical work done by the shock wave during 

its propagation into the substrate [Fabbro 1990\: 

7̂ ^ . (314 
W — J" Z' (mj + M9) dt ~ 2 - /S,t 

where P = mean pressure acting during time At, x = laser pulse width, u = shock velocity 

For laser beam fluences in the range 10-100 Jcm"^ At = 15.7T, P = 10 kbars (typically), so 

that for T = 10 ns, W = 1.5 Jcm'^. 

Farnsworth [1995] used a numerical model called the CTH hydrocode [McGkaun 1990\, to 

investigate the role the substrate plays in flyer plate acceleration. This model is typically used 

to study the effects of high velocity impacts on unconfined materials i.e. not involving a 

substrate. However, modifications to the code were made specifically for the work, to allow 

transmission and absorption of energy through a transparent substrate, and reflection of 

energy at a cold metal interface with the substrate. The results of this investigation showed 

that the substrate can contribute significantly to the driving plasma. The amount of substrate 

removed on a typical laser beam shot was about 0.4 jim. Separate experimental spectroscopic 

studies of the driving plasma by Trott [1995] also showed that silicon features appeared in the 

emission spectrum during flyer plate acceleration, indicating substantial vaporisation and 

ionisation of the substrate material. 
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3.4 FLYER PLATE FRAGMENTATION 

There has only been a limited amount of previous work on flyer plate fragmentation for the 

confined ablation regime, and this is summarised in §3.4.1. As stated in §1.5, it is likely that 

the problem has been avoided by using very short flight distance, rather than being 

investigated. However, more work concerning fragmentation has been done for experiments 

using the direct ablation regime. It has been shown that fragmentation occurs due to a 

Rayleigh Taylor type hydrodynamic instability. It has been suggested that this is also the cause 

of fragmentation in the confined ablation case [Farnsworth 1995}, though this has not yet been 

confirmed experimentally. 

The basic theory of the Rayleigh Taylor instability is discussed qualitatively in §3.4.2. However, 

whilst this indicates the physicaf mechanisms by which fragmentation of the flyer plate can 

occur, it does not describe the distribution of particle sizes which are produced. It has been 

shown though [Grady 1985\ that purely statistical concepts can be used to predict particle size 

distributions in dynamic fragmentation problems of this nature. This theory is described in 

§3.4.3. 

3.4.1 PREVIOUS EVIDENCE OF FRAGMENTATION IN CONFINED ABLATION 

EXPERIMENTS 

Sheffield et al. (1986) used a velocity interferometer (ORVIS) to measure the velocity of the 

flyer plate over a time interval of 100 ns after the start of the laser pulse. Using a 13 |u.m thick 

foil, and a 3.1 J laser beam focussed to a spot size of 1.5 mm (equivalent to an average 

fluence of 175 Jcm"^), it was found that the fringes became very diffuse about 40 ns after the 

start of acceleration. This was attributed to the flyer breaking up or completely ablating. No 

further measurements were made. 

Trott (1993) used an electronic image converter camera to obtain "edge-on" and "face-on" 

views of 4 pm thick Al and AI/AI2O3/AI flyers, produced from a coated 400 pim diameter optical 

fibre. The images consisted of a thin dark line, of dimensions similar to those of the fibre, 

followed by a bright luminous region, which was attributed to the laser induced plasma. At a 

flight distance of 300 |im, the image of the aluminium flyer became very diffuse, with a distinct 

non-planar leading edge, indicating that fragmentation had occurred. 

The same techniques were used to study in more detail the behaviour of 0.25 - 2.6 |im thick Al 

and AI/AI2O3/AI flyers [Frank 19951. The effects of the plasma breaking through the flyer 

(leading to fragmentation or vaporisation) were clearly observed. A variety of images were 
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taken using target coatings of different composition and thickness. In general it was found that 

(a) flyers of different composition resisted melting and plasma penetration over different 

periods of time (b) the delay before fragmentation occurred became longer as the flyer plate 

thickness was increased (c) the delay before fragmentation occurred increased with 

decreasing laser beam energy. In all of the cases studied, fragmentation occurred within 50 ns 

of flyer plate motion. 

3.4.2 THE RAYLEIGH TAYLOR INSTABILITY 

This type of instability is a classical problem in hydrodynamics. It develops at the interface of 

two fluids, when a heavier fluid is supported by a lighter one. A small disturbance can cause 

the interface to become rippled, so that the heavier fluid breaks up into discrete fragments and 

falls through the lighter one. An everyday occurrence of the instability is the fragmentation of a 

smooth column of running tap water into small droplets as the flow rate is gradually decreased 

i.e. the tap is gradually turned off. 

A similar problem can occur for a plasma supported by a magnetic field. The force on the 

plasma due to particle motion along the curved field lines can act like a gravitational force. If 

the plasma is disturbed slightly, its motion can deform the magnetic field in such a way as to 

produce magnetic forces which tend to amplify the original disturbance i.e. an instability 

[Goldstone 1995\. This leads to a macroscopic motion of the plasma mass. The instability acts 

to lower the potential energy of the plasma in the magnetic force field. 

It has been shown that a Rayleigh Taylor type instability can occur near the ablation surface of 

imploding fusion-pellet shells i.e. during direct laser ablation [Grun 1984\. In this case, the 

instability occurs because the heavier flyer plate material is supported against a lower density 

plasma. Small perturbations at the interface can grow sinusoidally, causing the flyer plate to 

deform into protrusions. This can degrade the implosion symmetry and reduce the pellet 

compression below that required to produce the desired energy gain. 

Farnsworth [1995] suggested that the same type of instability can occur for confined laser 

ablation. By numerical modelling of the flyer plate, he showed that the rear surface of the flyer 

plate will be at or above its melting temperature throughout the acceleration phase. Hence 

some or all of the flyer plate will be in a molten state. An instability could develop at the 

interface with the lighter density driving plasma, causing the flyer plate material to fragment 

into molten droplets. 
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3.4.3 A STATISTICAL DESCRIPTION OF DYNAMIC FRAGMENTATION 

The term dynamic fragmentation refers to the fracturing of a body of material into discrete 

domains due to an impulsive process. For a given application, a complete theoretical 

understanding of fragmentation requires a knowledge of the physical processes and 

parameters involved. In the case of fragmentation of the flyer plate, this will incorporate such 

factors as the fracture strength of the target coating, and the pressure distribution within the 

driving plasma. However, it has been shown that relatively simple theoretical descriptions of 

dynamic fragmentation based purely on geometric statistics can be used to describe the 

distribution of particle sizes obtained in a wide range of different experimental scenarios i.e. 

the fragmentation is governed by some overriding random process, and no assumptions about 

actual material response are necessary. Such studies have been undertaken for many years, 

and a review is given by Grady [1985]. 

It was interesting to see to what extent a theory of this type could be applied to the flyer plate 

fragment distributions, as this would indicate whether the fragmentation process is ultimately 

random in nature, or whether it is dominated by some underlying mechanism which tends to 

produce fragments of a given size. The theory which will be considered was first proposed in 

Grady's review paper, where it was used to describe experimental scenarios such as the 

fracturing of thin fused silica plates under dynamic loading, the detonation of explosive filled 

steel cylinders and the distribution of galaxy sizes within the Universe. This theory has more 

recently been used to predict the fragment sizes produced during the high velocity impact of 

projectiles against thin plates [Ari 1993, Kipp 1993\. Such a scenario provides the same type of 

physical processes e.g. production of shock waves and high strain rate modification of material 

properties, which are found in the acceleration of the laser driven flyer plate. 

The theory is developed from a consideration of the random fragmentation of an infinite line, in 

one dimension. The Poisson distribution provides the probability of finding n points in a length I 

n\ 

The positioning of the points on the line is used to represent fragmentation of the line. The 

cumulative number of fragments per unit length, greater than length I, is given by : 

N(Z) = TVo (3.16) 

where No = the average number of points per unit length 
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This concept is then extended to describe fragmentation of an area, and leads to a similar 

cumulative number distribution : 

N(a) = iV. e-'- (3.17, 

where N(a) = cumulative number of fragments per unit area 

a = fragment area 

However, this assumes that the average fragment size at a point within the unit area does not 

differ from that at any other point. In many physical scenarios, the dynamic loading conditions 

will be such that the intensity of fracture varies from point to point within the body, thus 

effecting the average fragment size. This will lead to a statistically inhomogeneous fragment 

distribution. Grady showed that such a distribution can be found by combining the distributions 

due to homogeneous fragmentation in two different areas, using the so-called method of 

Poisson mixtures [Pun 1979\ : 

JV(o) = 2 - " " " 4- g , jVzo (3/W)) 

where g, = fraction of total area of material described by distribution i 

Nio= number of fragments per unit area for distribution i 

Equation 3.18 can also be expressed as (for 1 = 2): 

o a 
== Afig 4- Afz g (3-19) 

where N(a) = total number of fragments with area greater than a 

Ni = number of fragments with average area Ai 

N2 = number of fragments with average area A2 
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CHAPTER 4 

VELOCITY AND DIAIVIETER IVIEASUREMENTS 

A number of techniques were considered for measuring the diameter and velocity of the flyer 

plate, and these are reviewed in this chapter. Given the time constraints imposed by the 

project and the facilities available, well established techniques were chosen, which would not 

require an extensive amount of new development and external calibration. It was also 

important to ensure that the technique could be used to detect and measure a distribution of 

different sized fragments, rather than just a single particle moving in a straight line. 

Two techniques were finally selected. A time of flight system, based on the impact flash 

produced when the flyer plate hits the surface of a sample, was chosen to measure the 

velocity. Thin foil impact sensors were chosen to measure the flyer plate diameter. These 

techniques, and the reasons for their choice are described in detail in §4.2. Background 

information about the impact flash is then given in §4.3, and the empirical impact equations 

which were used to analyse the thin foil sensors are described in §4.4. 

4.1 OTHER MEASUREMENT TECHNIQUES 

An extensive range of experimental techniques exist for measuring the diameter and velocity 

of small hypervelocity particles. These techniques have been developed for a wide range of 

both ground based and space based applications. The following is not a rigorous review of all 

possible measurement techniques, as such a task would have taken a long time to 

accomplish. The techniques which were considered are those which commonly find application 

in laser driven flyer experiments and studies of micrometeoroids and space debris. Some of 

the techniques were quickly dismissed due to their prohibitive cost or the time which would 

have been required to develop and implement them. However, these are given a mention 

because of their prominent use in the two fields, and the possibility that they could be used in 

future work. 

The techniques have been classed as either invasive or non-invasive. Invasive techniques are 

those in which the particle is influenced in some way by virtue of the measurement being 

made. This type of technique commonly involves placing some kind of detector in the path of 

the particle, and measuring a certain feature of the resulting impact process. The impact 

usually results in the destruction of the particle (except for those techniques specifically 

designed to capture the particle intact). Some of these techniques require further analysis of 

the detector to extract the size, mass and velocity information. Non-invasive techniques allow 

the particle to continue unhindered after the measurement has been made. The majority of 
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these techniques involve the measurement of light or X-rays scattered or reflected off the 

particle. 

In studying the different techniques, several points were noted : 

9 Some techniques can be used to measure the mass, size and velocity of the particle 

simultaneously, whereas others give only one piece of information. The simultaneous 

measurement is of particular importance in space based applications, where 

measurements on a given particle can only be made once. 

e Depending on the technique used, the velocity can either be measured at an instant in 

time, or averaged over time. 

9 Some techniques can be used to directly measure the size and shape of the particle, 

whereas others can only be used to directly measure its mass. It is often assumed, or 

known, that the particle is spherical, with a given density. In this case the diameter of the 

particle can be obtained directly from its mass, or vice versa. However, if the shape of the 

particle is unknown, then care must be taken in making this conversion. 

4.1.1 NON-INVASIVE TECHNIQUES 

Laser interferometrv 

Laser interferometry is used to obtain velocity - time profiles of an accelerating particle. A 

laser beam is reflected off the surface of the particle, and undergoes a Doppler shift due to the 

motion of the particle. The reflected beam is recombined with a reference beam, and an 

interference pattern is produced. The spacing of the fringes can be used to deduce the 

instantaneous particle velocity. 

This type of technique has been used extensively in studying the acceleration phase of the 

laser driven flyer plate [e.g. Paisley 1990,Sheffield 1983, 1986\. The interferometer is 

generally one of two types - the Optically Recording Velocity Interferometer System (ORVIS), 

developed by Barker (1971), or the Velocity Interferometer System for Any Reflection (VISAR), 

developed by Barker and Hollenbach (1972). These systems typically have a time resolution of 

the order of 1 ns, and an accuracy of 1 % or better.The VISAR can be used on titled and 

irregular surfaces, whereas the ORVIS requires a highly reflective surface. The velocity 

interferometers have two main disadvantages which excluded them from further consideration. 

The first is their high cost, which is typically upwards of £100,000. This is due to the fact that 
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many different components are required, including optics, piezoelectric transducers, 

photomultipliers and high frequency oscilloscopes. The second disadvantage is the fact that 

they can only be used to measure the velocity of a single particle, with a minimum diameter of 

approximately 30 pm. The technique fails if the particle breaks up, and the fragments move out 

of the path of the laser beam [Sheffield 1986\. 

High Speed Photography 

The average velocity of a particle can be obtained by taking a double exposure photograph of 

it, and measuring the distance it has moved between the two exposures. The individual 

exposures can also be used to obtain the size of the particle, or to obtain a size and spatial 

distribution of the fragments if break up has occurred. To photograph particles moving at 

hypervelocity, very short exposure times are required to avoid blur in the pictures. For 

example, a 50 pim diameter particle, with a velocity of 5 kms \ will move a distance equivalent 

to its own diameter in 10 ns. 

In general, unless the particle is highly luminous, an intense light source is required to 

photograph the particle. The short exposure can then be obtained either by using a short 

duration light source (e.g. a pulsed laser) or a longer duration light source (e.g. a flash tube) 

and a camera with a very fast shutter system. A laser pulse with a wavelength of 532 nm and 

a duration of 6 - 8 ns could have been obtained by inserting frequency doubling crystals and 

dichroic optics into the Nd;YAG laser cavity [Koechner 1996].This option was considered when 

purchasing the laser, and could have been provided at an additional cost of approximately 

£2000. However, this technique would only have produced a single image of the particle, from 

which a velocity measurement could not have been made. In addition, the pulse duration of 6 -

8 ns was considered to be too long to give sharp images, for particles less than a few hundred 

microns in diameter. 

Modern high speed cameras can be purchased which can take multiple exposures separated 

by a few nanoseconds, with shutter speeds of 1 ns or less. They use intensified CCD detectors 

to detect the low light levels involved with such fast exposures. However, the cost of such a 

system is typically upwards of £100,000, and this technique was dismissed for this reason. 

Flash X-rav photoaraohv 

This technique can be used to measure the velocity and size of a particle or distribution of 

particles, in a similar way to the high speed photography described above. It is often used in 

imaging debris clouds produced during hypervelocity impact [Kipp 1993\. A flash X-ray tube is 
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used as the illumination source instead of a laser. IVIodern X-ray tubes can produce flashes 

with a duration of 1 ns or less. Typical spot sizes range from a few hundred microns to several 

millimetres in diameter. X-rays have the advantage over light In that they can penetrate dust, 

debris and plasmas, and can therefore be used to visualise events which would not be 

possible using light based photography. The basic components of an flash X-ray system 

consist of the X-ray tube, a power supply and an X-ray sensitive film. The image is formed by 

the shadowgraph method. X-rays penetrate the object and form a shadow image on the film 

behind. The contrast in the image depends on the different degrees of absorption of the X-rays 

by different parts of the object [Dubovik 1981]. However, a significant amount of development 

time and cost would again have been required to develop the technique, and so if was rejected 

for this reason. 

Optical scattering 

The size distribution of a collection of small particles can be obtained by measuring the 

intensity distribution of the scattered light. This technique has been used for measuring the 

size of spherical particles in the 1 - 10 pm diameter range, produced by laser-induced spall 

[Arad 1995]. The size distribution is derived using the theory of MIE scattering [Bohren 1983]. 

This technique was not chosen because of the uncertainty in the application of the theory for 

larger non-spherical particles i.e. 10 -100 jum diameter flyer plates. 

4.1.2 INVASIVE TECHNIQUES 

Impact plasma detection 

When a particle, or group of particles collide with a surface at high velocity, a plasma can be 

produced. The mass and velocity of the particle can be measured using the characteristics of 

this plasma. In general, for particles with diameters less than 1 mm, the threshold velocity for 

plasma formation is approximately 1 kms'̂  [McDonnell 1978, Eichhorn 1976\. This places a 

limit on the minimum velocity which can be measured using this technique. 

The plasma can be detected using the impact flash (the plasma will emit optical radiation, 

which can be measured with a photo detector), or by charge collection (the plasma will contain 

electrons and ions which can be collected using charged grids). This measurement technique 

is mainly used in detection systems on board spacecraft. In this application, the previous 

history of the particle is unknown, so that no information can be obtained until the impact 

occurs. At the moment of impact, several simultaneous measurements of the plasma must be 

made to enable the mass and velocity of the particle to be calculated independently. A variety 
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of plasma characteristics can be used, such as the intensity and rise time of the impact flash, 

or the total charge collected. The overall response of a given detector will depend upon many 

different factors, such as the composition of the particle and the composition of the surface 

with which it collides. Therefore, the detector must be calibrated before use, with particles of a 

known mass and velocity. 

PVDF dust detector 

This is a specific type of invasive detector which has been developed for use on board 

spacecraft, to measure the mass and velocity of cosmic dust particles [Tuzzolino 1996, 

Simpson 1989]. The sensing element is a thin film of a polarised polymer called polyvinylidene 

fluoride (PVDF), with conducting electrodes on each surface. When a hypen/elocity particle 

hits the polymer, dipoles are removed, producing a local depolarisation. This creates a charge 

signal in an external circuit. The amplitude of this signal can be used to deduce the mass and 

velocity of the particle. This detector has a number of advantages, including a large dynamic 

range (it can detect particles with sizes from 0.1 pm to 1 mm, moving at velocities from 

1 to 12 kms"̂ ) and relatively simple construction. However, as with the impact plasma detector, 

the absolute response of the detector depends on its construction. It therefore needs 

calibrating against particles of known mass and velocity. 

4.2 CHOSEN TECHNIQUES 

After detailed consideration, two techniques were chosen to measure the diameter and 

velocity of the flyer plate. They are both invasive techniques, in that the flyer plate must collide 

with a surface before it can be detected. 

4.2.1 TIME OF FLIGHT VELOCITY SENSOR 

The time of flight technique is a well established means of measuring particle velocities in 

ground based simulation facilities [Zukas 1995\. Two fixed points along the flight path of the 

particle are chosen, and the average velocity is calculated by measuring the time taken for the 

particle to move between the two points. A trigger pulse from the laser was used to determine 

the time to at which the flyer plate left the target. The impact flash was used to determine the 

time ti at which the flyer plate hit the sample. The average flyer plate velocity was then 

calculated using : 
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F = A ~ h 

4 
4.1 

A schematic of the technique is shown in Figure 4.1. The impact flash was measured using 

photomultipliers, details of which are given in Chapter 5. Apart from this, the only other piece 

of equipment required was an oscilloscope. The system was therefore fairly simple and not too 

costly to implement. In addition, the measurement of the impact plasma could be made 

simultaneously with an impact test on a wide range of different surfaces, including glass. 

Amongst the disadvantages of the technique were (a) it could only be used to measure an 

average velocity, (b) it was not possible to determine the individual velocities of particles within 

a distribution, and (c) it could not be used to measure particle velocities below about 

1 kms'\ These limitations are discussed in detail in §6.3.3. 
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S a m p l e 

P h o t o m u l t i p l i e r 

T r i g g e r p u l s e f r o m l a s e r at tq . _rL 
Figure 4.1 Schematic for time of flight velocity measurement technique 

4.2.2 THIN FOIL IMPACT SENSOR 

This type of sensor consists of a thin metal foil placed in the path of the particle. If the particle 

is moving above a certain velocity (typically of the order of 1 kms'̂  for micron sized particles), 

then upon impact with the foil, some form of damage will occur [McDonnell 1978], Depending 

upon the kinetic energy of the particle and the thickness of the foil, this damage will consist of 
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a crater, a marginal penetration or a complete penetration (hole). In general, the aim of the 

technique is to relate the size, shape and morphology of the crater or hole to the size or mass 

of the particle before the impact. These sensors have been used extensively on spacecraft 

over the past few decades, for sampling the micro-particle population in LEO. In this case, an 

average impact velocity is assumed, depending upon the specific orbit of the spacecraft. 

One of the critical features of the impact sensor is the thickness of the foil. This determines the 

type of damage which occurs, and the overall sensitivity of the detector to the impacting 

particle mass. As described above, the damage can be broadly classified into three main 

types: 

1. Craters 

A crater is an indentation in the surface of the foil, which does not pass all the way through. 

Craters can occur in various shapes and sizes, depending upon the characteristics of the 

particle and the foil. A crater is generally formed when the dimensions of the impacting particle 

are less than the thickness of the foil. In this case, the foil is referred to as semi-infinite or thick. 

Particle residues can be collected in the bottom of the craters, because the particle does not 

pass through. Therefore, this type of sensor has been used to determine the composition and 

density of orbital micro particles. In the past few years, very low density materials have also 

been used to try and capture the particle intact [Horz 1998\. 

2. Penetration (holes) 

If the dimensions of the particle are larger than the thickness of the foil, and the particle is 

moving with sufficient velocity, then the impact damage can pass all the way through the foil, 

so that a hole is formed. In this case, the foil is referred to as finite or thin. Again, the size and 

shape of the hole will depend upon the characteristics of the impacting particle. This type of 

sensor was initially developed to predict the level of shielding required to protect a spacecraft 

from the micrometeoroid environment. The thickness of the foil defines the lower threshold of 

sensitivity for the impacting particle mass. A clearly defined penetration limit exists, due to the 

sudden release of pressure from the expanding crater [l\/lcDonnell 1978\. 

3. Marginal penetration 

This is the boundary between the two cases described above. The particle is just stopped by 

the plate, but has sufficient energy to form a deep crater with a hole in the bottom. 
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The thin foil impact sensor was chosen because it could be used to measure the diameter of a 

collection of particles, which was important for those experiments for which fragmentation of 

the flyer plate occurred. The morphology of individual impacts on the foil could also be 

examined, which gave an indication of the type of damage which the flyer plate could cause. In 

addition, the sensors were relatively cheap to manufacture. Amongst its disadvantages were 

(a) if was non-reusable (one sensor required per laser beam shot), and (b) the manufacture 

and analysis of the sensors was very time consuming. The uncertainties involved are 

discussed in more detail in §4.4 and §6.4. 

In choosing the thickness of foil to use for the sensor, the methods available to analyse the 

impacts also had to be considered. For the fully coated targets, severe fragmentation of the 

flyer plate occurred (hundreds of fragments per laser beam shot). It would have been an 

unrealistic task to measure the size of individual craters produced in a thick foil, as a magnified 

image of each crater would have been required. Therefore, the analysis was restricted to 

measuring the diameters of holes in a thin foil. An automated method was developed to obtain 

a hole size distribution for each foil, based upon projecting an image of the foil onto 

photographic paper (§6.4). This was based on a method described by Ari (1993). Once the 

hole diameter distribution had been obtained, it was necessary to convert this into a particle 

diameter distribution. An empirically derived hole growth equation was used, which is 

described in §4.4. 

For the etched target experiments, fragmentation was less severe (average of 5 fragments per 

laser beam shot). In this case, it was possible to analyse the diameter of individual impact 

features using the SEIVl. 

4.3 THE IMPACT FLASH 

Impact flash is the term used to describe the short pulse of visible light which can be radiated 

during a hypervelocity impact event. In the literature, it is often referred to by a variety of other 

names, such as "light flash', or 'impact fluorescence'. This phenomena has been used as a tool 

to study hypervelocity impacts since the late 1950's. A lot of the early work was involved with 

the impact of meteorites on the lunar surface [Fechtig 1972\, and the detection of cosmic dust 

(micrometeoroids) using space borne experiments [McDonnell 1978]. Laboratory experiments 

were performed to investigate various aspects of the flash, such as its duration, intensity and 

energy, and to determine how these were affected by the mass, velocity and composition of 

the impacting particle. After a lull in activity in the 1980's, there has been renewed activity in 

the impact flash in the last decade. This recent work has been concerned with the impact of 

small particles with icy bodies in the solar system [Burchell 1996\ and the collision of space 

debris and micrometeoroids with spacecraft surfaces [kVeber 7993]. 
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4.3.1 ORIGIN OF THE IMPACT FLASH 

Spectroscopic, photometric and photographic measurements of the primary impact flash have 

revealed that the radiation occurs from two sources - a hot, dense plasma at the impact point 

and the combination of a neutral gas and secondary ejecta particles expanding away from the 

impact zone [Jean 7965]. The experiments performed by Jean (1969) showed that the impact 

flash can exhibit a short duration 'spike', associated with the plasma, followed by a longer 

duration 'tail', associated with the expanding gas / particles (see Table 4.1). However, the two 

parts of the signal were only resolved for specific geometry of the colliding surfaces of the 

projectile and target, in the remaining cases, and in most of the other literature in general, only 

one pulse has been observed from the primary impact. This pulse will contain contributions 

from both sources of radiation. 

It is interesting to compare the characteristics of an impact plasma with that of the plasma 

formed during the initial laser beam / target interaction (§3.1.2). For low impact velocities 

(typically less than 50 kms"̂ ) and small particle size (typically less than l^im), the impact 

plasma will be highly non-equilibrium in nature, and is formed by a surface-gas phase 

transition (desorption). The transition is driven by a momentum transfer from the material 

lattice (i.e. the atoms or molecules of the sample), which are set into motion during the particle 

impact. The impact plasma will not be fully ionised, and will contain a mixture of neutrals, 

atomic ions, molecular ions and cluster ions [Dalmann 1977]. 

In contrast, the laser induced plasma will be in quasi-equilibrium, characterised by a 

temperature T and pressure P. For laser beam intensities above 10® - 10^° Wcm'^, and focal 

spot diameters above approximately 10pm, the plasma will be fully ionised, containing only 

singly and multiply charged metal ions. However, for higher particle impact velocities (typically 

above 50 kms' \ and larger particle diameters (typically above 10jam), the ions and gaseous 

species leaving the surface will have sufficient energy, and will be enclosed within a large 

enough volume, for further ionisation to occur via collisions. The impact induced plasma can 

then also reach a state of quasi-equilibrium. 

4.3.2 USE OF THE IMPACT FLASH IN THE TIME OF FLIGHT VELOCITY SENSOR 

For the time of flight velocity sensor, a time resolved measurement of the impact flash is 

required. The majority of impact flash research has been concerned with the flash produced by 

a single particle impact against a target. In this case, the instant of the collision, and hence the 

velocity of the particle can be measured using the rising edge of the signal produced by the 

impact flash. The overall accuracy of the measurement will depend upon the rise time of the 
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signal. However, for this project, the flash produced by a distribution of particles, with varying 

velocity, was also of interest. In this case, the rising edge of the signal will only indicate the 

maximum velocity of particles in the distribution. Individual particle velocities will only be 

resolved if the rise time of the primary flash is shorter than the difference in arrival times of the 

individual particles. Literature on this subject is more scarce. The main work of relevance is 

that by Eichhorn (1975, 1976). During studies of single particle impacts, a secondary impact 

flash, of longer duration was also observed. Further investigation revealed that this was due to 

the impact on the detector window of a collection of secondary particles ejected during the 

primary impact. 

4.3.3 TIME RESOLVED MEASUREMENTS 

Typical time resolved measurements of the impact flash due to single particles are shown in 

Table 4.1. Following the notation used in much of the literature, the measurements are quoted 

in terms of 'duration' or a 'rise time'. However, in the literature, specific definitions of these 

terms are not usually given. There is thus a level of uncertainty involved in comparing values 

from different experiments. From Table 4.1, it can be seen that the primary impact flash has a 

typical rise time of 100 ns or less, and a duration of 0.3 - 20 juis, depending on a variety of 

factors such as the impact velocity, and the composition of the particle and the target. It 

should be noted that all of these measurements were made over a wide range of particle size 

and velocity. 

Particle Target Pressure Impact flash Reference 

Type Diameter Velocity Duration Rise time 

H,m kms"' mbar US US 

Ti 3000 3.5 Cd low vacuum > 5^3 ^ 0.16 ' Jean (1969) 

Fe 0.05 - 5 1 - 30 Au/W 10" 10-20 <0.10 Eichhorn (1975) 

Al 2000 6.2 Au 10"" 3 X Weber (1993) 

Al 2000 8.3 Ni 10"" >3 X Weber (1993) 

Al 2000 8.3 Cu 10"" > 8 X Weber (1993) 

Fe 0.05 - 5 1 -42 Mo 10* 0.3-5 X Burchell (1996) 

Time taken for initial 'spike' to 'rise to maximum' - see main text for more details 

^ Duration of 'spike' + 'tail' - see main text for more details 

X = no data available 

Table 4.1 Typical time resolved measurements of the impact flash due to the impact of single 

particles. In all cases the particle shape was assumed to be spherical. 

Experiments have shown that the maximum intensity of the time-resolved (differential) impact 

flash signal can be described by a relationship of the form : 
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I = kV" m'' (4.2) 

where V = particle velocity, a ~ 4 - 6 

m = particle mass, b ~ 1 - 1.5 

k is a constant, depending upon the composition of the particle and the sample 

Measurements of the impact flash due to a distribution of particles with varying velocity were 

made by Eichhorn (1976, 1978b). The flash was produced by secondary particles hitting the 

end of a glass cylinder placed in front of the photomultiplier. Particles ejected at different 

angles from the primary target were detected by shading various portions of the end of the 

cylinder. The velocity of the ejecta was determined by measuring the time between the primary 

and secondary impact flashes, and the distance between the primary target and the glass 

cylinder. The time at which the signal from the secondary flash started gave the maximum 

ejecta velocity, and the time at which the signal reached its maximum height gave the mean 

velocity of the ejecta. It was noted that the technique was only sensitive to ejecta velocities 

greater than about 1 kms'\ 

For an iron projectile (mass 1.3 x 10"" g) impacting a gold target at a velocity of 4.8 kms"\ the 

maximum ejecta velocity varied from 30 kms"̂  to 3 kms \ depending on the angle of ejection. 

No specific measurements of the duration or rise time of the secondary impact flash signal 

were reported. However, in separate experiments, [Eichhorn 1975, 1976\ the duration of the 

impact flash due to the primary and secondary particle impacts was measured as a function of 

primary impact velocity, using the rise time of the time integrated intensity signal. Various 

projectiles and targets were used, with a primary - secondary target distance of 30 - 60 mm : 

Particle Target Pressure Duration of Impact flash' 

Type Diameter Velocity 

|j,m kms"^ mbar KS 

Fe 0.05 - 5 1 -20 Au 10"" 70 - 200 

Fe 0.05 - 5 1 -20 W 10"' 40 - 700 

Al 0.05 - 5 2-10 W 10"° 70 - 300 

Measured using rise time of time integrated intensity signal 

Table 4. 2 Measurements of primary / secondary impact flash (from Eichhorn 1975, 1976) 

For example, for aluminium impacting tungsten, the duration of the flash varied from 300 |j,s at 

a primary impact velocity of 2 kms'̂  to 70 jxs at 10 kms'\ These values exceed those given in 

Table 4.1, for single particle impacts, by at least an order of magnitude. It should be noted that 

in these experiments, the time between the minimum of the primary flash and the maximum of 

the secondary flash was of the order 3 - 12 )lis i.e. the time of flight of the ejecta between the 

two targets was a lot less than the duration of the secondary impact flash. 
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4.4 EMPIRICAL IMPACT EQUATIONS 

Over the past three decades, an extensive amount of work has been involved with decoding 

projectile parameters from craters and holes produced in thin foil impact sensors. A large 

number of empirical impact equations can be found in the literature. It is not the intention here 

to give a rigorous review of all of these impact equations. The emphasis is on selecting an 

appropriate equation for use in this project, and investigating its accuracy and the conditions 

under which it is valid, in general, different equations have been developed to describe the two 

different types of impact i.e. crater and hole. For the reasons described in §4.2.2, only the 

equations for hole formation will be considered. 

Empirical impact equations are only strictly valid for a certain range of conditions. These 

conditions depend upon the experimental data set from which t h e equation was constructed. 

The conditions usually encompass the particle size, density and velocity, and the thickness 

and type of impact plate which was used. However, considerable effort has also been put into 

developing more generalised equations. This has been motivated by the need to interpret 

micro particle size distributions from space exposed surfaces, in space, a single collecting 

surface will be bombarded with a large number of different size, type and shape of particle. 

Two types of impact equation have traditionally been used in the analysis of the holes 

produced in a foil. These will be classed as the penetration limit equation and the hole growth 

equation. The penetration limit equation can be used to calculate the cumulative number of 

particles above a certain threshold size (or mass) which have hit the foil. This equation also 

predicts the minimum mass or diameter of particle which will penetrate a given thickness of 

foil, for a given velocity. The hole growth equation can be used to extend the analysis further, 

and calculate the size of individual particles above the marginal penetration limit, given the 

size of the hole they produce in the foil. 

A review paper by Berthoud (1993) lists several of each type of equation which have been 

developed by different authors from different sets of experimental data. This paper gives all of 

the equations in the same format, using the same units. In most cases, the range of validity of 

the equation is also given. The equations are shown in Tables 4.3 and 4.4. In addition, for the 

more recent equations, the original paper was consulted. In the cases where a generalised 

equation was given in the review paper, the equation shown in the table has been converted 

for use with a pure aluminium particle and a pure aluminium target. The parameters used were 

PAL= 2700 kgm"^ Co (speed of sound in cold material) = 5.3 kms"\ Yg (yield strength) = 20Mpa 

[IVeber 1993]. The equations are discussed in detail in the following sections. 
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Particles used Target Equation Original reference 

d (urn) V (kms )̂ Type 

size 2 - 2 0 Fe Metallic f / d = 1.02 d V McDonnell and Sullivan (1992) 

10 -100 4 - 1 3 Glass Metallic f / d = 1.70d°°®®V°®^® Nauman (1966) 

X X X X f / d = 1.06 d°°®® Cour-Plais (1979) 

mm size X IVletallic X f / d = 0.70d°°®®V°'®^® Fish and Summers (1965) 

p,m size X Various X f / d = 1.02 d V O GGO Pailer and Grun (1980) 

X 4 - 2 0 Fe X f / d = 0.85 d ° 056^0.667 Humes (1991) 

Table 4. 3 Penetration limit equations, for a particle with diameter d, and velocity V, impacting a foil of thickness f 

X = not specified 

Limits of validity Particle / Target Equation Original reference 

D / d f / d V (kms"') 

1 - 3 . 5 0.04-0.5 1 - 8 Aluminium D / d = 2.7(f/d)°®®^ + 0.9 Maiden, Gehring and McMillan (1964) 

1.5-3 0.2-0.33 5 - 8 Aluminium D / d = 3.1 ( f / d ) " ^ +1.12 Schonberg, Taylor and Horn (1973) 

X X X X D / d = 2.6 (f / d) (1 / 1 + 0.2(f/d)®) + 1 Carey, McDonnell and Dixon (1994) 

X X X X d / f = A(10 / 9 + e°'®) + D/f(1 - e"°"®) Gardner, McDonnell and Collier (1997) 

X X 6 Glass / Aluminium logio(D / f) = ao + ... + an(logio (d/f))" Horz(1993) 

i 
~a 
§ 

g 
0 

Q 

§ 

1 

1 
I 
C/3 

i 
Co 

Table 4. 4 Hole growth equations, for particle with diameter d and velocity V, producing hole with diameter D, in foil of thickness f 

X = not specified, A and B are defined in the text. 
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4.4.1 PENETRATION LIMIT EQUATIONS 

It can be seen from Table 4.3 that these equations are very similar in their form, even though 

their development spans several decades, and uses experimental data collected under a wide 

range of different conditions. Some of the differences in the numerical constants may be due 

to the different ways in which the 'marginal penetration' was measured e.g. photometrically or 

from the release of pressure behind the foil [Tanner 1993\. Figure 4.2 and Table 4.5 show the 

average thickness of aluminium that a particle of diameter d will just penetrate, for various 

velocity V. The data points represent averages of the values obtained from the six penetration 

limit equations. 
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Figure 4. 2 Average marginal foil thickness for varying particle velocity (aluminium particle 

impacting aluminium), calculated using 6 equations in Table 4.5. 

Particle diameter, d (pm) Marginal foil thickness, fmin (pm) 

V = 1 kms ' V = 6 kms ' 

0.5 0.23 +/- 0.20 1.19+/-0.20 

1 0.49 +/- 0.30 2.47+/-0.50 

5 2.75+/-1.80 13.49 +/ - 2.7 

10 6.30 +/- 2.70 25+/-16 

50 32+/- 18 153+/- 31 

100 69 +/- 36 319+/-65 

Table 4. 5 Average marginal foil thickness for various particle diameter and velocity (aluminium 

particle impacting aluminium), calculated using 6 equations in Table 4.5. 
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It can be seen the minimum diameter of particle required to penetrate a given thickness of foil 

increases as the velocity decreases. For example, a 6 |am thick foil will be penetrated by a 

particle with a minimum diameter of SjLim at 6 kms and 10 fim at 1 kms'\ The uncertainties 

quoted in Table 4.5 show that there is quite a large discrepancy in the actual values derived 

using the different equations. This can be as high as 65 % for a velocity of 1 kms ^ and 20 % 

for a velocity of 6 kms'\ 

4.4.2 HOLE GROWTH EQUATIONS 

The hole growth equations shown in Table 4.4 have been plotted in Figure 4.3, with the 

particle diameter and hole diameter normalised to the foil thickness. Although the particle 

diameter has been plotted on the y-axis, it should be noted that only the equation developed 

by Gardner, McDonnell and Collier (hereafter referred to as the GMC equation) explicitly 

expresses the particle diameter as a function of the hole diameter. All of the other equations 

express the hole diameter as a function of the particle diameter. 

In all cases, it can be seen that the particle diameter approaches the hole diameter for large 

D / f values i.e. for particles with a diameter very much greater than the foil thickness. A figure 

of D / f = 100 is often quoted in the literature as the limit above which the particle diameter can 

be assumed equal to the hole diameter (see for example Horz 1993). For 5< D/f< 100, the hole 

diameter exceeds the particle diameter. In this region, all of the equations agree remarkably 

well. As the particle diameter approaches the thickness of the foil (d / f = 1), a large degree of 

scatter is observed in the data. This is due to the fact that most of the equations do not take 

into account the marginal penetration limit. If a given equation is extrapolated below this limit, it 

predicts a particle diameter far smaller than the actual particle diameter. The exceptions are 

the GMC equation, and the equation developed by Horz (1993) which attempt to take into 

account the effects of marginal penetration, and predict a constant particle size (the curve 

becomes horizontal) as the hole diameter falls below the foil thickness. 

The relationship between the particle size and hole size will vary with the particle velocity. 

Velocity dependent trends have been investigated quite extensively for the case of semi-

infinite plates (crater formation), but less work has been done regarding finite plates. It can be 

seen from Table 4.4 that most of the hole growth equations do not explicitly include the particle 

velocity. Therefore, as the equations have been constructed from a limited experimental data 

set, they are strictly only valid for the range of particle velocities which were used to obtain that 

data. The exception is the GMC equation, which takes account of the particle velocity through 

the parameters A and B ; 
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A = 6.97 (V pp / (G, p,)'^)-° (Ot / GAL)"" f'° 

B = 1.85 X 10'̂  V - 0.004 (for V < 6 kms'̂ ) 

where V = particle velocity, pp = density of particle, pt = density of target, o, = yield strength of 

foil, OAL = yield strength of aluminium. 

The GMC equation has been plotted in Figure 4.3 for a foil thickness of 2|im, and particle 

velocities of 2 kms"̂  and 6 kms'\ It can be seen that a given size of particle will produce a 

larger hole as the velocity is increased, for values of D / f < 100. However, as the particle 

diameter becomes a lot greater than the foil thickness, the equation effectively becomes 

independent of the velocity. 
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O Maiden (1964) 
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II # # 

D • • • • 
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Relative hole diameter, D / f 
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Figure 4. 3 Comparison of tlie different liole growth equations shown in Table 4.4. All values have 

been plotted for an aluminium particle impacting an aluminium foil. The GMC equations (Gardner 

1997) require the foil thickness and particle velocity to be specified, so that the parameters A and 

B can be evaluated. In this case, two curves have been plotted for a foi l thickness of 2p,m, and 

particle velocities of 2 kms^ and 6 kms \ 

Of all the hole growth equations considered, the GMC equation was chosen to derive the flyer 

plate fragment diameters from the hole diameters in the thin foil impact sensors. In summary, it 

had the following advantages : 
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* Convenient mathematical fomi (i.e. d expressed as a function of D) 

• Marginal penetration limit taken into account 

® Particle velocity taken into account 

In practice, it was not possible to determine the velocity of the individual flyer plate fragments, 

due to the limitations of the time of flight impact flash sensor. Therefore, in deriving the 

fragment diameters with the GMC equation, an average fragment velocity was used, based on 

the overall duration of the impact flash (§6.3.3). This would lead to some uncertainty in the 

fragment diameter, for values of D / f < 100 (above this value, the hole diameter becomes 

independent of the velocity). For example, the GMC equation predicts that a 10 |im diameter 

hole in a 2 thick foil will be produced by a 4.7 (im diameter particle moving at a velocity of 6 

kms ^ or a 10.5 |am diameter particle moving at a velocity of 2 kms"\ In this case, if the particle 

was assumed to have an average velocity of 3 kms'\ the GMC equation would predict a 

particle diameter of approximately 7 ^im. Therefore, the overall uncertainty in the particle 

diameter would be of the order of 3 jim, or approximately 40%. 

The other limitation in the use of the GMC equation (or any of the hole growth equations 

considered) is the assumption that the particles are spherical. The particle dimensions are 

expressed in the equation in terms of a diameter alone. A plate-like particle will have less 

mass than a spherical particle of equivalent diameter and velocity, and may therefore cause a 

different size hole. However, this discrepancy will only be significant when the foil thickness 

approaches the diameter of the plate or sphere. For very thin foils, and particle velocity much 

greater than the penetration velocity, the particle will pass through the foil and leave a hole 

which represents the shape of the particle, regardless of whether it is a plate or a sphere. 
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CHAPTER 5 

EXPERIMENTAL APPARATUS 

This chapter describes the experimental facility, the target and samples, the velocity 

measurement instrumentation and the different pieces of equipment which were used for 

analysing the samples. The facility was built under an ESA contract. Approximately 1.5 years 

were spent in purchasing, designing and installing the major pieces of equipment. Starting with 

effectively an empty laboratory, this included the construction of mechanical support structures 

for the vacuum system, laser and optics. Standard regulations were also required to ensure 

the laboratory was designated as a Class IV laser area (interlocks on doors, blinds on 

windows, beam stops at end of laser path, goggles provided for all those working in the 

laboratory) 

5.1 THE LASER 

The chosen laser was a Continuum Surelite III -10, supplied by Edinburgh Instruments. This is 

a pulsed Nd:YAG laser, with a single rod and a Gaussian output mirror. A Q-switch, consisting 

of a polarizer, a pockels cell and a % waveplate, is incorporated into the cavity, to provide a 

pulse 4 - 6 ns in length (FWHM). The laser operates at the fundamental wavelength of 1064 

nm only (though harmonic generators could be installed if required to provide wavelengths of 

532 nm, 355 nm and 266 nm). The overall system consists of the laser head (containing the 

flash lamp, rod and cavity optics) and the power / cooling unit (containing the control 

electronics and cooling system). 

Wavelength 1064 nm 

Rod diameter 9 mm 

Energy 900 mJ 

Energy stability ̂  + / - & 5 % 

Divergence 0.6 mrad 

Pulse width (FWHM) 4 - 6 ns 

factor 1.5 

Polarisation Plane polarised 

Beam spatial profile (fit to Gaussian) 0.70 (near field), 0.95 (far field) 

Shot to shot for 99.9 % of pulses 

^ Full angle for 86 % of energy 

^ A least squares fit to a Gaussian profile. A perfect fit would have a coefficient of 1 

Ratio horizontal : vertical > 500 : 1 

Table 5.1 Manufacturer's specifications for Continuum Surelite 111-10 Nd:YAG laser 
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5.2 OPT ICS 

Additional optics were used outside the laser head to control the laser beam energy and to 

align and focus the laser beam onto the target. The optics and laser were mounted on a 

purpose built optical table. The tabletop was constructed from 16" thick aluminium tooling plate, 

and was covered with an array of M6 tapped holes on 50 mm centres. The table was mounted 

on anti-vibration machine mounts. The optical lay out is shown in Figure 5.1. 

Vacuum c h a m b e r 

w indow 

Target 
Lens 

% Steering mirror 

Laser 

Energy d e t e c t o r 

Var iable 

a t tenua to r 
II Steer ing mi r ror 

Figure 5.1 Experimental lay out of optical system 

5.2.1 VARIABLE ATTENUATOR 

With all of the laser sub-assemblies fully optimised (e.g. new flash lamps, aligned oscillator, 

clean optics), the energy of the beam at the laser output was fixed at 900 mJ. Some control 

could be exercised over the energy by altering the flash lamp discharge voltage and the Q-

switch delay, via the control unit. However, this is not a recommended method of routine 

energy control, as it can have an effect on other characteristics of the beam, such as the 

spatial and temporal pulse shape [Koechner 1996\. Throughout the course of this work, the 

flash lamp discharge voltage was set to 1.44 kV and the Q-switch delay was set to 230 |as, and 

these settings were not altered. 
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A variable attenuator was used to control the laser beam energy. The attenuator was 

manufactured by Continuum and supplied by Edinburgh Instruments. According to the 

manufacturer's specifications, the energy at the attenuator output can be set to a level 

between 1 % and 95 % of the energy at its input, with a resolution of 1% of the energy at the 

input. For an input energy of 900 mJ, it was possible to vary the energy between 1 mJ and 

850 mJ in approximately 5 mJ increments. 

The attenuator consists of a half-wave plate followed by a polariser. The half wave plate, made 

from a bi-refringent crystal, is used to rotate the plane of polarisation of the incident light, by a 

given angle. The polariser only lets through that component of the light which is plane 

polarised along its axis. If plane polarised light of intensity I o is incident on the polariser, with 

the plane of polarisation at an angle 8 to the polarfser axis, then the transmitted light intensity 

is given by [Iga 1994] : 

A = 7 , c o s ^ e (5.1) 

Therefore, the laser beam energy can be controlled by rotating the half wave plate about the 

beam axis. The energy which is not passed by the polariser is reflected into a beam dump. 

5.2.2 LASER BEAM ALIGNMENT 

A set of steering mirrors were used to align the laser beam with the focussing lens and the 

target. The mirrors were made of fused silica, with a multi-layer dielectric coating. For the 

wavelength of 1064 nm, the reflectivity of this coating is 99 % at 45° (CVI laser corporation). 

The damage threshold of this type of mirror is approximately 10 J e m s o that they could 

withstand the full energy of the unfocussed laser beam. The mirrors were mounted in Opto-

Sigma gimbal type mounts. A He / Ne laser, operating at a wavelength of 632.8 nm, was 

aligned co-axially with the Nd:YAG beam to aid in alignment (the 1064 nm Nd:YAG beam is 

invisible to the eye, the He / Ne beam is red). 

Burn paper (Kodak Linagraph, Type 1895) was also sometimes used to aid in the alignment 

process. This is a type of light sensitive paper, which is commonly used in the graphic design 

business. When exposed to room light for approximately 30 minutes, it turns colour from pink 

to light brown. When the Nd:YAG beam is then fired at the paper, a permanent mark is left on 

the paper, which represents the outline of the beam. At high laser beam energies, bits of 

emulsion can fall off the paper, which could be damaging to nearby optics. For this reason, the 

paper should be placed in a clear polythene bag before the Nd:YAG beam print is made (the 

beam will not interact with the polythene). This type of paper is not commonly held in 
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photographic stockists, though it can be obtained directly from the manufacturer. A large 

quantity was also supplied by Edinburgh Instruments when the laser was first delivered. 

5.2.3 FOCUSSING LENSES 

Spherical plano-convex lenses of focal length 400 mm or 1000 mm were used to focus the 

laser beam onto the target. Both lenses were made of fused silica and were anti-reflection 

coated on both sides for the wavelength of 1064 nm. The damage threshold of this type of 

coating is approximately 10 Jem^ [CVI Optics Corporation], so the lenses were able to 

withstand the full energy of the unfocussed beam. 

For experiments with the 400 mm lens, the target was located at the lens focus (xo = 0.0 mm). 

Using equation A1.10, the laser beam diameter at this location is given by : 

2wo' = 2 X (1.5 X 1x10"^ x 400 x 10'^) / 4.5 x 10 ̂ ) = 90 

where = 1.5, Wo = 4.5 mm (diameter of unfocussed laser beam), X - 1064 nm 

For experiments with the 1000 mm lens, the target was located 140 mm from the lens focus (xo 

= -140.0 mm). Using equation A1.9, the laser beam diameter at this location is given by : 

2 w (140mm) = 2 x 106 (1 + (1.5 x 1x10'^ x 140 x 10 "^) / (jrx (106 x 10 Y ) ^ )^^ = 1280 

where Wo =106 fim (the beam radius at the focus), from Equation A1.10. 

The longer focal length lens was used with the etched target. Using a beam diameter of 

1280 |im, the theoretical intensity variation over a 100 pm dot can be predicted using Equation 

A1.2 : l r / l o = exp( -2x50.^ /640^) = 0.98 

i.e. the intensity will decrease by 2% from the centre of the dot to the edge. 

5.3 LASER BEAM DIAGNOSTICS 

5.3.1 ENERGY MEASUREMENT 

The laser beam pulse energy was measured with either a Gentec ED-200LA pyroelectric 

energy detector or an Edinburgh Instruments PEM 11 pyroelectric energy detector. These 

types of detector use a piezo - electric crystal to convert the energy from the laser pulse into a 

voltage pulse. The height of the voltage pulse is measured using an oscilloscope, and this is 

converted to an energy using calibration factors supplied by the manufacturers. The PEM11 

was used to measure pulse energies in the range 0.1 to 100 mJ, with an accuracy of +/- 5 %, 

and the ED-200LA was used to measure energies in the range 100 - 900 mJ, also with an 

accuracy of + / - 5%. 
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5.3.2 SPATIAL INTENSITY PROFILE MEASUREMENT 

The spatial intensity profile of the laser beam was measured using a Spirioon LBA-300PC 

CCD camera based analysis system. The manufacturer's specifications are outlined in Table 

5.2 (adapted from Spricon LBA-300PC Operator's Manual Version 1.1,1997 and Spiricon 

Camera Selection Guide, July 1996). The CCD camera was used to obtain a two dimensional 

snap-shot of the intensity profile of the beam. The camera was positioned perpendicular to the 

beam axis, and each element of the CCD sampled the intensity at a given point within the 

beam. The capture, display and processing of the image was controlled via the PC. Dedicated 

software was used to obtain a variety of measurements, such as beam diameter, shape and 

Gaussian correlation coefficient. 

Because of the high energy density of the laser beam, an attenuator was required in front of 

the CCD camera, to avoid saturating and damaging the chip. In this system, the attenuator 

was a Photon inc. Model ATP-SM Continuously Variable Attenuator. This consists of two 

variable density grey glass wedges, together with one fixed density wedge. Different levels of 

attenuation can be selected by moving the three wedges relative to one another [Fleischer 

7992]. 

CCD Camera 

Model COHU4800 

Number of elements 754 X 488 

Dimensions of CCD chip 11.5 X 13.5 |im 

Dimensions of each element 8.7 x 6.6 mm 

Spectral response 190-1100 nm 

Typical damage threshold I n ^ l c m ^ 

Variable attenuator 

Model Photon inc. ATP-SM 

Clear aperture 15 mm 

Attenuation range 
OD = 0/2.8 (constant density filter in / out) 

OD = 1.7 to 4.6 (using variable filters) 

Damage threshold 5 J 

Table 5. 2 Manufacturer's specifications for Spiricon LBA-300PC Laser Beam Analyser 
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5.4 VACUUM SYSTEM 

The main layout of the vacuum system is shown in Figures 5.2, 5.3 and 5.4 and 5.5. A single 

vacuum chamber houses the target and the sample, with a fused silica entrance window for 

the laser beam, and a range of ports for diagnostic purposes and access. A smaller load lock 

chamber is used to transfer samples in and out of the main chamber, without having to break 

the vacuum. 

The main chamber is spherical in shape with a diameter of 350 mm. It uses standard CF 

vacuum fittings and flanges throughout. It is evacuated using a Balzers automated pumping 

system, consisting of a 450 Is"'' TPH450H turbo-molecular pump, an MD-4T diaphragm 

backing pump and a TCP600 electronic drive unit. The load lock chamber is a standard CF150 

T-piece. It is evacuated by a Leybold automated pumping system, consisting of a 150 Is'̂  

turbo-molecular pump, rotary backing pump and electronic drive unit. Gate valves separate the 

load lock chamber from the main chamber and the main chamber from the 

450 Is'̂  turbo-molecular pump. 

The samples are transferred from the load lock chamber to the main chamber using a Caburn 

MDC linear magnetic drive. The sample holder is attached to a circular platen - type mount, 

which has two grooves in it. The upper groove engages with a fork on the end of the magnetic 

drive. The magnetic drive is used to move the sample into the main chamber, where a similar 

fork on the end of the sample manipulator arm is moved into the lower groove. The fork on the 

magnetic drive is then retracted back into the load lock chamber. 

The target manipulator arm is attached to a Vacuum Generators XYZ bellows - type 

manipulator, which is mounted vertically on the top port of the main chamber. The manipulator 

has a travel length of +/-12.5 mm, with a resolution of 5 jum, in the X and Y directions, and a 

travel length of 50 mm, with a resolution of 1 |im in the Z direction (Z is parallel to the laser 

beam axis). The manipulator enables the target to be translated precisely across the beam, so 

that an array of shots can be made on the target, without having to break the vacuum in the 

main chamber. 

The sample manipulator arm is attached to a similar XYZ manipulator, which is mounted 

horizontally on the rear port of the main chamber. This has a travel length of +/-12.5 mm, with 

a resolution of 5 jim, in the X and Y directions, and a travel length of 100 mm, with a resolution 

of 1|im, in the Z direction. Using this manipulator, the target to sample distance can be varied 

from 5 to 85 mm. 
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5.5 THE TARGET 

Experiments were performed using two types of target. As described in §1.4, these were called 

the 'fully coated target' and the 'etched target'. The fully coated target consisted of a fused 

silica substrate coated all over on one side with a layer of aluminium. The etched target 

consisted of a fused silica substrate covered with an array of aluminium dots. As its name 

suggests, the etched target was made by etching away areas of aluminium from a fully coated 

target. 

5.5.1 SUBSTRATE 

The substrates consisted of 25 mm diameter x 2 mm thick fused silica discs (Spectrosil WF), 

polished on both sides to a flatness 0.1 |_im (supplied by Crystran UK). The flatness was 

significantly less than the 1064 nm wavelength of the laser i.e. the roughness of the front 

surface of the substrate would not have caused any significant scattering of the beam. In 

addition, this surface flatness was significantly less than the 5|im thick target coating. This was 

desirable for a uniform deposition of the thin aluminium film [Colclaser 1980\. 

Fused silica is the most common substrate material which has been used in confined ablation 

flyer plate experiments. It has an optical transmission of approximately 99.5 % at the 

wavelength of 1064 nm [Bansal 1986\, and one of the highest pulsed laser induced damage 

thresholds of materials transparent at this wavelength [Wood 1986\. The 2mm thickness of the 

substrate was predicted to give a shock wave double transit time through the substrate of 

approximately 800 ns, which was a lot greater than the 4 - 6 ns FWHM duration of the laser 

pulse. Therefore, the shock wave could not reflect off the free front surface of the substrate 

and back to the interface, before the flyer plate had left the target [Sheffield 1983\. It has been 

suggested that the arrival of the shock wave back at the interface during the laser pulse could 

reduce the pressure of the laser induced plasma [Romain 1990\. This could in turn reduce the 

flyer plate velocity (see Equation 3.7). The substrate thickness in the majority of previous flyer 

plate experiments using disc type targets has been several millimetres. 

5.5.2 TARGET COATING 

For all of the experiments, the nominal target coating thickness was 5 p,m of aluminium. This 

thickness was chosen so as to be equal to the required flyer plate thickness specified in the 

aims. However, it was recognised that there would be some loss of material due to the 

formation of the driving plasma (see Figure 3.1). For the range of fluences used in the 

experiments, the maximum thickness of the blow-off layer was predicted to be approximately 

1|um [Watson 2000]. This would cause a 20 % reduction in the thickness of the target coating. 
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The targets were coated using magnetron sputten'ng, by a company which specialises in the 

production of thin films for optical surfaces (Teer Coatings, Hartlebury, UK). Their sputtering 

machine could accept a batch of 25 substrates at a time. During the course of the project, two 

batches were coated. The targets in batch 1 were labelled T1 - T25, and the targets in batch 2 

were labelled T26 - T50. An optical microscope photograph of the surface of a typical target is 

shown in Figure 5.6, and an SEM image is shown in Figure 5.7. It can be seen that there are a 

regular series of sub-micron size dots on the SEM image. The origin of these is unknown. It is 

possible that they are an artefact due to the high microscope magnification which was used. 

However, even if they are a real part of the structure of the coating, it is unlikely they would 

have affected the performance of the flyer, given their small size compared to the 90 |im 

diameter of the laser beam which was used. Apart from this, the coating appears to be very 

uniform. In general, all of the targets from the two batches had the same uniform appearance 

under the microscope. 

5.5.3 ETCHING PROCEDURE 

The etched targets were manufactured by the Microelectronics Group and the Optical 

Research Centre (ORC) at the University of Southampton. The use of these on-site facilities 

allowed a number of one-off targets to be made at limited cost. The process was based upon 

standard photolithography and etching techniques which are used throughout the 

semiconductor industry [Colclaser 1980\. The pattern of dots was initially defined on a mask 

using a dedicated software package and plotter. A layer of photoresist was spun onto the 

coated side of the target, with the other side covered to prevent damage to the front of the 

substrate. The mask was aligned with the target and exposed to UV light. The target was then 

developed in a Xylene solution, to remove the exposed areas of photoresist surrounding the 

pattern of dots. Following this, the aluminium was etched from the target in those areas not 

covered by photoresist, using inert gas ion-beam milling. The 5|j,m thickness of the aluminium 

target coating was greater than that which is used in the majority of the University's 

microelectronics applications (typically a maximum of 2 |im). Therefore, the manufacturing 

process involved a certain amount of experimentation to determine a suitable type and 

thickness of photoresist to use, and to find the corresponding ion-beam milling rate. 

The first target to be constructed was based upon a mask which had been designed for a 

different application within the Microelectronics Group. It contained a 10 x 10 array of 185 pm 

diameter circular dots on 1 mm spacing, and a couple of rows of 50 p.m diameter circular dots, 

also on 1 mm spacing. Although the 185 jum dots were slightly larger than the maximum 

particle diameter specified in the project aims, the use of this mask saved on the development 

time and cost of a new mask. This was considered to be a reasonable compromise in the initial 

testing stages of the etched target concept. 
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Figure 5. 6 Optical photograph of surface of a typical fully coated target 

Figure 5. 7 SEM image of surface of a typical fully coated target 
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A fully coated target from the first batch was used for the etching. The target was designated 

E01. All of the experimental results described in Chapter 8 were obtained using this target. An 

optical photograph of the surface of the target is shown in Figure 5.8, and a higher 

magnification view of one of the 185 p.m dots is shown in Figure 5.9. 

~ t. 

it -

• \ J - -

1 mm 

Figure 5. 8 Optical photograph of surface of etched target E01, showing array of aluminium dots 

mg -> t 4 
$ 0 

Figure 5. 9 Optical photograph of surface of etched target E01, showing magnified view of dot 

74 



EXPER/ME/VML/4PA4RArUS 

Firstly, it can be seen that there are features with the appearance of bubbles, of the order of 

1 |im in size, on the surface of the substrate surrounding the dot. The origin of these is 

unknown. However, they were not present on a bare, non-etched substrate. It is likely that they 

were caused by the localised interaction of the ion beam with the substrate near to the end 

point of the etching process. Further experimentation with the ion beam would be needed to 

confirm this. It was not thought that these features would have effected the acceleration of the 

flyer plate, as they were not present on the front face of the substrate, or on the substrate 

underneath each dot location. 

Secondly, the surface of the dot itself appears to be covered in sub-micron diameter globules. 

Consultation with the Microelectronics Group revealed that the cause of these globules was a 

thin (<0.5 p,m) excess layer of photoresist which had (unintentionally) been left on the surfaces 

of the dots after the etching. However, the fact that the photoresist had not been removed from 

the dots was not discovered until after the laser beam shots had been made, so that the target 

coating from which the flyer plates were produced effectively consisted of a double layer of 

aluminium and photoresist. The resist was composed of a low molecular weight 

phenolformaldehyde resin with a diazo-ketone sensitiser. A profilometer (Talysurf) trace 

across the surface of the dot is shown in Figure 5.10. 

um 

0 

um 0 
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Figure 5. 10 Profilometer (Talysurf) trace showing vertical deviations across surface of one dot 

on etched target E01 (diameter = 185 )am) 
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5.6 IMPACT FOIL SENSORS 

Two different types and thickness of pure metal foil were used as impact sensors, and these 

are outlined in Table 5.3 . Foils of this thickness are very fragile in nature, and they had to be 

handled with extreme care. A system of mounting and storing the foils was developed to 

ensure that the foils remained intact throughout the testing and analysis procedure. This was 

particularly important given that the analysis equipment was not located within the accelerator 

laboratory. 

Material Purity Thickness 

Aluminium 9&2% 2.4|am 

Copper 9&0% 7.0nm 

Table 5. 3 Composition and thickness of thin foils used as impact sensors 

The foils were supplied by the manufacturer (Advent Research Materials) in square sheets of 

either 150 mm or 50 mm. They were provided pinhole free, for a small additional charge. This 

meant that each sheet was scanned by eye over a light box before shipment, and any sheet 

with detectable pinholes was rejected. It was estimated that the minimum diameter of pinhole 

which could be detected using this method was approximately 5 0 - 1 0 0 pm. To establish the 

presence of smaller pinholes, 5 randomly selected samples of each type of foil 

were imaged with a photographic enlarger (§5.8.3) at a magnification of 13 times. The 

minimum diameter of pinhole which could be detected was approximately 1 pm. An average of 

7 pinholes per 150 mm^ was detected in the sheets of 2.4 |um thick aluminium foil, and no 

pinholes were detected in the thicker copper foils. 

The foils were sandwiched between 1 mm thick circular brass frames. Two different size of 

frame were used, giving foil diameters of either 13 mm or 40 mm. This corresponded to foil 

surface areas of 1.3 cm^ or 12.6 cm^ respectively. The choice of frame size depended upon 

the flyer plate flight distance, and the angular spread of the fragments. The foils were glued to 

the frames using silver loaded epoxy (RS circuit works). This type of glue is electrically 

conducting, and was used to ensure that the surfaces of the foils could be imaged in the 

scanning electron microscope. The foils were clamped together between the two frames, and 

the glue was cured at a temperature of 80°C for 5 minutes, using a hair dryer. 

The 2.4 )im thick aluminium foil was used during the fully coated target experiments to 

measure the diameter distributions of the flyer plate fragments. From Table 4.5, it can be seen 
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that the minimum particle diameter required to penetrate this foil was approximately S îm for a 

particle moving at a velocity of 3 kms"" and 1 pm for a particle moving at a velocity of 6 kms'\ 

The 7pm thick copper foil was used during the fully coated target experiments and the etched 

target experiments to analyse individual impact features or sections of the foil surface using 

the SEM. Copper was chosen in preference to aluminium so that EDS analysis could be used 

to distinguish the composition of the flyer plate from the composition of the foil. 

5.7 VELOCITY MEASUREMENT SYSTEM 

To detect the impact flash, Hamamatsu H6780 Photosensor Modules were used. These are 

lightweight devices, containing the photomultiplier tube and the high voltage power supply in 

the same case. They have high sensitivity, wide dynamic range and fast rise time, with a 

nominal spectral response of 300 to 650 nm. The modules were operated using a low voltage 

supply (+11.5 V to + 15.5 V), and the sensitivity could be varied using a 0 to +0.8 V control 

voltage. In general, the maximum sensitivity was used, and this was not altered during the 

course of the experiments. 

Radiant sensitivity (@ 420 nm) 21 nA/nW 

Dark current 0.5 nA 

Induced ripple in signal 0.6 mV peak - peak 

Anode pulse rise time (@ +0.8 V control voltage) 0.65 ns 

Detector area 0.64 cm"" 

Relative sensitivity range 1 - IC* 

Table 5. 4 Manufacturer's specifications for H6780 Photosensor Module 

Two detectors were used. One detected the impact flash from the front surface of the sample 

and one detected the impact flash from the rear. Each detector was covered with a 250 - 930 

nm short pass filter, to reduce the intensity of possible stray 1064 nm laser radiation. The filter 

had a peak transmission of 95 % and a rejection factor of 99 %. The front surface module was 

located outside the vacuum chamber on Port 15 (see Figure 5.3) and was connected to a 

Tektronix TDS 410 A two channel 200 MHz digitising oscilloscope, using a short length (< 1m) 

of 50 O coaxial cable. The input impedance was set to 50 Q. The field of view of the detector 

was approximately 29°. This was limited by the side walls of the chamber port (Figure 5.11). 

The rear surface photomultiplier module was located outside the vacuum chamber on Port 21, 

and was linked to the TDS410A oscilloscope in identical fashion to the front module. Light from 

the impact flash was coupled to the rear module via a 1 m length fibre optic cable (VBS 

Technology Ltd), polished on both ends. The fibre optic had a 1 mm diameter polymethyl 

methacrylate core with fluorinated polymer cladding. 
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Laser beam window 

PORT 15 

29 degrees 90 mm 
Target /^ ^ 

Sample 
25 mm 

226 mm 

Figure 5.11 Field of view of photomultiplier pointing towards front surface of sample. 

Sample 

Fibre 

60 degrees u ^ 

Vacuum chamber window 
PORT 13 

Photodetector 60 degrees 

7 mm M 

Figure 5. 12 Schematic showing input cone (field of view) and output cone of fibre optic. 
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The nominal numerical aperture of the fibre was 0.58 and the input cone angle was 60°. One 

end of the fibre was positioned 8 mm from the front of the sample, so that a 9 mm diameter 

circle on the centre of the sample was within its input cone (field of view). The other end was 

positioned 1 mm from the inside surface of the window on Port 21 (see Figure 5.3). The overall 

distance from this end of the fibre to the surface of the detector was 7 mm, so that the cross 

sectional area of the fibre output cone matched the detector area. This ensured that all of the 

light from the fibre was collected by the detector (Figure 5.12). 

5.8 SAMPLE AND TARGET ANALYSIS EQUIPMENT 

Several pieces of equipment were used to analyse the surfaces of the samples and the target, 

both prior to and after the laser beam shots. These are described in the following sections. 

5.8.1 SCANNING ELECTRON MICROSCOPES 

The scanning electron microscope (SEM) was used to study surface topology (Secondary 

Electron Imaging, SEI) and perform qualitative chemical analysis (Energy Dispersive X-ray 

Spectroscopy, EDS), using magnifications in the range 30 - 10,000. Two different machines 

were used during the course of the work. These were a JEOL JSM T300, located in the 

Department of Engineering Materials, and a JEOL JSM 6400, located in the Southampton 

Oceanography Centre (SOC). The images from the JEOL JSM T300 were recorded onto black 

and white film, and the images from the JEOL JSM 6400 were obtained in digital format. 

To image objects in the SEM, there must be a conductive path between the surface of the 

object and the mounting stub. If the primary electrons strike non-conducting material, then 

charge build up occurs, and further electrons are repelled from the site, distorting the image. 

The thin metal foil samples were mounted in their frames with conductive glue, as described 

in §5.6, so that they could be imaged directly. To image non-conducting areas of the targets 

and fused silica samples, it was first necessary to deposit a thin carbon coating onto the 

surface, using an Edwards AUT0306 sputtering machine. Each coating was applied over a 

period of 5 seconds, giving an approximate thickness of 25 nm. 

5.8.2 OPTICAL MICROSCOPE 

An Olympus BH2 optical microscope was used to study surface features on the targets and 

samples, using magnifications in the range 5 - 20. 
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5.8.3 PHOTOGRAPHIC ENLARGER 

A Durst M605 photographic enlarger was used to form images of the distribution of holes in 

the thin foils, and also to form images of the holes in the targets after they were removed from 

the vacuum chamber. The experimental set up is shown in Figure 5.13. The thin foil or target 

was placed in the location normally occupied by the negative, and the resulting image was 

imaged onto standard black and white photographic paper (llford multigrade MGD 44f\/l). A 

variable contrast filter (llford #5) was used to produce a high contrast image. The prints were 

developed in an llford 2150 RC automated printing machine. 

Enlarger head 

Foil 

Image of hole pattern 

Figure 5.13 Experimental set up used for obtaining images of hole patterns In thin foils 
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CHAPTER 6 

EXPERIMENTAL TECHNIQUES AND PROCEDURES 

This chapter describes the procedures and techniques which were used to collect and analyse 

the experimental results. The general operation of the facility is described in §6.1, including the 

procedure for making each laser beam shot, the calibration of the sample manipulator, the 

sample transfer and alignment of the laser beam with the target. The procedures for 

measuring the laser beam energy and spatial intensity profile are described in §6.2. The time 

of flight velocity measurement technique, based on the use of the impact flash, is outlined in 

detail in §6.3. Examples of typical photomultiplier signals are given in this section, to show how 

the impact flash was interpreted to make the velocity measurements. The procedures used for 

deducing particle sizes from the hole sizes in the thin foil sensors is described in §6.4. For both 

measurement techniques, estimates of the uncertainties involved, and the limitations of the 

technique for this particular application are given. 

6.1 GENERAL OPERATION OF FACILITY 

6.1.1 THE LASER BEAM SHOT 

The target was mounted in the vacuum chamber by removing the CF150 side window on Port 

14 (see Figure 5.3). After a target change, the chamber typically attained a pressure of 10"® 

mbar after a couple of hours and 10'̂  mbar after one day. Approximately 200 laser beam shots 

were fired at each target. In all cases, for the fully coated targets, the area of aluminium 

removed from the target on each laser beam shot had a diameter no greater than 500 jum, and 

a gap of 2 mm was left on the target between shots. For each target, a log sheet was used to 

record the position of the sample manipulator corresponding to each shot. Each shot was 

given a unique identification code (TXX / XX), consisting of a target number followed by a shot 

number. This enabled the location of each shot on the target to be matched with the laser 

beam parameters used for that shot, when the target was removed from the chamber. 

In general, a separate sample was used for each laser beam shot. The samples were also 

given unique identification codes (AXX for the 40 mm diameter foils, FXXX for the 13 mm 

diameter foils, and FS-XX for fused silica discs) so that they could be matched with the 

experimental conditions used, and the corresponding location of the shot on the target. 
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The general procedure for each laser beam shot was as follows : 

1. Transfer sample into main chamber 

2. IVIove sample to centre of laser beam axis and set required flight distance using sample 

manipulator 

3. Move lens to give required laser beam diameter on target 

4. Align target with laser beam using target manipulator 

5. Set laser beam energy using variable attenuator and energy detector 

6. Prime oscilloscope for velocity measurement 

7. Fire laser, so that focussed beam hits target and generates flyer plate 

8. Retrieve sample from main chamber 

6.1.2 SAMPLE TRANSFER 

The samples were transferred to and from the main chamber via the load lock chamber. The 

procedure was as follows : 

1. Slot upper groove of sample holder onto magnetic arm fork in load lock chamber 

2. Evacuate load lock chamber to pressure of 10'® mbar 

3. Open gate valve between load lock chamber and main chamber 

4. Transfer sample holder into main chamber using magnetic transfer arm 

5. Move fork on sample manipulator arm into lower groove of sample holder, using sample 

manipulator 

6. Retract magnetic arm back into load lock chamber 

7. Close gate valve 

Care was required in performing step (5), to ensure that the sample holder was not pushed off 

the fork on the magnetic arm before it had engaged with the fork on the sample manipulator 

arm. This occasionally happened, which required that the main chamber was let up to 

atmosphere to retrieve the sample. A metal catchment tray was provided underneath the 

transfer location, to ensure that the sample did not fall all the way down onto the top of the 

turbo-pump (though a splinter shield was also placed on top of the turbo pump for additional 

protection). 

6.1.3 CALIBRATION OF SAMPLE MANIPULATOR 

The sample manipulator was calibrated with the vacuum chamber open, so that the 

micrometer scales could be used to set the flight distance Lo and to centre the sample on the 

laser beam axis. The procedures used are described in the following sections. 

82 



iE;0°frR/AfE7V7/4L 7TEC%TWC%L/EV3/4AA0 P/90C%5DU7?fF6? 

Target to sample distance (flight distance) Ln 

This was defined as the distance from the surface of the aluminium target coating to the front 

surface of the sample. Each surface was recessed from the front of its mount by 2.5 mm, so 

that the flight distance was 5.0 mm with the two mounts just touching. The sample manipulator 

was calibrated in the Z-direction by noting the micrometer reading (Zsamp) at which the two 

mounts were just touching. The formula for calculating the flight distance was found to be : 

= 87.0 - + 5.0/MMi ( 6 1 ) 

The micrometers on the sample manipulator had a resolution of 50 jum. However, the 

uncertainty in setting the flight distance was dominated by the absolute uncertainty of the initial 

calibration, which was estimated to be +/- 0.5 mm. This corresponded to an uncertainty of 

+/-10 % at the minimum flight distance of 5 mm and an uncertainty of +/- 0.6 % at the 

maximum flight distance of 75 mm. 

Location of sample with respect to beam axis 

The sample manipulator was calibrated in the X and Y directions so that the location of the 

sample with respect to the beam axis could be determined. To do this, a piece of burn paper 

was placed in the sample mount, and the laser beam was focussed onto the paper with the 

target removed. The sample manipulator was adjusted until the burn pattern was centred on 

the mount, and the values of Xsamp and Ysamp were then read off accordingly. 

The beam was then fired at the paper for different values of Zsamp, covering the whole range of 

the sample manipulator (100 mm), with Xsamp and Ysamp held constant. It was found that the 

centre of the sample deviated from the beam axis by 2 mm in the Y direction and less than 0.5 

mm in the X direction over this distance. 

6.1.4 LASER BEAM ALIGNMENT WITH TARGET 

To align the target with the laser beam in the Z-direction, the position of the lens on the laser 

table which was a distance f from the target coating was determined using a ruler to an 

accuracy of +/- 2 mm. The distance was measured from the centre of the lens. Other lens to 

target distances were then obtained by moving the lens relative to this location using the Z-

translation stage, for distances less than 50 mm, or by moving the whole lens mount to a 

different row of holes on the laser table, for distances greater than 50 mm. The Z-micrometer 

on the target manipulator was never altered. 
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To align the target with the laser beam in X and Y directions, the target was translated using 

the X and Y micrometers on the target manipulator. Different procedures were used for the 

fully coated targets and the etched targets, and these are described in the following sections. 

Fully coated target 

Following each target change, the X and Y target manipulators were set to the extremes of 

their travel, and a shot was fired at the target to check that the laser beam hit the target 

coating. The target was then simply translated across the beam between shots in a stepwise 

fashion, using the X and Y micrometers to determine the distance moved. 

Etched target 

A more sophisticated alignment system was required for the etched target, to ensure that the 

laser beam was centred over each dot. A procedure was developed which worked on the 

principle that the aluminium surface of each dot had a higher reflectivity than the surrounding 

fused silica substrate. The location of a dot with respect to the laser beam could be determined 

by focusing the beam onto the target, and measuring the change in reflected signal as the 

target was translated across the beam. 

A neutral density filter was placed directly after the variable attenuator, to give a laser beam 

energy on the target of 50 pj. This was sufficiently low to ensure that the dot was not removed 

during the alignment process. The reflected signal was detected using a photodiode. As the 

target was translated across the beam, there was a systematic variation in the reflected signal 

as the beam moved on and off each dot. 

6.2 MEASUREMENT OF LASER BEAM CHARACTERISTICS 

6.2.1 LASER BEAM ENERGY 

The laser beam energy Eiaser was measured prior to each shot, by inserting the ED200LA or 

the PEM11 directly into the beam just after the variable attenuator. The absolute accuracy of 

the calibration of these detectors was +/- 5 %. The variation in energy from shot to shot was 

+/- 2 % for 99.9 % of the pulses. There was some energy loss due to reflection, as the beam 

propagated through the optical system to the target. A 1% loss occurred at each of the two 

mirrors, and the AR coated focussing lens. However, the most significant losses occurred at 

the vacuum chamber entrance window, and the front surface of the substrate, both of which 

were not AR coated. This represented a total of three fused silica / air interfaces. 
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An estimate of tlie energy loss involved in the laser beam propagation through the system was 

made by measuring the laser beam energy just after the variable attenuator, and then after the 

laser beam had been focussed through the vacuum chamber entrance window and a blank 

fused silica substrate (no aluminium target coating). The lens focal length was 400 mm. The 

blank substrate was placed at the focal point of this lens, and the energy detector was placed 

another 400 mm beyond this i.e. the location at which the beam diameter was again 9 mm. It 

was found that the energy loss was about 10%. Therefore, the laser beam energy incident on 

the target was given by E = 0.9 Eiaser- In the experimental results chapters, the corrected value 

E is always quoted. 

6.2.2 LASER BEAM SPATIAL INTENSITY PROFILE 

The laser beam spatial intensity profile was recorded for each lens, using the Spiricon LBA-

300PC laser beam analyser. The CCD camera was placed outside the vacuum chamber, with 

the CCD chip the same distance from the lens as the target would be from the lens when 

inside the vacuum chamber. The measurement was not made simultaneously with the laser 

beam shot. However, the shot to shot reproducibility of the laser was determined by making 

repeated measurements of the profile. Over 50 shots, the characteristics of the beam 

(diameter, roundness and Gaussian correlation coefficient) did not vary by more than a factor 

of 2%. 

As quoted by the manufacturers, the damage threshold of the CCD camera chip was 

approximately 1mJ cm'^, and the damage threshold of the Photon variable attenuator was 

approximately 100 Jcm'^ . However, saturation of the CCD chip occurred for a laser beam 

fluence approximately 1000 times less than the damage threshold i.e. IjiJcm'^. The maximum 

optical density of the Photon attenuator was 7.4. Therefore, the maximum fluence which could 

be incident on the attenuator without saturation occurring was 1 x 10'® x 10^ " = 25 Jcm'^. 

For the 400 mm focal length lens, the minimum theoretical beam diameter which was used in 

the experiments was 90pm. In this case, the saturation fluence of 25 Jcm'^ corresponded to a 

maximum beam energy of 1.6 mJ. For the 1000 mm focal length lens, the minimum theoretical 

beam diameter was 225 jum. In this case, the saturation fluence of 25 Jcm'^ corresponded to a 

maximum beam energy 9.8 mJ. 

For consistency, all of the laser beam profiles were obtained using a laser beam energy of 

ImJ. In recording the profile, the attenuation level of the Photon attenuator was first set to 

maximum, and then gradually reduced using the variable filters until an image of the laser 

beam was seen on the monitor. The attenuation level was then set so that the maximum pixel 
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intensity was about +250 i.e. just below the saturation level. This maximised the signal to noise 

ratio. The beam was then centred on the CCD chip. The LBA-300PC software was used to 

correct for background noise and variation in the sensitivity of the CCD from pixel to pixel. 

During the experiments, it was assumed that the profile did not change as the laser beam 

energy was altered. 

Lens focal length = 400 mm 

For the experiments with the 400 mm focal length lens, the target was located at the lens focus 

(xo= 0.0mm). The measured laser beam profile is shown in Figure 6.1. The laser beam energy 

was 1 mJ. It can be seen that the beam is very symmetrical, but also triangular in shape. This 

is due to the fact that the spatial resolution (i.e. width of each pixel) of the LBA-300PC was 25 

|im, and only 35 pixels have an intensity above the background level. This was not considered 

a sufficient number to make an accurate beam diameter measurement. Therefore, the laser 

beam was assumed to have a 1/ef diameter equal to the theoretical value given in §5.2.3 i.e. 

do(400) = 90 pm. The use of this formula should be fairly accurate in this case, as the beam 

was at the focus of a lens i.e. in the far field. The laser cavity had a Gaussian output coupler, 

with a specified far-field Gaussian correlation coefficient of 0.95 (see Table 5.1). 

Lens focal length = 1000 mm 

For the experiments with the 1000 mm focal length lens, the target was located away from the 

lens focus, at xo = -140.0 mm. The laser beam profile is shown in Figure 6.2. It can also be 

seen that the laser beam profile is not a smooth Gaussian, but is modulated by a series of 

peaks and troughs. These effects are often observed when working away from the lens focus, 

with high power pulsed laser beams from solid state lasers. They are caused by diffraction at 

the edges of the laser rod [Ashmead 1991]. The measured 4-sigma beam diameter was 1512 

|um, the Gaussian correlation coefficient 0.58 was and the beam roundness was 0.78. 
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Figure 6. 1 Laser beam profile at focus of 400 mm lens, Xo = 0.0 mm 

Figure 6. 2 Laser beam profile for 1000 mm lens, out of focus, Xo = -140.0 mm 
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6.3 TIME OF FLIGHT VELOCITY MEASUREMENT TECHNIQUE 

This section describes the use of the impact flash to measure the flyer plate velocity. 

As will be shown in Chapter 7, the flyer plate fragmented into a range of different sized pieces, 

sometimes numbering several hundred or more, for most of the experiments which were 

performed. It was not possible to measure the velocity of the individual fragments using this 

technique, and the impact flash had to be interpreted accordingly to estimate a range of 

velocities for the fragment distributions. Furthermore, it was found that the photomultipliers 

detected light from several other sources of radiation during the laser beam shot, which were 

not due to the impact flash. 

Typical examples of the photomultiplier signals are given in this section, to identify the impact 

flash and the other sources of radiation, to highlight how the velocity measurement was made, 

and to discuss the overall limitations of the technique. Further examples of the signals are then 

given in Chapter 7, where they are discussed in conjunction with the other experimental 

results. 

6.3.1 CHOICE OF PHOTO DETECTOR 

As described in §5.7, two photomultipliers were used for detecting the impact flash. One 

pointed directly at the front surface of the sample, and one was coupled to a fibre optic which 

pointed at the rear of the sample. Each had its own advantages and disadvantages. The 

photomultiplier pointing at the front surface of the sample could only be used for flight 

distances greater than 20 mm. At shorter flight distance, the target mount obscured some or all 

of the surface of the sample from the field of view of the photomultiplier, so that the impact 

flash could not be detected (see Figure 5.11). 

In addition, the distance of the photomultiplier from the front of the sample varied with the flight 

distance, due to the geometry of the set up (see Figure 5.11). At the minimum flight distance of 

20 mm, the centre of the sample was 200 mm from the surface of the detector, and at the 

maximum flight distance of 90 mm, the centre of the sample was 260 mm from the detector 

surface. Therefore, according to the inverse square law [R/eke 1994] the ratio of the irradiance 

of light hitting the detector from a given intensity point source on the sample at 90 mm 

compared to the irradiance of light from the same intensity point source at 20 mm would be 

given by l(90mm) = (200/260)^ l(20mm) = 0.59 l(20mm). 

The fibre optic coupled photomultiplier overcame the two disadvantages described above. The 

sample was always a constant distance from the end of the fibre, so that any changes in the 
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measured irradiance at different flight distance would directly reflect changes in the intensity of 

the impact flash. Also, a constant area of the sample (9 mm in diameter) was within the field of 

view of the fibre optic at all flight distances. For some laser beam shots, flyer plate fragments 

hit the sample outside the field of view of the fibre optic. It was then useful to compare this 

signal with one obtained simultaneously using the front surface photomultiplier (whole of 

sample within field of view), as this gave a limited amount of information about the spatial 

distribution of the fragments. 

It was found that when thin foils were used as samples, no light was detected by the fibre optic 

coupled photomultiplier. An order of magnitude estimate for the hole formation time can be 

made if it is assumed that the hole occurs when the shock wave produced by the impact 

reaches the rear surface of the foil [Herrmann 1987\ i.e. 

(&2) 

^ u 

where Xf = hole formation time 

f = foil thickness 

U = shock wave velocity 

By approximating the shock wave velocity with the speed of sound through the foil, so that U -

5.8 kms'̂  for aluminium [Zukas 1995], this gives Tf = 0.3 ns for f = 2 pm. Given that the impact 

flash has an overall duration of several microseconds and upwards (§4.3), it is likely that the 

flash was still present once the hole had been formed in the foil. 

The reason the flash could not be detected when the fibre optic was placed behind the thin foil 

was probably due to the fact that the photomultiplier was not sensitive enough to detect the 

light passing through the individual holes and down the fibre. However, when a transparent 

glass disc was used as a sample, the impact flash could be detected through the fibre optic. In 

this case, light from the impact flash caused by each of the individual flyer plate fragments 

(within the field of view of the fibre) could reach the fibre without being obscured by the opaque 

foil. 

The main disadvantage in using the fibre optic / glass disc combination was that a velocity 

measurement could not be made on the same laser beam shot as a flyer plate size distribution 

measurement, as this second measurement required a thin foil sample. However, this was 

only a problem for flight distances shorter than 20 mm. At greater flight distances, the 

photomultiplier pointing at the front surface of the sample could also be used. In most cases, 

for a given set of experimental conditions, two laser beam shots were made i.e. one shot with 
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a thin foil sample and the photomultiplier pointing at the front face, and one shot with a glass 

sample, and both photomultipliers used simultaneously. 

6.3.2 IDENTIFICATION OF IMPACT FLASH AND OTHER SOURCES OF RADIATION 

A typical signal from the photomultiplier pointing towards the front surface of a fused silica 

sample is shown in Figure 6.3, and a signal from the fibre optic coupled photomultiplier 

pointing towards the rear of a sample is shown in Figure 6.4. In each case, the Y-axis 

represents the photomultiplier output voltage, which is proportional to the irradiance of the light 

incident on the detector. For a given source to detector distance, the irradiance is proportional 

to the intensity of the source [Budde 1983]. The X-axis represents time, t, in microseconds. 

T = 0 corresponds to the time at which the laser Q-switch opened, and the laser pulse was 

emitted from the cavity. This occurred 90 ns after the oscilloscope first received a trigger from 

the fixed sync out on the laser's control unit. Therefore, a delayed trigger setting of 90 ns was 

programmed into the oscilloscope to account for this offset. 

Three distinct features can be identified from Figure 6.3, occurring over different time scales. 

These indicated that light from a number of sources was reaching the photomultiplier during 

the laser beam shot. The features have been labelled on the figure by the letters A, B and C. 

In Figure 6.4, two features labelled A' and C have been identified, which occur at the same 

time as the features A and C. However, the equivalent feature B' is not present. 

As the sample was moved further away from the target, the time delay until the start of 

Features C and C was found to increase. This indicated that these features were due to the 

impact flash. The use of the impact flash to measure the flyer plate velocity is described in 

§6.3.3. The other two features are discussed in turn below. 

Features A and A' 

Figure 6.5 shows 4 examples of Feature A in more detail. For these laser beam shots, the 

target - sample distance was varied from 20 to 50 mm, the laser beam energy was fixed at 

24 mJ, and the photomultiplier pointed at the front surface of a fused silica sample. Feature A', 

for the fibre optic coupled photomultiplier had a similar form. In general, these features 

occurred consistently in all of the experiments, and were evidently produced by a pulse of light. 

In all cases the rising edge of the pulse reaches 10 % of its maximum value 30 ± 25 ns after 
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Figure 6. 3 Typical signal from photomultiplier pointing at front surface of sample, E = 24 mJ, 

Lo = 50 mm, fiens = 400mm, xo = 0.0 mm. 
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Figure 6. 4 Typical signal from fibre optic coupled photomultiplier pointing at rear surface of 

sample, E = 24 mJ, U = 30 mm, fiens = 400mm, Xo = 0.0 mm. 
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Figure 6. 5 Driving plasma, fort = 0 to t = 1|js. Photomultiplier pointing at front surface of fused 

silica sample, for varying target - sample distance, E = 24 mJ, fiens = 400mm, xo = 0.0 mm. 

the opening of the Q-switch and the firing of the laser beam. The average FWHM of the pulses 

is 160 ± 35 ns, and the rise time is 50 ± 25 ns. For these traces, the sampling frequency of the 

200 MHz TDS 41 OA digitising oscilloscope was at its maximum (1 sample per 5 ns). The 

uncertainty in the timing measurements was estimated by assuming that the location of each 

point on the pulse could be determined to an accuracy of 5 times the time taken for the 

oscilloscope to acquire 1 sample i.e. 25 ps. The very smooth appearance of the traces is due 

to the fact that the fastest time base was in use, so that only a limited number of 

data points (200) could be acquired over the duration of the pulse. Therefore, the oscilloscope 

used an interpolation technique to construct the waveform in between the points. 

It can still be seen clearly that the pulse does not change significantly in location as the flight 

distance varies, so that it is not due to an impact flash from the sample. Reflected or scattered 

laser radiation can be discounted as a source of the pulse. The FWHM of the laser pulse was 

only 4 - 6ns, with the radiation emerging from the cavity within a few nanoseconds of the Q-

switch opening. However, previous laser driven flyer plate studies (Trott 1991, 1995) suggest 

that these pulses are due to light from the driving plasma. In experiments using a 400 pm 

diameter fibre as a substrate, an 8pm thick aluminium target coating and a laser beam energy 

of 16 mJ, Trott showed that the driving plasma is formed within 10 —15 ns of the onset of the 
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laser pulse, and has a FWHIVI of approximately 95 ns. This is consistent with the present 

observations. The slightly shorter duration plasma which Trott observed may have been due 

to the lower laser beam energy which he used, and the different type of target. 

As can be seen from Figure 5.11, the rear surface of the target was within the field of view of 

the photomultiplier pointing towards the front surface of the sample. Therefore, the driving 

plasma could have been detected through the rear of the transparent substrate. However, the 

fibre optic was pointing directly towards the front of the target, so that the driving plasma 

(feature A') could not have been detected in this way. However, Trott (1993) has shown that 

the driving plasma can break through the flyer plate, and in his experiments this occurred after 

a delay of about 40 - 50 ns from the start of the laser pulse. This is greater than the 30 ns 

measured for the start of feature A', though just within the ±25 ns uncertainty of this 

measurement. Thus this could explain how the fibre detected the driving plasma through the 

target. However, another explanation is that the driving plasma was detected by reflection of 

the light off the inner front surface of the substrate, and then back through adjacent holes in 

the target made by previous laser beam shots. Feature A' would then occur at exactly the 

same time as Feature A, which is more consistent with the measurements which were made. 

Feature B 

This feature was only detected by the photomultiplier pointing towards the front surface of the 

sample. The first 30 microseconds of 3 shots made at varying flight distance, and a fixed laser 

beam energy of 24 mJ, are shown in Figure 6.6, to highlight the feature. Included for 

comparison is a shot with no sample in place, and a shot with the fibre optic pointing towards 

the rear of the sample. 

Feature B is present until the start of the impact flash (Feature C, C). At this instant the rapidly 

rising edge of the impact flash dominates the signal, and Feature B can no longer be identified. 

However, the source of the radiation still remains if the sample is not in place. For this shot, 

the impact flash has been eliminated, and Feature B can still be seen to exist, though 

diminishing in amplitude, beyond the point at which the impact flash occurred. This confirms 

that Feature B was caused by a radiation source independent of that producing the impact 

flash, and was not dependent upon the presence of the sample. This is also proven by the fact 

that the location and shape of Feature B does not change as the target - sample distance is 

changed. 

It was estimated that for the laser beam shot at 24 mJ, Feature B began at approximately 

3 )is, reached a maximum at 9 ps, and then had a very long fall time, reaching only 50 % of its 

93 



CHAPTER 6 EXPERIMENTAL TECHNQIUES AND PROCEDURES 

maximum in 30 ps. From this data alone, the source of the radiation could not be conclusively 

determined. However, a simple order of magnitude calculation was made to show that it could 

have been due to thermal radiation emitted by the flyer plate during flight. 
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Figure 6. 6 Feature B, for t=0 to t = 30 ps, with photomultiplier pointing towards front surface of 

fused silica sample, and varying target - sample distance. Also shown for comparison is a signal 

from fibre optic coupled photomultiplier (for Lo = 60 mm) and a signal from a shot with no sample 

in place (photomultiplier pointing at front surface), E = 24 mJ, f = 400 mm, xo = 0.0 mm. 

To estimate the power emitted by such a source, and to see if the photomultiplier would have 

been sensitive enough to detect it, the assumption was made that the flyer plate would radiate 

as a black body. In addition, a surface temperature of 1000 K (approximately the melting 

temperature of aluminium) was assumed, as numerical simulations have shown that some or 

all of the flyer plate will reach this temperature during the acceleration process [Farnsworth 

1995\. The total radiated power of a black body is given by : 

=aAr (6 .3 ) 

where A = surface area 

a = Stefan-Boltzmann constant = 5.67 x 10 ® Wm'̂ K"^ 

T = surface temperature 
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temperature of 1000 K, the spectral radiancy of a black body radiator has a maximum at 

nm, and approximately 15 % of the total power will be emitted in the wavelength range of 

350 - 600 nm (the range over which the photomultiplier was sensitive) [Budde 1983\. 

For a 

2800 nm 

Assuming that the energy was radiated uniformly over the surface of a sphere, the irradiance 

at the detector, a distance R from the flyer plate would be ; 

P 
r _ 350-G00nm ( 6/*) 

For average flyer plate diameters in the range 1 pm-100 |um, and a flyer plate - detector 

distance of R = 100 mm, these equations give ir = 200 nWm'^ - 2 mWm"^. For the detector 

area of 8 mm^, this corresponds to a total collected power in the range 12.8 pW - 128 nW. 

The maximum radiant sensitivity of the detector (at the control voltage of 0.8V) had an average 

value of 10 liA / nW, over the range 300 - 650 nm. With the output signal loaded across 50 Q, 

the voltage response was 0.5 mV/ nW. Therefore, the calculated power in the range of 

12.8pW - 128 nW corresponds to output voltages of 0.005 - 64 mV. From Figure 6.6, it can be 

seen that Feature B had a maximum amplitude of 10 mV, which falls within the calculated 

range. Thus though many simplifying assumptions have been made, it is possible that Feature 

B could be explained by the radiating hot flyer plate theory. The closest match between the 

theory and the measured amplitude of Feature B would be obtained if a large number of small 

(i.e. less than 10 p.m in diameter) particles contributed to the signal, rather than one large flyer 

plate. This will be illustrated further in Chapter 7. 

Based on the theory that the flyer plate was hot enough for thermal radiation to cause Feature 

B, the initial 3 |is delay in the signal could have been explained by the fact that the flyer plate 

was initially obscured from the field of view of the photomultiplier. From Figure 5.11, it can be 

seen that this would have been the case for the first 20 mm of its flight distance. This would 

indicate that the flyer plate in this experiment had a maximum velocity of 6.6 kms'\ However, 

as will be seen in §7.3.2, this was above the maximum velocity which was measured using the 

impact flash, for the laser beam energy of 24 mJ. This suggests that there could have been a 

number of higher velocity fragments (possibly in the form of molten droplets), which were 

ejected at an angle large enough so as not be intercepted by the sample i.e. so that they 

would not produce an impact flash. Such a source of radiation could also explain why the fibre 

optic coupled photomultiplier did not detect the radiation. The fibre optic only had a 60° field of 

view, centred on the target, so that objects moving away at an angle to the target normal 

would eventually move out of this field of view. 
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6.3.3 USE OF THE IMPACT FLASH TO MEASURE FLYER PLATE VELOCITY 

As described in §4.3, previous experiments have shown that the rise time, duration and 

intensity of the impact flash depend upon the mass, velocity and composition of the impacting 

particle, as well as the composition of the sample. Empirical relationships have been derived 

linking these parameters. However, only a limited number of experiments have been 

performed for specific particle / sample combinations, and contradictory results have been 

obtained by different investigators. Therefore, no attempt was made to decode the absolute 

mass and velocity of the flyer plate from such impact flash measurements. The flyer plate 

velocity measurement was based solely on timing the delay of the impact flash with respect to 

the firing of the laser beam. It was assumed that the time at which the laser beam was fired 

was equivalent to the time at which the flyer plate reached its final velocity. This is not strictly 

true. Previous experiments have shown that the time taken for the flyer plate to leave the 

target and accelerate to its final velocity is of the order of 40 - 60 ns (see for example Frank 

1995, Paisley 1990). However, for flight distances of several millimetres and above, the overall 

flight time of the flyer plate will be of the order of several microseconds, so that for this work 

the acceleration phase was considered to be of negligible duration. 

A typical impact flash signal is shown in Figure 6.7. Three points on the signal were used to 

measure the time delay, and these were defined as follows : 

tr (10 %) = time at which amplitude of rising edge of signal reached 0.1 Hmax 

tm = time at which amplitude of signal reached Hmax 

tf (10%) = time at which amplitude of falling edge of signal reached 0.1 Hmax 

where Hmax = maximum amplitude of photomultiplier signal. In addition, the following definitions 

were used : 

Axrise = tm- tr (10%), n'sG time of impact flash 

Axfaii = tf (10%) - tm, decay time of impact flash 

FW10%M = tf (10%) - tr (10%), full width of impact flash at 10 % of maximum amplitude. 

In acquiring the impact flash signals, the sampling frequency of the oscilloscope was set to 1 

sample per 20 ns. The uncertainty in measuring the location of a point on the trace was 

estimated to be 5 times the time taken for the oscilloscope to acquire one sample i.e. 100 ns. 

However it was found that the uncertainty in measuring tr (10%) and tf (10%) was about 5% of 

the rise time Axrise and the fall time Axfaii respectively, due to the small scale random 

fluctuations on the traces. In those cases where this exceeded the uncertainty of 100 ns, this 
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Figure 6. 7 Definition of timing measurements for impact flash 

higher uncertainty value was used. The uncertainties in Axr, Axf and FW10%M were obtained 

by adding the uncertainties due to tr(10%) and tf (10%) in quadrature. Sometimes, in 

determining tr (10%), it was found that the signal was already above 10 % of its maximum 

amplitude by the time it could be distinguished from Feature B. In these cases, the timing of 

the 10 % point had to be estimated by extrapolating the rising edge back to the x - axis as a 

straight line. This procedure is illustrated in Figure 6.8. 

As described in §4.3, previous experiments using single particles have shown the impact flash 

to have a typical rise time of 100 ns, and a duration of 0.3 jis - 20 p,s [Eichhorn 1975, Burchell 

1996, Jean 19691- In contrast, Eichhorn's results found that distributions of secondary ejecta 

particles produced impact flashes with duration 40 - 700 pis [Eichhorn 1975, 1976]. For the 

impact of a single particle, tr(10%) is the relevant point from which to measure the time delay 

and determine the particle velocity. Further measurements of tm and tf(10%) only give 

information about the time scale of physical processes (such as expansion of the hot gas and 

secondary particles) occurring after the impact. In contrast, for the impact of a distribution of 

particles of varying velocity, measurements of tm and tf(10%) will give the spread of particle 

velocities, and tr(10%) the velocity of the fastest particles in the distribution [Eichhorn 1976\. In 

the latter case, the overall shape of the impact flash will reflect the distribution in the mass and 

velocity of the particles. 
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Figure 6. 8 Linear extrapolation of rising edge of impact flash when amplitude of Feature B is 

greater than 0.1 Hmax. 

A simple model was developed to illustrate these points. This involved summing together the 

impact flash signals due to 10 individual particles impacting a sample over a time period of 

10 ps, at 1 |is intervals. The fastest particle in the distribution was assumed to have a velocity 

of 5 kms"^, and the target - sample distance was set to 50 mm. Each signal was 

approximated as a triangular waveform, with a rise time of 100 ns and a duration of 5 pis. This 

was typical of the shorter duration impact flashes observed using the fibre optic coupled 

photomultiplier, and in the previous experiments with single particles. It has been shown that 

the maximum intensity of the impact flash due to a single particle varies with velocity according 

to I / m = kV®, where, a ~ 4 - 6, m is the mass of the particle and k is a constant (see Equation 

4.2). Therefore, the amplitude of each signal was adjusted according to the time of arrival and 

hence the velocity of the particle. A value of a = 5 was assumed. The result of the model is 

shown in Figure 6.9. 

It can be seen that the overall signal has a rise time of approximately 2 ps, and a duration of 

25 ps. The signal reaches its maximum amplitude after the impact of the third particle, and the 

amplitude then starts to decrease, even though more impacts are occurring. Spikes can be 

seen superimposed upon the main envelope of the signal, due to the individual particle 

impacts. Shown for comparison in Figure 6.10 is a typical flyer plate impact flash. It can be 

seen that the simple model reproduces many of the features rather well. 
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Figure 6. 9 Result of a simple model developed to aid in the interpretation of the impact flash 

signal due to a distribution of particles with varying velocity. 
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Figure 6.10 Typical impact flash from front surface of a fused silica sample. Lo = 30 mm, E = 24 

mJ, f = 400 mm, Xo = 0.0 mm 
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For a collection of particles with a given range of velocities, the time of arrival of the particles 

will become more spread out as the flight distance increases, thus creating a longer duration 

impact flash. The model could also be used to demonstrate this feature. Figure 6.11 shows the 

superposition of the 10 signals for target - sample distances of 25 mm and 75 mm. At the 

longer flight distance, it can be seen that the features on the impact flash due to the individual 

particles have become more spread out, and lower velocity particles can now be distinguished. 
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Figure 6. 11 Variation in impact flash with flight distance, due to the impact of a fixed number of 

particles with constant velocity (results of theoretical model). 

The model is of course an over simplification of the real situation. In general, there will be 

differing numbers of particles with each velocity, and the mass of each will not be constant. 

However, it serves to explain some of the features which were observed in the impact flash 

signals, and to justify the use of tr(10%), tm and tf (10%) as a means of measuring a range of 

particle velocities within a distribution. 

Finally, Figure 6.12 compares the impact flash signals for the photomultiplier pointing towards 

the front surface of a fused silica sample, a 2.4 pm thick aluminium foil sample, a 6 pm thick 

aluminium foil sample and a 7pm thick copper foil sample. The laser beam energy was 24 mJ, 

and the target - sample distance was 50 mm. In each case, the rise time and FW10%M of the 
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Figure 6.12 Impact flash signals for photomultiplier pointing towards front surface of different 

samples, E = 24mJ, U = 50.0 mm, f = 400 mm, xo = 0.0 mm. 

signals agree within 1%, but the maximum amplitudes are different. Thus the use of these 

different samples would not have effected the timing measurements used in calculating the 

flyer plate velocities by more than a factor of 1 %. 

The relative difference in amplitude for the impacts onto the copper and aluminium foil of 

different thickness is in the range 2.9 - 5.1. It is lil<ely that this was due to the different 

amounts of secondary ejecta produced during the flyer plate impacts on the different materials. 

Eichhorn (1975) showed that this can give rise to a higher intensity Impact flash for materials 

of higher melting temperature. He measured a relative intensity difference of 4.5 for impacts 

onto aluminium (melting temperature = 932K) and copper (melting temperature = 1356K). This 

agrees relatively well with the measurement above. 

6.3.4 SUMMARY 

• All impact flash time delay measurements were made from the time t=0 at which the laser 

beam was fired. The difference between this time and the actual time at which the flyer 

plate left the substrate was assumed to be of the order 25 - 50 ns [Trott 1995\. This was 

considered to produce a negligible error (<1% maximum) for the measured particle flight 

times of S^s and greater. 
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« It was assumed that the duration of the impact flash was an indicator of the range of flyer 

plate velocities produced on a given laser beam shot. This range was quantified by 

measuring tr(10%), tm and t,(10%) for each impact flash. The three velocities were 

designated as Vm, Vc and Vs, corresponding to the fastest velocity fragments, a 

characteristic intermediate velocity, and the velocity of the slowest fragments respectively. 

» The systematic uncertainty in a given timing measurement was typically 5%, producing the 

same uncertainty in the corresponding velocity measurement (the uncertainty in the target 

- sample distance was less than 1%, and therefore considered negligible). 

8 For target - sample distances shorter than 25 mm, the impact flash was detected using 

the fibre optic coupled photomultiplier pointing through the rear surface of a fused silica 

sample. 

® For target - sample distances greater than 25mm, the impact flash was detected using 

both photomultipliers in conjunction with a fused silica sample, or one photomultiplier 

pointing towards the front surface of a thin foil sample. This latter measurement could be 

made on the same laser beam shot as the flyer plate size distribution measurement. The 

use of different samples produced a less than 1% variation in the impact flash timing 

measurements, and was therefore considered negligible in comparison with the 5% 

uncertainty. 

» A 9 mm diameter circle in the centre of the sample was within the field of view of the fibre 

optic coupled photomultiplier, at all target - sample distances. All of the sample was within 

the field of view of the photomultiplier pointing towards the front surface of the sample, for 

target - sample distances greater than 25 mm. 

6.4 MEASUREMENT OF FLYER PLATE DIAMETER AND LOCATION 

This section describes the procedures which were used to extract the flyer plate diameter and 

location from the holes produced in the thin foil impact sensors. As described in §5.6, the foil 

thickness used was 2.4 jum of aluminium, and the foil area was either 132 mm^ or 1256 mm^. 

6.4.1 THE PHOTOMETRIC IMAGE 

The photometric images were obtained using the Durst photographic enlarger. The foil was 

inserted into the enlarger carrier in place of the photographic negative, and the pattern was 

exposed on llford Multigrade variable contrast photographic paper, using a high contrast filter 
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(Ilford #5). In all cases, the exposure time was standardised to 10 seconds at f/2. The paper 

was developed using an Ilford RC 2150 automated printing machine. The result was an image 

in which the holes were black and the surrounding foil was white. The enlarger magnification 

was determined by measuring the length of the projected image of a scale (graduated in 

millimetres) which was placed in the negative holder at exactly the same location as the foil. 

The scale was constructed by photocopying a ruler onto a piece of acetate sheet. The smaller 

13 mm diameter foils were imaged at an enlarger magnification of x13, which was the largest 

attainable with the enlarger. The larger 40 mm diameter foils were imaged at an enlarger 

magnification of x8. This smaller magnification was required so that all of the images of the 

holes would fit onto the photographic paper. 

Black and white digital images of the hole patterns were produced using a flatbed scanner 

(Hewlett Packard ScanJet 6100C). The digital images were then loaded into an image 

processing software package (Jandel SigmaScan Pro). All images were scanned at a 

resolution of 800 x 800 dpi, giving a typical file size of 1 - 10 MB. The file size of 10 MB was 

the maximum which could be handled by the image processing software. For the resolution of 

800 X 800, the pixel size was 2 ^ m x 2|um. 

Hole identification 

Before performing any measurements on the images of the holes, it was necessary for the 

software to be able to identify the holes. This was done using an intensity threshold technique. 

In each image, each pixel had a value between 0 (black) and 255 (white), which represented 

different levels of light intensity. The holes were darker than the background. Pixel values 

typically ranged from 10 at the centre of the hole, to 240 for the surrounding foil. A threshold 

pixel value mid-way through the range was chosen i.e. 127, and the software identified all 

pixels below this value as belonging to a hole. Because of the high contrast between the holes 

and the surrounding foil, the holes could be unambiguously identified. If two pixels below the 

threshold, but in different holes, were touching, then they were identified as belonging to the 

same hole. It is estimated that approximately 5% of the holes on a given foil overlapped in this 

way. The same threshold was used in analysing all of the images. Once the threshold had 

been applied to an image, and the holes had been identified, then a number of measurements 

could automatically be performed within a few seconds. 

Measurement of hole locations 

When the images were first loaded into the image processing software, the co-ordinates of 

each point on the image were given in raw pixel values. To determine the distances of the 
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holes from one another in physical units, it was necessary to spatially calibrate the images. 

There was a procedure provided by the software for doing this. It was necessary to load in an 

image of a scale of a given length, scanned at the same resolution as the images of the holes. 

The images of the scales used to measure the enlarger magnifications were used for this 

purpose. These were graduated in increments of 0.5 mm. The end points of the scale were 

identified to the software using a mouse controlled pointer. The actual length of the scale was 

then entered from the keyboard. It was only necessary to perform this procedure once for each 

of the enlarger magnifications used. All other images obtained at the same magnification were 

then automatically calibrated by the software as they were loaded in. The actual lengths of the 

enlarger scales were known to an accuracy of +/-100 ^m. This determined the uncertainty 

with which the absolute spatial location of each hole on the foil was measured. However, the 

uncertainty in the relative location of each hole was approximately the width of a pixel i.e. 

2|j,m. 

The X,Y co-ordinates of each hole on the foil was calculated using the Centre of Mass Binary 

measurement. The equations used by the software were as follows : 

1 Af 
^ (G.5 ] 

N ,=i 

1 ^ 
CMBinaryiY) = — ) 

N i = i 

where N is the number of pixels in the hole, and X, and Y, are the co-ordinates of the i"̂  pixel. 

Measurement of photometric hole areas 

For this measurement, the raw pixel images were used. The software automatically counted 

the number of pixels making up each hole. This was called the photometric hole area. There 

was no reason to use a spatially calibrated image, as the photometric hole areas were later 

converted into SEM hole diameters using calibrated SEM images. 

6.4.2 THE SEM IMAGE 

Black and white digital images of the SEM photographs were obtained using the HP6100 

ScanJet flatbed scanner, and loaded into SigmaScanPro. Each of the images was individually 

calibrated using its own scale bar. The SEM images of the holes show additional features, 

such as the raised lip, which cannot be distinguished on the photometric images. However, 

there was still a clear contrast between the dark hole and the lighter surrounding material. 
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The holes in the SEM images were identified by the software using the same threshold 

technique which was used for the photometric images. A threshold value of 127 was again 

used. This succeeded in identifying the central portion of each hole, but did not select pixels in 

the surrounding lip. The location and area of each hole was also determined using the same 

procedures as for the photometric images. 

6.4.3 CONVERSION OF PHOTOMETRIC HOLE AREA TO SEM HOLE AREA 

To determine equivalent SEM hole areas from the photometric hole areas, it was necessary to 

produce a calibration curve for the two enlarger magnifications. A photometric image of one of 

the foils was imaged at each enlarger magnification, and a selected area of this foil was also 

imaged in the SEM. The calibration images for the enlarger magnification of x8 are shown in 

Figure 6.13. 

* ' * 

# • 
* » 

IGSG 2C as IC 

Figure 6. 13 Equivalent areas of SEIM image and photometric image (x8 magnification) used for 

calibration procedure. 

The images were loaded into SigmaScanPro, and the areas of 50 corresponding holes in each 

image were measured. Calibration curves were fitted to this data using the least squares 

method, to relate the SEM hole area, ASEM to the photometric hole area, Aphot, The curve for 

the enlarger magnification of x8 is shown in Figure 6.14, and that for the enlarger magnification 

of x13 is shown in Figure 6.15. The calibration equations thus obtained were as follows : 

ŜEM —0.1 A 
1.54 
•phot (6 .7) 

(%13) -0 .05A% ( 6 . 8 ) 

where ASEM is in )im ^ and Aphot is in pixels ^ 
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Figure 6. 14 Calibration curve for enlarger magnification of x 8 
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Figure 6. 15 Calibration curve for enlarger magnification of x 13 
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6.4.4 CONVERSION OF SEM HOLE AREA TO PARTICLE DIAMETER 

To convert the SEM hole areas to equivalent particle diameters, the GMC equation [Gardner 

19971 for penetration of thin foils was used (§4.4). The equation takes the form : 

7 - 9 + e D/yB 
D -Dt JB \ ( 6.9 ) 

/ 

where d = particle diameter (jim) 

D = hole diameter in foil (^m) 

f = foil thickness (pm) 

A = 6.97 (V pp / (ot pt (at / OAL)"°̂ ^̂  f'°°^^ (V, p and a in SI units) 

B = 1.85 X 10 V - 0.004 (for V < 6 kms'̂  ) 

To calculate the values of A and B, the average between the maximum (Vf) and minimum (Vs) 

measured velocity was used. The yield strength of aluminium was assumed to be 

Gal = 80 Mpa. 

Before applying this equation, it was first necessary to convert the SEM hole areas into 

equivalent hole diameters. The following equation was used : 

n 

.1/2 
(6J0) 

where DSEM = hole diameter (pm) 

ASEM = hole area ( P M ^ ) 

The assumption made here is that the holes were spherical. An examination of Figure 6.13 

shows that this was a good approximation. 

A MATLAB algorithm was developed to perform the conversions. The photometric hole area 

data was exported from SigmaScanPro in ASCII format and loaded into a MATLAB matrix. 

Each column of the matrix represented hole areas in pixels from one eniarger image. Each 

element of the matrix was acted on in turn, first by the appropriate SEM calibration equation 

and then by the GMC thin foil penetration equation. The final output was a complete set of 

equivalent particle diameters for the holes in each of the foils. 
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Once the particle diameter data had been generated, all particles with diameters below 3 pm 

were rejected from further quantitative analysis. This took account of the fact that these 

particles would be near to the penetration limit of the 2.4 ^ thick foil, for velocities of about 5 

kms'̂  (Table 4.5). The particle diameter cannot be accurately determined near to this limit, in 

the marginal penetration regime. However, all of the photometric holes were used in the total 

count of fragments hitting the foil. Also, referring back to Figures 6.14 and 6.15, it can be seen 

that the maximum diameter of particle hitting the calibration foil was 35p,m. It was assumed 

that the calibration equation was still valid for particles larger than this. 
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CHAPTER 7 

FULLY COATED TARGET EXPERIIVIENTS 

7.1 OVERVIEW 

The initial aim of the fully coated target experiments was to determine if the flyer plate would 

remain in one piece over a flight distance of 50 mm. The 400 mm lens was used to focus the 

laser beam onto the target, with a 1/ef beam diameter of 90 (im. Figure 3.3 was used to 

predict the average laser beam fluence and energy required to generate 5pm thick flyer plates 

with this diameter moving at velocities of 5 - 15 kms'̂  : 

For y - 5 kms'\ Fav = 80 Jcm'^, E = 5 mJ 

For V = 10 kms'^, Fav = 300 E = 19 mJ 

For V = 15 kms'\ Fav = 600 Jcm'^, E = 38 mJ 

Laser beam shots were fired at the target using energies in this range, for a target - sample 

distance of 50 mm. A photometric image of a 2.4|Lim thick aluminium foil sample, and the 

impact flash detected from the photomultiplier pointing towards the front surface of the foil 

during the same laser beam shot are shown in Figure 7.1. In this case, the laser beam energy 

was 24 mJ. It can be seen clearly from the holes in the foil that fragmentation of the flyer plate 

has occurred. For this shot, the number of holes was approximately 4000, covering an area of 

3cm^. The impact flash had a FW10%M of 34±3 juis, with tr(10%) = 14.2±0.1 ps and tm = 

18.1+0.2 pis. This corresponds to characteristic velocities of Vc = 5.9±0.1, Vc - 5.0 and Vs = 1.5 

kms'̂  for the flight distance of 50.0 mm. The spikes superimposed on the main envelope of the 

flash, the flat - top and the long tail are all indicative of multiple particle impacts (§6.3.3). 

For all of the shots which were made with Lo = 50 mm, fragmentation of the flyer plate 

occurred. The number of holes in the thin foil sample varied from 1100 - 8,000, depending on 

the laser beam energy used. Therefore, it was concluded that the fully coated target was not 

suitable for use in simulating single particle orbital debris impacts, using a flight distance of 50 

mm. The effort then concentrated on examining the fragmentation process in more detail, and 

finding out if the technique would be suitable for simulation of multiple particle impacts. This 

entailed making measurements of the distribution of the fragment diameter and velocity, and 

analysing the surfaces of the sample and the target after the laser beam shot. Various flight 

distances and laser beam fluence were used. In all cases, the lens focal length was 400 mm, 

and the target was located at Xo = 0.0 mm, giving a laser beam diameter of 90pm. The results 

are presented and discussed in the following sections. 
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Figure 7. 1 Typical example of results of laser beam shots with fully coated target, showing 

photometric image of thin foil (top) and impact flash from foil surface, E =24 mJ, U = 50.0 mm. 
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7.2 SUB-MM FLIGHT DISTANCE 

The majority of previous experiments described in the literature have been performed using 

sub-mm flight distances, so this seemed a pertinent place at which to begin the analysis. The 

aim was to see how the impact damage caused by the flyer plate in this regime would 

compare with that at the longer flight distances, and to see if it would be representative of 

orbital debris impacts. In addition, these experiments could also be used to indicate if the flyer 

plate would start to fragment within the flight times indicated in the literature. However, it was 

recognised that the available diagnostics were not ideally suited to investigating flyer plate 

behaviour over these distances, so that the findings would be fairly qualitative in nature. 

Experiments were performed at flight distances of 120 p,m and 500 |im. The full set of 

parameters used is shown in Table 7.1. The sample and the target were placed in the same 

mount, and were separated by thin metal spacers of appropriate thickness. Two different types 

of sample were used. The first was a fused silica disc coated in a 5p,m thick layer of aluminium 

(essentially a fully coated target), and the second was an un-coated polished fused silica disc. 

Shot No. 
Target 

coating 
Sample Pressure Lo E Xo Wo Fav Vpred 

mbar nm mJ mm p,m Jcm'̂  kms"' 

T30/193 5|im Al FS-01 2.5x10'^ 120 8 0.0 45 126 7.9 

T30/138 5(xm Al FS-01 8.6x10"" 120 32 0.0 45 504 14 

T30 / 202 Sum Al Al FS-01 8.9x10" 120 8 0.0 45 126 7.9 

T30/210 5p,m Al AIFS-02 2.2x10'" 500 8 0.0 45 126 7.9 

Table 7.1 Experimental parameters for flyer plate experiments at sub-mm flight distance 

The procedure described in §6.1.1 could not be used for transferring the samples to and from 

the vacuum chamber, as the target and sample were in the same mount. Therefore, for each 

shot, the chamber was evacuated, and then vented to atmosphere to remove the target / 

sample mounting assembly. Although the background chamber pressure was recorded, the 

pressure in the gap between the target and the sample could not be measured. In fact, it is 

likely that there was quite a good seal across the gap, due to the compression of the target 

and sample against the metal spacers. Therefore, the pressure in the gap could have been 

significantly greater than the measured background pressure. 

For the shots with the transparent fused silica samples, the fibre optic was directed towards 

the rear of the sample to measure the flyer plate velocity. The signal detected during shot 

T30 /138 is shown in Figure 7.2. 
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Figure 7. 2 Signal detected from rear of sample using fibre optic coupled photomultiplier. Shot 

T30/138, Lo = 120 urn, E=32mJ. 

The pulse of light from the driving plasma can be seen clearly, but there is no impact flash. 

The photomultipier tube detects the driving plasma light within 5 - 10 ns of the trigger. 

Previous studies have shown that this is significantly less than the time taken for the plasma to 

'break through' the flyer (see for example Trott 1995). This is due to the fact that the light is 

reflected off the front surface of the substrate and back through holes made in the target 

coating on previous laser beam shots. Given the short flight distance, the impact flash would 

occur approximately 30 - 40 ns after the laser beam trigger. However, at this point, the 

amplitude of the driving plasma signal is at least an order of magnitude higher than the 

amplitude of the impact flash detected at longer flight distance (see for example Figure 7.1). 

Therefore, it is likely that the driving plasma light has obscured the impact flash, thus 

preventing a velocity measurement from being made. 

This is somewhat in conflict to the work of Hatt (1995), who used a similar time of flight 

technique to measure the flyer plate velocity over flight distances of 200 - 500 pm. He 

measured a maximum velocity of 5kms'̂  for a laser beam fluence of 50 Jcm'^ and a flyer plate 

thickness of 2[im, which would correspond to the impact flash starting at 4 0 - 1 0 0 ns. He 

performed his measurements in air, and used the maximum amplitude of the impact flash 

i.e. tm, rather than tr to indicate when flyer plate impact occurs. His justification for this was 

that the air ahead of the sample is compressed just prior to impact, causing the initial rise in 
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the signal. No quantitative measurements of the duration of the driving plasma were reported. 

An example of an oscilloscope trace which he gave showed the maximum of the impact 

plasma signal clearly resolved from the maximum of the driving plasma. However, the driving 

plasma was still present at the start of the impact flash. This would have limited the accuracy 

of his measurements had he used tr rather than tm to determine the flyer plate velocity. Further 

investigation would be required to explore the use of the impact flash for measuring the flyer 

plate velocity over sub-mm flight distance. However, as described in §4.1, there are other 

more accurate diagnostic techniques (e.g. VISAR) for making this measurement, so that this 

work would not necessarily be warranted. 

It was not possible to use the thin foils to measure the flyer plate diameter at flight distances in 

the range 120 - 500 jim, because the rigidity of the foil was not sufficient to ensure that an 

accurate stand - off distance from the target could be maintained. Therefore, further analysis 

was restricted to an examination of the surfaces of the sample and target after the laser beam 

shot. 

7.2.1 MICROSCOPY OF SAMPLE AND TARGET SURFACE FOR U = 120 pirn 

Figure 7.3 shows an SEIVI image of the flyer plate impact on the fused silica sample for Shot 

T30 /193, and Figure 7.4 shows the location on the target at which the laser beam was fired. 

The flight distance was 120 |um and the laser beam energy was 8 mJ. It can be seen that the 

impact site on the surface of the fused silica is well defined and approximately circular, with an 

area of 0.035 mm^and an average diameter of 210 |u.m. The surface has been modified 

significantly, with evidence of melting and vaporisation. The site on the target where the 

aluminium has been removed is also approximately circular, with an area of 0.051 cm^ and an 

average diameter of 255 jim. Therefore, it is evident that the flyer plate has remained in 

essentially one piece over the flight distance of 120 pm, to cause the 210 |im diameter impact 

damage site. For the predicted velocity of 7.9 kms'\ the flyer plate would have travelled the 

120 jj,m flight distance in 15 ns. As described in §3.4, this is within the 40 ns - 50 ns time limit 

measured by Trott (1995) for which the flyer plate remains intact. 

It can also be observed here that the damage in the aluminium target coating due to the laser 

beam looks strikingly similar to a high velocity impact in itself i.e. a central crater, with a raised 

lip. As discussed in §2.6.3, this phenomenon has been investigated previously, to see if high 

velocity impacts can be simulated directly by firing a pulsed Nd:YAG laser at a surface 

However, conflicting evidence has been found, and it is not clear at present whether such a 

method provides a useful simulation. It is beyond the scope of the thesis to discuss this issue 

further here, though it could be worth further investigation in future work. 
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Figure 7. 3 Electron microscope image of flyer plate impact on fused silica sample for shot 

T30/193, E = 8 mJ, Lo = 120 pm. 

Bare substrate 

Aluminmm lip 

Figure 7. 4 Electron microscope image of target surface for Shot T30 /193. E = 8 mJ. 
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Figure 7.5 shows the location on the target at which the laser beam was fired for shot 

T30 /138, at a higher laser beam energy of 32 mJ. In this case, a piece of aluminium with an 

area of approximately 0.13 mm^ and an average diameter of 400 [xm has been removed from 

the target, and there is evidence of crushed material lying on the fused silica substrate. The 

diameter of the removed area is now approximately 4.5 times greater than the theoretical 

90|im diameter of the laser beam on the target. This could have been due to (a) lateral heat 

conduction out of the laser beam focal volume and into surrounding areas of the aluminium, 

(b) the fact that the strength of the target coating was great enough to support a transfer of 

momentum to the surrounding areas during the initial part of the laser beam pulse, or (c) 

radiation of energy from the expanding driving plasma to the surrounding areas of aluminium. 

Figure 7. 5 Electron microscope image of location on target at which laser beam was fired for 

Shot 130/138, E = 32mJ 

Figure 7.6 shows the flyer plate impact on the fused silica sample for shot T30 /138. The 

damage site on the sample consists of a central circular crater with a diameter of 200 jam, with 

other material surrounding this over a circular area approximately 650 pm in diameter. The 

increase in damage on the sample compared to shot T30/193 is indicative of a higher velocity 

impact. Although flyer plate velocity measurements were not made, this is consistent with 

previous measurements which have shown that the flyer plate velocity increases as the laser 

beam energy increases (§3.3). 
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The central crater is similar in form to high velocity impacts observed on space exposed glass 

surfaces (see Figure 1.3 and Figure 7.36). However, a qualitative EDS spot analysis of the 

surrounding material shows the presence of aluminium, in addition to silicon and oxygen from 

the fused silica. Though some material from the impacting particle can be deposited on the 

A i u m n m m 

Cemfa^ crater 

Mz'. 

Figure 7. 6 Electron microscope image of flyer plate impact on fused silica, and EDS analysis of 

material surrounding crater, for Shot 130 /138, E = 32 mJ, U = 120 pim. 

surrounding surface during high velocity impact [Gault 1968\, the presence of this material also 

explains the discrepancy between the observed crater diameter and the area of aluminium 

removed from the target. It appears that a central portion of the target coating has remained in 

one piece over the 120|im flight distance to cause the impact crater, and the remaining 

aluminium from the target appears to have been deposited around the crater. Due to this 

additional aluminium deposit, it would be difficult to assess the overall degradation in the 

performance of a component (e.g. increase in optical scatter) due to the impact of the flyer 

plate over this flight distance. However, impact tests could be performed to study the 

morphology of the impact crater, as this is representative of damage in LEO. 
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An optical photograph of the aluminium coated sample for shot T30 / 202 is shown in Figure 

7.7. In this case, the laser beam energy was 8mJ. There is a central impact damage site with 

an average diameter of 205 p.m. It can also be seen that the aluminium surface of the sample 

surrounding the crater appears discoloured, which could have been caused by heating effects 

due to the expanding driving plasma hitting the sample. This again restricts the use of the 

technique for simulating the overall effects of an orbital debris impact. 

Discoloured su 
crater 

l ^ m m 

Figure 7. 7 Optical photograph of flyer plate impact on aluminium coated sample for Shot 

T30 / 202, E = 8 mJ, U = 120 fxm. 

An optical photograph of the location on the target at which the laser beam was fired, for Shot 

T30 / 202, is shown in Figure 7.8. The aluminium removed from the target has an average 

diameter of 252 pm. This is consistent with the result from Shot T30/193, which used the same 

energy. There is also evidence of globules on the surface of the substrate. An EDS spot 

analysis of one of these globules shows traces of aluminium, silicon and oxygen. Given the 

close proximity of the sample and the target, the aluminium could have been caused by molten 

particles ejected from the surface of the sample during the impact. 
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Figure 7. 8 Optical microscope image of location on target at which laser beam was fired for Shot 

T30 / 202, showing globules of aluminium on surface of substrate, E = 8 mJ. 

7.2.2 MICROSCOPY OF SAMPLE AND TARGET SURFACE FOR U = 500 pirn 

Figure 7.9 sinows an optical image of the surface of the aluminium coated sample for Shot 

T30 / 210. The flight distance was 500 jam, and the laser beam energy was 8mJ. The impact 

feature is very much different to the equivalent experiment at U = 120 jxm. There is no 

evidence of a central crater, and material is now dispersed over an area of approximately 

800 fxm .̂ This is an indication that the flyer plate has fragmented. There is a discoloration of 

the surface of the sample in the centre of the impact site, which could have again been caused 

by heat transfer from the expanding driving plasma. The full width cone angle containing the 

fragmented material was estimated to be 78±10°. For the predicted velocity of 7.9 kms'\ the 

flyer plate would have traversed the flight distance of 500 pm in 63 ns. Thus this is consistent 

with Trott's measurements [Trott 1995\ which indicate that plasma breakthrough, and hence 

flyer plate fragmentation occurs within a flight time of 40 - 60 ns. 
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Figure 7. 9 Optical microscope image of flyer plate impact on aluminium coated sample for Shot 

T30 / 210, showing effect of flyer plate fragmentation, E = 8 mJ, Lo = 500 jim. 
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Figure 7. 10 Optical microscope image of location on target at which laser beam was fired, for 

ShotT30/210, E = 8mJ. 
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Figure 7.10 sliows tlie location on the target at which the laser beam was fired, for Shot 

T30 / 210. The area of aluminium removed is of the same diameter to Shot T30 / 202, which is 

consistent with the fact that both of these shots used the same laser beam energy. However, 

there is no evidence of aluminium globules on the bare substrate. This can be explained by the 

fact that the material from the fragmented flyer plate has now been dispersed over a much 

wider area of the sample, so that there is no reason why molten ejecta would hit the same site 

on the target as that from which the flyer plate was first formed. 

7.3 LONGER FLIGHT DISTANCE 

For these experiments, flight distances in the range 1 0 - 7 0 mm were used, with laser beam 

fluences ranging from 10 - 650 Jcm'^. In all cases, fragmentation of the flyer plate occurred. 

Fused silica substrates and aluminium and copper foils were used as impact samples. 

Measurements of the fragment velocity distribution was made using the time of flight velocity 

sensor, and the holes produced by the fragments in 2.4 pm thick aluminium foils were used to 

measure the diameter distributions. The surfaces of the target and the copper foil samples 

were analysed using optical and electron microscopy. 

7.3.1 MICROSCOPY OF TARGET COATING 

Figures 7.11 - 7.13 show optical microscope images of the locations on the target at which the 

laser beam was fired for Shots T28 /105, T28 /103 and T28 /101. The laser beam energies 

for these shots were 24 mJ, 48 mJ and 72 mJ respectively. The areas where the aluminium 

has been removed from the target are approximately circular in diameter, and there is 

evidence of damage to the underlying fused silica substrate. It can be seen that the area of 

aluminium removed from the target increases as the energy increases. The same effect was 

observed with the experiments at sub-mm flight distance. To investigate this in more detail, a 

photometric image of target T28 was obtained using the photographic enlarger. This image is 

shown in Figure 7.14. The shots on this target were made at laser beam energies varying from 

2 - 9 6 mJ. The area of aluminium removed on each shot was determined from this image by 

comparing the photometric hole areas with the areas determined from the SEM images. 

Figure 7.15 shows the average diameter of the piece of aluminium removed from the target as 

a function of laser beam energy. It can be seen that the piece of aluminium removed from the 

target increases in size as the laser beam energy is increased, varying in average diameter 

from 240+5 |Lim at E = 2 mJ, to 485±10 |im at E = 100 mJ. In all cases, this diameter is greater 

than the 1/e^ diameter of the laser beam. This suggests that there was a fundamental limitation 

on the minimum diameter of flyer plate which could be accelerated using the 5|nm thick fully 

coated target. 
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Figure 7.11 Optical photograph of location on target at which laser beam as fired for Shot 

T28/105, E = 24 mJ. 

Figure 7. 12 Optical photograph of location on target at which laser beam as fired for Shot 

T28/103, E = 48 mJ. 
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Figure 7.13 Optical photograph of location on target at which laser beam as fired for Shot 

T28/101, E = 72mJ. 
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Figure 7.14 Photometric image of target T28, showing location of array of laser beam shots, 

for varying laser beam energy (E = 2 - 96 mJ). 
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Figure 7. 15 Average diameter of piece of aluminium removed from target as a function of laser 

beam energy 

In direct ablation experiments, it has been shown that lateral heat conduction to the edges of 

the focal spot can occur during flyer plate acceleration [Ripin 1980\. This causes the diameter 

of the ablated material to increase beyond the laser spot size, with a corresponding decrease 

in the penetration depth of heat into the target coating. For example, at a laser intensity of 3 x 

10^̂  Wcm"^, a laser spot diameter of 450 pm, and a foil thickness of 2pm, the diameter of the 

ablated material was nearly 600 pim. This decreased to 450 pm at a foil thickness of 10 jim. 

The effect also depended on the laser spot diameter. The fractional increase in ablated 

diameter for a given fraction of total mass ablated increased when the spot diameter was 

reduced to 250 jum. Although higher laser beam intensities were used compared to the current 

experiments (10^^ Wcm"^ compared to 10® - 10^° Wcm^), this could explain the current 

findings. However, as described in §7.2.1, it is also possible that (a) a transfer of momentum to 

surrounding areas of the target during the initial part of the laser pulse (i.e. before the flyer has 

left the target) caused a larger portion of the target coating to be removed, or (b) radiation from 

the expanding driving plasma transferred energy to the surrounding areas of the target, with 

the effect of removing part of the target coating outside of the laser beam focal volume. 

The diameter of the piece of aluminium removed from the target appears to drop sharply at low 

energy. If the average fluence at the minimum energy of 2 mJ is calculated by assuming that 
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the energy is distributed over the whole area of the aluminium which was removed (in this 

case 240(im), then this corresponds to an average fluence of 4 Jcm .̂ This is approximately 

the threshold for flyer plate acceleration (§3.2). This was confirmed by performing a laser 

beam shot with an energy of 1mJ. No aluminium was removed from the target. 

7.3.2 MEASUREMENT OF FRAGMENT VELOCITY DISTRIBUTION 

Varying flight distance 

The velocity distribution of the flyer plate fragments was measured for varying flight distance, 

using a constant laser beam fluence of 377 Jcm ^ (E = 24 mJ). A fused silica substrate was 

used as a sample, and signals from both photomultipliers were recorded (see Figures 7.16 and 

7.17 respectively). The front surface photomultipler did not detect the impact flash at U = 10.0 

mm, due to the target obscuring the field of view (§6.3.1). As described in §6.3, the velocity 

distributions were characterised using three points on the impact flash, corresponding to 

tf(10%), tm and tf(10%). These time delays are shown in Tables 7.2 and 7.3 

Lo t r ( 1 0 % ) tmax t , ( 1 0 % ) ATrise AT,all F W 1 0 % M Hmax 

mm US US U S 103 1-^ US mV 

2 0 6 . 4 ± 0 . 1 7 . 3 ± 0 . 1 2 1 . 8 ± C L 5 0 . 9 ± 0 . 1 4 1 4 . 5 ± 0 . 5 1 5 . 2 ± 0 . 5 1 6 0 

3 0 9 . 6 ± 0 . 1 1 1 . 6 + 0 . 1 3 4 . 6 ± 1 . 2 2 . 0 ± 0 . 1 4 2 3 . 0 ± 1 . 2 2 5 . 0 ± 1 . 2 9 4 

4 0 1 3 . 2 ± 0 . 1 1 5 . 7 ± 0 . 1 4 8 . 2 ± 1 . 4 2 . 5 ± 0 . 1 4 3 2 . 5 ± 1 . 4 3 0 . 0 ± 1 . 4 8 0 

5 0 1 4 . 6 + 0 . 2 1 9 . 0 ± 0 . 1 6 9 . 2 ± 2 . 5 4 . 4 ± 0 . 2 5 0 . 2 ± 2 . 5 5 4 . 6 ± 2 . 5 4 0 

6 0 1 8 . 0 ± 0 . 3 2 3 . 1 ± 0 . 1 9 5 . 4 ± 3 . 6 5 . 1 ± 0 . 3 7 2 . 3 ± 3 . 6 7 7 . 4 ± 3 . 6 3 0 

Table 7. 2 Timing measurements of impact flash for laser beam shots at varying flight distance. 

Photomultlplier pointing towards front surface of sample (from Figure 7.16) 

Lo t r ( 1 0 % ) tmax t , ( 1 0 % ) AXrise ATtall F W 1 0 % I V 1 Hmax 

mm lis lis {IS lis } iS |1S mV 

10 3 . 4 ± 0 . 1 4.4 + 0.1 11.2 + 0.3 1.0 ±0.3 6 . 8 ± 0 . 3 7 . 8 ± 0 . 3 13 

20 6.8 + 0.1 7 . 4 ± 0 . 1 1 3 . 6 ± 0 . 3 0 . 6 ± 0 . 1 4 6.2 ±0.3 6 . 8 ± 0 . 3 3 4 

3 0 1 0 . 2 ± 0 . 1 11.0 + 0.1 1 9 . 6 ± 0 . 4 0.8 ±0.4 8.6 ±0.4 9 . 4 ± 0 . 4 2 1 

4 0 1 3 . 6 ± 0 . 1 14.6 + 0.1 2 0 . 2 ± 0 . 3 1 . 0 ± 0 . 3 5 . 6 ± 0 . 3 6 . 6 ± 0 . 3 1 4 

5 0 1 8 . 2 ± 0 . 1 1 9 . 0 ± 0 . 1 20.4 ± 0.1 0 . 8 ± 0 . 1 4 4 . 2 ± 0 . 1 2 . 2 ± 0 . 1 8 

6 0 2 1 . 1 ± CXI 2 1 . 2 ± (XI 2 2 . 6 ± 0 . 1 0 . 1 ± 0 . 1 4 1 . 4 ± 0 . 1 1 . 5 ± 0 . 1 6 . 5 

Table 7. 3 Timing measurements of impact flash for laser beam shots at varying flight distance. 

Fibre optic coupled photomultiplier pointing towards rear surface of sample (from Figure 7.17). 
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Figure 7.16 Photomultiplier signal from front surface of fused silica sample, showing variation in 

impact flash with flyer plate flight distance. 
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Figure 7.17 Photomultiplier signal from rear surface of fused silica sample (via fibre optic), 

showing variation in impact flash with flight distance 
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Each individual measurement of tr(10%), tm and tf(10%) in these tables was plotted as a 

function of flight distance, and the results are shown in Figures 7.18 and 7.19 (front and rear 

photomultiplier signals respectively). From Figure 7.18, it can be seen that tr (10%) increases 

linearly with distance. This means that the fastest of the fragments were moving with a 

constant velocity over this distance. Furthermore, tm also increases linearly with distance. This 

means that a fraction of slower fragments were also moving with a constant velocity. This 

explains the systematic increase in ATnse as the flight distance increases. 

Straight lines were fitted to the data points using the least squares method, including the point 

(Lo = 0, t = 0) i.e. the flyer plate has not travelled any distance at t=0. It can be seen that the 

respective velocities, measured from the gradient of the lines, are 3.3 ± 0.3 kms"" and 2.6 ± 0.3 

kms'̂  The uncertainty in these values was a random uncertainty due to the spread of the 

points from the fitted line. In addition, there was also a systematic uncertainty in each data 

point, due to the uncertainty in the timing measurements. This was estimated to give an 

average uncertainty of 0.1 kms ^ in each of the individual velocity measurements. 

The rear surface measurement of t r ( 1 0 % ) follows a similar linear trend, giving an average 

maximum velocity of 2.8±0.3 kms \ Although this is lower than the average maximum velocity 

of 3.3+0.3 kms"̂  measured using the impact flash from the front surface, both values would 

agree if the maximum range of uncertainties was used. However, it does suggest that there 

may have been some spatial dependency on the velocity of the fragments. A smaller area of 

the sample was within the field of view of the fibre optic (10mm), so that if the faster fragments 

of 3.3 kms ^ had impacted the sample some distance outside this field of view, they would not 

have been detected. To avoid detection at the minimum flight distance of 10 mm, they would 

need to have been travelling at a minimum angle of 26 ° to the laser beam axis. At the flight 

distance of 60 mm, any particles moving at an angle greater than 5° from the laser beam axis 

would escape detection. 

The rear surface measurement of tm also varies linearly with distance, giving an average 

velocity of 2.7 kms'V The rise times of the impact flash detected using the fibre optic were 

shorter than the rise times of the flash from the front surface of the sample. This suggests that 

the fibre optic detected fewer particles, moving within a narrower velocity range. This can 

again be explained by the reduced field of view. In one case, at the flight distance of 60 mm, 

the rise time of the impact flash was only 100 ns. This is typical of a single particle impact 

(§4.3) i.e. only one particle with a velocity of 2.7 kms ^ hit the sample within an area of 

314 mm^ i.e. the area covered by the fibre's field of view. 
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Figure 7.18 Distance - time plot for impact flash signal, for values in Table 7.2 (photomultlplier 

pointing towards front surface of fused silica sample 
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Figure 7. 19 Distance - time plot for impact flash signal, for values in Table 7.3 (fibre optic 

photomultiplier pointing towards rear surface of fused silica sample 
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From Figures 7.18 and 7.19 it can be seen that tlie fall time, tf(10%) does not vary linearly with 

distance. To investigate the trends further, the minimum velocity was calculated for each 

individual measurement of tf(10%), for the front surface signal. These results are shown in 

Figure 7.20. It can be seen that the minimum velocity was fairly constant over the flight 

distance of 20 - 60 mm, with an average of 0.810.3 kms \ This is consistent with Eichhorn's 

findings [Eichhorn 1976\ that the impact flash can only be detected for particles moving with 

velocities above 1 kms"\ for particle diameters of 0.05 - 50 pm. Therefore, this velocity was 

not necessarily the minimum velocity of the fragments in the distribution, but rather the 

minimum velocity which could be measured using the impact flash. 

Finally, Figure 7.21 shows the maximum amplitude of both of the photomultiplier signals as a 

function of flight distance. It can be seen that the amplitude decreases as the flight distance 

increases, and both curves indicate the same trend : Hmax ~ U . This was clearly not 

caused by a reduction in irradiance at the detectors due to the inverse square law (§6.3.1), as 

the fibre optic was always the same distance from the rear of the sample. Therefore, it must 

have been caused by some actual reduction in the intensity of the impact flash at the source. 

In turn, this must have been due to a reduction in the number and / or mass of fragments 

hitting the sample at each flight distance. 

0.6 

> 0.4 

1 0 2 0 3 0 4 0 5 0 

Target - sample distance (mm) 
6 0 7 0 

Figure 7. 20 Minimum velocity of fragments measured using tf(10%) for front surface impact 

flash 
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Figure 7. 21 Maximum amplitude of photomultiplier output voltages (Hmax) as a function of target 

- sample distance. E = 24mJ, f = 400 mm, Xo = 0.0 mm. 

Varying laser beam fluence 

For these experiments, the impact flash was detected from the front surface of a fused silica 

disc. The laser beam fluence was varied from 188 to 2500 Jcm'^, and the flight distance was 

held constant at Lo= 50.0 mm. A selection of the impact flash signals are shown in Figure 7.22. 

The velocity of the fragments was calculated using tr(10%) and tm, and these results are shown 

in Figure 7.23. 

Ignoring the fluence shown on the x-axis for the moment, it can be seen that the maximum 

fragment velocity varied from 1.9±0.2 to 5.8+0.2 kms"̂  and the centre fragment velocity varied 

from 1.4+0.2 to 3.9+0.2 kms"̂  over the range of energies used. The experimental data for the 

maximum fragment velocity was compared with the flyer plate velocity predicted by 

Lawrence's Guerney theory (Equation 3.7, §3.2.2). It was found that the data closely matched 

the predicted trend in the velocity as the laser beam energy was increased. However, if a laser 

beam diameter of 90pm was used to calculate the fluence, then it was found that the 

measured velocity fell short of the predicted values. For example, at a calculated laser beam 

fluence of 188 Jcm'^ (2wo= 90pm, E = 12 mJ), the predicted velocity was 8.2 kms"̂  and the 

measured velocity was only 1.8 kms"^; clearly a large discrepancy. 
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Figure 7. 22 Impact flash signal from front surfece of fused silica sample 
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Figure 7. 23 Velocity of flyer plate fragments for varying laser beam fluence and energy. 
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Therefore, the laser beam diameter was used as a free parameter, to fit Equation 3.7 to the 

experimental data. It was found that the best fit occurred for 2wo = 280 jim. The laser beam 

fluences calculated using this beam diameter are shown along the x-axis of Figure 7.23. For 

example, at the laser beam energy of 12 mJ, the laser beam fluence was 19 Jcm'^, and the 

predicted velocity was now 1.9 kms"̂  ; in close agreement with the experimental data. 

It can be seen from Figure 7.15 that this value of 2wo is approximately equal to the diameter of 

the piece of aluminium removed from the target coating, for laser beam energies in the range 5 

- 20 mJ. As the energy is increased above this value, the diameter of the aluminium 

increases. However, for energies in this higher range, the velocity predicted by Equation 3.7 

still agrees well with the experimental data (up to a limit which is explained below). This 

suggests that the flyer plate fragments contributing to the start of the impact flash (i.e. the 

fastest fragments) are formed from a piece of aluminium whose diameter remains constant 

with laser beam energy. 

This agrees with the results of the experiments at sub-mm flight distance, where it was shown 

that a central impact crater of approximately 200 jam in diameter was formed on the sample for 

the shots using laser beam energies of 8 mJ and 32 mJ. The fact that a laser beam diameter 

of 280 |im gave the best fit to the experimental results could suggest that some energy is lost 

during the fragmentation process. Put another way, if a laser beam diameter of 200 |am had 

been used to calculate the fluences along the x-axis of Figure 7.23, it would show that the 

measured velocity of the fragments would fall below that predicted by Equation 3.7. The fact 

that the trend in the experimental data still agrees with Equation 3.7 indicates that the 

fractional energy loss due to the fragmentation process remains constant as the laser beam 

energy is increased. 

The maximum fragment velocity of 5.8 kms"̂  was achieved at a laser beam fluence of 

approximately 125 J cm'^. No further increase in velocity was observed as the laser beam 

fluence was increased beyond this value. This is consistent with previous flyer plate 

experiments [Romain 1990, Romain 1997, Famsworth 1995\ which show that the flyer plate 

velocity is ultimately limited by absorption of the laser light by the fused silica substrate, before 

it reaches the target coating interface. The fluence of 125 Jcm'^ falls well within the range of 

previously reported measurements of the laser induced damage threshold of fused silica 

[M/ood Y986, 7984, 5o;/eau 7980]. 
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Summary 

• The maximum and centre velocities of fragments in the distribution do not vary with flight 

distance 

• Up to a limit, the maximum and centre velocities of the f ragments in the distribution vary 

with laser beam fluence according to Equation 3.7 

• Above a given laser beam fluence, the maximum velocity of f ragments in the distribution 

shows no further increase due to laser induced breakdown in t h e substrate 

7.3.3 MEASUREMENT OF FRAGMENT DIAMETER / AREA DISTRIBUTION 

As described in §7.1, fragmentation of the flyer plate was observed for all of the experiments 

conducted using the longer flight distances. Therefore, a series of experiments were 

performed to measure the number and diameter distribution of the fragments which were 

produced. The results of three shots were examined in detail, for f l ight distances of 10, 30 and 

50 mm, and a fixed laser beam energy of 48 mJ. Aluminium foils, 2 . 4 jam thick, were used as 

impact samples. The experimental parameters are shown in Table 7.4. The velocity was 

measured using the photomultiplier pointing towards the front sur face of the foil. 

Shot No. Target Sample Pressure Lo Xo Wo 

mbar mm mm |j,m 

T42/ 05 5|im Al A33 2.6x10* 10 0.0 90 

T42/11 5|im Al F580 7.9x10" 30 0.0 90 

T42 /13 5|im Al A52 & 2 x 1 0 * 50 0.0 90 

Table 7.4 Experimental parameters for flyer plate diameter measurements at laser beam energy 

of 48 mJ and varying flight distance, fiens = 400 mm, Xo = 0.0 mm. 

Photometric images of the aluminium foils were obtained after each of the laser beam shots 

using the photographic enlarger. The results are shown in Figure 7.24. The corresponding 

impact flashes recorded from the front surface of the foil are shown in Figure 7.25 - 7.27. The 

velocities for each of the fragment distributions were calculated us ing tr(10%), tm and t f (10%): 

Shot T42/05, Lo = 10 mm, Vf = 4.810.2 kms"\ Vc = 3.7+0.2 kms ' \ Vs = 1.2+0.2 kms"^ 

Shot T42/11, Lo = 30 mm, Vf = 5.2+0.2 kms"\ Vo = 4.1+0.2 kms"\ Vs= 0.9±0.2 kms'^ 

Shot T42/13, Lo = 50 mm, Vf = 4.9±0.2 kms"\ Vc = 3.9±0.2 kms"^, Vs = 1.1+0.2 kms"^ 

Therefore, the average velocities for the 3 different flight distances were Vf = 5.1+0.2 kms ' \ Vc 

= 4.3+0.2kms"\ and Vs = 1.2+0.2 kms"^ respectively. 
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T42 / 05 Lo = 10 mm Circle diameter = 5 mm 

T42 / 1 1 Lo = 30.0 mm Circle diameter = 1 5 mm 

T42 / 13 Lo = 50.0 mm Circle diameter = 4 0 mm 

Figure 7. 24 Pliotometric images of holes in l A p m thick aluminium foil, E=48mJ. 
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Figure 7. 25 Impact flash from front surface of aluminium foil for Shot T42 / 05, E = 48 mJ, U = 10 

mm. The pulse of light from the driving plasma can also be seen. 
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Figure 7. 26 Impact flash from front surface of aluminium foil for Shot T42/11, U = 30 mm. 
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Figure 7. 27 Impact flash from front surface of aluminium foil for Sho t T42 /13 , Lo = 50 mm. 

Feature B can also be seen clearly. 

The number of holes in each foil was counted (NT) and the d iameter distributions for the 

fragments hitting each foil was calculated from the diameters of t h e holes in the foil, using the 

procedure described in §6.4. All fragments with diameters less than 3 pm were then rejected 

from the diameter measurements, due to the uncertainties associated with deriving diameter 

measurements from particles which only marginally penetrate the foil. The total number of 

measured fragments (d > 3 jim) was Nm. The overall area of foil covered by the measured 

fragments was determined for each foil (Abii), and an effective full cone angle over which the 

fragments were spread was calculated accordingly. In addition, t h e total area of the measured 

fragments (afrag) was calculated, and compared to the total area of aluminium removed from 

the target (atarg). These results are summarised in Table 7.5. 

Shot Lo Nm NT dmax Afoii Cone Angle ATARG 

mm ^im cm'̂  degrees mm"̂  mm"̂  

T42/05 1 0 41 79 9 4 ± 3 3 0.1 19+2 0 . 0 2 1 ± 0 . 0 2 C U 2 

T 4 & 1 1 3 0 72 1 3 1 7 M ± 2 6 3.1 1 8 ± 2 0.023±Q.02 0.11 

T42/13 5 0 7 1 2 1 4 1 2 2 5 + 9 1 1 ^ 2 2 + 2 0 . 0 4 5 + 0 . 0 3 0.11 

Table 7. 5 Fragment characteristics for laser beam shots at varying f l ight distance, E=48 mJ. 
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A number of observations can be made from looking at Table 7.5 : 

1. The fragments spread out over a relatively constant cone ang le , so that the area of sample 

impacted increases as the flight distance increases 

2. The total area of aluminium removed from the target is approximately 2 - 5 times greater 

than the total area of the measured fragments 

3. The diameter of the largest measured fragment decreases as the flight distance increases 

The cumulative number of the measured fragments was then p lot ted as a function of the 

fragment area. In each case, Grady's bilinear distribution (§3.4,3) was fitted to the data 

(Equation 3.19). These results are shown in Figures 7.28 - 7.30. In general, it can be seen 

that there is very close agreement between the measured f ragment distribution and the 

theoretical bilinear distribution for the smaller fragments. There is some divergence as the 

fragment area increases, but the two curves still follow the same general trend. Therefore, it is 

apparent that the flyer plate fragmentation process is governed by geometric statistics, but with 

some deviation from the theory, which must be governed by a dominat ing physical process. 

Fragmentation data from chemical explosions [Grady 1985] and impact generated debris [Ari 

1993] has been shown to follow similar trends i.e. a close fit to t h e theory for the smallest 

fragments in the distribution, but some deviation for the larger f ragments. 

For each distribution, the fitting procedure generated two characterist ic average fragment 

areas, (Ai, A2) and the total number of fragments with these areas (Ni, N2). These results are 

summarised in Table 7.6. 

Shot Lo Ni Ai N2 Ag N1A1 + N2A2 Sfrao 

mm cm'' 

T42/05 5 40 200 3 6500 0^%7 &022 

T42M1 30 70 50 10 2000 0.024 0.021 

T42/13 50 700 35 100 150 0.039 0.035 

Table 7. 6 Curve fitting parameters for bilinear distribution 
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Figure 7.28 Area distribution of flyer plate fragments for Shot T42/05, Lo = 10 mm, showing 

experimental data and theoretical bilinear distribution 
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Figure 7. 29 Area distribution of flyer plate fragments for Shot T42/11, Lo = 30 mm, showing 

experimental data and theoretical bilinear distribution 
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Figure 7. 30 Area distribution of flyer plate fragments for Shot T42/13, Lo = 50 mm, showing 

experimental data and theoretical bilinear distribution. 

The bilinear distribution is characterised by two average fragment areas Ai, Aa, and the 

number of fragments with each area. From Table 7.6, it can be seen that the sum of the 

product NiAi and N2A2 closely match the total measured area of the fragments. This 

demonstrates that these average areas are a good way of describing the size of particles in 

the distribution. For the various flight distance, the average particle diameters derived from 

these areas, and the number of particles with each area are as follows : 

Lo = 10 mm, di = 16 (xm (40 fragments), da = 91 ^m (3 fragments) 

Lo = 30 mm, di = 8 jam (70 fragments), dg = 50 |xm (10 fragments) 

Lo = 50 mm, di = 7pm (700 fragments), da = 14 pm (100 fragments) 

This effectively quantifies the nature of the fragmentation process. It can be seen clearly that 

the flyer plate continues to fragment over the flight distance of 10 - 50 mm, causing an 

increase in the total number of particles but a decrease in the average size. The diameters of 

the fragments in the two distributions appear to converging towards one value. This suggests 

that the fragmentation process is becoming statistically more homogeneous [Grady 1985\ as 

the flight distance increases, and will ultimately be described by a single average fragment 

area, whereby an equilibrium position will be reached and fragmentation will cease. 
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The physical mechanism giving rise to the fragmentation process over the 50 mm flight 

distance is harder to determine. Initially, the flyer plate may f ragment due to a Rayleigh-Taylor 

type instability at the interface of the driving plasma and the mo l ten rear side of the target 

coating. However, the driving plasma will typically recombine wi th in the first few mm of the 

flyer plate flight distance (assuming the driving plasma has a dura t ion of a few hundred 

nanoseconds, and the flyer plate is moving at a velocity of several ki lometers per second). It is 

possible that the initial fragmentation results in a cloud of hot, spher ica l molten droplets, rather 

than cold solid particles. This would explain the very circular appearance of the holes and 

craters observed on the foils, and possibly the appearance of Fea tu re B before the impact 

flash (due to the radiating black body theory described in §6.3.2). T h e observed fragment 

distributions indicate that the droplets then continue to sub-divide until they reach some 

minimum diameter. 

It is clear that smaller fragments were produced than could be measured , due to the 

discrepancy between the total area of the measured fragments a n d the total area of aluminium 

removed from the target. For example, for Shot T42/13 (Table 7.5) , it can be seen that material 

with a total area of 0.11 - 0.045 = 0.065 mm^ is unaccounted for. The re would need to be 

several hundred thousand particles below 3 pm in diameter (the measurement threshold) to 

account for this deficit. As will be show in §7.3.4, there are approximately 100 craters over the 

100 jim^ area of the foil shown in Figure 7.34. This equates to approx imate ly 100, 000 craters 

over the 12.5 cm^ of the foil over which the fragments were d ispersed at the flight distance of 

50 mm i.e this is enough to account for the deficit. 

7.3.4 MICROSCOPY OF SAMPLE SURFACES 

These experiments were performed using 7| im thick copper foil samp les , with flight distances 

of Lo = 10 mm and 50 mm. Copper was chosen so that the a lumin ium from the flyer plate 

fragments could be identified on the foil surface. The laser beam energy was 48 mJ. The 

surfaces of the foil were imaged in the SEM, to study the morphology of individual impact 

features. 

Sample at Ln = 10 mm 

A series of varying magnification SEM images of the surface of t h e copper foil are shown in 

Figure 7.31. It can be seen that the features consist of craters and holes. The holes can easily 

be identified as they appear black, due to the high contrast provided by the electron 

microscope. In the lowest magnif ication image, it can be seen that the impact features form a 

distinct pattern. The pattern is circular in nature, and covers a circular area approximately 
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4 mm in diameter. A broad pattern of densely populated craters pass through the centre of the 

pattern, and there are distinct lines of craters which appear to point towards the centre of the 

pattern. There is an area outside of the central band which is devo id of any impact features, 

and the holes are concentrated along the central band. 

Figure 7. 31 Selected areas of front surface of copper foi l sample p laced 10 mm from target. 

Sample at Ln = 50 mm 

Figure 7.32 shows a low magnification scan (x35) of a section of the foil surface, covering 

approximately 7 % of its area (9 mm^). As at the shorter flight distance, the impact features 

consist of a selection of craters and holes. Note that several of t he features appear totally 

white, with dark areas around. This is an artefact produced by the SEM. It is due to the fact 

that the feature is made of a non conducting material, which charges up when the electron 

beam hits it. 
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1 mm 

Figure 7. 32 Selected area of front surface of foil sample F334 (7|j,m th ick copper), imaged in the 

SEM at a magnification of x35, E = 48 mJ. 

Three features were identified on this image, and higher magnif ication images of these 

features, together with EDS spot analyses, are shown in Figure 7 .33 . The locations used for 

the spot analyses are indicated on the figure using the feature number followed by a letter i.e. 

1a, 2a, 3a. Feature 1 is an impact hole, 1 2 ^ m i n diameter (average), with a surrounding lip. 

The EDS analysis of the lip ( la ) shows traces of copper, but no ev idence of any aluminium. 

Feature 2 and 3 are impact craters, again of the order of 10 fim in diameter. The EDS 

analyses show evidence of aluminium, and this must be due to remnants of the impacting 

particle in the lining of the crater. 
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Figure 7. 33 Front surface of foii sample F334 (7|jm thick copper) showing features 1,2 and 3, with 

corresponding EDS spot analyses. Imaged in the SEM at varying magnification, E = 48mJ. 
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Figure 7.34 shiows a higher magnification (x170) view of the area surrounding features 1 and 

2, covering approximately 625 nm^, Although a small quantity of non-conducting material is 

evident (as shown by the dark shading around the feature), the major i ty of the features can be 

identified as impact craters, similar to features 1, 2 and 3, with diameters in the range 0.5 to 10 

pm. There are approximately 100 such features within this area of the foil. 

A o 2 

O ; . . 

. « o 

100 Jim 

Figure 7. 34 Selected area of front surface of foil sample F334 (7p,m th ick copper), imaged in the 

SEM at a magnification of x170, E = 48m J, U = 50 mm. 

7.4. DISCUSSION 

At a flight distance of 120 pm, impact craters were produced on a g lass sample which were 

indicative of high velocity orbital debris impacts. However, it is possible that molten aluminium 

from outer regions of the target surrounded the crater. 

Due to flyer plate fragmentation, it was not possible to accelerate individual flyer plates over 

longer flight distance using the fully coated targets. Therefore, this technique would not be of 

use in experiments involving the analysis of secondary ejecta produced during an orbital 

debris impact. However, it has been demonstrated that the average size of the fragments can 

be described by a statistical fragmentation theory, and that the max imum velocity of the 

fragments can be accurately controlled by varying the laser beam energy. Therefore, the use 

of the technique for simulating multiple particle impacts will now be discussed. 
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A comparison of a micro particle impact on a thin foil sample retrieved from a spacecraft in 

LEO and a typical flyer plate fragment impact on a thin foil sample is shown in Figure 7.35. It 

can be seen that the morphology of the craters are very similar, consis t ing of a central circular 

hole and a raised lip. The formation of the lip is due to radial plast ic f low and subsequent 

thickening of the foil material during the high velocity impact [Her rmann 1997]. A comparison 

of a micro-particle impact on a glass sample retrieved from a spacecraf t in LEO and a typical 

flyer plate fragment impact on a similar glass sample is shown in Figure 7.36. Again, it can be 

seen that the morphology of the two impact features are similar. In th is case, due to the brittle 

nature of the glass, the damage consists of a central crater, fil led w i th crushed material and 

surrounded by cracks. Therefore, it is evident that the individual f l ye r plate fragments in the 

distribution were capable of reproducing mechanical impact d a m a g e indicative of an orbital 

debris impact. 

The fragments in the distribution analysed in §7.3.3 had velocit ies ranging from 

1.1+0.2- 5.2±02 kms"^. This is below the velocity with which the major i ty of orbital debris will 

impact a spacecraft in LEO. It is estimated that only 1% - 2% of col l is ions will occur with 

velocities in this range. Therefore, the technique is of limited capabi l i ty for simulating the LEO 

environment. The more dominant higher velocity impacts, which c reate more damage, will 

determine the overall degradation in the performance of a spacecraf t component or material. 

However, impacts in higher orbits occur at lower velocities. For example , the average collision 

velocity of a spacecraft in a semisynchronous orbit inclined at 6 0 ° is only 4 kms ' \ and the long 

term average collision velocity in GEO is about 0.5 knis^ [NRC 1995\. Though these collision 

velocities are lower, the impacts can still cause significant damage to components. The 

technique is capable of simulating these lower velocity impacts. 

It is likely that a large percentage of the sub mm orbital debris env i ronment is produced by 

fragmentation events, such as explosions on board spacecraft. T h u s the size distribution of the 

debris particles could be expected to follow some random distr ibution, such as that which was 

used to analyse the flyer plate fragments. A glance at Figure 1.2 shows that the cumulative 

cross sectional area flux of orbital debris in LEO follows the same general trend as the flyer 

plate fragment distributions i.e. increasing number of particles wi th decreasing size. Therefore, 

from this point of view, the flyer plate fragmentation process could be v iewed as an ideal way 

of producing fragments which can be used to simulate multiple impacts of small diameter 

(<1 |Lim - 100 |im) orbital debris. The problem with the technique a s it stands is the spatial 

number density of flyer plate fragments which are produced. Over the flight distance of 10 - 50 

mm, the average spatial number density of fragments was in the range 790 - 125 cm'^. This is 

far in excess of the 1 or 2 impacts per cm^ per 10 years which a spacecraf t operating in LEO 

would currently be expected to collide with, for 10-100 j_im diameter particles (§1.2.4). 
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Figure 7. 35 Comparison of craters in thin metal foi ls produced by (a) flyer plate fragment impact 

at Lo = 50 mm, fully coated target (above), and (b) micro-particle impact on flight sample retrieved 

from the LDEF spacecraft (LDEF Meteoroid and Debris database, Zolensky 1995). Although the 

craters are of different diameter, many of the features are similar, such as the central circular hole 

and the raised lip. 

145 



CHAPTER 7 FULLY COATED TARGET EXPERIMENTS 

Radial ©raotes 

Central pi 

1 @|Aw 2 4 0 2 0 

100 f im 

Figure 7.36 Comparison of craters in glass produced by (a) flyer plate fragment impact at U = 50 

mm, fully coated target (above), and (b) micro-particle impact on f l ight sample retrieved from the 

EURECA spacecraft (ESA MADWEB database, Drolshagen 1995). Al though the craters are of 

different diameter, many of the features are similar, such as the central pit, radial cracks and 

ripple-like structure in the glass. 
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However, because the fragments spread out as the flight distance increases (full cone angle 

~ 20°), the spatial number density can be seen to decrease. Therefore, assuming the number 

of fragments remained constant at approximately 1500, the requ i red spatial number density of 

1 or 2 impacts per cm^ would be achieved at a flight distance of a round 0.5 m. The fragments 

at this distance would cover an area of 1500 cm^. Thus it can b e envisaged that a single flyer 

plate shot could be used to simulate the 10 year exposure of a 1 5 0 0 cm^ spacecraft surface to 

the small particle LEO environment. The fragmentation studies f o r flight distances in the range 

1 0 - 5 0 mm indicated that the flyer plate diameter was tending t owards a value somewhere 

below 10 | im. The fragmentation process would impose a fundamenta l limitation on the 

maximum diameter of particle which would impact the sample at the longer flight distance of 

0.5 m. 

In summary, laser acceleration of flyer plates using the fully coa ted target will be useful in two 

areas of orbital debris simulation : 

1. To study the morphology of individual craters with diameters of several hundred microns, 

produced by the impact of plate-like aluminium particles, for target - sample distance of 

120^m 

2. Accelerated testing over large surface area (>1500 cm^) of impac ts due to sub 10 |Lim 

aluminium particles (possibly spherical), moving at velocities in t h e range 1- 6 k m s ' \ 
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ETCHED TARGET EXPERIMENTS 

The results in this section describe the testing of the etched target. This is the first time such a 

target has been used to generate laser driven flyer plates. The m a i n aim of the experiments 

was to measure the number and velocity of particles which could be produced from a given 

size dot, and to compare the impacts with those obtained using t h e fully coated target. 

For all of the experiments, a single etched target (E01) with dot d iameters ranging from 50 -

185 [xm was used, and the laser beam energy was fixed at 200 m J . The target was located 

140 mm from the focus of the 1000 mm lens, giving an average laser beam fluence on the 

target of 15 Jcm"^. 

The diameter and spatial profile of the laser beam at these locat ions has been given in §6.2.2. 

The aim of using an out of focus laser beam was to try and increase the uniformity of the 

spatial intensity distribution across the dot, compared to that across the flyer produced from 

the fully coated target. As shown in §5.2.3, the theoretical intensity of a Gaussian laser beam 

will decrease by only 2 % from the centre to the edge of a 100 | i m dot, at a location of 140 mm 

from the laser beam focus. However, as described in §6.2.2 , the measured spatial profile of 

the beam was not a smooth Gaussian, due to diffraction effects at the edges of the laser rod. 

Given the relative heights of the peaks and troughs, it was est imated that the average 

intensity variation across a given dot was of the order of 25%. 

In all cases, the diameter of the laser beam on the target was larger than the diameter of the 

dot. The areas on the etched target surrounding the dot were c lear fused silica substrate. 

Therefore, excess laser radiation could pass through the substrate surrounding the dot. To 

prevent this radiation from interacting with the sample at the point of the flyer plate impact, a 

flight distance of 50 mm was used, and the target and sample were titled with respect to the 

laser beam axis by 6°. Assuming that the flyer plate would leave the substrate at 90° to the 

surface, this target separation and tilt ensured that the laser beam axis was separated from the 

flyer plate axis by 6 mm at the sample. It was found that the laser beam passing through the 

substrate actually hit the sample mount to the side of the foil, and a small damage site was 

observed on the mount when it was removed from the vacuum chamber. 

8.1 DOT DIAMETER = 185 

8.1.1 MEASUREMENT OF FLYER PLATE VELOCITY 

Examples of the impact flash signals recorded from the front surface of 4 copper foil samples 

are shown in Figure 8.1. They are noticeably different from the s ignals obtained using the fully 

coated targets. A large amplitude pulse, starting at the time the laser beam was fired, with a 
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FW10%M of approximately SS îs, can be seen superimposed upon the impact flash. It is 

possible that this was caused by radiating ejecta from the laser beam impact site on the 

sample mount. It has a form similar to the impact flash produced by the fully coated target 

fragments, though without the time delay. 

This initial signal had not finished by the time the impact flash had started. In addition, it 

appears that Feature B, observed with the fully coated targets, is also present at the start of 

the flash. Therefore, a linear extrapolation procedure similar to that described in §6.3 was used 

to measure the delay times. The zero point was defined as the point at which 'Feature B' 

started to rise above the level of the initial signal. The points used to make the timing 

measurements are illustrated on the figure (for the case of the impact flash with the largest 

amplitude). The delay times and corresponding velocities are shown in Table 8.1. 

E01/229 

E01/195 

E01/170 

E01/170 
Hmax 

tr(10%) 

20 30 

time (microseconds) 

Figure 8. 1 Photomultiplier signal from front surface of copper foil sample, obtained using etched 

target E01, dot size = 185 ^m. 

In each case, the measured velocity is remarkably constant, and the duration of the impact 

flash is given by FW10%M = 6.1+0.3 [xs. This is similar to the duration of the impact flash 

obtained using the fire optic coupled photomultiplier during the fully coated target 

experiments, and is indicative of a few particles with a low spread In velocity impacting the 

sample (rather than the hundreds of fragments detected by the photomultiplier pointing at the 

front surface of the sample during the fully coated target experiments). 
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Shot tr(10%) tm tf(10%) V, Vc Vs 

|US (IS kms"' kms'^ kms'^ 

E01/229 28.1 ±0.2 30.7+0.2 34.3+0.2 1.8±0.3 1.610.3 1.4+0.3 

E01/195 28.6+0.2 30.4±0.2 34.1+0.2 1.810.3 1.610.3 1.5+0.3 

E01/170 28.2±0.2 30.8+0.2 34.5+0.2 1.7+0.3 1.6+0.3 1.4+0.3 

E01/171 28.3±0.2 30.1+0.2 34.4+0.2 1.710.3 1.510.3 1.4+0.3 

Table 8 .1 Flyer plate velocity measurements for etched target E01, d o t size = 185 ^m. 

8.1.2 MICROSCOPY OF SAMPLE SURFACE 

The sur face of each of the copper foil samples used for the shots desc r i bed in §8.1.1 

(E01/229, E01/195, E01/170, E01/171) was scanned for impact c r a t e r s and holes, using the 

S E M (JEOL J S M T300). A typical image is shown in Figure 8.2. A l t h o u g h it is apparent that the 

flyer plate has still f ragmented, these foils showed a much smal le r number of larger impact 

features than any of the ful ly coated target samples. O n each foil, t h r e e or four of the features 

were typical ly holes and the rest were craters or p ieces of mater ia l rest ing on the foil the 

surface. The total number and relat ive location of features above 1 0 ^ m in d iameter on each 

foil was measured, by scanning the images into the image ana lys is sof tware (§6.4). The 

results are shown in Figure 8.3, and summar ised in Table 8.2. 

Figure 8.2 Typical SEM image of surface of 7 pun th ick copper foi l impac ted wi th f lyer plate 

f ragments f rom etched target (Shot E01 / 229). Scale bar is in m ic rons . 
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Shot Foil Holes Total 

E01/229 F368 0 2 2 

E01/195 F369 2 4 6 

E01/170 Fg70 3 4 7 

E01/172 F372 3 1 4 

Table 8. 2 Number of impact features ( craters / material and holes) above 10 jxm in diameter, on 

Impact foils F368 to F372. 
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Figure 8. 3 Location of impact features above 10 fim in diameter on impact foi ls F368 - F372 (7^m 

thick copper). 

The average number of features per foil is 5±2. Within a radius of 2 m m from the centre of the 

foil, the average number is 2.2±1.2. Therefore, though there is some spread in the total 

number of fragments hitting the foil, a well defined number hit the s a m e area on each laser 

beam shot. The size of the area would be large enough to accurately isolate from the rest of 

the fragments (for example using a mechanical aperture). 

Each feature was then imaged at higher magnification using the scanning electron 

microscope, and its average diameter was measured. These results are shown in Figure 8.4. 

Also indicated on the figure is the average diameter for all of the measured features on each 

foil. It can be seen that this varies from 50±5 to 65±7 |_im. The average diameter of all of the 

fragments for all of the laser beam shots was 58±10 jum. 
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Figure 8. 4 Diameter of all features above 10 nm in diameter on impact foils F368 -

F372 (7^im thick copper). Solid line sliows average diameter of features on each foil. 

The feature types were classified as follows : 

Type A : Elliptical hole, no lip 

Type B : Irregular shaped hole, no lip 

Type C : Crater (sometimes with marginal penetration) 

Type D : Material resting on surface, no crater 

Typical SEM images of a selection of the features are shown in Figures 8.5 and 8.6. In some 

cases, when the fragment can be seen resting on the surface of the foil, the initial plate-like 

structure is evident. This indicates that the some of the individual f ragments have maintained 

their integrity in flight, rather than continuing to break up into smaller pieces, as was observed 

with the fully coated targets. It can be seen that the holes in the foi l do not have a significant 

lip. This suggests that the hole diameters of 50 - 65 ^ m were of the order of the particle 

diameter [Horz 1993\. In addition, the shapes of the holes appear to reflect the shape of the 

fragmented material resting on the foil surface. Therefore, it would be reasonable to assume 

that the shapes of the holes represent the shapes of the fragments which have created them. 
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Figure 8. 5 Examples of different feature types, due to flyer plate f ragment impacts on 7 ^.m thick 

copper foil. In each case, original image is shown, together with out l ine used for average 

diameter measurements (major and minor axes superimposed). Irregular hole (upper). Elliptical 

hole (middle). Marginal penetration (bottom). Scale bars are in microns. 
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Figure 8. 6 Examples of different feature types, due to flyer plate fragment impacts on 7 ^m thick 

copper foil. In each case, original image is shown, together with out l ine used for diameter 

measurements (major and minor axes superimposed). Material on surface (upper). Material on 

surface (middle). Material on surface (lower) Scale bars are in microns. 

The fact that a fragment has not penetrated the foil, or is at the penetrat ion limit, can be used 

to make an independent estimate on its maximum velocity, using one of the penetration limit 

equations (Table 4.3). For example, the McDonnell and Sullivan formula for an aluminium 

particle impacting a 7|Lim thick copper foil is given by : 
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f / d = 1 . 0 2 3 ( p p / p t 
\ 0 4 7 6 \0.134 y06G4 (Oal / a t 

with f = 7pim, pp = 2700 kgm"^, pt = 8960kgm"^, Oai = 80MPa and at = 170 MPa 

Assuming an average particle diameter of d = 58 fim, gives Vmax - 74 m s ' \ This is below the 

typical velocities of 1.4 - 1 . 8 kms"^ measured using the impact f lash. However, a particle 

travelling this slow would not generate an impact flash [Eichhorn 1975\. Therefore, it is likely 

that the impact flash was only generated by the three or four of t h e faster particles which 

penetrated each foil, producing a hole rather than a crater or p iece of material resting on the 

surface. In summary, the evidence from the impact flash and the nnicroscopy of the foil 

surfaces suggested that the flyer plates produced by the 185 pim do ts fragmented into 

approximately equal sized pieces, of diameter 50 - 65 | im. Per laser beam shot, two or three 

of the fragments moved at a velocity in the range 1.3 - 1.9 kms"^, a n d an average of 3 other 

fragments moved at a velocity no greater than 75ms' \ 

Impact foil F373 was then selected for a more detailed analysis in the JEOL JSM 6400 SEM, 

to determine the composition of individual features. A low magnif icat ion image, covering 

approximately 3 mm^, is shown in Figure 8.7. Several features, a n d two areas of the foil were 

selected, to be imaged at higher magnification and analysed using EDS. These results are 

shown in Figures 8.8 and 8.9. 

Figure 8. 7 Front surface of foil F373 (7(xm thiick copper) imaged in t h e SEM at a magnification of 

x35, showing location of features analysed. 
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Figure 8. 8 Front surface of foil F373 (7^mi thick copper) showing features 1, 2 and 3 and 

corresponding EDS spot analyses. Location of EDS analyses indicated by white circles. Imaged 

in the SEM at a varying magnification. The peak labelled Os is in fact one of the secondary peaks 

of copper. 
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Figure 8. 9 Front surface of foil F373 (7pim thick copper) showing Area A, B and EDS spot 

analyses A1,A2, B1 and 82. Imaged in the SEM at a magnification of x170. 

It can be seen that there are some smaller aluminium rich craters o n the foil, of approximately 

1 |um in diameter, in addition to the features of 50 - 60 pim diameter. There is also evidence of 

other material in some of the features, such as carbon, chlorine a n d sulphur. This could be due 

to dust or salt deposits, which may have dropped onto the foil dur ing handling. Once the laser 

beam shot had been made, quite a large amount of handling was necessary, to image the foil 

in both the optical and scanning electron microscopes. Neither of these instruments were 

located in clean room facilities. 
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In area A, there is evidence of small deposits of silica and oxygen on the foil surface. It is likely 

that this is due to small fragments of the fused silica (SiOz) substrate which have been 

accelerated with the flyer plate. The regions around the non-conduct ing fused silica appear 

dark, because of the charging effects produced by the SEM. It has been shown that part of the 

substrate contributes to the driving plasma [Farsnworth 1995\, so that the occurrence of fused 

silica on the sample is not entirely unexpected. It does constitute a source of contamination in 

trying to simulate the effects of individual aluminium orbital debris particles on a surface. 

In each of the areas (625 |j,m^) examined, it is estimated that there are perhaps 50 features in 

total, of which 2 or 3 are aluminium-rich craters (of diameter 10 pim and less), and the rest is 

dust, fused silica and other non-conducting contaminants. This is in sharp contrast to the 

experiments conducted using the fully coated targets, where severa l hundred sub-micron 

aluminium rich craters were observed over a similar area (Figure 7.34). 

8.2 DOT DIAMETER = 50 nm 

Three shots were made with a dot size of 50 |im, using the same impact foil (F306, 7\xxx\ thick 

copper). The first two shots were made with the sample at the s a m e location, and for the third 

shot, the sample was translated horizontally by 2 mm. A low magnif ication scanning electron 

microscope image of the surface of the foil is shown in Figure 8.10. 

Figure 8. 10 Front surface of foil F306 (7|im thick copper), imaged in the SEM at x35 magnification 
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Three impact features can be identified. Two of the features overlap each other, (Area C) and 

the third lies exactly 2 mm to the right (area D). Higher magni f icat ion SEM images of these two 

regions are shown in Figure 8.11. Also shown for comparison is o n e of the 50 pm dots on the 

target prior to the laser beam shot. It can be seen that two of the f lyer plates have remained in 

one piece, and have been captured on the foil surface. The third impact feature, overlapping 

one of the dots, is a hole, indicating that the other flyer plate penet ra ted the foil. This suggests 

there was some variation in velocity between the flyer plates p roduced on the different laser 

beam shots. However, the results are significant, in that they demonst ra te that the 

fragmentation process was eliminated when using the 50|Lim dots, and a flight distance of 50 

mm. The flyer plates travelled in a straight line between the target , as shown by the 

overlapping of the first and second features when the sample w a s not moved, and then the 

displacement of the third feature by exactly the same distance a s the sample was moved 

between the second and third shot. 

The surfaces of the un-fragmented dots resting on the foil are c racked, which probably 

occurred during the impact (this is also the surface which would init ially have been in contact 

with the substrate, and which would have been ablated by the laser beam). A maximum impact 

velocity of 75 ms'^ can be assumed, using the penetration limit equat ion described for the 

analysis of the 185 pim diameter dots (§8.1.2). An impact flash s igna l was not detected during 

these laser beam shots, which is also evidence that the flyer p lates were travelling below 

1 kms"\ If they had been moving at a velocity above 1 kms"\ they would not have survived the 

impact. 

The 50 j im diameter and 185 pm diameter dots were irradiated w i t h the same average laser 

beam fluence. However, many of the fragments from the 185 | im dots had a measured velocity 

of 2 kms ' \ whereas the maximum velocity of the 50 |u.m diameter f lyers was below 1 k m s ' \ It is 

possible that the discrepancy was due to the uneven profile of t he out-of- focus laser beam. 

Small variations in the location of the laser beam with respect to t he dot could have caused a 

significant variation in the average laser beam fluence across the dot, thus resulting in the 

velocity variation. The alignment between the dot and the laser b e a m would have become 

more critical as the diameter of the dot was decreased. 
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10. e 

Figure 8. 11 Front surface of foil F306 (7nm thick copper) showing features in Areas C and D, and 

corresponding EDS analyses (location indicated by white circles). Imaged in the SEM at a 

magnification of x700. Also shown for comparison is a photograph taken with the optical 

microscope of the aluminium surface of one of the 50 |am dots on the target, before the laser 

beam shot. 
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Area C was imaged in t l ie SEIVI at a magnification of x170, to ident i fy any other features on the 

surface of the foil (Figure 8.12). One aluminium-rich sub-micron d iameter crater was found. 

Apart from this, the surface of the foil surrounding the impact feature was free from any other 

material containing aluminium, or fused silica. 

Figure 8. 12 Front surface of foil F306 (7|am thiick copper) showing Area C and EDS analysis C1, 

imaged in the SEM at a magnification of x170. 

8.3 DISCUSSION 

The etched target results described in the preceding sections were based on a limited number 

of laser beam shots, so no definitive conclusions can be reached. Target E01 was 

manufactured as a trial attempt, with some success, but only a l imited number of dots were 

available on the substrate (due to the photolithography mask which was used). However, as 

will be described in §8.4, considerable difficulties were encountered with the manufacture of 

additional targets, preventing further experiments from being performed. It should be borne in 

mind that the etched target was a new concept, and standard procedures and facilities were 

not available for manufacturing it. Given the overall scope of the thesis, it was only possible to 

devote a limited amount of t ime to the etched target manufacture. 

Despite the poor statistics, the etched target experiments still served to demonstrate that this 

new technique has advantages over the standard way of generating flyer plates using the fully 

coated targets. The use of the etched targets successfully reduced the high spatial density of 

particles which were observed to impact the sample when using the fully coated targets. The 

185 jxm diameter dots did still fragment, but into a small number of approximately equal sized 

fragments. An average of 2 impacts of 50 — 65 pm diameter plate like fragments occurred over 

an area of 0.1 cm^ in the centre of the sample, together with an est imated 60 - 70 sub-micron 
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diameter particles. Though the spatial number density of sub-micron sized particles is still in 

excess of that which a spacecraft would expect to encounter in orbit, the impact damage to a 

sample would be dominated by the larger particles. In the case of the 50 pim dots, 

fragmentation of the flyer plate did not occur. Therefore, this satisfies the initial ESA 

requirement of accelerating 1 0 - 1 0 0 pm diameter aluminium plate-like particles, one by one. 

From the point of view of the number, size, shape and composit ion of particle which can be 

generated, it has been shown that laser acceleration of flyer plates using the etched target is a 

very effective method of simulating orbital debris impacts. It is a unique method, and has 

capabilities which no other simulation facility currently possesses. The simulation of plate-like 

particles will allow the effect of particle shape to be studied for smal l size orbital debris 

impacts ; this is currently an area which is poorly understood, for the reason that current 

accelerator capabilities in this area only encompass the use of spherical particles. As it stands, 

the main drawback of the etched target technique is the maximum flyer plate velocity which 

has been achieved. This is far below the average collision velocity for LEO. However, as was 

discussed for the fully coated targets, the measured velocity of 2 kms'^ would still be 

representative of collisions in higher orbits, such as GEO. Little is known about the debris 

environment in this region, or the effects which these lower velocity collisions have on 

spacecraft operating there. A facility capable of simulating this region would be a useful 

addition to the (limited) repertoire of dedicated orbital debris simulation facilities currently 

available. 

The irregular shapes of the flyer plate fragments are more likely to be representative of debris 

generated from orbital fragmentation events than spheres are. Impact features indicative of 

lower velocity collisions of irregular shaped objects have been observed on spacecraft 

surfaces retrieved from LEO, albeit more rarely than higher velocity impact features. A typical 

low velocity impact feature on a retrieved surface of LDEF is shown in Figure 8.13, and 

compared with a flyer plate fragment impact observed on one of the copper foil samples. 

There is a certain similarity between the two. 

A detailed comparison between the performance of the fully coated target and the etched 

target could not be made, due to the limited number of experiments completed with the etched 

target. All of the etched target experiments were performed using a fixed laser beam fluence. 

Therefore, the maximum measured velocity of 2 kms"^ was not necessarily the maximum 

which can be achieved using this technique. A more extensive set of experiments would be 

required to see if the flyer velocity could be increased, and to see if it followed the same trends 

as the velocity of the flyers generated using the fully coated target. 
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300 Jim 

Figure 8.13 Comparison of low velocity impact craters in thin metal fo i ls produced by (a) flyer 

plate fragment Impact at Lo = 50 mm, etched target (above), and (b) micro-particle impact on flight 

sample retrieved from the LDEF spacecraft (LDEF Meteoroid and Debris database, Zolensky 

1995). In both cases, penetration of the foil has not occurred, there is no distinctive crater lip, and 

the irregular shape of the impacting particle can be seen clearly. 
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No conclusions could be reached as to which type of target offers the best performance in 

terms of the velocity which can be attained. It could perhaps be envisaged that the etched 

target flyer (or fragments) should achieve a higher velocity for a g iven laser fluence, because 

energy is not required for the flyer to break away from the surrounding target coating. 

However, without having a flat-top laser beam, with a constant laser beam fluence across the 

target, a direct comparison between the two types of flyer would b e very difficult to make. 

It was also difficult to make a direct comparison between the di f ference in fragmentation 

observed using the two types of flyer. Again, no definitive conclusions could be reached. 

However, there are a number of possible reasons why the flyer p lates produced using 

the etched target may not fragment as severely as those produced using the fully coated 

target. As described above, the flyer from the etched target did no t have to break away from 

the surrounding target coating. It is possible that this resulted in a n increase in flyer planarity. 

On the other hand, it is likely that the flyer from the fully coated target acquired a velocity in the 

centre, before the edges had broken away from the surrounding coat ing (Watson 1998). This 

may have tended to produce a flyer with a hemi-spherical profile, which in turn could have 

been conducive to the formation of instabilities. In addition, the relatively small size of the 

etched target flyers, compared to the area of aluminium ablated f rom the fully coated targets, 

may have contributed to the reduction in the number of fragments. It is interesting to note that 

the diameter of the fragments produced from the 185 pm diameter dot were approximately 50 

pm in diameter i.e. the same size as the 50 nm dot (which did not fragment). It is possible that 

the flyer plate diameter of 50 juim represented some characteristic minimum in an energy 

balance process, such that the surface energy of the fragment w a s balanced by some local 

inertial or kinetic energy [Grady 1981], 

8.4 NEW TARGET MANUFACTURE 

Following the completion of experiments with etched target E01, a new mask was designed, 

containing arrays of circular dots with diameters of 10 - 100 p,m. A batch of 4 fully coated 

targets was etched to give 20 x 20 arrays of 100 |im diameter dots on 1 mm spacing (E02 -

E05), and a batch of 4 fully coated targets was etched to give 20 x 20 arrays of 50 p.m 

diameter dots on 1 mm spacing (E06 - E09). The targets were immersed in a solvent stripper 

after etching to remove the excess photoresist from over the dots. However, it was found that 

the surfaces of all of these targets, including the dots, were covered in a layer of grey material, 

except for small areas near the edge where the clamps had held the target in place during the 

etching process. A typical optical photograph of a dot is shown in Figure 8.14. 

One of the targets was pre-coated with a 25 nm layer of carbon, and placed in the SEM. A 

spot EDS analysis was made at a point on a dot, and also at a point on the substrate next to 
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Figure 8.14 Optical photograph of surface of etched target E02, showing aluminium dot covered 

by thin layer of material of unknown composition. 

ttie dot, as sl iown in Figure 8.14. Tine analysis made at the location over the dot shows an Al 

peak, and small Si, O and C peaks. The analysis made at the locat ion over the substrate 

shows an Si peak, an O peak and a very small C peak. The Si a n d O peaks are due to the 

Si02 fused silica substrate material. The small C peaks are due t o the pre-coat layer. A small 

amount of Si and O could have been detected from the substrate underneath the dot because 

the X-rays used to identify the elements are generated below the surface of the material, 

typically from a depth of 4-5 urn for aluminium [Goodhew 1988\. The re is no evidence of any 

other material, common to both the area over the dot and the surrounding substrate. It is 

possible that the grey layer was not thick enough for the material in it to be detected by the 

EDS analysis. 

An SEM image was taken of the surface of one of the dots (Figure 8.15). It can be seen that 

the material has broken into pieces, with evidence of cracking in t h e layer underneath. From 

the EDS results. It is likely that most of this broken material is part of the original aluminium 

dot, rather than the grey material of unknown composition deposited over the target. 
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Figure 8.15 SEM image of ttie surface of one of tl ie aluminium dots on etched target E02. 

The fully coated targets used for this etching were part of the second batch. The 

Microelectronics Group found that the etch time was a lot slower than that required for etching 

E01 (several hours as opposed to 30 minutes). They did not know the reason for this is. It 

could have been due to differences in the sputtering parameters used by Teer Coatings for 

coating each batch, which created different target coating densit ies (the two batches were 

made approximately 1 year apart). However, as described above, no differences in the coating 

structure of the fully coated targets could be detected using the S E M . It was suggested that 

the grey deposit could have been due to sputtering of material f rom the target clamps due to 

the length of t ime the target was in the ion beam. These clamps were made from an aluminium 

alloy. The group do not normally need to use etch times this long for their microelectronics 

applications, and had not encountered this problem before. 

A possible explanation for the cracking is that the ion beam etched away all of the photoresist 

and started to etch the surface of the dot, due to the longer etch t ime required to remove the 

aluminium from the substrate surrounding the dots i.e. the chosen photoresist was not thick 

enough for this target coating. The thickness of resist used for th is second batch of etching 

was based upon that used to etch E01. It was not anticipated that the target coatings from the 

two batches would have such different etch rates. 

However, the failure to replicate the manufacture of the etched target should not be viewed as 

a fundamental problem. It is likely that the difficulties were encountered due to (a) the reliance 

on different manufacturers to perform the coating of the substrate and the etching and (b) the 

fact that the thickness of aluminium was somewhat greater than that normally used in standard 

microelectronics applications. The inconsistent results could have been due to variations in 
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either the sputtering procedure or the etching procedure. For future worl(, it would be useful to 

be able to exercise closer control over both of these procedures, a n d monitor the parameters 

involved e.g. the deposition rate, the etch rate, the type of photoresist used and the initial 

cleanliness of the substrate. A standardised procedure should be adopted at all stages, 

allowing more reproducibility in the target manufacture. 

Sputtered coatings are formed in densely packed columns, similar to the growth of crystals 

[George 1992\. The sputtering parameters will determine the densi ty of the coating, and how 

well it adheres to the substrate. The quality of the coatings from a given batch of fully coated 

targets should be tested before the etching procedure is carried ou t . For example, information 

about the structure of thin films of this kind can be obtained by d ipp ing the coating in an acid 

solution. This preferentially removes material along the crystal t ype planes. The structure can 

then be viewed at high magnification under a microscope. Analysis procedures of this kind 

would not only help in the manufacture of the etched targets, but cou ld also be used to study 

the possible effects which differences in the target coating may h a v e on the performance of 

the flyer plate. 
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CONCLUSIONS AND FUTURE WORK 

9.1 CONCLUSIONS 

• A ground based experimental facility was successfully designed and built to simulate the 

impact of orbital debris using laser driven flyer plates. This was in response to a growing 

need for new test facilities, at a time of increasing commercial activity in space and rapid 

orbital debris growth. 

® Approximately 200 flyer plate shots could be made under vacuum using the same target, 

at a rate of at least one shot every 10 minutes. This is a considerable advantage over 

facilities which require re-loading of the projectiles between shots, such that only one or 

two shots can be made per day. 

9.1.1 FULLY COATED TARGET 

Experiments were conducted with the target at the focus of a 400 m m focal length lens, giving 

a 1/e^ beam diameter of 90 p.m on the target. The laser beam energy ranged from 2 - 1 2 5 mJ, 

and the target - sample separation was varied from 120 jum - 60 mm. In all cases, the target 

coating thickness was 5 |_im aluminium. 

• With the test sample located 120 |im from the fully coated target, a 200 p.m diameter 

impact crater was observed on a fused silica sample which was very similar to craters 

observed on space exposed surfaces (§7.2.1). Closer inspection of the area surrounding 

the crater revealed the presence of an aluminium deposit, which may have been caused 

by molten material from the target. It was concluded that flyer plates accelerated over this 

flight distance can be used to study the morphology of individual orbital debris impact 

craters, but that the quantitative assessment of surface degradation on spacecraft 

components could be hindered by contamination from the target. 

• It was found that the flyer plate fragmented for all of the experiments performed at flight 

distances greater than 0.5 mm (§7.3). This is consistent with evidence from previous 

research. Thus it was concluded that it was not possible to accelerate 10 -100 jLtm 

diameter particles one by one over these flight distances, for the purpose of studying 

secondary ejecta formation. It was not possible to discriminate flyer plate fragmentation at 

shorter flight distance, using the available experimental techniques. 
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Measured fragment diameters ranged from 3±1 - 91 ±25 |i,m (§7.3.3). The lower value was 

due to the limitation of the thin foil sensors. However, evidence from microscopic surface 

analysis of selected samples revealed that there were fragments with diameters smaller 

than this. The cumulative area distribution of the measured f lyer plate fragments was 

found to agree well with a fragmentation theory based on Polsson statistics 

Over flight distances in the range 5 - 5 0 mm, the number and spatial density of impacts 

produced by flyer plate fragments with diameters of 3-91 |im was found to be far in excess 

of the number and spatial density of impacts expected to occur on a spacecraft surface in 

LEO, due to collisions with similar size orbital debris, over a mission lifetime of 10-20 

years. However, the flyer plate fragment cloud expanded from a point near to the target 

(§7.3.3). Therefore, at a flight distance of several metres, the spatial density of fragments 

would be representative of orbital debris in LEO. 

The fragments impacted the samples with a range of velocities. For a given laser beam 

shot, the variation of the maximum fragment velocity with laser beam fluence agreed well 

with previous experiments and theory for intact flyer plates. The maximum measured 

fragment velocity for all laser beam shots was 6.2+0.2 kms"' ; this occurred for a laser 

beam fluence of 125Jcm"^. No further increase in velocity could be attained by increasing 

the fluence beyond this value. This suggested that the maximum fragment velocity is 

limited by laser induced breakdown of the fused silica substrate. This is consistent with the 

observations of other researchers. For a given laser beam fluence, the maximum fragment 

velocity did not vary with flight distance (§7.3.2). 

The fragment velocity distribution was characterised by a second measurement, based on 

the time at which the impact flash reached its maximum intensity. This velocity followed 

the same trends as the maximum fragment velocity. The minimum fragment velocity 

observed was 1 kms' \ However, this measurement was limited by the threshold for impact 

flash formation. It is possible there were slower fragments. 

The velocity of all of the fragments was below the average collision velocity of 10 kms'^ for 

impacts in LEO. Only 1 - 2 % of all impacts in this region will occur with velocities in the 

range 1 - 6 kms' \ However, a larger percentage of debris impacts in higher orbits, such 

as GEO occur with velocities in this regime (§1.2.3, §7.4). 

The morphology of individual craters due to the impact of the fragments on selected thin 

metal foils was very similar to those observed on selected space exposed surfaces 
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9.1.2 ETCHED TARGET 

A new type of target (etched target), consisting of an array of individual aluminium dots etched 

from the surface of a fully coated target, was designed, manufactured and tested for the first 

time. A limited set of experiments were conducted with the target located 140 mm from the 

focus of a 1000 mm lens, giving a 1/ef beam diameter of 1.5 mm on the target. The laser 

beam energy was 200 mJ, and the target - sample separation w a s 50 mm. The dot thickness 

was 5 |Lim, and the diameters used were 50 ^m and 185 pm. 

» Using a dot diameter of 185 ^m, fragmentation of the flyer plate occurred over a flight 

distance of 50 mm. However, the area distribution of the fragments was not random, as for 

the fully coated targets. Instead, the flyer plate broke up into pieces of approximately the 

same size. Using an average laser beam fluence of 15 Jcm"^, an average of 5 fragments 

with a diameter of 63±5 pm were produced per laser beam shot. The maximum fragment 

velocity was 1.9 knis^ (§8.1.1). 

e Microscopic surface analysis of a selection of thin foil samples revealed that for a given 

laser beam shot, the fragments produced a variety of different impact features consisting 

of craters and holes. In some cases, the fragments were not destroyed on impact. The 

plate like nature of the fragment could still be seen clearly. T h e velocity of the fragments 

which did not penetrate the foil was estimated to be no greater than 75 ms'^ (§8.1.2) 

e An average of ten sub-10 micron diameter aluminium rich craters were observed within a 

1 mm^ area surrounding each fragment impact site 

® From a limited set of experiments, it was found that two of the 50 pm dots produced flyer 

plates which did not fragment over the flight distance of 50 m m . An impact flash was not 

detected, which indicates that the fragment velocity was below 1 kms"\ The flyer plates 

moved in a straight line between the target and the sample. Further experiments were not 

performed due to problems with the target manufacture (§8.2). 

8 The diameter of the flyer plate could be accurately controlled using the etched target. The 

maximum observed velocity was below the average for orbital debris collisions in LEO, but 

representative of those in GEO. 
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9.2 F U T U R E W O R K 

9.2.1 FULLY COATED TARGET 

Experiments need to be performed using longer flight distance, t o confirm the prediction that 

the spatial density of the fragments can be reduced to a level representative of the orbital 

debris population. This was not possible during the current work, due to the constraints 

imposed by the size of the vacuum chamber. However, the chamber design is flexible enough 

to allow a longer flight tube to be added at the rear. A limited number of fragments could be 

selected by placing apertures in the flight tube. This technique is of ten used with other 

acceleration techniques. 

The impact flash measurements suggested that the higher velocity fragments occur towards 

the edge of the distribution. However, there was no apparent correlat ion between the location 

and size of the holes in the impact foils. To fully characterise the f ragment distribution, the 

individual velocity of fragments with each diameter (or range of diameters) needs to be 

determined. Different regions of the distribution should be isolated to investigate this further. 

This could again be accomplished with an aperture, or a transparent sample, shaded in 

specific areas [Eichhorn 1975\. The physical mechanisms involved in the fragmentation 

process need to be explored in more detail. The statistical f ragmentat ion theory was useful in 

characterising the size distribution of the fragments, but gave no indication of the reason for 

fragmentation. 

The influence of the structure of the target coating on the fragmentat ion process deserves 

some attention. The presence of non-uniformities in the sputtered coating could lead to 

preferential break up at these points. No control was exercised ove r the manufacture of the 

targets for the current experiments. In addition, different deposit ion techniques could be tried, 

perhaps with different thickness target coatings. The use of anodic bonding to adhere thin foil 

target coatings to the substrate was investigated as part of the ESA contract, and this could be 

explored further [Gabriel 1999, Roybal 1999\. 

The role the substrate plays in the acceleration process has been investigated by previous 

researchers [Farnsworth 1995, Fabbro 19901, but further work needs to be done to assess its 

importance for orbital debris simulation. The achievement of higher velocities could be attained 

by using a substrate material with a higher laser induced breakdown threshold, or perhaps by 

depositing layer of material which has a higher absorption in the infra-red (e.g carbon) onto the 

substrate before the aluminium. The acceleration of substrate particles with the flyer plate also 

needs further investigation, as this represents a source of contamination for impact studies. 
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The problems concerning the manufacture of the etched target need to be resolved. It was 

apparent that the initial structure of the target coating influenced the etching procedure. 

However, the deposition of the coating and the etching were carr ied out by different 

manufacturers, who did not iiase with each other. It is likely that t he overall process could be 

more accurately characterised, if it was all carried out in the same place. Also, different 

procedures could be used to perform the etching. At the time of writing, a target was 

manufactured using chemical etching, rather than ion beam milling. Tests need to be 

performed with this. However, one of the problems associated wi th chemical etching is 

undercutting of the target coating at the interface with the substrate. This could be investigated 

by analysing a section of the target using the SEM. 

Due to the small number of experiments conducted with the etched target, a maximum velocity 

limit was not determined, and the variation of flyer plate velocity wi th laser beam fluence was 

not measured. Future experiments should address both of these issues. It is not clear at 

present why the flyer plates produced using the 185 (nm diameter dots did not fragment as 

severely as those produced using the fully coated targets, or why the flyer plates produced 

using the 50 pm diameter dots did not fragment at all. 

9.2.3 OTHER MODIFICATIONS 

A laser beam with a more uniform spatial intensity distribution (ideally flat-top) is likely to 

improve the planarity of the flyer as it leaves the target, and could inhibit the fragmentation 

process [Roybal 1999]. The use of fibre optics, coated on one end, is a possible way of 

improving the beam uniformity. Alternatively, a diffractive optic could be placed in the beam 

path before the focussing lens, to produce a phase change across a portion of the beam, and 

hence modify the intensity distribution. It has been shown [Cordingley 1993] that a simple 

binary phase plate, consisting of a circular recess matched to the Mq diameter of the 

unfocussed laser beam, can be used to produce an approximate flat-top beam at a lens focus. 

Such modifications may enhance flyer performance using both the fully coated target and the 

etched target. 

Other target designs could be attempted. It has been shown that the use of a thin insulating 

layer (such as AI2O3) embedded in the target coating can improve flyer performance, by 

inhibiting thermal diffusion, and allowing the flyer plate thickness to be more accurately 

defined. [Paisley 1991]. The etching process could be extended, to modify the profile of the 

target coating across the individual dots. A more extreme modification would be to dispense of 

172 



C;CVV(}Ll/5VC)AAS,4/V[)f:UirL/FN5 

the idea of a plate-like flyer, and try and use a spherically, or hemi-spherically shaped flyer. 

The hemisphere could be etched into the substrate, with the target coating sputtered on 

afterwards. Another possibility would be to place individual projectiles into a long flight tube, 

and irradiate them with a continuous wave laser, or short bursts f rom a pulsed laser. The 

projectile could be coated with an absorbing layer on the laser beam side, which is continually 

ablated due to the formation of a succession of driving plasmas, as the projectile moves along 

the tube. 

With the use of a higher energy laser, a higher velocity could be attained by eliminating the 

use of a substrate altogether, so that the plasma expands freely into the vacuum i.e. direct 

ablation. This configuration has been used extensively in experiments involved with inertial 

confinement fusion. Another idea would be to use a multi-layered target, with the laser beam 

absorbed in the first layer, and the flyer plate formed from the second or third layer 

[Nakano 1999 ]. 

An interesting aside to the work described in this thesis is the proposed use of ground or 

space based lasers to remove debris objects from orbit [see for example Bekey 1997, 

Remo 1999]. Essentially, the process is the same as that involved in acceleration of the flyer 

plate. The laser is used to ablate a thin layer from the surface of the debris particle, which 

creates a blow-off plasma, and imparts momentum to the particle. The effect of one or more 

laser beam shots could lower the perigee of the particle, hence speeding up the re-entry 

process. 
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LASER BEAM EQUATIONS 

Al l FUNDAMENTAL MODE 

A number of transverse modes can resonate in a given laser cavity. The lowest order mode, 

which is confined most strongly near to the axis, has a Gaussian intensity distribution. This is 

called the fundamental, or TEMoo mode. The electric field amplitude varies as : 

E = E Q e x p ( - 7 - ^ / m ^ ) (A1.1) 

where Eo is the central amplitude (at r = 0), and o) is a measure of the width of the distribution. 

The quantity co is often referred to as the spot size, or spot radius of the laser beam. At r = CD, 

E = Eo / e. 

The Gaussian beam has an intensity profile given by : 

/ ( r ) = 7 ( 0 ) e x p ( - 2 r ^ / G ) ^ ) (A1.2) 

where the total power in the beam is related to the peak intensity by : 

7(0) = 2P/7rft)^ (A1.3) 

All Gaussian beams have a position along their axis at which the wavefronts become plane 

and the spot size becomes a minimum. This is called the laser waist. The beam will diverge as 

it propagates from the waist, but will retain the Gaussian distribution. For a waist radius of (Do 

the variation of radius along the propagation axis z is given by : 

A) (Z) = (Uo 1 + 
f 
Z. 

1/2 

( A 1 j ) 

The quantity Zr is called the Rayleigh range of the laser beam. It is defined as : 

/ A (AI.5; 
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The Rayleigh range signifies the distance from the laser waist at which the beam area has 

doubled. The radius of curvature of the beam goes through a minimum at z = z r . The 

wavefronts are planar at z = 0 and z = The two regions z < z r and z > Zr are generally 

known as the near-field and far field respectively. The far field intensity distribution is the 

Fourier Transform of the near field intensity distribution. The laser beam at the focus of a 

converging lens is effectively in the far field. 

The total power distribution within a radius 'a' of a Gaussian beam can be obtained by 

integrating equation A1.2 : 

(A1.6) 
n(0' •'0 

which gives the result: 

7^ = f [ l - e x p ( - 2 a " / ( u " ) ] ( A I . 7 ; 

Therefore, substituting Equation A1.2 into A1.7, it can be seen that at the radius at which the 

intensity drops to a level xl(0), the fraction of beam power enclosed within that radius is simply 

1-x. 

A1.2 HIGHER ORDER MODES 

The TEMoo mode is not the only mode which can oscillate in a laser cavity. Many lasers 

produce beams comprising a mixture of the fundamental mode and other higher order modes. 

The intensity distribution of the beam will be modified from a Gaussian, and the equations 

described in §A1.1 will not adequately describe the way in which the beam propagates. The 

transverse extent of a given higher order mode, W(z), will be larger than the Gaussian 

underlying beam by a constant factor M : 

The variation of beam waist diameter with propagation distance for the higher order mode is 

then given by : 
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^ %Wo 
( A i a ) 

The factor M is a numerical expression of the beam quality, or the extent of the higher order 

modes. Although it does not by itself give any details of the actual mode content, it can be 

used to express how many times larger the diameter of a beam is compared to the 

fundamental Gaussian. It is a quantity which must be determined experimentally for a given 

laser beam. 

A1.3 LASER BEAM FOCUSSING 

For a collimated laser beam incident on a converging lens of focal length f, with the distance 

between the lens and the laser waist < Zr , then the focussed spot will lie a distance f from the 

lens, and will have a radius given by : 

% 
(A1.10) 
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