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This dissertation presents the results of two experimental campaigns in the field of

high intensity laser matter interaction. A common thread with both experiments was the

use of wavelength scale spheres as the targets. A crucial feature of our experiments was

the use uniformly sized spheres; this was done in order to facilitate exploration and

interpretation of light interaction at this size scale. The first experiment was an attempt to

measure the angular distribution of the second harmonic radiation from wavelength sized

spheres. We run many versions of this experiment incrementally refining our technique

but at the end the desired signal was too weak to be reliably reproduced. The second

experiment measured and characterized an increase in x-ray yield of a target coated with

wavelength scale spheres. We conducted the experiment with a range of sphere sizes and

we noted a peak in the x-ray yield at a sphere diameter of 0.26 micrometers

corresponding to a size parameter of 2.04( 2 /rπ λ ).
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Chapter 1: Introduction

Equation Section 1

The rapid advances in short pulse laser technology over the last two decades has enabled

the study of materials under extreme conditions. With short pulses down to a few fs and

correspondingly high intensities, materials can be subjected to electric fields which far

exceed the atomic electric field. The rapid energy deposition possible with these short

pulse lasers can also propel matter to exotic density and pressure states which in nature

can be found in the centre of stars. As the laser intensity increases, different physical

processes are initiated. When the electric field strength approaches the atomic electric

field strength, harmonic generation can occur from the oscillation of electrons in the

anharmonic atomic potential. As intensity is increased further, ionization of the atom

occurs, starting with multiphoton ionization, to barrier suppression ionization, and

eventually above threshold ionization where the electrons created already possess kinetic

energy. Once photoionization initiates ionization, avalanche ionization follows and the

medium can quickly become multiply ionized. At the high intensities where we conduct

most of our experiments, the materials are substantially ionized by the time the main

pulse arrives and the interaction becomes essentially that of laser plasma interaction. As

the intensity of the laser is increased further, new energy coupling mechanisms and

plasma behaviors are observed. A schematic illustrating the various physical mechanisms

which occur in laser plasma interactions are illustrated in fig (1.1).
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Figure. 1.1 Laser plasma interactions process as a function of laser intensity. Based on a
figure from ([Gibbon 1996])

The schematic above illustrates the variation in interaction due to different intensity

regimes and the distinction in interaction between gases and solids. An additional

parameter is the scale length of the solid with which the laser interacts.

One of the main physical features which I investigated in this dissertation is the effect of

target size on the interaction of the laser with matter. The importance of target size is

dramatically illustrated in the case of laser absorption by clusters. The energy of a laser

interacting with a spray of clusters is almost entirely absorbed, whereas the same laser

passing through a gas with the same average density as that of the cluster spray will pass
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through with minimal absorption. An illustration of the different types of targets and

interaction regimes is provided in figure 1.2.

Figure 1.2 Target size and predominant physical process
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1.1 MOTIVATION FOR THE RESEARCH

1.1.1 Second harmonic experiment

The aim of this experiment is to further the understanding of the dynamics of

interaction of a laser with a wavelength scaled particle. A practical goal is to be able to

enhance the production of high harmonics from a jet of clusters. Increasing the high

harmonic yield would be beneficial for applications requiring a coherent deep x-uv and

soft x-ray source.

1.1.2 Short x-ray pulses

Production of X-rays from ultra-intense laser matter interactions has attracted

attention as a method for the production of short bursts of incoherent X-Ray pulses.

Interest in production of these short bursts of x-rays is motivated by various possible

applications. In the soft x-ray region such pulses could be used to study fast scale

phenomena in chemical, biological and physical systems. They could also be used as

back lighters for probing hot dense matter on sub picosecond timescale ([Murnane

1991]). In particular for biological substances, generating bright x-ray sources in the

water window could help with determining protein structures in their natural aqueous

environment.

Hard x-rays, both in the form of continuous and line emission, have also interesting

applications. A main possibility is in biomedical imaging, since medical imaging requires

x-rays in the range of 20-100 keV for transmission through the body. Ideally, one would

like a narrow bandwidth to minimize unwanted dosage and a tunable wavelength to

facilitate distinguishing between tissues. The short pulse duration could reduce exposure

by using time gating to reduce overall exposure [Gordon 1995]. The small size of the

source could conceivably mean that it could be placed inside the sample [Tillman 1995].
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Other possible applications are in ultrafast probing of atomic structures, where one could

film the intermediate processes of a chemical reaction [Gibbon 1996b].

These sources of x-rays could conceivably be used as a light source for x-ray lasers and

the fast electrons generated could be relevant to the fast ignition concept currently

investigated for inertial confinement fusion [Tabak 1994].

1.2 DISSERTATION OUTLINE

This dissertation is divided into the following chapters:

Chapter 2 presents a description of the THOR laser, the main tool which was used for

conducting the experiments described in this dissertation. I provide a description of the

main components of the laser providing an overview of pertinent theory behind these

components and the actual parameters characterizing the THOR laser.

Chapter 3 provides the theoretical background to the second harmonic experiment by

discussing Mie scattering and its extensions to nonlinear orders and to multiple spheres.

Chapter 4 describes the experimental runs which were conducted in order to determine

the angular dependence of the second harmonic radiation from wavelength scale spheres.

Chapters 5 provides background to the hard x-ray experiment by first reviewing some

relevant plasma physics results, and ending the chapter by reviewing relevant

experimental work which has already been conducted in this field.

Chapter 6 provides a detailed description of the experimental procedure followed in the

hard x-ray experiment covering target production, optical layout, and actual running of
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the experiment. This is followed by a presentation of the experimental results and their

interpretation.

Chapter 7 Conclusion. This chapter contains suggestions for future experiments in both

the second harmonic and hard x-ray area.
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Chapter 2: Texas High Intensity Optical Research (THOR) laser

2.1 INTRODUCTION TO THE THOR LASER

Equation Section (Next)

The experiments in this thesis were conducted using the THOR laser. The THOR laser is

a Chirped Pulse amplification (CPA) Ti:Sapphire based laser. The specification output is

35 fs pulse FWHM at 800 nm central wavelength delivering 0.75 J pulses at 10 Hz

repetition frequency.

The basic concept behind a CPA laser is that an initial short pulse is stretched in time by

dispersing its component wavelengths in space. The stretched pulse can then be amplified

without damaging any optics as its intensity has been decreased. The stretched and

amplified pulse is then compressed by applying the reveres dispersion.

Figure 2.1 Illustration of CPA concept: stretch, amplify and then compress.

Stretch Amplify Compress
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2.1.1 THOR laser
I will first describe the actual physical parameters of the THOR laser system and then

proceed to expand on the operating principles of the main components of the laser.

Figure 2.2 Outline of our laser system and experimental chamber

The first stage of the laser is the generation of the short pulse. This is done by a

commercial unit Femtosource Scientific s20 which is pumped by a diode pumped

Spectra-Physics Millennia Vs laser at 532 nm with 4.5 W. The central bandwidth is set to

800nm and the cavity length is in the region of 2 meters. The cavity passively mode

locks, via the optical Kerr effect. The pulse generated is a 20 fs 1 nJ at a repetition rate of

75 MHz. The 75 MHz signal is picked off and sent to the control box of the regenerative

amplifier pockel cell. The signal is then electronically divided down to 10 Hz. This

becomes the master timing which controls the rest of the laser. The 10 Hz signal controls

a pockel cell which is placed after the oscillator, the pockel cell then allows one pulse to
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pass through at the 10Hz rate. The pulse is then stretched to a duration of 600 ps and is

then fed into a fiber to pick up phase correction. The pulse is passed through an isolator,

to protect the fiber and then it is sent to the first amplifier.

The first amplifier is a regenerative amplifier. It consists of a Ti:Sapphire rod which is

pumped with a Quantel Big Sky Nd:YAG which is frequency doubled to 532nm with a

pump energy of 50 mJ. The pulse undergoes 20 passes inside the regen and is switched

out by a fast Medox pockel cell. The pulse is then passed through another pockel cell

polarizer set up to remove elements introduced by the ringdown of the regen. The pulse at

this stage has been amplified to around 1mJ. The pulse is magnified to 2 mm diameter

and then fed into a four pass bow tie Ti:Sapphire amplifier pumped with the rest of the

energy from the Big Sky (roughly 110 mJ). The pulse amplifies to about 20 mJ and is

spatially filtered and expanded to around 1 cm diameter and transferred to the final

amplifier, a Ti:Sapphire crystal pumped by two Spectraphysics Pro 350 lasers (each

delivering 1.4 Joules per pulse). The pulse is then pumped to a maximum energy of 1 J

per pulse in 5 passes through the crystal. The pulse is then spatially filtered and expanded

to a 2 inch diameter and sent to a single grating compressor placed inside a vacuum

chamber. The beam is then directed to the various experiments in a switchyard. The

energy of the final pulse is controlled by mis-timing the final amplifier pump laser.
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Figure 2.3 Oscillator stretcher and amplifiers

2.2 BACKGROUND TO COMPONENTS OF THE LASER

This section presents a discussion of some of the underlying workings of the various

components of a CPA laser.

2.2.1 Frequency space phase Analysis facilitates in determining the effects of the
various laser pieces on the pulse duration
A CPA laser operates by manipulating group velocity dispersion on principles first

described by [Treacy 1969] and [Martinez 1984]. The act of stretching and compressing

the pulse can be mathematically described in terms of phase deviation from a Gaussian

pulse. Following [Treacy 1969], [Siegman 1986] a Gaussian pulse electric field can be

described by
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( )0( )( ) ( ) i t tE t A t e ω φ+= (2.1) 

where 0ω is the central frequency, ( )tφ is the phase deviation from transform limited

pulse and ( )A t is the slowly varying Gaussian envelop

( ) ( )( ) ( )( )2

0 4 ln 2 / / pA t A Exp t τ= −

where pτ is the Full Width Half Max (FWHM) pulse duration. In order to evaluate the

effect of the laser chain on the initial Gaussian pulse we transform the equation to

frequency space.

( ) ( ) ( ) ( )1

2
ii tE E t e dt A e φ ωωω ω

π

∞
−−

−∞

= =∫ (2.2) 

And expand the phase amplitude in a Taylor series

( ) ( ) ( ) ( ) ( )( ) ( )( )2 3' '' '''
0 0 0 0 0 0 0 0 0 0 0

1 1
...

2 6
φ ω φ ω φ ω ω ω φ ω ω ω φ ω ω ω+ − + − + − +� (2.3) 

where the differentiation is with respect to the frequency and the parameters. ' '' '''
0 0 0, ,φ φ φ

are the group delay, group velocity dispersion (GVD), third order dispersion(TOD),

fourth order etc. The different elements of the laser chain affect all these parameters but

certain elements have a dominant contribution in a specific parameter. The stretcher

separation is used to control the overall pulse stretch as described by the term ''
0φ . The

third order is controlled by fine adjusting the grating angle and the fourth order is

compensated for by introducing material in the laser chain.

2.2.2 Oscillator
Our commercially available oscillator is based on passive mode locking due to optical

Kerr-Lens [Barbec 1992]. In this design, the cavity is deliberately misaligned. As the

pump laser is injected into the cavity the laser does not spontaneously lase. A noise pulse

is produced by tapping one of the end mirrors. A noise element of sufficient intensity will

induce Kerr Lensing in the Ti:Sapphire crystal and will undergo some focusing. The

cavity is aligned such that this higher intensity element will be correctly collimated when
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it reaches the cavity end mirrors. The lower intensity parts of the laser will incur greater

loss as they will not have the correct focusing and will diverge. This process leads to

mode locking of the laser into a short duration intense pulse. Passage through the crystal

at high intensity, introduces group velocity dispersion in the pulse which will increase the

pulse duration. To compensate for this, the oscillator design has dispersion compensation

mirrors which provide the inverse GVD.

Figure 2.4 Oscillator layout

2.2.4 Stretcher
Our stretcher design is one developed by Banks et al [Banks]. It is comprised of reflective

optics only. This eliminates chromatic aberrations which will be introduced in a broad

band stretcher. This design is simple to align as it consists of only 4 optical elements

namely:

- a holographic diffraction grating of 1480 lines/mm with a mirror strip in the middle;

- a curved spherical mirror with a radius of curvature of 2260 mm;

- a flat mirror for folding the design and

- a roof top mirror.
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Having only one grating virtually eliminates problems from misalignment of the grating

pair.

Figure 2.5 Illustration of the working of a stretcher, The lenses are the same and they
form a -1 telescope whose effect is to give the red part of the spectrum a
shorter path. (Martinez system)
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Figure 2.6 ray trace of our stretcher setup showing that the angle of incidence on the
spherical mirror is almost on axis (this is a main feature of this setup)

2.4.5 The compressor
The compressor is a single grating compressor with grating separation complementary to

the stretcher grating. The compressor provides the opposite group dispersion to that

provided by the stretcher.

Diffraction
grating with
mirror strip

Flat
folding
mirror

Spherical
mirror

Roof top
mirror

Input and output
beam (vertical
offset)
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Figure 2.7 Pair of grating is used to compress the pulse

The increase in path length for the various frequency components are given by

( )
( )( )

( )
2 1 cos

cos

G

c

γ θ ω
τ ω

θ ω

+ −  =
   ,

(2.4) 

where G is the grating separation γ is the angle of incidence onto the grating and ( )θ ω

is the angle between the normal of the grating and the diffracted ray. From equation (2.4)

one can see that the red part of the spectrum now travels the longer optical path, opposite

the situation in the stretcher. The great benefit of our design is that it utilizes one large

grating and a two roof top mirrors (fig 8). This eliminates problems arising from grating

misalignments and makes the compressor easy to align.

γ

( )θ ω

G
Mirror

2 Parallel
gratings
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Figure 2.8 Ray trace of our compressor

Horizontal roof
top mirror

Vertical
rooftop mirror

Diffraction
grating
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Chapter 3 Theory Interaction of light with spherical particles

Equation Section (Next)In this chapter I start by describing the most relevant

papers and issues affecting calculating second harmonic radiation from wavelength scale

particles. This is followed by a description of the linear Mie theory and a re-derivation of

one of the theoretical papers which motivated much of the experimental drive. I then

discuss extensions to this model for higher order harmonics. The chapter concludes with

an overview of the T-matrix approach, the methodology which was behind the computer

code which was used to evaluate the electric field around an ensemble of spheres.

The response of a medium to an applied electric field can be described by the

susceptibility of that medium (1)χ a rank 2 tensor.

( ) ( ) ( )1t tχ=P E (3.1) 

The susceptibility is used to calculate the polarization of the medium which can

then be used together with the applied electric field to calculate the total electric field

inside and around the medium.

This concept generalizes to the nonlinear response of a medium

( ) ( ) ( ) ( ) ( ) ( ) ( )1 2 32 3t t t tχ χ χ= + + +P E E E K (3.2) 

The quantities
( )2χ and

( )3χ are the second and third order susceptibilities and are tensors

of ranks 3 and 4. Each term in the above series is termed a different harmonic of the

fundamental and correspondingly exhibits multiples of the fundamental frequency, as

indicated by the power dependence of E in each term. An important feature which is

central to this work is that the symmetry of a centrosymmetric medium prevents the

existence of a second harmonic component. In the case of a centrosymmetric sphere we

expect no second harmonic response from the bulk of the material.
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A comprehensive theory explaining the generation of second harmonic radiation from

spherical particles is still at large. There has been some progress in obtaining

phenomenological models which produce good results in the small sphere limit where the

sphere diameter is much smaller then the wavelength used. This approach is typified by

[Dadap1999] where they provide the most general non linear polarization tensor possible

given the symmetry consideration. The surface of the material has a discontinuity in

material properties and hence the symmetry is broken and second harmonic generation is

possible. Considering a locally flat section of the surface, we can observe that the

susceptibility tensor has rotational and inversion symmetry about any axis perpendicular

to the surface. Considering the effect of reflection about the symmetry axis we can

extract the non zero elements of the susceptibility tensor. In the following we write ⊥

for direction perpendicular to the local surface and � for a direction parallel to the local

surface.

χ=P E E� � � � � � upon reflection becomes ( ) ( )χ− = − −P E E� � � � � � 0χ⇒ =� � �  

Similarly, if we have only one parallel component

χ ⊥ ⊥ ⊥ ⊥=P E E� �  transforms as 0χ χ⊥ ⊥ ⊥ ⊥ ⊥ ⊥− = ⇒ =P E E� � �  

and

χ⊥ ⊥ ⊥ ⊥=P E E� �  transforms as ( ) 0χ χ⊥ ⊥ ⊥ ⊥ ⊥ ⊥= − ⇒ =P E E� � �  

From these symmetry arguments it is then seen that the only surviving tensor elements

are , ,χ χ χ⊥⊥⊥ ⊥ ⊥�� � � . [Heinz 1991]). They then solve for the fields by matching boundary

conditions. Keeping the dipole and quadrupole moments, they identify the source of

second harmonic radiation as non local excitation of the dipole moment, and local

excitation of the quadrupole moment. They expand on this treatment in a follow-up

paper with a more systematic exposition of this material [Dadap 2004] The case of

interest in our experiment is when the size parameter of the sphere approaches that of the

wavelength. In this case, I found only two theoretical attempts to describe second

harmonic generation from wavelength scale spheres. The first is a nonlinear extension of

Rayleigh-Ganss-Debye model [RGB] [Martorell 1997], [Yang 2001a]. The RGB
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approximation sets the field inside the sphere equal to the input beam. This means that

corrections to the field due to the presence of the sphere are ignored. In effect this means

that each point in the object causing the scattering is considered to be a Rayleigh scatterer

which is unaffected by the other scatterers. The scattering from each of these Rayligh

scatterers is then added by integrating over the volume which these scatterers occupy.

The non linear extension to the RGB model is just to treat each point on the surface of the

sphere as a scatterer emitting second harmonic radiation This model is applicable to a

narrow set of parameters namely, that the index of refraction of the medium is similar to

that of the spheres. This limits the usefulness of this model to very few real situations.

The second model is that by [Östling 1993] and [Dewitz 1996] which will be discussed

bellow in greater detail. A key prediction from this model was that of greatly enhanced

second and third harmonic response to wavelength scale particle which is driven by the

linear Mie like resonance. One shortcoming of these two models mentioned above is that

they take into account only one of the possible tensor components of the non linear

susceptibility the ( )2χ⊥⊥⊥ element. The polarizability component associated with this

element is the one generated by the electric field components normal to the surface and

itself is normal to the surface. Physically this component is generated from surface charge

buildup rather then any currents [Dadap 2004]. Recently a follow-up work on the Dewitz

model was presented by [Pavlyukh 2004] in which the model was extended to account for

surface currents as well as for surface charge, thus enabling including all possible

susceptibility components as in the Deddap paper. I will start the discussion in this

chapter by reviewing Mie theory and then naturally extend it by following the [Dewitz

1996] model.

3.1 MIE SOLUTION REFRENCES

The solution for the interaction of a plane electromagnetic wave with a sphere of arbitrary

size was solved by Mie in 1908[Mie 1908]. The more usual treatment of the solution was

independently arrived at by Debye 1909 [Debye 1909]. There are many books where the

solutions are described in detail. A good exposition using Debye methodology is given by

Born and Wolf [Born 1999]. There are many books dedicated to the subject of scattering
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by small particles, the following are the main textbooks in this field and are frequently

quoted, Van der Hulst (1957)[Van De Hulst 1957], Kerker (1969)[Kerker 1969], Bohren

and Huffman(1983)[Bohren 1983] and Barber and Hill(1990)[Barber 1990]. More

recently there is also the publication by Michenko (2002)[Michenko 2002]. Much care

must be exercised when comparing results in each book as each book presents different

definitions and notations for many of parameters used, which makes comparison between

the texts difficult. In my work I followed the notation convention used by Jackson

[Jackson 1975]. This selection was made as it was the notation used by [Dewitz 1996]

whose work was central to the investigation of our second harmonic experiment. The

strength of this notation is its great formal elegance and simplicity.

3.2 OUTLINE OF MIE SOLUTION

The incident electric field, electric field inside the sphere, and the scattered field are all

expressed as expansions series in vector spherical harmonics. The three sets of

expansions are related to each other at the surface of the sphere by matching the usual

boundary conditions at the surface. This matching solves for the expansion coefficients

multiplying the vector spherical harmonics. With these coefficients one just uses the

expression for the scattered field plus the incident field to find out the electric field at any

point outside the sphere.

3.2.1 Solving for the scattered electric field using Mie boundary condition
Solving the greens problems for the electromagnetic waves leads to a solution involving

radial functions which satisfy Bessles equations and angular solutions in the form of

spherical harmonics.

In general the electric field expansion can be describe by

( ) ( ),
, , ,

,

( , )1
( ) ( ) ( , )

2
E i

i M i l l m l l m
l m

a l m
E x C l a l m f kr X f kr X

k

 
= ± ∇× 

 
∑ (3.3) 

Where [ ] ( ) ( )1/ 2

, ,( 1) ,l m l mX i l l r Y θ ϕ−= − + ×∇ , are the spherical harmonics and

( ) 4 (2 1)lC l i lπ= + . The ,M ia and ,E ia are the multipole coefficients. For the incident
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plane waves, those multipole coefficients are one[Jackson], and the radial function

( ) ( )l lf kr j kr= the spherical Bessel function. Inside the sphere the radial functions are

also the spherical Bessel functions as we require a finite solution at the origin, a condition

which they satisfy. For scattered field (1)( ) ( )l lf kr h kr= spherical Henkel function of the

first kind. These functions are chosen as they posses the right asymptotic limit at

infinity (0).

The boundary conditions that the electromagnetic waves experience at the surface are

2 1( ) 4D D n πσ− =� (3.4) 

and

2 1( ) 0B B n− =� (3.5) 

 Assuming the spheres have no free charges the first boundary condition reduces to

2 1( ) 0E E nε − =� where the index 1 refers to the free space outside the sphere.

Given the expression for E in terms of vector spherical harmonics one can obtain B from

Faradays law and the use of some identities. Since the equivalent equations in the Dewitz

paper had some errors [Pavlyukh 2005] I will provide here the re-derivation of the

magnetic field expansion which is then used for solving the boundary conditions. From

Faradays law 0
1

=
∂
∂

+×∇
t

B

c
E applied for harmonic fields we obtain

0

i
B E

k
= − ∇× .

The equation for E has the form

lmlm rfCrAfE Χ×∇±Χ= )(()(

The curl of the above expression gives

))(())(( lmlm rfCrfAE Χ×∇×∇±Χ×∇=×∇ .

With the definition ))(( lmrfZ Χ×∇×∇≡ we can obtain

))(())(( 2
lmlm rfrfZ Χ∇−Χ⋅∇∇= .

from vector identify B.4b in Hill[Hill 1954]. Which is equivalent to
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lmf
r

ll
f

r
f Χ

+
−+−= )

)1(2
(

2
'''

.

from B6b & B7[Hill 1954].

But f in the expression above represents spherical Bessel functions and they satisfy

11.139 [Arfken 1995] (or 16.5 [Jackson1975])

0))1((2 22'''2 =+−++ RnnrkRRr

i.e. the Helmholtz equation. This results in the following expression for Z. 

lmrfkZ Χ= )(2

.

Consequently

))(())(( 2
lmlm rfCkrfAE Χ±Χ×∇=×∇

This leads to

)))(())((( 2
lmlm rfCkrfA

c
iB Χ±Χ×∇−=
ω

The expression for the magnetic field inside the sphere is then

( ) ( ),
, , ,

, 0

( , )1
( ) ( ) ( , )

2
E i

in l m M i l m
l m

ia l m m
B x C l j kr X i a l m j kr X

k m
ε

 
= − ∇× − 

 
∑ (3.6) 

 
Using the boundary conditions for the tangential components of the electric field

( ) 0scatered incident insiden E E E× + − = (3.7) 

and the boundary conditions for the tangential components for the magnetic field
(assuming nonmagnetic medium 1µ = )

( ) 0scatered incident insiden B B B× + − = (3.8) 

We can obtain the expansion coefficients

0
0

(1)
(1)0

0

( ( ))( ( ))
( ) ( )

( ( )) ( ( ))
( ) ( )

sc
E

rj k rrj kr
j k r j kr

r ra
rh k r rj kr

j kr h k r
r r

ε

ε

∂∂
−

∂ ∂=
∂ ∂

−
∂ ∂

 (3.9) 
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0
0

(1)
(1)0

0

( ( ))( ( ))
( ) ( )

( ( )) ( ( ))
( ) ( )

sc
M

rj k rrj kr
j k r j kr

r ra
rh k r rj kr

j kr h k r
r r

∂∂
−

∂ ∂=
∂ ∂

−
∂ ∂

 (3.10)

The expansion solution is truncated at a convenient multipole moment. In practical

implementation in double precision numerical techniques, an empirically good point to

cut the expansion is given by [Wiscombe 1980]

1/34.05 2cn x x= + + (3.11)

where cn is the number of terms to keep in the expansion and x is the size parameter

x ka= . Continuing after these terms does not significantly add to the accuracy of the

solution and will be dominated by rounding errors.

In table 3.1 I provide the first 10 multipole coefficients calculated in the case of 800 nm

linear polarization plain wave scattered from a 500 nm diameter sphere made of

polystyrene(index of refraction 1.56). In this case criterion (3.11) implies a cutoff order 9

terms. As can be seen from table 3.1 the contributions of higher l drop very rapidly with

even the 6th order being 6 orders of magnitude smaller then the first term.

Order
ea ma

1 -0.491044 + 0.49992 I -0.753554 + 0.430941 I
2 -0.0769815 + 0.266562 I -0.0000291338 + 0.0053975 I
3 -0.00075148 + 0.0274028 I -4.13559E-8 + 0.000203362 I
4 -2.56229E-6 + 0.00160071 I -3.01163E-11 + 5.48783E-6 I
5 -3.86636E-9 + 0.00006218 I -1.1986E-14 + 1.09481E-7 I
6 -2.8532E-12 + 1.68914E-6 I -2.79907E-18 + 1.67304E-9 I
7 -1.13601E-15 + 3.7047E-8 I -4.07258E-22 + 2.01806E-11 I
8 -2.64299E-19 + 5.141.E-10 I -3.87723E-26 + 1.96907E-13 I
9 -3.82603E-23 + 6.18549 E-12 I -2.51446E-30 + 1.5857E-15 I
10 -3.62309E-27 + 6.01921E-14 I -1.14858E-34 + 1.07172E-17 I

Table 3.1 Multipole expansion coefficients for linear Mie scattering.
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3.3 EXTENSION OF MIE SOLUTION TO HIGHER HARMONICS

The derivations so far, provide the standard Mie solutions from which we can obtain the

field in the vicinity of the sphere. For far field one can use asymptotic forms of the

Henkel functions and obtain a simpler mathematical description of the far fields.

The following section is an expansion on the basic Mie theory developed by Dewitz

[Dewitz 1996]. The theory is a formal extension of the linear Mie theory to cover second

and third harmonics. The advantage of this theory is that it is formally easy to formulate

and obtain angular information on the higher harmonic radiation. The main drawback is

that the physical content is very slim and allows for a limited range of physical processes,

it only allows for a surface charge density component to the susceptibility tensor i.e. the

χ⊥⊥⊥ [ Dadap 2004].

The physical content of the model is as follows. The incident electric field generates a

surface charge density on the surface of the sphere, xσ ρ= . Where ρ is the charge

density, and x is the charge displacement. We now describe the equation of motion for x

in terms of an anharmonic oscillator

( )2 3
0

e
x x x ax bx E t

m
ω+Γ + + + =&& & .(3.12)

Making the assumption that the solution is composed of three separate parts with

different time dependences ( ) ( ) ( ) ( ) ( ) ( ) ( )1 2 3x t x t x t x t= + + ,where ( )ix has a iω time

dependence. One can arrive at a solution for the three time dependencies.

( ) ( ) ( )
( )1 1

2 2
0

/ i t i te mE
x e x e

i
ω ωω

ω ω ω
− −= ≡

− − Γ
% (3.13)

( ) ( )
( )( )

( )( )

2
1

2 2

22
0 2 2

i t
a x

x e
i

ωω
ω ω ω

−
−

=
− − Γ

%
(3.14)

( ) ( )
( )( )

( )( ) ( )( )

3
12

3

2 22 2
0 0

( )

2 2 3 3

a b x
x

i i
ω

ω ω ω ω ω ω

−
=

− − Γ − − Γ
(3.15)
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One can now drop out the terms relating to the resonance from the solutions by isolating

the ( )1x multiples and setting the value of the remaining terms to 1. This allows us to

obtain an approximation to the higher frequency charge distributions in the form

of ( )( ) (1) nnσ σ= . The dropping of the terms described above results in the model losing

its ability to predict absolute size of charge distribution and hence radiation, but it does

not change the angular dependence of the resulting solution.

In the original paper by Dewitz et al ([Dewitz 1996]) there were numerous errors in the

equations provided, incorrect labeling of the graphs corresponding to the various results

and some missing coefficients. This required re-derivation of all the results of the paper.

With my re-derivation of the equations, I reconciled the far field equations for linear

scattering with that given in Born and Wolf [Born 1999]. I also replicated the graphs

which they provided in the paper which their stated equations did not. In communications

with the group who produced the paper they communicated that there were numerous

errors in the paper [Pavlyukh 2005].

To solve for the surface charge density, I used the boundary conditions for the normal

components of the electric field at the surface

( ) 0scatered incident insiden D D D+ − =� (3.16)

From this boundary conditions we obtain the expression for the linear surface charge
density.

( ) ( )(1) 1
, Re

4
i t

scat inc inE E E n e ωσ θ φ
π

−= + −  � (3.17)

Expressing the surface charge density as a harmonic expansion

( ) ( )(1) (1)
, ,

, 1

1
, , . .

2
i t

l m l m
l m

a Y e c cωσ θ φ θ φ −

=±

= +∑ (3.18)

We can equate the above two expressions and obtain the parameters (1)
,l ma .

( )
( ) ( ) ( ) ( )( )(1) (1)

, 1

( 1)1 1
1 , 1

8
scat

l E l

C l i l lm
a j ka a l h ka

m kaπ ε ω±

  +
= − + ±  

 
 (3.19)
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The higher harmonics in the charge density can now be obtained formally by expanding

each order in ω as its own harmonic expansion

( ) ( ) ( )(1) ( )
, ,

, 1

1
, , . .

2

n n in t
l m l m

l m

a Y e c cωσ θ φ θ φ −

=±

= +∑ (3.20)

And using the relation (3.20) between the linear charge density and the higher order

densities I can obtain the expansion coefficients for the higher harmonics. In practice it is

easier to use combination of successive expansion orders to obtain the higher order

coefficients.

( ) ( ) ( )1(1) (1) (1)n n n
σ σ σ

−
= (3.21)

or

( ) ( ) ( )( ) ( 1) ( 1) (1)
, , , , , ,

, , ,

1 1 1
, . , . , .

2 2 2
n in t n i n t i t

l m l m l m l m l m l m
l m l m l m

a Y e c c a Y e c c a Y e c cω ω ωθ φ θ φ θ φ− − − − −  
+ = + +  

  
∑ ∑ ∑

In order to obtain the new higher order coefficients I multiplied both sides by
1 1

*
,l mY and

integrated the above expressions over dΩ . The resulting expressions simplify

considerably with the use of the orthogonality conditions to weed out vanishing terms.

For the LHS of (3.21) I used the condition
1 1 1 1

*
, , , ,l m L M l L m MY Y d δ δΩ =∫

For the RHS of (3.21) I used the vanishing of the integral
1 1 2 2 3 3

*
, , ,l m l m l mY Y Y dΩ∫

under the following conditions:

• First the vector sum of l is zero 1 3 2 1 3l l l l l− ≤ ≤ +

• Secondly 2 3 1m m m+ =

• Thirdly 1 2 3l l l+ + is an even integer .

Using these selection rules and dropping terms with the wrong time dependency (the

multiplication in (3.21) of the complex conjugate terms introduces terms with ( 1)i n te ϖ− −  to

the evaluation of a time dependency of in te ϖ− ) we can obtain the following coefficients
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( ) ( ) ( )
1 2 1 2

1 2

2 1 1 *
,2 ,1 ,1 ,2 ,1 ,1

1 1

1

2l l l l l l
l l

a a a Y Y Y d
∞ ∞

= =

= Ω∑∑ ∫
( ) ( ) ( )

1 2 1 2

1 2

2 1 1 *
, 2 , 1 , 1 , 2 , 1 , 1

1 1

1

2l l l l l l
l l

a a a Y Y Y d
∞ ∞

− − − − − −
= =

= Ω∑∑ ∫ (3.22)

( ) ( ) ( )
1 2 1 2

1 2

2 1 1 *
,0 ,1 , 1 ,0 ,1 , 1

1 1

1

2l l l l l l
l l

a a a Y Y Y d
∞ ∞

− −
= =

= Ω∑∑ ∫
Third order terms

( ) ( ) ( )
1 2 1 2

1 2

3 1 2 *
,1 , 1 ,2 ,1 ,1 ,2

1 1

1

2l l l l l l
l l

a a a Y Y Y d
∞ ∞

−
= =

= Ω∑∑ ∫
( ) ( ) ( )

1 2 1 2

1 2

3 1 2 *
, 1 ,1 , 2 , 1 ,1 , 2

1 1

1

2l l l l l l
l l

a a a Y Y Y d
∞ ∞

− − − −
= =

= Ω∑∑ ∫ (3.23)

( ) ( ) ( )
1 2 1 2

1 2

3 1 2 *
,3 ,1 ,2 ,3 ,1 ,2

1 1

1

2l l l l l l
l l

a a a Y Y Y d
∞ ∞

= =

= Ω∑∑ ∫
( ) ( ) ( )

1 2 1 2

1 2

3 1 2 *
, 3 , 1 , 2 , 3 , 1 , 2

1 1

1

2l l l l l l
l l

a a a Y Y Y d
∞ ∞

− − − − − −
= =

= Ω∑∑ ∫
The triple integral can be written in the quantum mechanical matrix form

1 1 2 2 3 3 1 1 2 2 3 3

*
, , , , , ,| |l m l m l m l m l m l mY Y Y Y Y Y= 〈 〉∫

The integral can be most conveniently evaluated using the Wigner-Eckart theorem.

( ) ( )2 3 1

1 1 2 2 3 3 1 2 3, , , 2 3 1 2 3 1 11 | / 2 1
l l l

l m l m l m l l lY Y Y C l l l m m m Y Y Y l
− +

= − + (3.24)

where the matrix element with the double bars is the reduced matrix element, which is the

element derived by removing all dependency on the m coefficients, the magnetic

quantum number which in our case is the coefficient of the ϕ angle component

(measuring angle around the Z axis)

Where the reduced matrix is evaluated from

( ) ( )2 3 1

1 2 3 1 2 3,0 ,0 ,0 2 3 1 11 | 000 / 2 1
l l l

l l l l l lY Y Y C l l l Y Y Y l
− +

= − + (3.25)

To speed up the calculations I created tables of the integrals up to the tenth order. These

were loaded as necessary and provided a dramatic boost to the speed at which the
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coefficients were calculated enabling realistic calculation time for higher order harmonics

as described below.

In this model the source of the higher harmonic radiation is oscillating surface charge.

This implies that in the expansion of the scattered fields (3.3) for the nonlinear case I

would obtain only transverse magnetic fields which means that I would have only one set

of expansion coefficients to solve for, ( ) ( ),n
ea l m .

The coefficients can be obtained by noting that the generated higher harmonic surface

charge density can be treated as free charge in the equations describing the nonlinear

harmonic fields ( in the linear case the surface charge is a polarization charge as it arises

due to the action of the electromagnetic field). This means that we can use the source

equation for electrical displacement to connect the electric fields with the surface charge

expansion.

( )( ) ( ) ( )4n n n
out inn D D πσ⋅ − = (3.26)

The usual tangential continuity of the electric fields provides the relation between the

inside and outside coefficients which is then used to solve for the coefficients of the

scattered radiation.

( ) ( )
( ) ( )

( )0
,(1)

(1)0
0

( ( ))

,
( ( )) ( ( )) 1( ) ( )

n n
e l m

rj kr
k ara l m a

rh k r rj kr l ln j k r h k r
r r

π

ε ω

∂
∂=

∂ ∂ +−
∂ ∂

 (3.27)

Once we evaluate the surface charge coefficients, we can plug them into (3.27) to obtain

the electric multipole expansion coefficient which in turn can be put into (3.3) 

(remembering that all the am coefficients are zero as discussed above) and obtain the

electric field due to the higher harmonic charge distributions.

Dewitz et al [Dewitz 1996] stopped their expansion at the third harmonic, but formally

one can continue this expansion to arbitrary order. I expanded the analysis and calculated

the coefficients for up to the 10th order.
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The expansion coefficients for the fourth order were
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Fifth order
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Sixth order
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Seventh order
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Eight order
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Tenth order
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3.3.1 Far field pattern
In this section I provide the plot of the far field scattering amplitude for linear second

third and ninth harmonics. The plots are for a sphere with a refractive index of

Polystyrene 1.56. (the index of refraction value is valid for the first 3 harmonics of

800nm fundamental) but for illustration we used the same value for higher harmonics). I

also provide the case of a sphere of dimension comparable to the wavelength ka=1 and of

a large sphere ka=5. One can note that the odd and even radiation distinction of no

radiation in the forward direction for even harmonics, carry on to higher orders.
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Figure 3.1a ka=1 linear scattering x is polarization direction, and positive Z is the
incident wave propagation direction. (arb. Units)
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Figure 3.1b ka=1 linear scattering intensity x is polarization direction, and positive Z is
the incident wave propagation direction.

Figure 3.1c ka=1 linear scattering intensity y is perpendicular to polarization direction,
and positive Z is the incident wave propagation direction.
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Figure 3.2a ka=1 second harmonic scattering



36

Figure 3.2b ka=1 Outline of second harmonic intensity in the direction of incident
polarization and perpendicular to it
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Figure 3.3 ka=1 third harmonic scattering
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Figure 3.3b ka=1 third harmonic scattering intensity parallel to incident polarization

Figure 3.3c ka=1 third harmonic scattering intensity perpendicular to incident
polarization
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Figure 3.4a ka=1 ninth harmonic scattering
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Figure 3.4b ka=1 ninth harmonic scattering intensity parallel to incident polarization

Figure 3.4c ka=1 ninth harmonic scattering intensity perpendicular to incident
polarization
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Figure 3.5a ka=5 linear scattering
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Figure 3.5b ka=5 linear scattering intensity parallel to incident polarization

Figure 3.5c ka=5 linear scattering intensity perpendicular to incident polarization
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Figure 3.6a ka=5 second harmonic scattering
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Figure 3.6b ka=5 second harmonic scattering intensity parallel to incident polarization

Figure 3.6c ka=5 second harmonic scattering intensity perpendicular to incident
polarization
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Figure 3.7a ka=5 third harmonic scattering
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Figure 3.7b ka=5 third harmonic scattering intensity parallel to incident polarization

Figure 3.7c ka=5 third harmonic scattering intensity perpendicular to incident
polarization
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Figure 3.8a ka=5 ninth harmonic scattering
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Figure 3.8b ka=5 ninth harmonic scattering intensity parallel to incident polarization

Figure 3.8c ka=5 ninth harmonic scattering intensity perpendicular to incident
polarization
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An intuitive picture for explaining the selection rule where there is no foreword

radiation for even harmonics can be arrived by looking at the variation in charge density

on the sphere as a function of time. Consider each point in the sphere as being a dipole

radiator positioned in a radial direction. Comparing figure 3.9 (the linear case) with

figure 3.10 (second harmonic) one can observe that there is a mirror symmetry in the

second harmonic case. This implies that for each oscillating dipole on the top half of the

sphere there is a dipole oscillating in opposite direction on the bottom half of the sphere.

This leads to cancellation of radiation in the forward direction.

Figure 3.9 Linear charge density oscillations over a full optical cycle. Red line distance
from the blue sphere indicates charge on the surface.
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Figure 3.10 Charge density with twice the fundamental frequency.

3.4 SCATTERING FROM AN ENSEMBLE OF SPHERES

The solution derived by Mie for a single sphere can be applied for a collection of spheres

provided they are all the same diameter and composition. They must be randomly

distributed and the inter-sphere distance must be large with respect to the wavelength. If

these conditions are fulfilled there is no coherent phase relationship between the light

scattered from the various spheres, so the scattered energy can be added for the various

spheres in the second harmonic experiment described below. This is the case as the inter-

sphere separation in the spray is much larger then the sphere diameter. This is not the

case in the hard x-ray experiment where we have a collection of touching spheres on a

surface and in some targets at highly ordered arrangements. In the process of

investigating the solution for our case we came across code which was specifically

designed for this regime.
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I identified a code based on the T matrix formulation which seemed well suited to our

calculations [Mackowski 1996]. This code was developed in order to calculate the

scattered field due to multiple spheres at close proximity. The original motivation behind

this code was to be able to predict theoretically the scattering properties of soot particles

in the atmosphere and in combustion processes. Soot particles are composed from a

conglomeration of nearly spherical objects. The great advantage of this technique was in

the speed of computation and the ability to incorporate easily changes in orientation of

particles and incident radiation. The code as provided by Mackowski was developed for

analyzing the far field pattern of the radiation. I approached the author of the code

concerning our needs and he added the functionality for extracting the near field in a

format which I specified. He has now made this addition to the code publicly available on

his web site [Mackowski 2006].

I will give a quick over view of the T matrix method for solving scattering problems and

a description of how this code uses this formulation for multiple particles.

3.4.1 T matrix method
In the T matrix method, the incident and scattered electric fields are expanded in series of

suitable vector spherical wave functions, and the relation between the columns of the

respective expansion coefficients is established by means of a transition matrix. This

concept can be applied to the entire scatterer as well as to separate parts of the composite

scatterer.

In the following I describe the general principles of T matrix solutions following closely

the treatment by Barber and Hill Ch 3[Barber 1990]. This section uses slightly different

notation to the vector spherical harmonic which I previously used in order to match the

majority of literature in this subject.

The incident field is given by

( ) ( )1 1
0

1

( )i kr E D a M k b N kν ν ν ν ν
ν

∞

=

 = + ∑E r r (3.35)
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were aν and bν are the incident field expansion coefficients, ν represents all the

spherical harmonic indices and 1Mν and 1Nν are the vector spherical harmonics function

of the first kind. Dν is a normalization constant given by

( )( )
( )( )
2 1 !

4 1 !
m

mn

n n m
D

n n n m

ε + −
=

+ +
 (3.36)

where mε is equal to 1 for m=0 and equal to 2 for m>0.

The internal electric field is given by

( ) ( )int 1 1
0

1

( )mkr E c M mk d N mkµ µ µ µ
µ

∞

=

 = + ∑E r r (3.37)

where m is the index of refraction of the particle relative to the surrounding medium.

The scattered field is given by

( ) ( )3 3
0

1

( )s kr E D f M k g N kν ν ν ν ν
ν

∞

=

 = + ∑E r r (3.38)

were 3Mν and 3Nν are the vector spherical harmonics function of the third kind.

The coefficients for the internal field can be obtained from the incident coefficients by

solving a matrix equation.

K mJ L mI c ia

I mL J mK d ib
νµ νµ νµ νµ µ ν

νµ νµ νµ νµ µ

+ + −     
=     + + −    

 (3.39)

The matrix on the LHS will be referred to as A.

The quantities , , ,I J K L are two dimensional integrals which are evaluated numerically

on the surface of the particle, for example

( ) ( )
2

3 ' 1 '
nS

k
K k mk dSνµ ν µπ

= ×∫ i N r M r� (3.40)

where ni is the unit vector normal to the surface, and r’ is the position vector from the

internal origin to the surface. In the case of highly symmetric objects like spheres this

calculation can be done analytically arriving in Mie like coefficients.

Comment [PC1]: sigma is for odd and
even check page 87bohern and hoffman
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Similarly the scattered field expansion can be obtained from the internal fields by

solving another matrix equation.

' ' ' '

' ' ' '

cf K mJ L mI
i

dg I mL J mK
µν νµ νµ νµ νµ

µν νµ νµ νµ νµ

 + +   
= −      + +     

 (3.41)

The matrix on the RHS will be referred to as B

Combining these two matrix equations one can obtain a matrix equation which relates

the scattered coefficients to the incident coefficients by one matrix

[ ][ ] 1 ( )

( )

f i ia
B A

g i ib
ν ν

ν ν

− −   
=   −   

the matrix [ ][ ] [ ]1
B A T

− = is known as the T matrix.

3.3.2 Multiple scatterers
Mackowski et. al. [Mackowski 1996] extended the T matrix methodology to include the

effects of multiple spheres.

The overall scattering from the cluster of spheres is resolved into partial field scattered

from each of the spheres composing the cluster

,
1

sN

s i s
i

E E
=

= ∑

Where each ,i sE is represented by an expansion of vector spherical harmonics about the

origin of the ith sphere. The field arriving at the ith sphere is a superposition of the incident

field plus the field scattered from all the other spheres. By using addition theorems for the

vector spherical harmonics one expresses all those incident fields as a single expansion

around the origin of that ith sphere. One can then combine the incident field with the

contribution of all other spheres and with the use of the boundary conditions at the sphere

surface, solve for the expansion coefficients of the ith sphere. One can then further

express all the expansions around all the spheres as a single expansion about a point in

the cluster of spheres using the same translation theorems.
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3.3.3 Scattering of a sphere on a surface
The actual target geometry in the hard x-ray experiment is that of spheres on a surface

rather then spheres by themselves. To approximate the solution for the fields in such a

case, I modeled the only analytical solution available for this situation - that of a sphere

on a perfectly conducting plane [Johnson]. If the surface we are considering is a perfect

conductor, we could account for its effect by removing it and adding an image sphere and

an image source, which are the mirror image of the real source and sphere [Johnson]. We

now solve for both sources and spheres and add the resulting fields. At normal incidence

the problem becomes fairly easy to compute with our existing program. I calculated the

fields for the forward half plane starting at the sphere’s edge and added those to the

regular solution (inverting the field directions see fig 11) ( an example of the results of

this calculation can be seen in figure 6.47b).

Figure 3.11 Sphere on a perfectly conducting plane is replaced by an equivalent system
of an image source and an image sphere.
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Chapter 4: Second harmonic generation experiment

Equation Section (Next)

4.1 EXPERIMENTAL AIM

The experimental goal was to obtain the angular distribution of second harmonic

radiation from spheres of a well defined size. Using this data it was hoped to either

confirm or refute a model for harmonic generation in wavelength scale spheres which

was developed by Dewitz et al [Dewitz 1996].

4.2 HARMONIC GENERATION

Harmonic generation is a non linear optical effect. At sufficiently high intensities

materials which are illuminated with one frequency can emit higher frequency radiation.

When that radiation is in multiples of the fundamental frequency we term it harmonic

generation.

4.2.1 Harmonic generation in gas
Harmonic generation in a gas occurs on an atomic level. Electrons are ionized by the

electric field of the laser and are then accelerated by the same electric field. Some of

those accelerated electrons follow a path which brings them back to their parent atom

where they can recombine while emitting a higher energy photon. This effect was

originally demonstrated by [McPherson 1987]. This effect had been studied extensively

and experimentally it had been observed that the harmonic yield drops sharply for the

first couple of harmonics, then it levels off up until a cutoff energy level where harmonic

production effectively cease. That cutoff energy is determined by the maximum kinetic

energy which can be transmitted to the electron by the ponderomotive force of the laser.

When the electron is first ionized it possesses no kinetic energy, when working out the

acceleration of the electron, one has to take into account the phase of the electric field at

which the electron was generated as that would determine its orbit. The cutoff formula is

given by [Krause 1992]
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3.17c p pU I U= + (4.1)  

Where pU is the ponderomotive potential
2 2

24
L

p
L

e E
U

mω
= . The symmetry of the generation

medium implies that no even harmonics can be present. An important feature of

harmonic generation in a gas is that the generation occurs in an extended region and

phase matching of the radiation produced can lead to great enhancement of harmonic

generation through constructive interference. The phase matching is determined by the

dispersion relation of the ionized gas. This allows for tailoring of the dispersion relation

by controlling the density of the plasma created in order to optimize the phase matching

for the required frequencies.

4.2.2 Harmonic generation in solids
I will briefly describe the three main theories which are used to explain the production of

higher harmonics in solids. The first is that electrons oscillating through a sharp plasma

density gradient experience anharmonic oscillation. This anharmonicity generates higher

harmonic components [Bezzerides 1982], [Grebogi 1983]. Another method of

production of harmonics is through resonant absorption [Bobin 1985], [Stamper 1985].

The incident wave can create an electrostatic wave at the critical frequency pω . This wave

can interfere with the incident wave and generate an electromagnetic wave at

2 2pω ω ω ω= + = . Some of this wave can propagate further into the plasma and generate

an electrostatic wave at 4 cn and an electrostatic wave at 2ω is formed which in turn can

interfere with the fundamental to form a third harmonic etc. The last model for the

creating of harmonics is the moving mirror model [Wilks1993], [Bulanov 1994] further

developed by [Lichters1996],[ Von Linde1996]. In this model the steep density gradient

plasma undergoes rapid oscillation in the laser field. Effectively one has a mirror which

oscillates and modulates the reflected light. The modulations create side bands in the

reflected pulses which correspond to different harmonics. In this model, selection rules

for the polarization of the harmonics can be developed, S polarized pump produces S odd
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harmonics and P even harmonics, P polarized pump produces only P polarized

harmonics.

The high density of solids provides for a greater yield of harmonics per area illuminated

than for gases. Since the harmonics are generated in a point source we can not have

phase matching enhancement from an extended volume as in the case of gas generated

harmonics.

4.2.3 Harmonic generation in clusters

Clusters have the advantage of both mediums mentioned above. The individual clusters

have solid density which increases the laser absorption. Since the clusters form an

extended medium, the harmonic generation can occur in an extended volume and phase

matching of radiation is possible. Experimental demonstrations of harmonics in gases

were performed initially by [Donnelly1996, Tisch1997]. Higher conversion efficiency

into harmonic radiation was demonstrated compared to a plain gas target.

4.2.4 Previous experiments in Second harmonic generation from wavelength scale
spheres

Very few experimental studies of second harmonic from wavelength scale spheres were

conducted. In [Yang 2001], a single polystyrene, polymethylmethacrylate PMMA and

silica sphere on a glass surface was illuminated under a microscope by an oscillator at

840 nm 76 MHZ 350 fs. The peak laser intensity was 3-36 10^9 W/cm^2. The spheres

were of sizes 1.1, 2.2 and 4.3 micron diameter. They noticed three distinct behavior

patterns, for lower laser power (up to 2*10^9 W/cm^2) they noticed the expected

quadratic dependency between the laser power and the second harmonic radiation

detected. As the laser power was increased further, an exponential response in second

harmonic was noticed and finally saturation was reached. This was also the only

experiment using uncoated polystyrene spheres and as such it provided the only
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quantitative estimate as to the number of frequency doubled photons we could expect. At

an illumination intensity of 6.5*10^9w/cm^2 they observed several thousand photons per

5 second interval which were collected in roughly half a hemisphere. This indicated that

observing the second harmonic would be challenging as we could expect only several

photons for each laser shot. Another paper by Yang [Yang 2001a] actually obtained angle

resolved second harmonic radiation from wavelength scale particles. In order to obtain

sufficient signal they coated polystyrene spheres with Malachite green dye and the

spheres were suspended in a solution containing that dye. The dye molecules have one

axis which a dominant nonlinear response, the dye molecules attach themselves to the

spheres with that axis perpendicular to the surface of the sphere. In effect what is formed

is a layer of dipole oscillators which are orientated in a spherical pattern. Their angular

data agreed quite closely with a nonlinear extension of Rayleigh-Gans-debye model. As

discussed in the previous chapter this model has limited range of applicability which in

this case was valid due to the small difference in index of refraction between the dye

covered spheres and the dye in the solution. Experiments with unmodified spherical

surface would be of additional value since they would allow the effect of the full set of

susceptibility tensors to be examined.
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4.3 HISTORY OF EXPERIMENTAL SETUP AS WE SCAN THROUGH PARAMETER SPACE

Since our experiment had to detect small signals, we were trying to avoid generation of

continuous light by breakdown. This necessitated us using long focal length lenses for

focusing our beam to prevent air breakdown at the waist of the beam. For our 10 Hz

experiment this necessitated the use of a 3 meter focal length lens and for the 1 KHz

experiment, which was lower intensity, we used a 60 cm focal length lens.

4.3.1Sphere source
We initially identified two possible approaches to conducting the experiment. We

expected the signal to be very weak [Yang 2001] so we had to consider ways of assuring

maximum signal. One approach was to hold a sphere in one place and shine the

oscillator beam at 75 MHz focused at the sphere. The other approach was to try and

illuminate as many spheres as possible within a focal volume of an amplified beam.

4.3.1.1 Stationary sphere
Paul trap. A Paul trap can trap charged particles in a quadruple field. An AC voltage is

applied to a bi-hyperbolic central ring electrode. The end caps also of hyperbolic shape

are maintained at ground or with a DC bias voltage which compensate for the

gravitational pull on the spheres. The AC quadruple field pulls the charged particles

towards the centre of the trap. A varying electric field in a hyperbolic geometry

introduces electric field density gradients which can trap the particles with a wiggling

potential. We initially built a very rudimentary Paul trap with a copper washer and two

balls for electrodes [Winter]. We were able to trap dust particles (100um) for an

extended period of time. Next, we machined a hyperbolic surface cathode and anode and

tried to trap polystyrene particles. We were unable to trap any, although we did observe

that some particles were affected by the field. We concluded that the drag force on the

small particles was causing them to go 90 degrees out of phase with the driving electric

field, hence making trapping impossible in the presence of air.
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Figure 4.1a Electrode cross section for a theoretical Paul trap. In our setup Z0 was 13 mm

Figure 4.1b Cathode and anode were machined from aluminum using the computerized
milling machine in order to obtain an hyperbolic surface.
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Figure 4.1c Picture of Paul trap

The top and bottom electrodes are grounded or have a bias DC voltage. The central ring

electrode is subjected to AC voltage. The boundary conditions due to the curved

electrodes imply a saddle-like voltage at the centre of the trap

( ) ( ) 2
0 2

2
0

, ,
2

V t r
V z r t z

z

Ω  
= − − 

 
(in our case we tried voltages up to 5000 V). The particle

is pushed towards the center of the trap along one axis. When the sign of the driving

potential changes, a charged particle will be pushed to the centre along the other axis.

[Philip 1983], [Ghosh 1995].

Optical trap. We attempted to create a rudimentary optical trap with an available Argon

Ion laser. We followed the technique suggested by [ Askin1971], [ Omuri1997]. Askin
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managed to trap a large +/-10-20 micron dielectric sphere using two beams. One beam

from the bottom, provided levitation and a side ways beam provided lateral confinement.

Omuri used a single beam to trap a 3 micron polystyrene bead. For this method a 100 X

objective was needed. We attempted to implement this for testing trapping but a main

drawback of this technique is that the working distance to the objective is less than 1mm.

The proximity of the position of the trapped sphere to the objective lens in this setup

limits the range of focuses achievable for the exciting laser as physically the beam will

clip the trapping objective for tight focus arrangements. Since this was a proof of

principle experiment only, we did not obtain dedicated optics and had to rely on available

components. We were unable to trap any particles. One of the problems was in the beam

quality. For trapping, one needs to have a very good TEM0 profile. The profile of the

only available laser was not of a very good quality.

Figure 4.2 Single beam optical trapping setup

4.3.1.2 Gas jet of spheres
In order to deliver individual spheres to the target area, we selected to use an aerosol

method for delivery. The polystyrene spheres with a well defined size distribution come

in solution which contains a surfactant to prevent sphere coagulations. We diluted the

solution and placed the diluted solution in a nebulizer. We used a commercially available

Aerosol containing
spheres

Glass container to minimize
air currents
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nebulizer which is used in medical field for the administration of aerosol medicine (mini

hart nebulizer from Westmed, www.westmedinc.com). We applied 16 Psi of pressure

from a Nitrogen gas bottle. The nebulizer produced 2-3 micron water droplets some of

which contained spheres. The resulting aerosol droplets were passed through a 30 cm

tube which had along its axis a wire mesh tube. The area between the wire mesh tube

and the tube was filed with indicating Drierite [Philip 1983]. By the end of the passage

through the dry tube the water had completely evaporated leaving behind only the

polystyrene drops.

Figure 4.3 schematic of second harmonic experiment

Calculations of required solution density for avoiding multiple spheres
In order to ensure that the laser is interacting with only a single sphere we performed the

following calculation for estimating the percentage of water droplets which contain only

one sphere as a fraction of all droplets which contain at least one sphere. [Raabe1968]

Flow meter
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rotation arm
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( )

22 ln4.5ln3
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 −    
(4.2) 

Where F is the fraction by volume of the original stock suspension, y is the dilution ratio

and D is the diameter of the monodisperse spheres. VMD is the volume median diameter

or droplet mass median diameter (experimentally determined mean diameter

corresponding to the first moment of the size distribution of the droplet generated) and

gσ is the geometric standard deviation,
( )2

1
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i gi
g

A
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µ
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 − =  
 
 

∑
were the

geometric mean is given by 1 2
n

g nA A Aµ = L .

For our nebulizer source the manufacturer provided the values of 2.5 microns for the

VMD and 2 for gσ . The assumptions of this model are that the spheres are randomly and

dilutely dispersed in the solution and that the sphere size is much smaller then the droplet

size. The droplets are assumed to be produced with a log normal distribution to the mean

diameter [Mercer1965]. The probability that x number of drops will be found in a sphere

is then given by Poisson statistics. For our larger spheres, this breaks down and we use

only the average number of spheres we expect per droplet which is simply given by the

ratio of volumes of the droplets and spheres corrected by the dilution density.

The spheres came in a concentration of 10%. The lowest dilution we used in the

experiment was 1:100 which corresponds to 92% of water droplets containing at most 1

sphere. At 1:250 which was our maximum dilution, this ratio climbed to 97%. Going to

higher dilutions in order to reduce the number of multiple spheres proved impractical as

the number of spheres at the interaction region was becoming too small to produce a

robust signal.
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We measured the flow rate of the gas through our system at 1 liter per minute. The

solution flow rate was 8 ml an hour. The final nozzle was 0.1 inches in diameter and the

jet was fairly well collimated. The beam diameter at the interaction region was +/-1.5

mm diameter which gives as an interaction volume of roughly 5 cubic mm. We

estimated that the number of spheres in the interaction region was at most a couple of

hundreds in the case of half a micron droplets.

Figure 4.4 Nozzle with spheres, sphere solution density was increased to show
collimation and extent of jet. Arrow indicating laser direction. This picture
was taken with the camera placed at laser level at 90 degrees to the
incidence direction.

Laser
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Figure 4.5 Typical spheres in illuminated region

4.3.2 10 Hz runs

Initially while the final stages of the THOR laser were being built we attempted to run the

experiment with a long pulse laser.

4.3.2.1 Use of Spectra physics pro undoubled

We used 1064 nm beam with a pulse duration of 1 ns. We used a soft focus on the jet of

1 micron spheres. We used a 2 inch aperture front view PMT mounted on an arm

swiveling on a rotation stage. We initially collected the scattered light with a 1 inch lens

and later we used a 2 inch lens located 10 to 20 cm away from the spheres. We placed a

532 nm interference filter between the lens and the PMT and we observed the signal at

various angles.

The main signals which we obtained were long in duration (hundreds of nanoseconds)

indicating breakdown radiation from the spheres. This was confirmed by placing 400 nm

interference filter and obtaining a similar result. For lower incident laser intensities this

signal would appear only occasionally, which we correlated to breakdown of dust

particles. As the intensity was increased, this breakdown signal started appearing
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regularly, indicating sphere breakdown. Analyzing several thousands of shots, we

discovered that we had some events where the signal detected in the PMT was instrument

limited to 10 ns. This indicated the possibility of the signal arising from second harmonic

rather than continuous radiation. We repeated this observation with a different filter (532

nm) and we observed fewer such events. These results were suggestive only and we

could not obtain sufficient events of this short duration signal in this run for a statistically

confirmable result. The conclusion we drew from this run was to try and reduce the

energy per pulse in order to reduce the breakdown of spheres. This necessitated waiting

for the completion of the rest of the laser chain.

4.3.2.2 Use of uncompressed 800 beam
Once the uncompressed pulse became available we repeated the experiment but with a

shorter pulse (600 picosecond; 800 nm beam). The results were similar to the above

experiment. Although we reduced the frequency of sphere breakdowns, the short-lived

signal was still infrequent and was in the region of several shots per 1000 laser shots.

4.3.2.3 Short pulse experiment

The short pulse experiments were conducted with a nominal pulse duration of 35-120

femtoseconds and a central wavelength of 800 nm. Our initial run was conducted with a

similar setup to the above longer pulse experiment. We now managed to avoid sphere

breakdown completely as our energy per pulse was now in the region of 3 mJ. We

determined that statistically there was no difference in the observable 400 nm signal with

the spheres source on or off. This lead us to speculate that most of the observed signal

was generated from dust particles in the room. This meant that we had to move our setup

into a better controlled environment. We also noted that our large format PMT was not

operating efficiently and had lower efficiency then specified. The next evolution of the

experiment was to try and conduct the experiment in a positively pressured chamber to
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minimize the influence of dust in the room. In order to fit the experiment inside a

chamber we attempted to use fiber optic pick up for the signals. The light was collected

by a standard fiber optic collimation lens. We calculated the specific distances at which

we could place the lenses from our scattering source such that our area of interest covered

an incidence angle which could couple into the fiber. The pickup of the linear Mie signal

worked very well, however we could not observe any 400 nm light. It appears the

attenuation of this fiber for 400nm light which was less then an order of magnitude for

our fiber length was sufficient to kill the signal. I proceeded by obtaining a more

sensitive and compact PMT. I designed a beamsplitter box which could allow

simultaneous measurement of the Mie and second harmonic signal. The design was

motivated by wanting to have a detector with a small foot print so it would fit in a

confined space, and also by having a setup which would be sufficiently robust to avoid

pointing drifts as the detectors were moved across 160 degrees. The final design

included a mount which combined the collecting lens with a harmonic separator mirror,

and two polarizers, one for the fundamental and the other for the harmonic beam, and the

detectors themselves (see Fig 4.7).
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Figure 4.6 Detection setup with compact beamsplitter.

Figure 4.7 Beamsplitter detector
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We managed to obtain sufficient signal to run an angular scan with this setup. We

scanned from 12 degrees to 160 degrees at 4 degree interval. At each point we shot

10,000 shots with the sphere source on and 5,000 shots with the sphere source off. We

conducted two main runs with polarizations of the analyzers in the plain of detector

rotation (perpendicular to incident) and parallel to the incident beam. This run took a

week of round the clock data collection. The long duration of the experiment meant that

we had to contend with large drifts in average energy of the laser and periodically test the

laser alignment on target. In this experiment the number of shots which yielded any

signal was of the order of 1 % of shots fired or around 100 per the 10,000 shots. The

main problem that we encountered was that as we repeated the experiment we could not

obtain a consistent angular relation or a consistent intensity dependence of the results. In

fig 4.8 a typical result from this run is presented. Although the standard deviation as

indicated by the error bars in the graph was reasonable, we could not consistently

reproduce any of the fine features in the graph when we repeated the experiment after a

couple of days. The only repeatable feature was the rise in signal strength in the forward

direction and the backward direction. Graph 4.9 illustrates a typical laser energy

dependence of the 400nm signal. The data was typically obtained by binning 10000 shots

taken at one angle into energy bins (using the photodiode signal of the incident laser as

the energy measure) The average signal of each bin was plotted versus the photodiode

signal. These graphs reveal that we do not have the desired squared dependence of

second harmonic signal with laser power but rather have higher power dependencies.

This indicates that we might be observing additional light generating process such as

ionization and recombination ( a similar exponential dependence was observed in [Yang

2001] ). Figure 4.10 shows the linear scatter data which is taken concurrently with 400nm

data. The data was normalized with the data from a stationary linear scatter signal in

order to account for variation in the number of spheres over the experimental period. It

shows a fairly good fit with the theoretical scatter from a 500 nm diameter polystyrene

sphere.
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Figure 4.8 The above graph is of the 400 nm signal for an incident laser which is
polarized 900 to the plane of observation with an analyzer polarized parallel
to the incident polarization. Each point represents an average of 10000
shots. The sphere diameter is 0.5 micron( June 2 run).
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Figure 4.9 The above graph on signal strength vs. laser energy. This particular one was
taken at an angle of 24 degrees. It is a typical results showing dependence
greater then quadratic. Other angles and runs show power dependence
anywhere between 3 and 5.
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Figure 4.10 The above is graph is the fit of linear scattering to Mie theory at the same
polarization conditions as above. The sphere diameter is 0.5 micron.

This motivated us to try and increase the number of shots in order to obtain more

conclusive results. The plan was to conduct the experiment in a kHz system and integrate

100,000-200,000 shots per angle.

4.3.3 Run with kHz laser
The nominal laser parameters for the laser (1mJ, 100 fs) indicated that we would be able

to obtain a signal which would be three times weaker for the same intensity. Considering

the higher repetition rate, we could obtain more signals if we collected signal for more

than 30,000 shots as compared to the 10 Hz run. In order to store the data, we resorted to

a new form of data capturing. We used an array of Stanford Boxes SR 245, a box car
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averager to capture the raw signal. These boxes are designed to capture a signal which

occurs at high repetition. They possess an electronic gate which enables capturing the

signal only during a well defined time period. Generally these boxes are used to produce

a signal which is the average of the signal captured. The memory available on these units

was limited to storing only several hundreds individual signals. We wanted to capture

each and every signal in order to facilitate analysis of this nonlinear process. We used

the box car to capture the signal of the PMT in a narrow time window. The SRS box was

run in a mode where it produced a voltage proportional to the voltage history in each

capture window. This kHz repeated DC signal was fed to a national instrument analogue

to digital converter attached to a NI PXI computer. A lab view program running on the

PXI computer captured the high repetition signal and stored it for later analysis.

The first run we conducted was in Downers kHz laser lab. This laser nominally produced

a 1 mJ pulse of duration of 100 fs at a central wave length of 800 nm. During this run I

established the working parameters. A 60 cm lens was sufficiently soft to prevent visible

air breakdown. Unfortunately, the laser energy was low and erratic for the duration of

the attempted run. The laser then failed and the time table for repairs required several

months.

The next run was conducted at Donnelys kHz laser at Harvy Mud University (Claremont,

California). This laser has a nominal energy of 0.7mJ per pulse 60 fs duration at a central

wavelength of 800 nm and 1 kHz repletion rate. We had a week to conduct the

experiment. The laser energy was low, at .38 mJ per pulse (just over a half of

specification), mainly due to a damaged compressor grating. But the laser operation was

stable and we were able to conduct several tests. We collected 100,000-200,000 shots

per observation point. Initially, we observed at an angle of 45 degrees with the same

angular resolution as the 10 Hz experiment of 10 degrees. This was achieved by using a 6

cm lens at 9.5 cm from the nozzle. We could not observe any signal so we modified our

setup and placed a 2.5 cm lens 4.5 cm away from the nozzle imaging straight into the

PMT. When we placed a waveplate in the beam to modify the polarization we noted that
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it was generating blue light which was larger than any other observed signal. In order to

test for blue light generation by other optical components, we performed the following

test. We reduced the beam using a 500 mm and a -100 mm lens. We used two 400 nm

mirrors to steer the beam. When we were steering the beam before the lenses, we noted a

large 400nm signal from the spheres. When we placed the steering mirrors after the

reducing telescope the 400 nm signal was reduced. This indicated that the lenses were

producing the 400 nm light. We conducted an angle scan where we reduced the beam

with a 400mm and a -100mm lens. We placed a red glass filter after the last lens in order

to cut out the 400 nm light generated by the lens. The pulse duration was 75 fs and the

spot size was 1 mm diameter giving us an intensity of 3.6*1011 W/cm2. Next we used a

50 cm lens to focus the beam 6 cm down stream from the nozzle. We had a spot size of

.63 mm diameter and a calculated intensity of 1.4*1012 W/cm2. We ran two angle scans

with this configuration one with Helium flowing over the focal spot and one without.

The plot for the three runs can be seen in figure 4.14. Each point was averaged over

240,000 shots and we observed signal in 100-1,000 of those shots. A typical histogram

of the detector signal can be seen in figures 4.11 and 4.12, the large peak at around 0

corresponds to no detector response, and actual signal outside the noise envelope was

from -0.05 V and below. Figure 4.11 shows the response when the sphere source was

turned off, as can be seen very few events were observed. This can be contrasted with

figure 4.12 were the spheres were turned on and a definite signal was obtained. Each data

point in figure 4.14 was formed by counting the events below -0.05 V when the spheres

were present and when the sphere source was off and subtracting the two.
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Figure 4.11 Histogram of typical signal response of the PMT with a 400nm filter with the
sphere source turned off

Figure 4.12 Histogram of typical signal response of the PMT with a 400nm filter with the
sphere source turned on
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In conclusion, we could only obtain a similar feature results as of the previous 10 Hz run

of increasing signal in the forward and backward direction. The comparison between the

runs with and without the Helium indicated that light generated in the breakdown region

was linearly scattered from the spheres and was comparable in size to the signal we were

trying to measure.

Figure 4.13 Part of the Harvy Mudd setup showing the Helium cell. In order to
maximize the signal we placed the PMT as close as we could to the Nozzle

Rotation arm

Helium
cell over
focal
point

Camera
for
imaging
the
spheres

Nozzle

PMT
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Figure 4.14 Comparing angular runs conducted at Harvy Mudd. The main feature of
these graphs is that the signal increased in the forward and backward
direction for all 3 runs. (Repeated points at each angle are reruns with the
same conditions, this was done to study the repeatability of the measurement
and estimate the error) The Helium/no Helium comparison was done with
the same focusing geometry and attempted to identify the effect of air
breakdown in the focus. In the no focus run we used a reducing telescope
and avoided a focal spot down the beam.
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4.3.4 Final tests with a spectrometer
As a final test we attempted to increase the intensity of the laser on target. Once the

intensity reached over 1012 W/cm2 ionization processes become important and many

radiation lines would be present. We analyzed the scattering signal with a spectrometer

to see if we could obtain a second harmonic signature overlaying the line radiation. In

order to increase the number of scattering particles we used a droplet source developed

by [Donnley 2005]. To achieve the high intensity signal, we placed the focal point of the

laser just off the nozzle. The light from the breakdown was visible in the spectrometer

and was compared with and without the sphere source. The signal was very noisy with

many radiation lines in the region of interest. No definitive conclusions could be made.

Figure 4.15 Spectrometer signal strength with beam focused under the nozzle which was
producing water droplets of average size of 2 microns.(Oxygen lines are 1st

order diffraction while the Nitrogen and Hydrogen are 2nd and 3rd order)
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4.4 CONCLUSIONS

We were unable to obtain repeatable results for the angular distribution of second

harmonic radiation. The only definite statement we could make regarding our results is

that we observed an increase in 400 nm signal in the forward and backward directions.

However our setup did not enable us to detect radiation in the forward or backward

direction owing to blocking of the main pumping beam. The increase in 400 nm radiation

was subsequently measured up to a cutoff angle of +/- 15 degrees off the forward and

backward directions. The signal strength of the second harmonic radiation from single

spheres is very weak and thus not easily distinguishable from other sources of detectable

radiation. We realized that second harmonic light was generated from the optical chain in

quantities which are comparable if not greater then the signal which we were trying to

detect. That would explain the forward peaking of the 400 nm signal as the upstream 400

nm signal gets Mie scattered from the spheres. This does not necessarily explain the peak

we observe in the backward direction. Other process which are probably occurring relate

to material breakdown at the experimental intensities. Although the intensity we used is

generally considered to be below material damage, the one experiment with polystyrene

spheres [Yang 2001] does suggest irreversible damage to the spheres even at 1010 W/cm2.
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Chapter 5: Hard X-ray generation from laser plasma interaction

Equation Section (Next)Organization of this chapter. I start with the listing of

some basic plasma concepts which are relevant to this work. Next I describe different

laser plasma absorption mechanism. I conclude this chapter with a short survey of

experimental work done in this field.
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5.1 SOME BASIC PLASMA CONCEPTS RELEVANT TO THIS WORK

The Debye length is a measure of the distance at which a localized electric charge

imbalance will be shielded out by the surrounding charges. The Debye length is given by

( )2
0 2D ekT n eλ ε= (5.1)  

The shielding described by this length scale imply that the plasma is quasineutral on

scales larger then the Debye length.

The plasma parameter is a measure of the relative importance of potential energy to

kinetic energy in the plasma and is given by

d
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Were cr is the distance of closes approach
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measure of the number of particles in a Debye sphere. When 1Λ > the potential energy is

less then the kinetic energy and the plasma is termed weakly coupled. In the case of

1Λ < the plasma is dominated by the potential energy and is termed strongly coupled.

Most of the classical results for colisionality like the Spitzer results are strictly valid for

the weakly coupled case. In the plasmas which we deal with, the plasma parameter is

larger then 1 but can become of order unity. This means that the theoretical results will

only be approximately valid for our case and we can expect deviations from the standard

formulas.

When charges in the plasma are perturbed they oscillate around their equilibrium position

at their natural plasma frequency pω . This frequency is given by
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Electromagnetic waves which travel thought the plasma obey the dispersion

relation 2 2 2 2
p k cω ω= + . For light to propagate in the plasma it has to have its frequency

greater then pω in order to have a real k. This introduces the critical density, a density

beyond which a light of a certain frequency can not propagate in the plasma

[ ]
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The optical properties of a plasma can be modelled using the Drude model to provide an

expression for the permiativity
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Were ν is the collision frequency of the plasma. The index of refraction is then n ε= .

5.2 ELECTRONS IN LASER FIELD

Free electrons in the electric field of the laser execute oscillatory motion given by the

Lorentz force equation. In the non relativistic limit it is

( )
e e

dv e e
E v B

dt m m
= − − × (5.5) 

Additionally in the non relativistic limit the magnetic field term is much smaller then the

electric field term and is dropped. The average kinetic energy that that electron

experiences in this oscillation is called its quiver energy or its ponderomotive potential
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5.3 PHYSICS OF LASER-SOLID DENSITY PLASMA INTERACTIONS

The energy of the laser can couple into a solid through a variety of mechanisms.

The intensities which we are using in our experiments far exceed the ionization energy of

most materials with which we interact. This implies that ionization and formation of

plasma occur far before the main energy of the laser pulse arrives at the material. Most of

our experimental situations can thus be described by the interaction of a laser with a

plasma. The energy of the laser is coupled into the plasma mainly through the electrons.

The electrons get heated up by the laser and as they heat, they pull the ions with them and

the entire plasma expands through ambipolar expansion. The plasma expansion alters the

density profile of the plasma. The change of plasma density profile in turn, alters the

absorption of laser energy. The usual measure for the plasma density length scale is L, is

given by

1
1

−









=

dx
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n
L e

e

(5.7) 

 

where ne and x are the electron density and spatial coordinate respectively. This length

scale roughly indicates the spatial scale over which the density can be considered

constant. A small value indicates a sharp density drop of the plasma. This value changes

in time but it is usually estimated as tcL s∆~ were sc is the speed of sound of the plasma

and t∆ is the pulse duration ([Wilks 1997]). This relation is derived from a simple

isothermal model of plasma expansion in planar geometry.

From this simple description we can expect that short scale plasma will be encountered

by short pulse lasers and long scale plasmas by long pulses. This picture is modified if

one considerers that even for long pulses one can access sharp plasma gradients if one is

in a regime were the laser intensity is sufficiently strong to push back the plasma

expansion(Bach et al 1983).
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5.3.1 Long scale length regime

The long scale regime generally associated with longer pulse durations (> ps), in this case

the plasma has time to absorb the laser energy and expand while the energy of the laser is

still being deposited. The laser can then travel through a medium of underdense plasma

and penetrate the plasma until it is reflected close to the critical surface. While it is

travelling through the plasma it can deposit energy via collisonal absorption (or inverse

bremsstrahlung) and by initiating parametric instabilities. If the electric field has any

components parallel to the density gradient it can excite plasma waves which can absorb

the laser energy and dissipate it in the plasma through damping in a process called

resonant absorption. Most absorption takes place around the surface of critical density

were the plasma frequency is equal to the laser frequency. This is used in many models

where plasma absorption is needed, like the hydrodynamic codes which we use to

estimate the plasma temperature and ionization state, where an effective absorption is

imposed at the surface of critical density.

I will now describe the main heating mechanisms in the long scale plasma regime

5.3.1.1 Collisional Absorption

The electron motion in the laser field as described above is modified in the presence of a

plasma. Electrons can scatter from ions or electrons and transfer their coherent oscillation

in the field to a randomized kinetic energy or thermal energy.

On average, an electron delivers an amount of energy equal to the quiver energy upon

every collision. From this viewpoint, the bulk collisional heating rate can be simply

written as:

eioscee vmn ν2

2

1
RateHeating = (5.8) 
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Where νei is the electron-ion collision frequency.

The main difficulty in calculating this heating rate is in estimating the collisional

frequency; it is dependant on the field strength, polarization and frequency of the laser

field.

In a theoretical description of collisions in a plasma developed by Spitzer ([Spitzer 1953],

Spitzer 1962) the collision frequency is given by

( )
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ν π= Λ [CGS] (5.9) 

Or in easier to calculate units
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In these equations Z is the ion charge.

These collision frequencies are modified in the presence of a driving electric field. [Silin

1965] developed expressions for the colisionality in the two extremes were the driving

frequency is much larger then the thermal frequency and in the opposite case.
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From the temperature dependence in the low frequency range and from the dependence

on E3 in the high frequency range it is apparent that collisionality decreases for hotter

plasmas and for high intensity driving electric field. Practically in most of the case of

interest in our experiments collisional absorption is insignificant compared to other

mechanisms

5.3.1.2 Resonance Absorption

A P polarized wave incident on the plasma at off normal incidence can be undergo

resonant absorption. We can use Snell’s law to calculate the reflection point for an

incident laser wave at an angle theta to the plasma surface normal. The turning point can

be calculated from the density θ2coscre nn = , after which it is reflected out of the
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plasma. Although the turning point may not reach the critical surface, an evanescent

wave may propagate to the critical surface. At the critical surface the laser resonantly

drives the plasma at its natural oscillation frequency. Large amplitude waves ensue and

they are strongly damped by the ensuing wavebreaking (Albritton 1975). The wave

energy is converted into particle kinetic energy even in the absence of collisions, and the

wave is damped.

Figure 5.1: Resonance absorption in a long scale length (L>>λ), planar inhomogeneous
plasma

In the case of a slow changing density gradient an analytical solution can be found using

WKB approximation (Kruer 1988). The efficiency of resonance absorption is
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angle of incidence that optimises absorption into the plasma. For large angles of

incidence the wave will be reflected far off the critical surface and the evanescent wave

reaching the surface will be weak. For small angles the component of the electric field in

the direction of the density gradient is small. This two effects join together to manifest in

an optimal angle for the absorption through this mechanism. The electric field strength at

the surface of critical density dE is given by [Kruer 1988] ( )
2 /

FS
d

E
E

L c
φ τ

πω
= where

FSE is the free space electric amplitude, L the length scale of the plasma and

( ) ( )32.3 exp 2 / 3φ τ τ τ−� . The variable is a function of plasma scale length and laseris a function of plasma scale length and laser

frequency and angle of incidenceθ , ( )1/3
/ sinL cτ ω θ= . Maximum electric field and

hence absorption occurs at the angle of incidence given by
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For steep density changes one can numerically solve the Helmholtz equations (Milchberg

1989). The maximum absorption point shifts to larger angles but the efficiency of

resonant absorption drops.

5.3.1.3 Parametric Instabilities
Parametric instabilities are important absorption mechanisms in underdense plasmas.

There are two main types of instabilities, one related to the electronic response and the

other to the ionic response of the plasma. Stimulated Raman Scattering occurs when the

laser wave interacts with electrons in the plasma by giving some of its energy to

plasmons. In this case electron plasma waves carry off some of the momentum and

energy of the photons emitting a shifted scattered photon. Stimulated Brillouin Scattering

occurs when the laser interacts with the ions of the plasma to form ion acoustic waves.

These occur at considerably lower frequencies then the Raman scattering and at longer
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time scales. The waves form can then damp in the plasma depositing the energy of the

laser.

For each of these processes, there are equations that express the conservation of energy

and momentum: -

i s

i

ω ω ω= +

= +sk k k
(5.13)

Where, ω and k correspond to photon frequency and propagation vector respectively. The

subscripts ‘i’ and ‘s’ refer to incident and scattered photons respectively. The particle (ω,

k) corresponds to a plasmon in the case of SRS, and an ion acoustic phonon in the case of

SBS.

5.3.2 Short Scale length Regime
When the laser pulse width is very short (<1 ps) the ions in the plasma do not have time

to respond significantly and hydrodynamic expansion of the plasma is negligible. This

leads to very steep density gradients with little underdense plasma layer. In this

conditions parametric instabilities are insignificant and resonant absorption is highly

inefficient. In the extreame case of step like density gradient Fresnel equations can be

used to calculate the reflectivity and hence absorption by the plasma.

5.3.2.1 Plasma Skin Effects

Electrons within the skin layer /s pl c ω= oscillate in the laser and dissipate energy

through collisions with ions. If the electron mean free path /mfp te eivλ ν= is smaller then

the skin depth then the energy is locally thermalised. As the temperatures are increased,

the mean free path increases and can exceed the skin depth.

Loosely speaking, the thermal motion carries the coherent motion associated with the

laser field deeper into the plasma than would be expected from collisional skin depth

considerations, hence the collisionless skin depth is larger.



90

5.3.2.2 Anomalous skin effect

Electrons which originate from inside the plasma, can sample the electric field once they

reach the skin layer. They can then be accelerated by the laser field inside the skin layer

and be reflected back into the plasma

5.3.2.3 Vacuum heating or Brunel Heating
When the intensity of the laser increases to such an extent that the electron excursion in

the electric filed is larger then the plasma density length scale we can have vacuum

heating. Electrons can be ripped from the plasma into the vacuum and then returned when

the electric field changes direction during the optical cycle. In the simplified model

(Brunel 1987], [Brunel 1998]) the plasma is assumed to have infinite conductivity so that

the electric field is totally shielded from the interior of the plasma. The asymmetry in the

conditions for the accelerated electrons leads to a net transfer of energy from the laser

field to the electrons. The electrons pick up on average the ponderomotive energy of a

free electron in a laser field.

Outside the plasma the electric field is the superposition of the incident and reflected field

and is given by sind LE Eξ θ= . Where LE is the incident electric field,θ the angle of

incidence and ξ is a factor between 1 and 2 which includes the effect of reduced electric

field due to absorption (referred to as pump depletion in most articles). An electron sheet

is pulled a distance x∆ creating a surface charge density of en xΣ = ∆ . This creates an

electric field due to charge separation given by 4E eπ∆ = ∑ . Equating the incident and

induced electric field we can solve for the surface charge
sin

4
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e

ξ θ
π

Σ = . The charge

sheet acquires a velocity 2 sind osv v θ� (where L
os

eE
v

mω
= ) on return to the bulk which can

be used to estimate the heating rate as
2
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= � . The incoming laser

power is ( ) ( )2 cos / 8L LP cE θ π= this leads to a fractional absorption of
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3
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π θ

= (5.14)

The term osv

c
is proportional to 2Iλ which gives us a square root scaling of vacuum

heating with intensity.

Fig. 5.2: Brunel model illustration

Gibbon has demonstrated through simulation that the efficiency of vacuum heating

increases if one considers the motion of the ions. The electric field formed by the ejected

electrons pulls ions out the plasma forming a small underdense shelf. As the ions are

pulled out they neutralize the field set up by the electrons and extraction of additional

electrons by the laser field is enhanced.
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5.3.2.3.1 Multiple Vacuum heating
An interesting mechanism which can possibly produce very hot electrons is that of

multiple vacuum heating. This process can occur where an overdense plasma is

sufficiently small, similar to the dimensions of our spheres. The field can accelerate

electrons into the sphere where the electrons are shielded from the electric field. The

electrons can then reemerge from the other side and be accelerated further [Antonsen

2005], [Brizman 2005]. The quantitative estimates for the stochastic heating in this

multiple vacuum pass model were developed for a sphere much smaller than the

wavelength, but the arguments relevant to the electron heating can be qualitatively

transferred to a sphere of an arbitrary size. For a sphere much smaller then the

wavelength of the laser the problem can be reduced to an electrostatic problem were the

sphere is immersed in a uniform (but time varying) electric field. This geometry allows

for analytically tractable solutions to the electron distribution inside the sphere. For the

larger spheres as we encounter in our experiment the electric field around the sphere is

non uniform and no simple analytical description of the electron distribution exists.

Qualitatively the multiple vacuum heating is illustrated in figure 5.3

Figure 5.3 Illustration of Multiple vacuum heating. Generation of hot electron population.
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Consider a first bunch of electrons which undergo vacuum heating. As they enter the

sphere, they no longer shield the sphere and the laser field can accelerate a new bunch of

electrons on the next optical cycle. This process continues until the fastest bunch of

electrons emerges at the other side of the sphere. At this stage the high density cold core

of the sphere is effectively shielded from the laser field and no further extraction of

electrons can occur. The process of stochastic heating which now occurs is one which has

to be solves self consistently as several process take place simultaneously. The very hot

electrons which are generated at each cycle, leak out of the system increasing the charge

of the sphere and hence its confining potential. Other hot electrons with lower energy are

trapped in the potential well and can undergo additional vacuum heating. The phase of

the electrons emerging from the sphere after their passage is random with respect to the

driving laser electric field. This implies that the electrons will pick up the average

ponderomotive energy for an electron in the field in each sucessesive pass through the

sphere.

An additional physical element which needs to be considered in larger spheres is that of

collisonality. For stochastic heating to initiate, the vacuum accelerated electrons

penetrating the sphere need to have sufficient kinetic energy to cross the sphere without

being totally stopped. The scattering of electrons inside the larger spheres can thus stop

the multiple vacuum heating cycle from initiating. This will tend to clamp down the

production of hot electrons for the larger sized spheres.

Our targets consisted of a 2D surface covered with spheres. For a given substrate area,

the number of spheres we can pack is inversely proportional to the area, 2rπ of the cross

section of the sphere. The area of each sphere is proportional to the sphere the surface

area 24 rπ . This implies that the total surface area of spheres will be constant regardless

of the sphere size. The hot electron production occurs at the surface of the spheres, hence

the expectation is that a similar number of electrons will be generated for the various size

spheres. This is that case for a single cycle vacuum heating but not for multiple vacuum

heating. One of the features of stochastic heating is that the number of electrons

participating in the heating per unit area is proportional to the radius of the sphere. This is
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illustrated in figure 5.3 where more vacuum heating cycles can occur for larger spheres.

In the larger spheres the transit time for the electrons is larger hence there is a longer time

until the sphere gets shielded and no more hot electrons can be produced. This results in

fewer electrons being stochastically heated for the smaller spheres. This acts to clamp

down the number of electrons heated in the smaller size spheres.

5.3.2.4 J x B Heating

As the intensity of the laser increases the motion of an electron in the beam would

start becoming relativistic. In this limit the electrons start executing figure 8 motion with

a component along the propagation direction of the laser which is at twice the laser

frequency. These oscillations can drive electrons from a sharp plasma boundary into the

plasma thus converting laser energy into hot electrons. This type of heating can occur

even at normal incidence.

5.4 HYDRODYNAMIC SIMULATION

We conducted hydrodynamic simulation to obtain approximate values for the

plasma optical parameters. The code used to calculate the electromagnetic field around

the spheres (describes in chapter 3) requires as an input the index of reflection of the

plasma. We can estimate the index of refraction by using the Drude model to calculate

the conductivity of the plasma. The Drude model in turn requires as inputs the plasma

density and colisionality. To estimate the colisionality we need to know the temperature

of the plasma in addition to the density which we have already estimated.

5.4.1 Med103 Hydrodynamic Code

Med103 is a one dimensional two fluid hydrodynamic code [Djaoui 1992]. It allows for

1-D spherical geometry, although this is more suited for ICF experiments with isotropic

heating of the sphere we can use it to obtain a rough estimate the plasma parameters in

our case of a directional illumination of the sphere. The basic assumption we are making
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in using this 1 D model is that the incident laser power through the area of a circle radius

r is treated as being delivered uniformly over the surface of the sphere 4 r.

5.4.1 Ionization
If the plasma is optically thick, radiation and absorption are balanced and we get Local

thermal equilibrium. In these cases we can use Saha Boltzman equations. For our short

pulse, the plasma is optically thin so we need to use non LTE time dependant atomic rate

equations. In this code there is no atomic species distinction, only an average atomic

number and atomic mass are entered. Correspondingly the ionization stage of the plasma

is calculated using an average atom model [Djaoui and Rose 1992].

5.4.2 Laser absorption
The code calculates the collisional absorption (Inverse Bremstralung) produced by the

laser throughout regions of underdense plasma. All other absorption mechanism are

models as fractional deposition method at the critical density surface. In practice this

means that the user chooses the fraction of incident laser energy to be absorbed and the

absorbed energy is initially placed at the surface of critical density. The polystyrene

spheres will ionize during the leading edge of the pulse, since the pulse is very short we

do not expect significant expansion during the pulse so the plasma will be around solid

density. This will lead to minimal absorption through collisional absorption resulting in

thay the energy transferred to the plasma is essentially that carried by the generated hot

electrons. The user can specify the ratio of energy absorbed which get converted to hot

electrons. The temperature of those hot electrons is determined by referring to internal

tables of hot electron energy which had been complied from experimental data Los

Alamos Scientific Laboratory (LASL) data [Djaoui 1996].
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5.4.3 Heat transport
The thermal heat transport can be handled by the program in two different ways; the first

is by the classical flux-limited Spitzer flow [Spitzer 1956] or non-local heat conduction

[Luciani 1983].

The linear heat transport theory by Spitzer is an application of standard heat flow

argument s to plasma medium. The heat flow is given by eS TQ ∇= κ were is the thermal

heat conductivity. This model breaks down for large thermal gradients as the heat transfer

predicted becomes larger then the thermal speed of the electrons which is unphysical. To

correct for that a flux limiter is inserted which arbitrarily cuts down the heat flux by a

fixed ratio. In short laser plasma interactions we can expect this large temperature

gradients to exist and hence have to use flux limiters to get a physically meaningful

answer. A flux limiter value which is commonly used in applications of such codes are

anywhere between 0.05 and 0.1

The program supports a more sophisticated method for calculating heat flows namely the

non-local conduction model. In this model the heat flux in a particular cell is evaluated by

adding the contributions from nearest neighbor cells. This gives rise to the non local

description as now the heat flux is no longer determined by the local conditions inside

each calculation cell.

5.5 HARD X-RAY PRODUCTION

Hard X-rays are the primary diagnostic tool in our experiment. Our lowest cut off

detector is in the region of 20 keV. At these energies the dominant form of x-ray

production is through free-free electron ion interaction or Bremsstrahlung radiation. The

radiated energy per unit frequency is given by [Zeldovich 2002]
2 2
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Where wν is the Fourier component of the acceleration vector. If we consider a

beam of electrons with initial velocity v and number density Ne, the energy emitted per ion

per unit electron per unit frequency is then
2 2 6

2 3 2
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Z e
dE d
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π ν= (5.16)

in the high frequency limit
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If we use a Maxwellian distribution for the velocity of the electrons
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Equation (5.18) shows that we can obtain the temperature of the electrons from spectral

information of the radiation. In particular if we have extensive spectral intensity vs

photon energy we could get the temperature of the electrons from the one over the slope

of the graph ( )ln Jν vs. hν . It is important to note that observation of this radiation

spectrum depends on the target being sufficiently optically thin that the radiation is not

reabsorbed. The energies of the x-rays we are observing are sufficiently high that this

condition is valid for our targets. In our experimental case we have only 6 different

detectors with different filters, hence only 3 independent spectral bands. This leads us to

use a fitting routine to estimate the electron temperature as will be discussed in chapter 6.

5.6 EXPERIMENTAL BACKGROUND TO X-RAY GENERATION FROM PULSED LASERS
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A common thread throughout all the experiment which we will discuss in this section is

the production of x-rays with lasers with a high contrast in intensity. A high contrast short

pulse laser prevents the formation of long lower density plasma pedestals in front of the

target. For the production of short x–ray pulses it is important to deposit the laser energy

in a high density plasma. The electron heating and the rise time of the radiated x-rays are

in the timescale of the laser pulse. The high density of the plasma allows for fast electron

conduction of the energy and thus shortening the duration of the x-ray pulse. The lack of

a plasma in front of the target also facilitates rapid expansion into vacuum which also

allows for rapid cooling.

One of the main problems in coupling the laser energy into the dense plasma is that at

these high densities the plasma acts as a fairly good mirror. Processes such as vacuum

heating only occur when the angle of incidence of the laser is off normal so that there is a

component of the electric field in the direction of the density gradient. This necessitates

off normal angle of incidence on the target which lowers the effective intensity on target.

The Fresnel equations for reflectivity at normal incidence is

2
1

1

N
R

N

−
=

+
(5.19)

This equation is the starting points for many analysis of laser absorption, the surface

structuring at sub wavelength scale can be viewed as modifying the index of refraction in

order to reduce the reflectivity and increase absorption.

I will now describe some of the experiments which had been conducted to study the

production of x-rays with modified surfaces. Murnane et al [Murnane 1993] Used a 620

nm laser with a 150 fs duration and intensity of 1016 W/cm2. The estimated plasma

temperature was 400 eV and estimated index of refraction 4.5+I 10.5, at normal incidence

reflectivity was estimated to be 90%, by replacing the plain target with a grating or

covering the surface with gold clusters the reflectivity was reduced to 10% and

correspondingly the absorption rose from 10% in flat targets to 90% in their structured

targets. The periodicity of the grating was smaller then the wavelength at 240 and 300 nm

with grove depth grater then 100 nm. The gold clusters or gold smoke consisted of
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particles of a rough size of 5 nm and an average density of 0.3% solid. For gold smoke

they measured 25% efficiency for conversion of laser energy into x-rays above 30 eV and

1% for x rays above 1 KeV. For gold grating the conversion efficiencies were 12% and

0.6 % respectively. For comparison the conversion efficiency for flat gold was only 0.9%

for x rays above 30 eV. They argue that the increased resistivity due to the structuring of

the target increases the absorption. Using a fast x-ray streak camera they noted that the x-

ray pulse from the gold smoke target was twice as long as that of the grating target for the

lower energy x-rays <100eV. For the higher energy x-rays >1keV the x-rays from both

were instrument limited at 2 ps.

Gordon [Gordon 1994] extended the study by Murmane to intensities up to 1018 W/cm2.

They characterized the radiation as non thermal with two components, one with a

characteristic temperature of 700 eV and the other at 3KeV.

Kulcsar et al [Kulcsar 2000] used Nanostructured velvet consisting of 10-200 nm

diameter 1 micrometer long metallic fibers protruding from a surface. The laser

wavelength was 1.054 micron with pulse duration of 1 picosecond and an intensity of 1017

w/cm2. They demonstrated increased x-ray production by a factor of 50 over a flat target

in the soft x-ray region of +/-125 eV. They claim to obtain the high yield of the smoke

targets with the shorter duration of the grating target. They ascribe three factors to the

increased x ray yield, first, small signal absorption highly increased for structured target

(appears black) The introduced structures are smaller then wavelength and hence could

be described by an effective dielectric which is inhomogeneous, this inhomogeneous

dielectric suppresses specular Fresnel reflection. Second: Critical surface rippling

increases absorption. Third average density of velvet is 1/3 solid, absorption depth is

large ~1 um much larger the skin depth. This implies that a larger number of atoms and a

greater volume heats up. They speculate that this larger volume of plasma can be more

opaque and less radiation escapes the inner regions leading to temperature increase.
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Tadashi et al [Tadashi 1999] used an aluminum target which was covered with an

Alumina layer which was etched. The process formed hexagonal cells which had a

periodicity of 100nm; each cell contained an empty cylinder whose axis was normal to

the surface. They could vary the radius of the cylinders from 40 nm to 100 nm. With a

790 nm 100 fs laser pulse focused to an intensity of 1.5*1016 W/cm2 they demonstrated a

20 to 40 fold increase in soft x-ray of 50 to 250 eV. A spectrum of the radiation showed

that both line emissions and continuum emissions were enhanced. They also

demonstrated that as they increases the cylinder radius, and hence increased the

interaction surface area (and reduced the heated volume) the soft x-ray yield increased.

This was essentially their explanation for the increased yield. Increase in local heating

due to increased surface area for interaction with the laser and limited volume of heated

material in the region between the holes leads to the higher x-ray yield.

Rajeev et al [Rajeev 2002] used a 100 fs 806 nm laser with an intensity of 1015-1016

w/cm2 demonstrated that a copper surface which was roughened with average features

around 0.1 microns increased the yield of X-ray (30-120 KeV) by a factor of 4 but the

temperature was not changed. In a follow up paper [Rajeev 2003] they covered a copper

target with copper nanoparticles via a sputtering technique. They created both spherical

and elliptical particles of a size order of 15 nm. They demonstrated greater x-ray yield in

the range of 10-200 keV for elliptical particles over spherical (13 times flat) and spherical

(3 times flat). They attribute this to lighting rod effect and plasmon resonance. The

lightning rod effect is simply the increased electric field found at the vicinity of sharp

objects. The plasmon resonance is related to the aspect ration of the elliptical particle. In

another paper [Rajeev 2003b] they study the effect of surface roughness size on x-ray

yield. They observe that increasing roughness increases the yield, the examples which

they have are of .025, .120, .250 and >1 micron roughness. Also they show they conduct

an angular scan and show that the enhancement over a flat surface at angle of max yield

(35-45 degrees) is a factor of 5. They attribute their signal to resonant absorption and the

higher energy component to vacuum heating.
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More recently Gavrilov [Gavrilov 2004] using 616 nm 200 fs 1016 w/cm2 beam

demonstrated an increase in yield and temperature of hot electrons for flat targets which

had been modified with three different methods, etching pyramidal cavities, craters from

laser ablation and laser induced grating. The temperature range was in the several KeV

and temperatures at best doubled over the flat surface value.

In searching for ways to enhance the x-ray yield and temperature we looked at two

experiments. The first Donnelly [Donnelly 2001] demonstrated that increased x-rays

temperatures were obtained from irradiated wavelet scale droplets, They attributed their

result to enhanced dipole field around the sphere, which was illustrated with a 2 D PIC

simulation and from the possibility of multiple passes through he droplet for the heated

electrons. The second Symes [Symes 2004] demonstrated anisotropy in the ion energy

from an expanding wavelength scale droplet. In this case the explanation was that Mie

enhancement of the local field around the sphere caused anisotropic local heating of

various parts of the sphere.

Motivated by [Donnelly 2001] Donnelly and Symes [Symes 2004] we designed an

experiment that would enable the study the variation in x-ray production with changing

sphere size. To that end we had to use a uniform sphere source which would be available

in a selection of sizes. To achieve a high density of the target spheres within the small

focal region we had to deposit the spheres on a substrate. Our investigation goal was to

see if we could correlate the local Mie induced high Electric fields to increased

production of x-rays.
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Chapter 6: Hard x-ray experiment

Equation Section (Next)In this chapter I describe the hard x-ray experimental

setup and preparatory work. The experimental description is then followed by the

experimental results and discussion of those results.

6.1 TARGET PREPARATION

6.1.1 Introduction
The main experimental objective was to study the interaction of a laser with a sphere of

well defined size. To this end we selected to use polystyrene spheres as they are available

in a large variety of sizes and with very good size uniformity of +-3% of stated diameter.

I selected spheres which would cover a range of sizes around our wavelength of 400 nm.

The sphere sizes were 30, 100, 170, 260, 360, 500, 740, 1000 and 2900 nm in diameter.

The spheres were 5000 Series- Latex (Polystyrene) obtained from Duke Scientific

Corporation. The spheres are available in a solution of 10% solid consisting of

polystyrene spheres, water and a small amount of surfactant. The surfactant keeps the

spheres from binding together and forming clumps. The amount of surfactant provided is

sufficient to keep the spheres from binding even under fairly large dilution ratios.

The hard x-ray experiment was preceded by the second harmonic experiment (discussed

in chapter 4) which used a jet of polystyrene spheres in air. From that experiment, I

calculated that the sphere density in a jet of carrier gas would be low with the intersphere

separation being many times larger than the sphere diameter. The hard x-ray experiment

uses a very tight focus of the order of 10 micron diameter. That would imply most laser

shots would not hit any spheres in the jet. To address this limitation, we chose to shoot

spheres on a substrate. Placing the spheres on a substrate would ensure the following:

• The spheres are close packed, providing a high density target

• The interaction with the laser occurs at a well defined plane and known intensity

rather than in an extended volume with variable intensities.
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• The bulk of the substrate becomes the predominant source for the emission of x-

rays as the hot electrons generated in the spheres hit the substrate.

6.1.2 Initial copper substrate
For the preliminary experiment I deposited the polystyrene spheres onto a copper

substrate. Preparing the copper substrates required sandpapering the copper with

sequentially finer grits, starting with grit100 progress to 500, 1000 and finally 1200 grit.

The final step in the preparation was vibratory polishing using colloidal silica. The targets

were glued to the bottom of aluminum cylinders which provided the pressure, and the

samples were left for up to 8 hours in the vibrator. The prepared samples were stored in

Isopropanol until used in order to prevent oxidation. The sandpapering method was very

time consuming and so an alternative method for fine polishing was also used based on a

chemical polishing method. This involved immersing the copper plates into a solution of

acids [Tegart 1956] The solution consisted of acetic acid, phosphoric acid and nitric acid

at a ratio of 8:2:1. The copper plates were immersed for a duration of 5 seconds in the

solution and were then removed and immediately rinsed with deionized water.

Once the copper substrate was polished, I deposited small drops of a diluted solution of

spheres onto it and allowed the liquid to evaporate. To maintain a constant volume in

each drop, micropipettes of known volume were used. Most drops were generated with 5

microliter pipettes although larger volume pipettes, 10 and 20 microliters were also

investigated, their drops tended to be too large for the narrow copper targets we used.

Different dilution ratios of the solution were deposited and the resulting coverage was

observed using a Scanning Electron Microscope (SEM). The process was repeated until

an optimal concentration was found. The criteria for optimal coverage were that the

spheres would form the most dense coverage possible without forming a significant

multilayer. This process was repeated for each sphere size which was used.
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Sphere diameter (µm)m) Dilution ratio

0.26 1:100

0.5 1:150

1 1:300

1.5 1:225

2.9 1:300

Table 6.1: Dilution ratios of 10% sphere solution to water for each sphere size. These
achieved the best coverage on copper targets

The repeatability of sphere coverage between samples was erratic and was thought to be

attributed to several factors including, variation in droplet size, variation in the quality of

substrate surface and differences in ambient humidity and temperature causing

uncontrolled evaporation. An additional variation arose due to oxidation of parts of the

substrate during evaporation. The result is that the sphere coverage was qualitatively

different in the oxidized portions of the substrate. On final assessment of this deposition

technique it was concluded that a more reliable deposition method needed to be identified

in order to yield more consistent results.
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Figure 6.1 Target Holder with 4 copper targets. This run was used to compare x-ray yield
between various types of targets. Multilayer deposition (top target).
Monolayer targets (second and third from top), outlines of the drops formed
with the 5 microliters pipettes are visible. Finally, the bottom copper
substrate which was roughened by sand blasting.

6.1.3 Glass Substrates
In an attempt to improve the consistency and quality of the deposited spheres, I

investigated deposition techniques for polystyrene sphere monolayers and found

applicable work in the field of lithography using colloid monolayers [Burmeister 1997],

[Burmeister 1998]. The deposition techniques described by Burmeister et al had been

developed using glass as a substrate.
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6.1.3.1 Glass Cleaning
An essential factor for consistent deposition results is a flat clean surface. There are

several techniques for cleaning glass. Most techniques rely on the use of strong acids and

other hazardous chemicals that require specialized handling facilities. Since these

facilities were not readily available I selected to use another glass cleaning technique

commonly used by biophysicists and is based on the use of a detergent and ultra pure

water. The glass slides were placed in a glass container and immersed in 2% solution of

Hellmanex and 18 M Ohm water obtained from a Millipore filter. The glass was placed

for 15 minutes in an ultrasound bath. Millipore water was poured into to the container for

approximately 8 minutes until no soap bubbles are visible. The glass samples were

placed in the ultrasound for another 15 minutes, then rinsed with water for 4 minutes and

then drained. The procedure described above was repeated three times for each glass

sample. The final step required the placement of the container with the glass slides in a

vacuum oven which was baked at 70 degrees centigrade for 2-3 hours.

6.1.3.2 Different methods of sphere deposition
Various deposition techniques were investigated to identify a mechanism which is easily

implemented in a laboratory without extensive chemical process equipment. These

deposition techniques included spin coating [Duyne 1994], [Hulteen 1999], dip coating

[Jiang 1999] and floating of monolayers [Rybczynski 2003]. I will briefly describe the

last method as it is important for future extension of this work as it allows deposition on

almost any material.

Sphere solution is deposited on a clean glass or silicon substrate and is then left to dry.

The substrate is then immersed slowly in a bath of Millipore water and the sphere layer is

floated off. One then adds a small amount of surfactant, 4 micro liters of 2%

dodecylsodiumsulfate to the bath (roughly 15 cm diameter) this reduces the surface

tension and the sphere layers are consolidated and form larger ordered areas. The same

effect of modifying the surface tension can also be achieved by floating a ring around
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the layer. A new substrate of any material can now be placed underneath the layer and

then use it to scoop up the layer. The advantage of this method is that the monolayer can

now be deposited on any material and does not necessitate having great surface quality.

6.1.3.3 Description of deposition method selected for this experiment
While the deposition methods described above were viable, I selected to use the inclined

plane method described by [Micheletto 1995]. This technique was simple to implement

and provided good repeatability and the ability to produce samples quickly.

The method involves placing a droplet of solution on an inclined substrate in a small

enclosure and then allowing the liquid evaporate. This method calls for placing the

substrate in a Peltier cell at an inclination of 9 degrees. The liquid drop is placed at the

top of the substrate and then enclosed in a box of approximately 300 cm3. This serves to

slow down the rate of evaporation and results in a monolayer forming in large patches of

the substrate starting at the top and working its way to the bottom of the substrate.

I followed the method described by Micheletto et al, with the exception of using a Peltier

cell, since this apparatus was not available. Large variations in the deposition quality

were noted since the absence of the Peltier cell did not allow for the temperature to be

controlled. I attempted replacing the Peltier cell with a hot plate to maintain a stable

temperature but no improvement in deposition quality was observed.

The main mechanism of ordering the spheres in this technique is the interplay between

the surface tension of the solution and its evaporation rate. To maintain this balance, a

constant temperature is essential. To try and circumvent the problem of temperature

stability over the 3 hour period that it took for the water sample to dry, I attempted using

a faster evaporating liquid and replaced the water with ethanol. This resulted in consistent

deposition quality and had the added bonus of a quick drying time. Once our drops were
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placed on the glass substrate in the container and the container closed (to avoid air

currents), it only took 3 minutes to produce a sample.

Over a period of several months I experimented with different concentrations for each of

the various sphere sizes so as to identify the optimal dilution ratio that would result in

forming a monolayer. I scanned the parameter space of concentration and sphere size

and viewed each sample with an SEM until I found a concentration that gave a dense

coverage without creating significant patches of multilayers. The initial concentration for

each sphere solution was 10% solid per volume (the standard concentration available

commercially). The following table presents the ethanol to sphere solution ratios which

provided the best coverage for each sphere size:
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Sphere size (microns diameter) Dilution ratio Actual amounts used (microliters)

0.1 50:1 1000:20

0.26 8.33:1 1000:120

0.36 5.555:1 1000:180

0.5 4.167:1 1000:240

0.74 4:1 160:40

1 2:1 80:40

2.9 2:1 80:40

Table 6.2: Ethanol to sphere solution ratios for each sphere size.

The 30 micron diameter spheres were stabilized using a different surfactant which reacted

with ethanol, hence we had to use water for the dilution. The spheres seemed to deposit in

isolated clumps and thus we were unable to obtain usable sphere coverage. In figures 2

and 3 one can see overview of typical sphere coverage on the slides.

Figure

Figure 6.2 Typical coverage for .26 micron spheres on a glass slide
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Figure 6.3 Typical coverage of 0.1 micron spheres on glass showing the 12 micron wire
used for determining sample focus overlap and a strip of conducting tape
needed to obtain an SEM image

6.1.3.4 Layer characteristics
The monolayers created were observed to form two qualitatively distinct formations. The

0.1 micron sphere, 0.26 micron sphere and 0.36 micron sphere, all formed a layer of

randomly placed spheres covering 40-60 percent of the substrate area (see Figure 6.4 and

6.5). The 0.5 micron sphere, 1 micron sphere and 2.9 micron sphere formed hexagonal

closed packed formations (see Fig 6.6a, 6.6b, 6.7 and 6.8 respectively). In the case of the

0.5 micron spheres and 1 micron spheres, the hexagonal closed packed areas had many

holes with no sphere coverage. The 2.9 micron sphere coverage formed long narrow

formations with many branches. The 0.74 micron sphere was not clearly identifiable

forming hexagonal closed packed formations in some patches and random positioning in

others. Figures 6.4 through 6.8 provides examples of the type of coverage achieved for

each sphere size.
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Figure 6.4: 0.1 micron diameter spheres

Figure 6.5: 0.26 micron diameter spheres
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Figure 6.6a: 0.5 micron diameter spheres (bright areas are sphere monolayers, dark
patches are glass).

Figure 6.6b: 0.5 micron diameter spheres, close up of fig6.6a showing monolayer
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Figure 6.7 One micron diameter polystyrene spheres

Figure 6.8 2.9 micron diameter spheres
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6.2 X-RAY DETECTOR CALIBRATION

The detectors used were 6 NaI scintillation detectors. These detectors consist of a 2-inch

diameter, 2-inch long crystal encased in a light tight aluminum housing with a photo-

multiplying tube (PMT).

The radioactive sources used to calibrate the detectors were Sodium 22 (1274 KeV

gamma and 511KeV from positron electron annihilation) and Cesium 137 (662 KeV).

Each detector was connected to a preamplifier which was in turn connected to an

amplifier and the resulting signal was fed into a multi-channel analyzer. The PMT

sensitivity was adjusted so that all the detectors would give an identical peak position for

a high voltage setting of 900V.

Figure 6.9 Using a radioactive Sodium-22 source, the response of all 6 hard x-
raydetectors could be matched. Peaks in the graph are: 0.511 MeV, 1.274
MeV and sum peak 1.785 MeV.

In order to obtain a rough estimate of absolute yields, the detectors were connected

directly to an oscilloscope with the same cable length and impedance as in the

experiment. The oscilloscope was operated in a histogram building mode. The voltage

corresponding to the peak of the histogram indicated the dominant radiation energy. The

table below presents the voltages corresponding to the various radiation energies.
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Radiation Energy (keV) Oscilloscope Voltage (mV)

511 116

662 155

1274 283

Table 6.3: Voltages corresponding to the various radiation energies.

Figure 6.10 Indication of linear response of the hard x-ray detector to high energy
photons

The distance of the front end of the detector from the target was 143 cm, its radius of

aperture 2.54 cm. A typical voltage response was of the order of 0.5 volts. Taking an

approximate laser input energy of 5 mJ gives us a conversion efficiency of 7 *10-7 into

photons grater then 22 keV (Assuming spherical symmetry in the x ray distribution).
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6.3 Detector filtering

We were using six x-ray detectors which had been calibrated to have the same response

to x-rays. If we assume no angular dependence for the radiation then the six detectors

should respond similarly to the x-rays at every shot. In our case we are not concerned

with pileup of photon signal and actually rely on a large x-ray yield to provide a fairly

even illumination of all the detectors. (From the calibration data in table 3 and a detector

response of +/- 1 V, we can see that we have several hundreds of photons with energies

of over 22 keV detected by each detector at each shot). Each detector was placed in a

cylindrical lead housing with an opening directed at the sample. The detectors were

recessed inside the housing thus ensuring that the radiation detected comes directly from

the target and not from electrons hitting the chamber walls (Figure 6.11). To create a

spectrometer we place slabs of material in front of each detector. By selecting the

appropriate material and thickness we can allow x-rays above certain energy to be

detected by the detectors.

Figure 6.11 Hard x-ray detectors setup showing lead housing and opening directed at the
target
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The x-ray filters used, consisted of slabs of copper aluminum lead and stainless steel.

The x-ray transmission characteristics were obtained from the NIST database [NIST]

The NIST tables provide the mass attenuation coefficient /µ ρ . To calculate the

attenuation from this coefficient, one needs the mass thickness x tρ= , where ρ is the

density and t is the thickness of the material. The ratio of x-ray flux remaining after a

distance x is given by

( / )
0/ xI I e µ ρ−= (6.1) 

I initially placed various filters in a preliminary run to determine the range of x-rays

which could be expected. I then selected the filters which would provide distinct cutoff

energies spanning that range. The cutoff point was determined as the 1/e2 level from the

maximum transmission. The lowest cutoff filter was determined by the plexiglass

window which transmitted x-rays above 22 KeV. Other cutoff energies were based on

the combination of the stated filter and the plexiglass flange. The table below presents

the filters used and the corresponding cutoff energies.

Filter (mm) Cutoff energy (keV)

37 Plexiglass (C5O2H8)n 22.7

0.127 Stainless Steel 31

0.381 Stainless Steel 40

0.6 Copper 52

1.2 Copper 65

1.8 Copper 75

Table 6.4: Filters used and the corresponding cutoff energies.
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Figure 6.12: Filter transmissions curves for the experiment with 400 nm light, the
stainless and copper curves assume the presence of the plexiglass flange.

Figure 6.12 provides the transmission curves which were used to calculate the cutoff

energies provided in table 6.4. The filter materials were selected to provide cutoff

energies which would evenly cover the experimental energy range. In the original 800

nm run the filter cutoff were also selected in a similar fashion but the transmission curves

of the materials chosen crossed each other (see figure 6.13) which complicated the

interpretation of the signal from the hotter electrons. This problem was corrected in the

400 nm run.
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Figure 6.13 Filters for the initial 800 nm run with copper targets

6.4 OPTICAL SETUP OF THE EXPERIMENT

For the purposes of this experiment, the compressor was operated in air. Owing to having

to operate in air, the pre-compressor energy was limited to 200 mJ to prevent damaging

the gratings. This energy was measured after the last spatial filter, and was set by

detuning the pump timing of one of the pump lasers pumping the final 5 pass. The

compressor setup had a 60% efficiency which resulted in 120 mJ being available for the

experiment.
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The first optical element in the experiment was a 2 inch diameter KDP crystal. The

conversion efficiency into second harmonic radiation was 10% leading to the generation

of 12 mJ of 400nm light. I then used two harmonic separators and a 400nm mirror to

reject the collinear 800nm light. This filtering was not sufficient in itself and I had to

introduce a BG39 colored filter after the second harmonic separator mirror. The last optic

before the vacuum chamber was a half waveplate to allow for rotation of the incident

polarization. A 400 nm mirror was placed inside the chamber, as well as a diamond

turned silver coated parabolic mirror (45 degrees off axis and a F number of 2.8, focal

length of 14.2 mm). The focus was placed as close as possible to the centre of the

chamber.

6.4.1 Focusing the parabola
Using a HeNe beam, the tilt and rotation of the parabola was carefully aligned on an

optical table using a 2.5 m path length. Once the parabola was positioned inside the

chamber it was fine adjusted by observing the air breakdown. As a final step, the focal

spot was imaged with a 20-times objective which was mounted on a 3D translation stage

directly onto a CCD camera which was placed on the outside of the chamber window.

The parabola was adjusted and the image was kept on screen by moving the objective.

After several iterations, an optimal position was determined which minimized the focal

spot. The focal spot obtained with the setup was in the order of 6 microns 1/e2 diameter

(see fig 6.14 below).
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Figure 6.14: Image of best beam focus

6.4.2 Collinear HeNe beam
A HeNe beam, collinear with the main laser beam, was set up in order to assists with

alignment and for the purpose of determining the Z-position of the target. In order to

achieve a small spot size, the beam was expanded with a 4:1 telescope which was then
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leaked through the back of the final mirror before the parabola. To ensure co-linearity of

the two beams, I set up a 2 m extension to the chamber breadboard and carefully adjusted

the overlap of the two beams with the parabola removed. The alignment of the two focus

points was then checked with the CCD camera once the parabola was in place.

6.4.3 Wire imaging to determine target position

The target was positioned on a mechanized 3D translation stage and a rotation stage. One

of the translation axes was aligned along the beam direction, which we will refer to as our

Z direction. To ensure that the target was positioned in the focal plane of the laser the

following procedure was performed at the beginning of each run. One of the glass slides

had two small holes drilled through it, across the one hole was placed a horizontal 12

micron diameter wire and across the second hole a vertically positioned 12 micron and a

50 micron diameter wire. This glass slide was placed in the target holder and was

illuminated with diffused 400 nm light. The diffused light was generated by placing a

lens in the path of the incident beam, the beam focus occurred in air outside the chamber

and then illuminated diffusely the rest of the optical components down steam. The target

was then moved until the wire appeared in focus. The imaging system used for the wire

imaging was the same as that used for determining the beam best focus and was not

touched since that determination, this ensured that when the wire appeared in focus the

target was at the focal plane of the main laser beam. Once the Z position of the target

was established the lens was removed and the beam was attenuated and a confirmation

that the beam was obscured by the wire was sought.

In practice the wire imaging was performed with the HeNe beam, in which a similar lens

was inserted. There was no noticeable difference in establishing Z position with the HeNe

wavelength.
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The 20X objective was positioned 46 cm away from the image plane producing a

magnification of 32. It was established that moving the object by 100/1000000 of an inch

or 2.5 micron in either direction was not noticeable when trying to establish the sharpest

image on the screen. This implied that the accuracy in determining the z positioning of

the target by imaging the wire is in the region of 5 microns.

Figure 6.15 Experimental setup

KDP

800nm 400 nm

BG 39

Half waveplate

NaI detectors

Imaging
CCD



124

6.4.4 Scatter diagnostics
With the focused HeNe light illuminating the wire, the diffuse scattering was observed at

two different angles using two 2-inch lenses which were mounted inside the chamber.

The first lens had a 15 cm focal length and was positioned at 45 degrees to the incident

beam in the plain of incidence (see fig 6.15). The object was positioned 18 cm from the

lens and the image was 372 cm away, resulting in a magnification of around 20 times.

The second lens had a 12 cm focal length which was also positioned at 45 degrees to the

incident beam along the plain of incidence but also at 45 degrees off the plain of

incidence in a vertical direction (see fig 6.15). The object was positioned 12.5 cm from

the lens and the image was 599 cm away, resulting in a magnification of around 50 times.

The CCD which was used had a pixel resolution of around 10 microns. A reasonable

estimate for the accuracy in positioning the image on the screen could be assessed at 10

pixels or 100 micrometers. The 50 times magnification enabled the detection of a 2

micron shift in the projection of the Z position in the direction of the collecting lens. For

the experiments which were conducted at zero degree incidence, this setup enabled

determining the Z position of the target with an accuracy of roughly 5 microns.

While running the experiment the Z position was determined by placing an identifiable

feature of the scatter at the same position on the screen. When the two scatter signals

were available it merely required overlapping the two scatter images on the screen. A

practical note is that sphere covered target provided copious amount of scattered light

which produced a bright and reliable scatter signal for Z position determination. This was

not the case with the plain glass which was used for the angular scan. The glass was

extremely clean and thus provided almost no diffuse scatter. To overcome this problem

two small patches of spheres were placed about an inch apart on the glass. The glass was

placed in the target holder such that the two sphere patches were vertically separated. The

Z position was determined at one sphere patch and then at the other, the target was

moved only in the vertical direction as this movement is decoupled from Z movement

(when sample is off normal to incident beam then horizontal movement produces a

change in Z). I used the translation stage control to note the relative changes in Z and in
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the vertical position and used these ratios to compensate for Z after each move in the

vertical direction. This method compensated for any tilt in the positioning of the target

and its only assumption was that the glass slides were not curved (a reasonable

assumption which we actually tested various times on samples which had sphere

coverage through the slide). This procedure was repeated after every horizontal

translation of the target.

6.4.5 Imaging the spheres
For the larger sphere sizes (0.5, 1 and 2.9 micron spheres) it was insufficient to rely

solely on the scatter diagnostics for determining the target position. Since the target

consisted of patches of covered glass and bare glass, it was necessary to be able to

distinguish between the two. While running the experiment, the objective that was used

for imaging was fixed in position. A removable screen was installed to block the

objective during shots and allow imaging between shots.
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Figure 6.16 Typical view of 1 µm sphere target with diffused lighting. The position of the
beam focus was fixed on the screen and the sample had to be moved to the
desired position

The target and objective were illuminated by inserting a lens in the HeNe beam path

which caused it to diverge. The resulting image was used to distinguish areas of the

substrate which were plain glass from those areas that were covered with a single layer of

spheres or glass with multilayer coverage. To confirm the reliability of using this

technique to distinguish between the substrate features, we shot the substrate with the

laser and observed the resulting x-rays. Indeed, when the laser was aimed at the plain

glass patches in between spheres, no signal was observed. This allowed us to reduce the

number of shots required significantly since we did not need to statistically account for

all the shots which would have shot glass. The imaging technique also enabled the

determination of the Z position of the target in an alternate way. The presence of the
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glass slide between the object (the spheres) and the microscope objective modified the

index of refraction of the medium and hence the position of the image plane. This

difference was determined by placing a calibration slide in front of a glass slide and

observing the change in the Z position between best focus without glass and with glass.

By bringing the sphere image into focus, we could then move the target in the Z direction

by the known amount to place the target accurately. Both the imaging method and the

scattering were compared and yielded consistent results.

With the larger 2.9 micron spheres we had to rely fairly heavily on the imaging technique

for finding the focus. This was because the scattering from the spheres was not uniform

due to their relatively large size relative to the focused beam. The shape of the scatter

was observed to change continuously, making a determination of position by placing a

feature on the screen fairly difficult.

An additional complication that I had to account for was most pronounced while

performing angular scan of sphere covered glass. The position of the beam focus shifted

laterally on the screen when the target was moved off focus in order to identify target

coverage. To compensate for this deviation, a couple of test shots were conducted to

mark the position of the image of the crater relative to the position marking the beam

focus. This procedure had to be repeated every time the sample was rotated.

6.4.6 HeNe Diffraction pattern from 1 micron and 2.9 micron spheres
When the 1 micron and 2.9 micron spheres were illuminated, diffraction patterns typical

of hexagonal close packed formations were observed (figures 6.17, 6.18). The beam at its

focus was comparable in size to the domain size of the monolayer formation. By

scanning over the sample I could observe the diffraction pattern changing from single

points to circular rings. This corresponded to scattering from a single domain to a

multiple domain area where the lattice directions are different. Figures 6.19 and 6.20

show the diffraction pattern when an unfocused HeNe beam is diffracted from 1 and 2.9
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micron sphere layers. As can be seen the pattern is circular reminiscent of powder

diffraction in crystallography when many randomly orientated crystal domains are

illuminated.

Figure 6.17 Diffraction pattern from 1 micron spheres

Figure 6.18 Diffraction pattern from 2.9 micron sphere
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Figure 6.19 Powder diffraction pattern from 1 micron target

Figure 6.20 Powder diffraction pattern from 2.9 micron spheres

6.4.7 Energy calibration using the molectron
At the beginning of each run I checked the energy after the blue filter (GB39). I took 4-6

sets of readings (of 100 shots each) with the laser timing changed to cover the range of

energies I could expect in the experiment. This measurement was used to calibrate two

photodiodes, one measuring the 800 nm light just before the compressor and another

photodiode measuring the 400 nm light. The average energy versus the average

photodiode signal was plotted to verify linearity before each run. I used the photodiode

signal to monitor drift in the laser power over the course of the experiment, and to

modify the laser timing to compensate for drifts in the laser energy.
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6.4.8 Autocorrelation of the fundamental pulse
Autocorrelation measurements were taken at the beginning of each run with a single shot

autocorrelator. The horizontal rooftop position inside the compressor was adjusted if

necessary to produce the shortest pulse.

6.4.9 Vacuum requirement
The vacuum needs for this experiment were not too stringent, but for consistency I

attempted to establish similar conditions for all runs and throughout the run. We did not

encounter any problems running the experiment with pressures up to 7.5 *10-4 torr. For

consistency we run the experiment at around 10-4 torr which was easily achievable after

20 minutes of pump down (the pressure dropped very slowly beyond this point with the

turbo at full speed).

During each run it was necessary to replace many samples and hence go through many

pump down cycles. To minimize pump time, the chamber was vented with nitrogen each

time. Every time the chamber was opened and samples exchanged, the overlap between

the HeNe beam and the main beam was checked.

6.5 POST PROCESSING SEM
A Hitachi S-4500 field emission SEM was used for most of the analysis. Some images

were also captured using the LEO 1530 scanning electron microscope.

The targets used in this experiment were non conducting. To obtain a good resolution

image it was necessary to coat the sample with a layer of Gold. Each sample was coated

for a duration of 1.5 minutes. It was necessary to ensure that there was an electrical path

from the top of the coated sample to the sample holder.



131

To account for density variations within the sample, all the 0.1 micron and 0.26 and 0.36

micron diameter targets were examined. The shot pattern was followed and SEM

pictures were taken of undisturbed spheres in the vicinity of a shot. I sampled the entire

area where shots were taken by taking a picture every 3-4 shots. This enabled checking

for any systematic variations in density and to obtain an average density of spheres.

All SEM pictures for density measurements were taken with the same magnification to

facilitate comparison. The images were analyzed using a combination of Igor image

analysis functions and functions that I developed. The aim was to get sufficiently sharp

contrast in the images to be able to distinguish, in an automated fashion, between areas

covered in spheres and empty space. All images were analyzed using the same routine

and the coverage ratios were deduced (see table 6.5):

Sphere size (microns) Coverage (%)

0.1 39+/-4 

0.26 72+/-4 

0.36 74+/-2 

Table 6.5: Density coverage ratios for each sphere size.

To gauge the effect of the partial sphere coverage for the small sphere sizes we conducted

the following test. We deposited 0.17 micron diameter sphere prepared with two

concentrations, the high concentration was 80 micro liter sphere solution to one ml of

ethanol, the low density was 40 micro liters of sphere solution to one ml of ethanol. We

took SEM images of both targets and used the image analysis program to obtain coverage

density (see fig 6.21). The ratios of the x-ray yield indicated a linear relation between the

coverage density and x-ray yield (see fig 6.22).
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Figure 6.21 0.17 micron diameter sphere coverage. Left sample was created with the high
density solution while the one on the right was created with half the solution
strength

Figure 6.22 Comparison of x-ray yield for two samples created with same sphere size,
0.17 micron, and different concentrations. The solid red line indicates the
ratio of densities derived from the SEM images (1.7)
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I provide some images of the targets post shots to illustrate above discussion.

Fig 6.23 is a picture of the crater left after a shot, I attempted to find any correlation

between the crater size and the sphere size. This was done in the hope of seeing some

relationship between the energy coupled into the target and the sphere size. But the

statistics were not sufficient to establish any relationship.

Figure 6.23 Close up of crater shot 0.26 micron spheres

Figures 6.24 and 6.25 demonstrate the consistency of coverage for the 0.26 micron

spheres. The coverage was fairly uniform throughout the shot area and no qualitative

difference in coverage was found. Figure 6.26 demonstrates the 0.36 micron diameter

coverage and again it was fairly consistent. The 0.1 micron spheres had larger variability
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in coverage patterns as can be seen in figures 6.27 and 6.28. Although there was more

variability in deposition pattern the actual coverage area was fairly constant.

Figure. 6.24 0.26 micron sphere coverage between 4 and 5 shots

Figure 6.25 0.26 sphere coverage between 10th and 11th shot on second line of shots
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Figure 6.26 0.36 sphere coverage between 24th and last shot

Figure 6.27 0.1 micron between shots 22-23. Fairly uniform coverage.
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Figure 6.28 0.1 micron between first and second shot. Coverage pattern changed through
the target but not the coverage area.

The following three images figures 6.29-6.30 are low magnification SEM images each of

3 neighboring shots. One noticeable feature is a blow off region on either side of the

actual shot. The blow off region is the horizontal dark stripe which indicates an area were

the spheres were removed from the target due to the shot. Typically we sampled the

coverage density (discussed above) between the shots in line with the end of the blow off

region. One feature which we noticed which is already apparent when comparing the

blow off regions for the 0.1, 0.26 and 0.36 micron spheres is that the blow off region

increases in size for larger spheres. I believe this to be an effect of the smaller relative

force binding the larger spheres to the glass surface. The striation pattern appears to
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correspond to observed light scattering along the off axis parabola mirror symmetry

plane.

Figure 6.29 Overview of 1st 3 shots of 0.1 micron

Shot

Blow
off
region

Sphere
density
sampling
region
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Figure 6.30 Overview of 1st 3 shot in 0.26 micron spheres

Figure 6.31 0.36 micron shot overview of 1st 3 shots



139

6.6 HARD X-RAY EXPERIMENTAL RESULTS AND ANALYSIS

6.6.1 Copper targets illuminated with 800 nm light
The initial exploratory experimental runs were conducted using 800 nm beam and copper

substrates. The beam had 15 mJ on target and an estimated intensity of 1018 W/cm2. Up to

four copper targets could be placed in the chamber at a time, each with 4-5 regions

containing sphere coverage. We could only shoot each region once as the spheres were

blown off in the vicinity of each shot. This limited the number of shots we could

undertake in any given run. Although we obtained valuable insight and data in this run,

the combination of limited shot number and large target variability lead to large error bars

on the data points obtained.

The x-ray signal which we are detecting is used as a proxy for the electron temperature of

the plasma. We expect that a certain percentage of the hot electrons which are generated

in the interaction will penetrate the target substrate and generate x-rays as they are slowed

down.

6.6.1.1 Plain copper vs. sphere covered copper

We shot sphere covered copper for various angles of incidence. The results revealed an

increase in yield in the case of the sphere covered copper for all angles of incidence. The

effect was more noticeable at normal incidence where the yield was nearly doubled (fig

6.32). At 24 degrees the yield was only slightly higher (fig 6.33).
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Figure 6.32: X ray yield at normal incidence for plain copper and copper covered with
2.9 micron diameter spheres. The irradiating laser was 800nm at 1018 w/cm2
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Figure 6.33 X ray yield at an incidence angle of 24 degrees to normal for plain copper
and copper covered with 2.9 micron diameter spheres. The irradiating laser
was 800nm at 1018 w/cm2

These results were indicative that the surface structuring modified the x-ray production.

The differences between plain copper and sphere covered copper, was small and barely

outside the error margin. This motivated us to inspect the beam temporal profile in order

to determine whether a prepulse was modifying our target prior to the main interaction.

We were already aware of the existence of prepulses in the laser but we proceeded in

determining their size relative to the main pulse using a third order and a second order

autocorrelator.
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6.6.1.2 Angular scan for plain copper

In order to experimentally verify the effect of a prepulse we conducted an angle of

incidence scan for angles between 0 and 50 degrees. The results revealed a peak in the x-

ray yield in the region of 14 degrees as illustrated in fig 6.34 

 

Figure 6.34: Angle of incidence scan using 800 nm light on a plain copper substrate. The
red line is a theoretical fit of a 5 micron scale plasma peaking at 14°

Ginsburg [Ginzburg 1964] had produced an estimate for the efficiency of resonance

absorption as a function of angle of incidence and scale length of the plasma. A simple

estimate for the angle of maximum efficiency for a linear density profile was provided in

equation(5.12). (
1/3
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From this expression we find that the plasma length scale is given by
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Given the angle of maximum x-ray yield in our experiment, 14 degrees, the scale length

implied from is in the region of 5 microns.

We identified a 24 picosecond pre-pulse using a second and a third order auto correlation

measurements (see figure 6.35). The contrast ratio to the main peak of this prepulse was

in the order of 10-3. The pre-pulse will thus have an intensity of 1014 W/cm2 which is

sufficient intensity to ionize the solid material and form plasma on the surface.

Figure 6.35 Third order autocorrelation measurement identifying 2 prepulses one at 24
picoseconds and the other at 10 picoseconds.

Using a simple estimate for the sound speed of an ambipolar plasma expansion

b e
s

i

zk T
C

m
= gives an expansion of roughly 8 microns which is consistent with the

resonance angle results.

The conclusion drawn from this experimental run was that a layer of underdense plasma

was forming well before the main pulse arrived. The scale length of this plasma layer was

24
picoseconds
prepulse
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larger than the surface features whose influence on x-ray production we were trying to

observe. It became apparent that in order to implement our experiment we had to use a

laser pulse with a better contrast ratio. To achieve better contrast we resolved to conduct

the experiment with a frequency doubled pulse. The conversion efficiency into second

harmonic is proportional to the square of the intensity thus transforming the fundamental

wavelength 104 contrast ratio to 108 in the doubled pulse. At this ratio the intensity of the

prepulse is just at ionization threshold and no significant plasma production was

expected. We also decided to improve the quality and consistency of our targets and

hence our move to glass targets.

6.6.2 Experiment using 400nm light and glass targets

6.6.2.1 Angle scan with 400 nm light on glass
In order to verify whether the pre-pulse problem had been resolved through frequency

doubling we repeated the angle scan. Figure 6.36 shows that the angular scan now peaked

around 56 degrees. The shifting of the peak angle to larger angles of incidence

corresponds to reductions in the plasma scale length. Qualitatively the large maximum

angle obtained in our experiment corresponds to the large angles predicted by Gibbon et

al [14] where vacuum heating starts playing a more dominant role.
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Figure 6.36: Angular scan of x-ray intensity shows that we are in a vacuum heating
regime with 400nm light.

This confirmed that we did not have a significant pre-pulse in this setup and that the

plasma gradient length scale was smaller than the spheres we were investigating.

It is interesting to note that if we consider the hottest electrons generated from

vacuum heating we can expect that their energy will maximize for the largest electric

field perpendicular to the surface. As the angle of incidence increases the intensity will

drop to cosI θ while the component of the electric field will increase as sinE θ ( see

figure 6.37). Combining the two effects leads to 1/ 2
0 sin cosE E θ θ⊥ = which has a

maximum at 55 degrees.
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Figure 6.37 Electric field component which accelerates electrons maximizes at 55
degrees incidence

6.6.2.2 Sphere covered target comparison with plain target at angle of maximum x-
ray production
To investigate whether the spheres were producing enhancement in the x-ray yield we

compared the x-ray yield from plain glass to that from sphere covered glass at the angle

of maximum x-ray production from glass (56 degrees). In addition in the same run we

also shot a glass slide with a 300 nm coating of plastic. This was a smoothly deposited

layer using spin coating technique. The comparison with a plastic layer was in order to

exclude material effects as the source of a difference in x-ray yield. Figure 6.38 shows

that the signal from the spheres covered glass was an order of magnitude larger than that

of the plain glass which in turn was slightly larger than the signal for the plastic layer.

θ
E

k

r

r/cosθ

Focal area increase by
1/cosθ

E sinθ

Electric field component driving the
electrons is E sinθ
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Table 6.6 provides the fitted electron temperatures (description of the fitting methodology

is provided later in the chapter) to the different types of target. The sphere covered target

has an elevated temperature when compared to the plain glass. The plastic data had more

scatter and both temperatures of the glass and spheres were within error margin.

Glass vs. Spheres vs. plasticat 56degrees
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Figure 6.38: X ray yield comparison at 56 degrees incidence between plain glass, glass
covered with 0.26 micron spheres and glass covered with 300 nm plastic.

Material Temperature (keV) Error Up(keV) Error down(keV)

Plain glass 7.3 0.7 .5

Plastic layer 9.6 3.6 2.1

0.26 µm spheresm spheres 12.8 0.3 1

Table 6.6 Fit temperatures for glass, glass covered with 300nm layer of plastic and glass
covered with 0.26 micron spheres. Laser incident at 56 degrees P
polarization
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This result is important as it shows that the structured surface does increase the

conversion efficiency of laser light into x-rays. The entire surface of the target is at an

angle which maximizes the yield. The observed increase in yield in the case of the

structured target cannot be attributed to the commonly found argument that surface

rippling increases the amount of surface area which is locally at the angle of maximum

absorption. The surface rippling does however increase the overall surface area available

to interact with the laser. On average the effective intensity per unit area will be lower but

the volume of interaction would increase, assuming a constant skin depth. In the case of

spheres covering the substrate, the maximal packing which occurs with hexagonal close

packed formation, leads to an increase in surface area by a factor of 1.6. As such, these

surface area factors do not explain the increase in x-rays observed and other physical

mechanisms have to be considered.

6.6.2.3 X-ray yield vs. sphere size scan
We conducted a sphere size scan using seven different sphere sizes. We deposited 100,

260,360,500,740,1000 and 2900 nm diameter spheres on glass and shot 25-30 shots of

each size in a single experimental run. These runs were conducted at a normal incidence

where we observed no x-ray signal from the plain glass. We observed a peak in x-ray

production for the 260 nm spheres as can be seen in figure 6.39. To confirm this result we

repeated the experiment 3 more times, each time similar results were obtained see figures

6.40-6.42. The largest variation from run to run was in the x-ray signal around 1 micron.

From some of the runs it appeared as if there is a smaller second peak around 1 micron,

but this observation remained inconclusive.
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Figure 6.39: X-ray signal vs. sphere diameter showing results from the detector with least
filtering and the detector with most filtering.(Run 1)
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Figure 6.40 X-ray signal vs. sphere size for all 6 detectors. (Run 2) August 10 run
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Figure 6.41 X-ray signal vs. sphere size. In this experiment only 5 sphere sizes were used
(Run 3) for August 1-2 run
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Figure 6.42 X-ray signal vs. sphere diameter (run 4) Sep 1 run

6.6.2.4 X-ray temperature vs. sphere size

To determine an average electron temperature for each sphere size we fitted a x-ray

energy distribution to the data using the methodology described by McCall et al [McCall

1982]. The authors demonstrated that the x-ray distribution produced by a Maxwellian

electron distribution of temperature kT , is given by xE
Exp

kT
 − 
 

for xE kT>> were xE is

the photon energy.
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The detector efficiency for x-rays over our range of interest is constant and close to unity.

The detector response is also linear with photon energy. We can thus obtain the detector

response to an exponential radiation spectrum with a temperature kT, with the following

formula

( ) ( )
0

Exp
DetectorResponse FilterAttenuation

x

x x x

E

kT
kT E E dE

kT

∞
 
 
 = ∫ (6.3) 

were we divided by kT in order to normalize the distribution.

Using 6 data points for each sphere size, one from each detector, I run a fitting routine

which varied the temperature and an arbitrary scaling parameter, to find the temperature

which minimizes the error in the fit between the data and the implied spectrum. The

implied Maxwellian temperature for the electrons also peaked for the 260 nm spheres

although this temperature increase was marginal (see Figures. 6.43-6.45).

Figure 6.43: x-ray temperature fit to targets of varying diameter (Aug 8 run)
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Figure 6.44 x-ray temperature fit Aug 1 run

Figure 6.45 X-ray temperature September 1 run
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We can conclude that we have observed a region around 0.26 µm where there is an

optimal size for the production of x-rays. The yield is larger by a factor of 3 over other

sphere sizes and the temperature of the x-rays are somewhat increased.

6.6.3 Hydrodynamic simulation of sphere interaction with the laser

The parameters used for this simulation were as follows: The laser was 400 nm 100 fs

FWHM at an intensity of 2*1017 w/cm2. The material parameters were that of polystyrene

with density of 1050 kg/m3 an effective atomic number of 3.5 and an atomic mass of 6.5.

The initial electron and ion temperatures were set at 5eV (57971 Kelvin). The ionization

was calculated from the average atom rate equation and both the ions and electrons were

assumed to have ideal gas equation of state. We set the amount of laser energy absorbed

at the surface of critical density to 15% and the ratio of that energy converted to hot

electrons at 30%. These figures are rough estimates taken from previous simulations for

laser interaction with spheres in this size range [Gumbrell 2001] [Symes 2004]. These are

approximate at best and provide for the greatest uncertainty in the inputs for this model.

The hot electron energy was internally generated by the model from the LASL

tables[Djaoui 1996]. Once the hot electrons pass through the sphere their energy was lost

to the system
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Figure 6.46 Electron density Med 103 simulation for a 260 nm diameter polystyrene
sphere illuminated with 2*1017 w/cm2 400 nm laser

Figure 6.46 is of the electron density at the time the pulse peak arrives, it shows that the

plasma has a very sharp edge consistent with our assumptions of very little plasma

expansion during the interaction. Figure 6.47 provides a plot of the maximum electron

temperature as a function of time, the temperature at the peak of the pulse is on the order

of 700 eV. The subsequent increase in temperature can be attributed to the laser energy

deposition rate being greater then the cooling rate.
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Figure 6.47 Maximum electron temperature calculated using MEDUSA 103 simulation
for a 260 nm diameter polystyrene sphere illuminated with 2*1017 w/cm2 400
nm laser

Sphere

diameter (µm)

Electron

temperature

Electron

density

Effective

ionization

0.1 2500 3.5 1023 3.5

0.26 1650 3 1023 3.5

0.5 970 3 1023 3.5

1 640 2.8 1023 3.5

2.9 590 2.7 1023 3.5

Table 6.7 Summery of Med 103 for spheres of various sizes illuminated by 2*1017 w/cm2

400 nm laser
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6.6.4 Discussion of experimental results and theoretical analysis

The angle of incidence scan for plain glass indicated that we do not have a significant

plasma blow off region. The laser then interacts with a dense plasma with density

gradients smaller then the wavelength. Therefore we believe that the main coupling

mechanism in this regime is that of vacuum heating. The average energy imparted to the

electrons in a vacuum heating interaction is in the order of the ponderomotive potential.

For our intensity, the ponderomotive potential is in the region of 3 keV. We are observing

average temperatures of 20 keV and maximal x-rays signal of just over 75 keV. To

accelerate electrons to these temperatures would require enhancement of the local electric

field or multiple heating of the same electrons. (Note that in this analysis we are

considering only the hot component of the electrons. Many experiments in the past have

noted a bimodal distribution of electron temperatures in high intensity laser plasma

interactions. The lower energy component corresponds to the thermally heated electron

bulk whose temperature profile is described by the hydrodynamic simulation of figure

6.46 and 6.47. The temperature fits of the order 20 keV correspond to the higher energy

electrons, the ones who are directly accelerated by the laser field, whose x-ray we are

observing,)

To asses the local field enhancement on a sphere we used Mie code to evaluate the field

strength in the vicinity of sphere surface. The Mie model requires inputting the index of

refraction of the sphere. We calculated it by using the Drude model to obtain the

dielectric properties of the plasma (6.4).

( )
1

1
1

e

cr

n

n i
ε

ν ω
 

= −   + 
(6.4) 

 In this expression, cre nn is the ratio of the electron density to the critical density, and

ων is the ratio of the phenomenological collision frequency to the laser frequency.

Med103 simulation suggested average ionization state of around 3 free electrons and
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temperatures of the order of several hundred eV (table 6.7). This implied a plasma

density ratio of 14. A reasonable value for the collisionality ( ων ) was selected at 0.5

Using these plasma parameters the calculated index of refraction is 0.85 + I 3.3. This

value is used for the following calculations of the near field around the sphere. I initially

calculated the field around an isolated sphere using the Barber and Hill [Barber 1990]

code for spherical particles (see Fig. 6.49a). In our experiment situation the spheres are

close packed and the radiation from each sphere will coherently interfere with other

spheres. This motivated using a more realistic model which would be able to handle this

interaction. To accomplish that we used a code developed by Mackowski et al

[Mackowski 2006] which was developed for that purpose. We ran the code with many

variations spanning our sphere size range and analyzing different orientations of the

spheres, including hexagonal close packed formations and also in random orientations on

a plane (see Fig. 6.49c). The third variation in calculating the near field involved solving

for the field of a sphere on a surface. This problem is analytically tractable for a perfectly

conducting surface. In our case the glass surface is highly ionized by the time the peak of

the pulse arrives so we would expect the surface to be a very good conductor. One

convenient method for calculating the field in this case is by using the method of images

[Johnson 1992], figure 6.49b illustrates a typical field pattern for the electric field off a

surface were a standing wave pattern is clearly visible and zero field at the boundary. For

each of the three cases we calculated the maximum intensity achieved at the surface as a

measure of the enhancement of the local electric field. For the case of an isolated sphere

and a sphere on a substrate, the field peaked at a diameter of approximately 0.1µm. In the

case of multiple spheres we analyzed the field around two spheres of identical size. They

were placed in close proximity where the line between the centers lies in the plane of

polarization of the incident field. The maximum intensity calculated was much higher

than for isolated spheres. Again the maximum intensity exhibited a maximum but it was

shifted to 0.07 µm (see Fig. 6.48). The field around each sphere was averaged up to a

distance corresponding to the amplitude of electron displacement in a ponderomotive

potential corresponding to our experiment intensity, the conclusions about the maximum

field were virtually the same as that of the peak field.
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Figure 6.48: Simulation of Maximum intensity at sphere surface for isolated sphere, two
spheres in close proximity and a sphere on a perfectly conducting surface
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Figure 49a: Simulation of Intensity around a 0.26 micron isolated plasma sphere, (color
map is in units of incident intensity)

Figure 6.49b: Simulation of Intensity around a 0.26 micron plasma sphere on a perfectly
conducting plane (Plane is across top of image)
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Figure 6.49c: Example of Intensity around randomly positioned 0.26 micron spheres

Another possible mechanism for increased electron energy is that of multiple vacuum

heating. Multiple vacuum heating was discussed in section 5.3.2.3.1 where the two

competing effects in generating hot electrons were discussed. Increasing the sphere size

increases the number of hot electron generated but an increasing sphere size also suppress

the initiation of multiple vacuum heating. Using the estimate for the mean free path for

electrons colliding with ions 12 210≈ E znλ where E is in eV, z is ion charge, and n ion

density in Number/cm3, we obtain an estimate a mean free path of 0.26 microns for a

ponderomotive force of 3 keV corresponding to our nominal intensity of 172 10× . This

places the spheres in our experiment right in the regime where suppression of multiple

heating can occur due to collisions. These two competing effects lead to a peak in the

number of hot electrons produced which can coincide with our observed peak at 0.26

microns.

K

E
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It is interesting to note that the peak we observe in x-ray yield does not contradict with

the observation by Rajeev et al [Rajeev 2003b] of increasing yield with roughness since

they did not report results at a roughness of 0.5 µm which would be the equivalent

roughness compared to the wavelength.

In conclusion we observed an interesting resonance-like behavior in the production of x-

rays from our target. Simulations of the electric field in covering simplified geometrical

arrangements show a peak in the electric field. The peak however, is at a smaller sphere

diameter then our experimental observations. Multiple vacuum heating can also

qualitatively produce our experimental results.
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Chapter 7 Conclusion

I will conclude by suggesting future work which can build up on the results

described in this dissertation

7.1 SUGGESTION FOR FUTURE EXPERIMENTS TO DETECT THE ANGULAR
DISTRIBUTION OF SECOND HARMONIC RADIATION FROM WAVELENGTH SCALE
SPHERES.

The first issue that is needed to be resolved, is the generation of second harmonic

from the optical elements. This harmonic generation was probably more pronounced in

the KHz experiment due to the small size of the beam and correspondingly larger

intensity on the optical elements.

Increasing the sphere number through increasing sphere density is probably at the

limit of this setup. Increasing the density of the sphere solution increases the instances of

multiple spheres congregating in one water droplet and hence a loss in our knowledge of

the particle size and shape (since multiple spheres can stick together). One possible

improvement would be to obtain a better controlled droplet source which produces

smaller water droplets. This would allow for increasing the sphere density further.

The experiment could be moved to vacuum where the intensity on the spheres

could be increased significantly. This would mean that now we would be obtaining

second harmonic from a plasma ball rather than polystyrene so additional complications

arise. The signal obtained would be sitting on top of an array of line radiations and the

beam intensity profile could complicate analysis.

A possibility for increasing the signal could be by coating the spheres as in the

Yang experiment [Yang 2001a]. This could work if the dye coating on the polystyrene
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spheres is stable outside of solution. This would enhance the second harmonic signal by

many orders of magnitude. The main problem is that the dye is highly toxic and the entire

experiment will have to be conducted in a controlled environment.

7.2 SUGGESTIONS FOR FUTURE EXPERIMENTS IN THE HARD X-RAY PRODUCTION
FROM WAVELENGTH SCALE SPHERES

My first suggestion would be to rerun the experiment with additional diagnostics.

The first set of diagnostics would be an array of PIN diodes with a variety of filters. They

could be placed inside the chamber and provide information on the spectrum and absolute

yield of softer x-ray. Previous experiments in this area indicate two distinct electron

distributions. Measurement of the softer x-rays would enable one to determine if the

general x-ray yield is increasing or only the hot component. Another diagnostic which

also can be placed in addition to the x-ray detectors is a measurement of the reflectivity

of the target. This measurement would enable one to determine if the variation in sphere

size causes significant variation in the absorbed laser radiation. Additional runs could

also be made with the newly available electron spectrometer. A measure of the electron

spectrum and angular distribution could yield significant insight as to the electric field

patterns on the spheres.

An additional useful run which can be conducted is a scan of the x-ray yield with

laser intensity. Besides the temperature and yield scaling that this measurement could

provide, it would also be useful in distinguishing the possible competing effects of Mie

field enhancement as compared to multiple vacuum heating. If as postulated, sphere size

affects the initiation of multiple vacuum heating then by reducing the intensity we would

be able to switch off the multiple vacuum heating while still observing the effect of Mie

enhancement. A more definite characterization of the Mie enhancement could be

obtained if a different wavelength were to be used. In this case one would look for a shift
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in the position of the maximum x-ray yield as a function of sphere size. Given the

limitations on producing targets with smaller sphere sizes, the 800nm pulse would be

ideal (assuming the prepulse can be eliminated) more realistically the third harmonic of

the laser could be used and a shift in the maximum towards the 100nm spheres could be

sought.
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