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Abstract

X-ray diffraction (XRD) is a necessary technique for understanding states of materials under static
and dynamic loading conditions. The higher-pressure Equation of State (EOS) of many materials
can only be explored via shock or ramp compression at temperatures and pressures of interest.
While static XRD work has yielded EOS measurements in the 100 - 200 GPa regime, dynamic
X-ray diffraction (DXRD) can explore EOS phases in the TPa regime, which closely resembles
inner-core planetary conditions. DXRD hinges on the ability to measure the exact phase or phase
change of a material while under dynamic loading conditions. Macroscopic diagnostic systems (e.g.
velocimetry and pyrometry) can infer a phase change but not identify the specific phase entered by
a material. While microscopic (atomic-level) diagnostic systems (e.g. DXRD) have been designed
and implemented in Department of Energy’s (DOE) National Laboratories complex, the unique
nature of Sandia National Laboratories’ Pulsed Power Facility (Z Machine) prohibits the use of
such devices. The destructive nature of Z experiments presents a challenge to data capture and
retrieval. Furthermore there are electromagnetic interference, X-ray background, and mechanical
constraints to consider. Thus, a multi-part X-ray diagnostic for use on the Z Machine and Z-
Beamlet Laser system has been designed and analyzed. Portions of this new DYnamic SCintillator
Optic (DYSCO) have been built, tested and fielded. A data analysis software has been written.
Finally, the radiance profile of the DYSCO’s scintillator has been characterized through experiments
performed at the University of Arizona.
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Chapter 1

Introduction and History

1.1 History of Field

X-ray diffraction (XRD) is a powerful tool to interrogate a solid material’s crystalline structure.
X-rays are used because their wavelengths are on the order of the material’s lattice parameter
(spacing between atoms). Thus, the fundamental phenomenon of diffraction is achieved when the
X-ray source wavelength, angle of incidence, and spacing between atoms (lattice parameter) satisfy
Bragg’s Law:

2d sin θ = mλ (1.1)

By measuring the ray angles of incidence and exitance, the spacing between atoms may be deter-
mined and thus, the structure can be deduced.

After Wilhelm Roentgen discovered X-rays, scientists wanted to show that X-rays were indeed
part of the electromagnetic spectrum by proving X-rays would behave like waves. Initial work began
with Max Von Laue, who showed that a crystal will act as a diffraction grating and diffract X-rays
thus validating the wave nature of X-rays [1]. The father-son duo of William Henry Bragg and
William Lawrence Bragg, derived the governing formula for diffraction (Equation 1.1)[2]. Finally,
Peter Debye and Paul Scherrer expanded Laue’s work to include powder crystal diffraction by
measuring diffraction lines originating from X-ray illuminated lithium fluoride powder [3].

One important application of XRD is the study of materials under high pressure compression.
Static high pressure work in the early 20th century was dominated by the use of the so-called
Bridgman anvil and piston-cylinder device that enabled interrogation of materials up to 100 kbar
(= 10 GPa) [4]. Next, Drickamer and his co-workers improved the devices and extended their
pressure range to several hundred kbars to discover new phenomena of solids at high pressure [5].
Later, the diamond anvil cell (DAC) was developed in which a material sample on the order of
a few millimeters was squeezed between small ends of two classically-cut diamonds. By applying
pressure to the large ends of the diamonds, pressure on the sample was multiplied, and certain
DAC configurations have reached pressures up to 1-2 Mbar [6]. In addition, the diamonds are
optically and X-ray transparent, so they double as windows to the interrogating radiation [7]. The
diffraction pattern from the ‘ambient’ (uncompressed) material differs from its compressed pattern
as the compression induces a change in its atomic structure causing the XRD lines to shift or new
ones to appear.

Later, static XRD evolved to the interrogation of crystal structures under dynamic stress or
compression. So called Dynamic X-ray Diffraction (DXRD) work involves the impulse of material
via shock or ramp waves (shock or ramp compression). These may be induced by laser deposition [8],
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explosives detonation, or metal flyer impact[9]. The induced shock changes the crystal structure and
this change is captured by different X-ray sensitive media. In addition, DXRD allows compression
of samples to reach the TPa regime [10].

To make a distinction, static XRD is the compression of a sample to an arbitrary high pressure
first and an XRD measurement second. Conversely, DXRD is the measurement of a compressed
sample’s phase while the material is under shock or ramp compression. Also, DXRD allows higher
pressures to be reached over larger area samples. Finally, DXRD also requires measurements with
nanosecond time scale resolution. For reference in Figure 1.1, the intended XRD measurement
would be the new phase after the 1D elastic and 3D plastic solid phases had passed.

Figure 1.1: Phases a material may enter while under shock or ramp loading conditions.

For example, in order to explore fundamental geophysics, pioneering DXRD work by Kalantar
and colleagues observed diffraction lines from compressed iron at three distinct times- which showed
the iron α - ϵ phase transformation ‘in real time’. The variation of the lines directly informed the
change of phase from BCC (Body Centered Cubic) to HCP (Hexagonal Close Packed) [11].

Later, a shocked compressed iron sample was observed going from the ambient BCC phase to
the HCP phase at 170 GPa. This result was informative as the pressures interrogated approximated
the Earth’s core conditions [12].

1.2 Modern Day Examples

Modern day X-ray diffraction testbeds are broad in scope with many examples across the Depart-
ment of Energy’s (DOE) National Laboratories. These sister organizations have the capability to
perform XRD work in their synchrotron, gas gun, pulsed power, and high-powered laser systems.

1.2.1 Omega Laser Facility: Laboratory for Laser Energetics

The Laboratory for Laser Energetics (LLE) is a research facility that is part of the University of
Rochester in Brighton, New York. The Omega laser system within the LLE facility contains 60 laser
beams that focus 30 kJ of energy onto small targets (1 mm diameter). The LLE facility’s Powder
X-ray Diffraction Image Plate (PXRDIP) diagnostic is a simple approach for powder diffraction.
A thin sample of interest is irradiated by a series of drive lasers that compress the sample to a
uniform pressure for a set period of time. A second series of lasers illuminate a metal foil target
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that emits X-rays which are collimated by a pinhole. The sample, held between two diamond
plates, is illuminated in the front by the collimated X-rays and interrogated by the back via a
velocimetry diagnostic, such as VISAR (Velocimetry Interferometer System for Any Reflector)[13].
The 2θ transmitted diffraction signal is captured by X-ray sensitive image plates suspended inside
a rectangular housing. X-ray diffraction patterns can be captured just under the terapascal regime
[14].

1.2.2 National Ignition Facility

The National Ignition Facility (NIF) is the largest laser in the world. Located in the California
Bay Area at Lawrence Livermore National Laboratory, this facility dwarfs the Omega laser system
as it houses 192 laser beams that can focus up to 2 MJ of energy onto small targets. This equates
to higher achievable pressures and temperatures. At the NIF testbed, the TARDIS (TARrget
Diffraction In Situ) diagnostic uses ramp loading up to 5 TPa and also uses image plates to capture
XRD data [15]. The target holder is the similar to the Omega setup: a sandwich assembly contains
a sample and a glass window with the optional addition of a heatshield and ablator material for
uniform compression of the actual sample. Also, VISAR is employed to characterize the assembly
velocity which determines the pressure history.

1.2.3 Dynamic Compression Sector

Another testbed is the XRD detector at the Dynamic Compression Sector (DCS) of the Advanced
Photon Source (APS) at Argonne National Laboratory. APS is a synchrotron that accelerates
electrons to 450 MeVs, then boosted to 7 GeV and sent through the electron storage ring. Here,
electrons can be diverted into straight sections that produce X-ray radiation [16]. The XRD detector
at DCS has time gating capability via dynamic shutters in the ‘front-end’ and camera-equipped
time gating on the ‘back-end’. The front-end coupling has a phosphor-coated fiber optic plate that
is attached to a fiber taper which in turn is attached to a micro channel plate image intensifier. This
back-end is repeated across four cameras, each gated to a separate time window in the experiment’s
lifetime.

This system looks at four distinct X-ray bursts at energies above 7 keV with options for different
phosphor thicknesses. The mechanical shutter on the front end protects the system from X-ray
saturation, while the back-end time gating is to look at the respective X-ray burst, noting the
decay time of the scintillators used (LSO:Ce on the front end, P47 intensifier in the camera). For
example, DXRD of copper targets were performed using gas-gun flyer impactors and interrogated
with 23 keV X-rays. Researchers saw XRD of copper in its ambient and compressed states, and
then its state after it was released from a sapphire backing window [17].

1.2.4 Advanced Light Source

Perhaps the closest system to the work presented in this thesis is the Blue-1 diagnostic and its pre-
decessor, the Noir-1. The purpose of the Blue-1 diagnostic was to interrogate crystallized biological
materials. Originally developed at Argonne National laboratory, the system uses a lens coupling
front-end that couples the emittance of an X-ray sensitive, phosphor-coated mylar sheet to a CCD
detector. This nine-element lens coupling system can effectively image a 100-micron diameter spot
[18]. Currently it is being used for sampling of crystallized biological material at the Advanced
Light Source synchrotron at Lawrence Berkeley National Laboratory.
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Our system presented in this thesis, referred to as the DIffraction SCintillator Optic (DISCO),
conceptually borrows from all these systems in that it is a time gated, lens coupled system, which
could also fit inside a containment hardware system to look at targets under shock and ramp loading
conditions within a pulsed power facility. For example, the DISCO diagnostic uses a lens coupling
system due to simplicity of design, as opposed to DCS’s fiber plate-fiber taper-micro channel plate
construction. However, the pulsed power experimental environment also prohibits the use of image
intensifiers, as found in the DCS setup.

1.3 XRD on Z

Sandia National Laboratories’ Z Pulsed Power Facility (known as the ‘Z Machine’) is the largest
pulsed power facility in the world and is capable of recreating pressure and temperature environ-
ments that approximate the center of planets and stars. It does so by storing electrical charge
in capacitor banks and synchronously discharging the electrical energy in a controlled pulse shape
on the order of nanoseconds [19]. The Z Machine is capable of many types of experiments in-
cluding Inertial Confinement Fusion (ICF), Dynamic Material Properties (DMP), and Radiation
Effects Science (RES). X-ray diffraction primarily serves the DMP style experiments as a way to
interrogate material phase states during different loading conditions.

The Z-DMP coaxial load, as shown in Figure 1.2 is used for shock compression experiments
on Z. The load is comprised of two anode flyer plates that sandwich a central cathode stalk. This
forms two anode-cathode (A-K) vacuum gaps that can be short circuited with a shorting cap to
provide current flow. Once current flows through the anode plate and the cathode stalk, a magnetic
field is created within the vacuum gaps. The cross product of the surface current and the magnetic
field produces a stress wave that launches the anode flyer plates onto the samples.

Figure 1.2: The Z-DMP coaxial load [20]

VISAR and Photonic Doppler Velocimetry (PDV) diagnostics have been used to infer phase
changes of materials under investigation. Unfortunately, VISAR and PDV only notify the change
of a phase without identifying the specific initial and final phases. Thus, the development of X-ray
diffraction diagnostics has been a high priority for the Z Machine and its complementary facility,
Z-Beamlet Laser (ZBL) system.
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As shown in the previous section, different XRD diagnostics at various testbeds have been
deployed to identify the phases in which the materials are transitioning. However, Z has several
unique experimental challenges that preclude using the XRD schemes that have worked at other
dynamic compression facilities. First, the large current and magnetic fields of Z generate a tremen-
dous amount of high energy photons, including MeV-scale photons near the load, which results in a
very high x-ray background. Second, very strong electromagnetic pulses (EMP) are emitted when
Z fires, which could damage electronics within close range of the load or at the very least produce
unwanted early triggers. Third, the Z environment is very destructive in which large amounts of
debris scattered throughout the load region, so direct x-ray detection and subsequent data retrieval
would be quite infeasible.

Thus, a useful diagnostic system would be one that is time gated, such that the researcher can
specify the time window in which to observe some X-ray interaction without the background X-ray
radiation from the Z Machine itself obscuring the measurement. The diagnostic system would have
to fit inside an enclosure created for containing Z shot debris. Finally, the diagnostic system should
be modular as to allow a portion of the diagnostic to be consumed upon every Z shot.

1.3.1 History of XRD at Z and ZBL

Spherical Crystal Diffraction Imager

Previously, a simple XRD diagnostic, referred as the Spherical Crystal Diffraction Imager (SCDI),
was developed for Z-XRD experiments. Briefly, the SCDI diagnostic utilizes the ZBL laser to
generate 6.2-keV Mn-Heα x-rays to probe a shock-compressed sample on the Z-DMP load. The
SCDI diagnostic relied on a spherical crystal that reflected 6.2 keV X-rays into a tungsten box
that was lined with X-ray sensitive image plates. [21] Image plates have an infinite integration
time and cannot be time gated. Therefore, the time history of the XRD event is missing. Another
key deficiency of the SCDI was its inability to successfully image high energy X-ray radiation
(> 10keV ). Furthermore, the highly oriented pyrolytic graphite (HOPG) crystal itself relies on
diffraction to ‘reflect’ the beam of interest, which drastically reduced the signal. Ultimately, SCDI
is incompatible with Z-Containment experiments because the XRD data recorded on the image
plates cannot be retrieved from the Z-Containment vessels. [20].

1.3.2 Optical and Opto-mechanical Constraints

Thus, the DISCO diagnostic and its second-generation variant, DYSCO (DYnamic Scintillator
Optic), are needed to fulfill the following requirements.

Optically, DISCO/DYSCO needs to convert X-ray radiation into visible light via a scintillator.
There needs to be a modular front-end lens coupler that collects the scintillation radiation and
images onto an imaging fiber optic cable. This optical fiber bundle would transport the data out of
Z’s harsh environment. The final modular portion would be the back-end lens coupler that couples
light from the fiber to the camera sensor. The camera sensor shall be an intensified CCD camera
that has time-gating capability of around 100 ns to temporally filter out Z’s background X-ray
noise.

Optomechanically, the front-end shall be housed inside a tungsten cylindrical tube that shields
the diagnostic from stray X-ray radiation. The entrance face of the diagnostic should be shrouded
with a conical tungsten nose cone that matches the diffracted X-rays’ angular rays of 30◦. The lens
holders and spacers should be aluminum as that is a relatively inexpensive material to machine.
The object to image distance should be small enough to fit inside the walls of the containment
device.
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Mechanically, the Z Containment vessel is only 8 inches in diameter, so the diagnostic front-end
must accommodate the Z-DMP load hardware stalk as well as route the fiber bundle through the
top of the containment device. Additionally, the front face of the DISCO should be roughly 45 mm
away from the DMP sample to achieve the desired scintillator full field of view of 30◦ that captures
the XRD data .

1.4 DISCO

1.4.1 Introduction

The DISCO diagnostic was born out of a need to measure dynamically compressed targets in Z
and ZBL experiments (’shots’) while accommodating unique spatial constraints at Z . The aim
is to have a time gated, modular system that will ultimately fit in the Z Containment hardware
configuration. The first iteration was designed by Sandia scientist Marius Schollmeier, previously of
ORG 01682. It contains front- and back- end lens coupling sections that sandwich a multi-core fiber
bundle relay. As discussed in Section 1.2, this system borrowed from several different diagnostic
systems in that it is a time gated, modular systems that is containment compatible, while have
sacrificial pieces that cannot survive a Z experiment.

Figure 1.3: DISCO Schematic.

1.4.2 Optical Design Analysis

The DISCO front end is a seven-element system with a focal length of 25.5 mm working at F/1.
While not directly containment compatible, it proved the efficacy of a lens-coupled scintillator
module that could capture signal well away from the camera sensor.
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Figure 1.4: DISCO Layout consisting of seven lens elements. The first element is the glass substrate
for the scintillator material. All lenses are COTS (commercial off the shelf) components.

Figure 1.5: DISCO Components. The three-part DISCO allows the front-end to be placed away
from the camera sensor.

A key feature of the DISCO system is the ‘imaging fiber-cable relay’, (originally sourced from
the vendor FiberFin). The imaging fiber-cable holds a hexagonally-arranged super-bundle of seven
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imaging fiber bundle ‘pupils’ referred to as the ’rosette’, which is about 6-mm in diameter. Each
fiber bundle (e.g. Asahi Kasei Multicore POF MBL-2000-24) has a numerical aperture of 0.5
and is 2-mm in diameter that is comprised of 13,000 individual high spatial resolution (15-micron
diameter) PMMA plastic core fibers.

The DISCO back-end was originally designed for a larger sensor. Thus, the back-end image
would overfill the PIMAX4 camera’s 1024i sensor when using the same back-end. As a stopgap
solution, two 10x microscope objectives were placed together to form an imaging system. This im-
perfect solution under-filled the sensor but allowed ‘uncropped’ data capture. The system required
a resolution of 20-line pairs per mm to resolve the alignment target features.

1.4.3 Optomechanical Design

The lenses were held by Thorlabs Lens tubes, retaining rings, custom spacers and custom ‘poker
chips’.

Figure 1.6: DISCO Optomechanics. The DISCO Lens holders are comprised of Thorlabs lens tubes
and custom spacers and ‘poker chips’ (radial lens holders).

1.4.4 Image Registration

The fiber bundle geometry did not conserve the spatial location nor the rotational orientation of
each pupil in the rosette. Therefore, an image processing software was developed by the author to
correctly register the pupils to their correct orientation and position.

Figure 1.7: DISCO GUI Process. Calibration steps
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This image processing Graphical User Interface (GUI) was developed in MATLAB’s App De-
signer suite and consists of the main GUI and one sub-GUI, many subroutines, and internal func-
tions. The main workflow is shown in Figure 1.8 and described below. A more detailed explanation
can be found in Appendix A. The GUI will import a reticle image and export a ‘pupil bank’ mat
file and a tiff image. The pupil bank is a vector of ‘pupil’ objects whose fields include the pupil’s
unique identifier index, the original center and radius, the translation and rotation of the pupil,
and the actual image of the pupil and its binary mask.

Figure 1.8: DISCO GUI Flowchart. Calibration steps

1. Import Image and Overlay

(a) Import a tiff file that holds the reticle raw image. This is a 1024x1024 image.

(b) Adjust contrast of reticle.

(c) Pad the image to a 2048x2048 size.

2. Trace Pupils

(a) Circumscribe a circle object onto a pupil and thus save the pupil location and radius.

(b) Iterate over all seven pupils.

3. Select Pupil and Rotate

(a) From a dropdown menu, select a pupil and rotate it such that it is upright, using the
grid lines as help.

(b) ‘Lock’ the rotation to save the rotation value .

4. Place Pupil onto Canvass

(a) Select a destination pupil to transplant current pupil.

(b) Click ‘Replace’.

5. Maneuver Pupil into Place

(a) Using the W, A, S, and D keys, or by clicking the buttons, maneuver the pupil until it
overlaps with the corresponding area of the overlay image.
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1.4.5 Performance at ZBL/Chama

The Z Backlighter facility that houses the large ZBL system, and the smaller Chaco laser has a
selection of target chambers where experiments are fielded. One such target chamber, the Chama
target chamber, is where ambient and laser-shocked XRD experiments are conducted, among others.
The DISCO diagnostic was fielded at Chama to prove the efficacy of capturing a shocked XRD
data. Results are discussed in [20] and briefly reviewed here.

Two experiments were conducted to show the efficacy of the DISCO diagnostic. In the first
experiment, ambient XRD data was obtained when an uncompressed zirconium (Zr) sample, which
has HCP structure, was probed by 6.7 keV X-rays generated by an iron (Fe) foil target ZBL. First,
a circular image plate (25-mm diameter) was initially placed at the DISCO front-end’s scintillator
location of 40 mm from the Zr sample. Figure 1.9(a) shows the XRD data measured by the image
plate. The corresponding XRD angular line profile showed the single XRD peak (102) at 58.6◦ has
a full-width-half-max (FWHM) of 1.3◦ , while the 2 close XRD peaks (002) and (101) at 42.2◦ and
44.25◦ were well resolved (see Figure 1.9(b)).

Figure 1.9: (a) Experimental ambient XRD data measured by imageplate at DISCO front-end’s
scintillator. (b) XRD angular line profile and simulation of diffraction peaks.

Next, the image plate was removed and the XRD measurement was repeated with the DISCO
using a P43 phosphor, as shown in Figure 1.10. The 7 pupils of the imaging-fiber-cable were clearly
observed as the XRD rings traverse them and the in-between null spaces (see Figure 1.10(a)). The
XRD angular line profile of Figure 1.10(b) showed the single XRD line (102) at 58.6 ◦ had a slightly
wider FWHM of 1.5◦ compared to the image plate at the DISCO front-end measurement. Although
the 2 close XRD lines (002) and (101) at 42.2◦ and 44.25◦ were slightly more convolved, they were
still sufficiently resolved by the DISCO diagnostic.
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Figure 1.10: (a) Experimental ambient XRD data measured by DISCO with a P43 scintillator. (b)
XRD angular line profile and simulation of diffraction peaks.

In the second experiment, the aim of the experiment was to capture dynamic XRD rings from
a shock compressed Zr sample that was probed by X-rays as produced by 6.7 keV X-rays produced
from an Fe target irradiated by ZBL. At an adjacent time, the Chaco laser would compress the
Zr XRD sample such that compressed XRD rings would be produced. Figure 1.11(a) shows the
dynamic XRD data measured by DISCO, which has noticeable changes in the texture of XRD
rings. Figure 1.11(b) shows the XRD angular line profile of the HCP (002), (101), and (102) peaks
have shifted to 42.5◦, 44.6◦, and 59.1◦, respectively. The respective individual shifts of 0.3◦, 0.35◦,
and 0.5◦ correspond the shocked Zr sample having a reduction in its HCP lattice spacing of δd/d
= 0.74% or a compression of ρ/rho0 = 1.022.

Figure 1.11: (a) Experimental ambient XRD data measured by DISCO with a P43 scintillator. (b)
XRD angular line profile and simulation of diffraction peaks.
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Chapter 2

Theory

2.1 X-Ray Diffraction

X-ray diffraction arises due to X-rays interacting with a material, so an understanding of basic
material properties is in order. Solids that are not amorphous will have a periodic structure of
atoms arranged in a lattice. These atoms may have a “seed” arrangement in which a sequence of
atoms is repeated across one, two, or three dimensions. This is referred to as the unit cell, which
is then repeated to form a crystal.

The unit cell is defined by three vectors: (a,b, c). Any point in 3D space is defined by the
vector:

q = ua+ vb+ wc (2.1)

with the origin at u = v = w = 0. The unit cell is also described by the three angles between the
vector directions, namely, α, β, γ and their lengths a, b, c all referred to as the lattice parameters.

The ideal crystal structure, one with no discontinuity, will define lattice points coincident with
the atoms or molecules that form the crystal. These lattice points are parallel to each other and equi-
spaced and form lattice planes. The spacing between the planes is called the “d-spacing”. Another
construct called Miller indices (h, k, l) describe a family of crystallographic planes by dividing the
unit cell edges into (h, k, l) equal parts. Should the Miller index be zero, the intersection is thought
to be at infinity and therefore describes a plane parallel to h, k, or l.

This ‘real’ description of lattices and can be expressed by the thought construct of a reciprocal
lattice. Where a coordinate system is described by vectors a*,b*, c* and are in the same direction
as a,b, c with reciprocal lengths 1/a, 1/b, 1/c. The points on the coordinate system correspond to
a family of planes in the ‘real’ lattice. For example, the point (1,0,0) in reciprocal space refers to
the (1, 0, 0) family of planes.

The reciprocal lattice definition can be used to then describe diffraction from elastically scattered
waves of a single crystal. Because elastic scattering yields an exitant wave vector whose length is
equal to the incoming wavevector (k0), a sphere may be drawn with the radius being the length of
the wavevector: 1/λ. This sphere is referred to as Ewald’s sphere. Superimposing the incoming and
exiting vector onto the reciprocal lattice 3D “grid” will indicate the presence of diffraction peaks
if and only if a point (family of planes) on the reciprocal lattice space coincides with the surface
of the Ewald Sphere. The vector originating on the origin of the Ewald sphere and ending on the
intersection lattice point is then k1, the exitant wavevector. The result is a diffraction point in 3D
space.

The description of poly-crystal diffraction may be expanded to diffraction from an infinite
number of tiny crystals (“crystallites”). As before, a monochromatic beam irradiates a collection
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of crystallites. Each crystallite has a random orientation and thus, has also a random orientation of
its reciprocal lattice. The result is a uniform ring of lattice point-Ewald sphere interceptions. The
ring is referred to as a “Debye-Scherrer Cone” and several cones may exist for multiple reciprocal
lattice points based on the wavelength used. [22]

Figure 2.1: Single Crystal vs Poly-Crystal XRD. (a) A single crystal diffraction pattern will show
discrete peaks or “Laue spots”. (b) A polycrystalline sample will effectively rotate the peaks about
the axis to form “Debye Scherrer rings”. This result is due to the random orientation of each
crystallite forming a discrete peak in its frame of reference [23].

2.2 Shock Compression Physics

Shock compression physics requires the fundamental knowledge of thermodynamics, which is the
study of how temperature and other energy modes relate to material properties. [24] In thermo-
dynamics, the state is the description of a material at a given temperature, pressure, and volume.
An equation of state may be a closed form solution that describes the material at any given value
of variables constituting the state. For example, such a closed form solution may be the ideal gas
law:

pV = nRT (2.2)

where p is pressure, V is volume, n is the number of moles of gas, R is the gas constant, and T is
the absolute temperature.

When a closed form solution does not exist (i.e., most of the time), a p-T phase diagram is
used. A p-T diagram charts the phase of material (solid, liquid or gas) for a given pressure and
temperature (see Figure 2.2) . It also denotes the location where phase transitions may occur
along lines of phase equilibrium. The locations of phase transitions are experimentally calculated,
and this is referred to as a material’s equation of state (EOS). To transition phases, either the
temperature or pressure changes (increases) for a certain volume of material. Transitions can be
forced by sudden increases in pressure as found in the strategy of shock compression. A change of
phase is, in essence, a change in atomic or molecular structure of solid material before the material
transitions into a new solid phase, liquid, or directly to gas.

Shock compression represents the response of a material along its principal Hugoniot, i.e. the
states produced by passage of a steady, single shock wave produced from ambient conditions, which
produce higher temperature states at a given compression. In addition to Hugoniot curves for EOS
measurements, two other classes of curves of interest are the compression isotherms and isentropes.
The isentrope generally lies in-between the isotherm and Hugoniot curves, is second order tangent
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to the Hugoniot at the common starting state, and represents a reversible loading process. Whereas
a shock experiment generally yields only the single final P-V point on the Hugoniot; an isentropic
experiment yields a continuum of points along the isentropic loading path.

There are various techniques to impulse a material to change phase. In a controlled lab setting,
this is done by sending an as-nearly 1-D plane pressure wave into a material. Pressure can be
exerted via an explosive or a gas gun that drives a flyer plate onto a material. The Z Machine
magnetically drives a flyer plate onto a material sample as in the case of DMP style ‘shots’[25].

Alternatively, pressure fronts can also be created via laser energy deposition that ablates a
material sending a shock wave that is as large as the beam diameter into a sample target [26]. In
any case the 1-D plane wave hits the material thereby “shocking” it and changing the molecular
structure.

Figure 2.2: The phase-temperature diagram of Aluminum [26].

Note that there are many phases in the solid ‘state’ of materials. For example, iron has a solid
phase (see Figure 2.3) which corresponds to body centered cubic (BCC) or hexagonal close packing
(HCP) arrangement of atoms for a given volume when at ambient conditions (former) and higher
pressure and temperature (say 11 GPa and 700 K in the latter) [27]. Why is this important? Well,
diagnostic devices that leverage x ray diffraction typically measure solid-to-solid phase transitions
due to signal amplitude considerations.
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Figure 2.3: The phase-temperature diagram of Iron. The dotted line represents the Hugoniot and
the α (BCC) to ϵ (HCP) phase transition is shown [28].

2.3 Scintillator Physics

2.3.1 Fundamental Physics

Radiation-material interactions differ based on the type of material used. All materials absorb
reflect and/or transmit incoming radiation to some degree but some materials can absorb radiation
and re-emit new radiation. This is what is known as fluorescence, phosphorescence, and scintillation.
All three are based on incoming radiation interacting with the atomic structure of material and
emitting some new kind of radiation. This occurs in three stages: Conversion, Transport, and
Luminescence[29].

First, conversion involves the processes of the photo electric effect and Compton scattering[29].
The photoelectric effect is the emission of charged particles from a material when electromagnetic
radiation is incident upon it. The total energy of the radiation is transferred to an electron inside the
material. The photoelectric effect differs from Compton scattering in that it completely transfers all
energy to an electron rather than a partial energy transfer that is defined with Compton scattering.
The Compton effect also is valid for higher energy photons. Compton scatter can be understood as
a photon-matter interaction where the mass-less photon collides with an atom’s loosely held (outer
shell) electron. This collision yields the scatter of the photon and the electron, described as the
recoil electron, which creates secondary ionization [30].

Next, transport is the process where electrons and hole pairs travel through the material. This
process is subject to several delays, losses, or signal degradation such as nonradiative recombination
or manufacturing defects.

Finally, there is luminescence which is the stage where the electron hole pairs reconstitute and
emit radiation [29].

2.3.2 Efficiency and Speed

Scintillators would ideally convert all high energy (X-ray or γ-ray) radiation into visible light
instantly. However, the two main drivers against scintillator performance are quantum efficiency
and speed of each of the three stages of conversion, transport, and luminescence. Quantum efficiency
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is described by the simple multiplication of the singular efficiencies (all values between 0 and 1):

η = βSQ (2.3)

where β, S and Q are the efficiencies of conversion, transport and luminescence, respectively.
Conversion efficiency, β, is a function of the energy required to produce an electron-hole pair.

This in turn is a function of ionizing energy, and certain loss coefficients [31].
Ultimately, one can calculate the number of photons generated by a γ particle per MeV.

L =
106

2.3Eg
βSQ (2.4)

A scintillator’s speed is based on the rates of speed of the transfer and emission (or radiative)
portion of overall scintillation, both with different speeds. The inverse of the slower rate is referred
to as the decay time. A fundamental limit exists on the rate of emission. If one considers the dipole
emission nature of radiation, then the radiative decay time in ns is [31]:

τr = 1.5 ∗ 10−5 λ2

f
1
9 (n2 − 2)2n

(2.5)

2.4 Radiometry

Per Palmer, radiometry is “the measurement of optical radiant energy” [32]. One can track the
radiant energy from one source or scene to another via the fundamental radiometric equation:

d2Φ =
LdA0 cos θ0 dA1 cos θ1

R2
(2.6)

The equation describes the radiant flux of one source onto a target as a function of a source
radiance, projected area of both source and target divided by the square of the distance between
them.

Figure 2.4: Radiometric Transfer adapted from [33]
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The radiometric transfer equation can simplify to:

Φ = LAΩ (2.7)

Recall both A and Ω are unprojected quantities and require the cosine projection factor should
there be a viewing angle between source and target.

2.4.1 Overview of Radiometric Nomenclature

Several terms need to be understood in the process of understanding radiometry.

• Radiant Energy
Radiant energy is the fundamental quantity of energy from an electromagnetic wave. It has
the unit of Joule.

• Radiant Flux or Power
Radiant flux is the fundamental energy quantity per unit time

• Radiant Exitance
Exitance is the radiant flux (power) emanating from a source. It is power per unit source
area as radiating into a hemisphere.

• Irradiance
Irradiance is the power incident on a target. It is the radiant flux per unit target area.

• Radiant Intensity
Radiant intensity is the radiant flux (power) per unit solid angle.

• Radiance
Radiance is defined as the radiant flux (power) per unit projected area, per unit solid angle.

• Throughput
Throughput, or the AΩ product is the “geometric” reach of an optical system. It describes, in
purely geometric terms, the amount of light (flux) that can travel through an optical system
[33].

Term Symbol Units

Radiant Energy Q J

Radiant Flux or Power Φ J/s or W

Radiant Exitance M W/m2

Irradiance E W/m2

Radiant Intensity I W/sr

Radiance L W/m2/sr

Table 2.1: Radiometric Nomenclature
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2.4.2 Lambertian Radiators

Certain scintillators, like columnar scintillators in the presence of gamma rays are Lambertian in
their radiance [34]. A Lambertian radiator is one whose radiance is not a function of angular
position. Rather, the irradiance on a detector a distance R away would follow the cosine to the
fourth law. Graphically, a Lambertian radiator’s emission is shown in Figure 2.5.

Figure 2.5: Lambertian Cosine Law

Specifically, the cosine law for Lambertian radiators is:

E =
LsAs cos

4 θ

z2
(2.8)

Figure 2.6: Lambertian Cosine Law
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2.4.3 Radiometry of optical lens systems

One can estimate the throughput of an optical system using radiometric principles. Namely, the
conservation of radiance states that the radiance of an optical system is the same anywhere along
the optical track only if there are no losses present in the system. One can utilize the conservation
of radiance when tracking the throughput in an optical system.

Figure 2.7: Radiometric Throughput adapted from Grant[35]

AsΩos = AoΩso = AoΩdo = AdΩod (2.9)

Consider a simple thin lens imaging a Lambertian surface onto a detector as in Figure 2.7.
The throughput is conserved in an ideal, losses system and is constant. Throughput is defined for
imaging systems as [33]:

T = n2AΩ = n2

(
πf2

4F 2
#

)(
ab

f2

)
=

n2πab

4F 2
#

(2.10)

The radiometric throughput can also be expanded when ‘stitching’ together optical systems, as
is the case in this thesis. The power incident on the detector can be the product of Equation 2.4
for each of the subsystems: front-end and back-end. When calculating the radiant flux (power)
through one optical system into the next, the intermediate image plane will be used as the area of
the detector (Ad in Figure 2.7) and Ao will be the area of the entrance pupil.
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2.4.4 Radiometers

Radiometers are systems that measure light quantity emanating from a source or a scene. Ideally,
a radiometer would be accurate and repeatedly measure the same quantity. Furthermore, the
ideal radiometer would have unity response over the wavelength(s) of interest. Several types of
radiometers are realistic in practice. For example, the classic basic radiometer (Figure 2.8) is
one that includes a single lens and a detector with the lens acting as the aperture of the system.
Adding an aperture stop a focal length away from the lens allows the user to limit the field of view
by limiting the ray bundle entering the system while also making the system telecentric, as is the
case in Baudet [34].

Figure 2.8: Basic Radiometer adapted from Palmer[32]

The irradiance on a detector from an isotropic source is defined as:

Eo =
Isτatmosphere

d2
(2.11)

Remembering that Irradiance (E) has the units of W/m2, one simply has to multiply by the
lens area to obtain power on the detector considering transmission of the atmosphere and the lens
itself.

Φ =
IsτatmτlensAlens

d2
(2.12)

For an extended (Lambertian) source, Is is defined to be:

Is = LsAd (2.13)

So the final power incident on the detector is just:

Φd =
LsτatmτlensAlensAdet

f2
(2.14)
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Chapter 3

Methodology

3.1 Optical System with Fiber Relay

The new DYnamic SCintillator Optic (DYSCO) diagnostic must capture, by way of a scintillator,
spatially resolved x-ray emission from an arbitrary source. The system must contain three distinct
sub-systems: front-end, imaging fiber-cable relay, and back-end. The imaging fiber-cable relay will
first be treated as a monolithic fiber of arbitrary length. The front-end will contain the scintillator.
The back-end will include the camera sensor.

3.1.1 Updated Radiometry Requirements

Fiber Choice

Our fiber is Asahi Kasei’s MBL-2000 plastic optical fiber (POF). The numerical aperture of the
fiber is 0.5. Thus, a correctly coupled optical system matches the numerical aperture and so a
system with a F-number of F/1, or an NA = 0.5 must be used. The fiber has 13,000 cores inside a
2 mm fiber bundle clear aperture. The core diameter is 15 microns. Including cladding, the fiber
diameter is calculated to be 17.5 microns.

System Throughput Requirement

The throughput of an optical system is dependent on the magnification of the system.

T = π SNA2 (3.1)

The incident and outgoing NAs are also related via the magnification, M

NAi = NAo

√
M (3.2)

The maximum incident NA of the front-end- that is, the maximum NA of the system facing the
scintillator, is then:

NAfiber

√
M = 0.5

√
0.2608 = 0.255 (3.3)

F/# = 1.96 (3.4)

The maximum incident Numerical Aperture of the back-end - that is, the maximum NA of the
system facing the sensor- is then
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NAfiber

√
M = 1

√
2.183 = 1.477 (3.5)

F/# = 0.34 (3.6)

Thus it does not make sense- to have a system faster than F/1.

3.1.2 Updated Optical Requirements

The derivation of requirements is as follows.

1. Wavelength
P43 and P47 phosphors are the scintillator options for use in this diagnostic. P47 emits at
400 nm with a decay time of 70 ns. P43 emits at 550 nm with a decay time of around 1 ms.
The primary wavelength will be 400 nm and the system will be designed monochromatically.

2. Resolution
The derivation of requirements will begin with the sensor. The system will be imaged by a
Princeton Instruments’ PI-MAX4 1024i Intensified CCD Camera. This sensor has 1024x1024
pixel array which contains 12.8 micron-sized pixels to complete a 13.1 mm rectangular image
plane, or 18.5 mm diagonal chip. The cutoff frequency associated with this pitch is:

fc =
1

d
=

1

12.8um
= 78mm−1 (3.7)

Note that the resolution of the system is also affected by the resolution of the fiber. The fiber
in use is from Asahi Kasei P/N: MBL-2000 and is a multicore plastic optical fiber with 13000
cores comprising a 2mm diameter fiber bundle. Those 2mm fiber bundles are then formed
into a ‘super-bundle’ formed of 7 fiber bundles, called a ‘rosette’.

3. Numerical Aperture and F/#
The numerical aperture is defined by real rays, and thus, is an appropriate variable to specify.
Note that the optical fiber has an NA of 0.5. Radiometry constrains the NA of the front- and
back-ends to match the fiber.
The F/# is given by the first-order relationship:

F/# =
1

2 ∗NA
=

1

2 ∗ 0.5
= 1 (3.8)

F/# =
f

DEntrancePupil
(3.9)

4. Entrance Pupil Diameter
With the NA of the back-end system driven to be 0.5, this fast speed can only be accomplished
if broader lens diameters are used. A reasonably achievable diameter is 2 inches:

EPD = 50.8mm (3.10)

5. Focal Length
The focal length is then driven to be the same dimension to satisfy equation (3.9):

f = 50mm (3.11)
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6. Field of View
The back-end images a 6 mm diameter fiber face onto an 18.5 mm diagonal chip.

7. Magnification
The Back End shall image the fiber onto the 18.5 mm diagonal (13.1 mm side length) chip.

mBE =
h′

h
=

13.1mm

6mm
= 2.183 (3.12)

8. Telecentricity
According to Fan et. al.[36], both front- and back-end systems should be telecentric in the
space facing the optical fiber. Namely, the front-end to be telecentric in image space and the
back-end to be telecentric in object space.

3.1.3 Updated Opto-Mechanical Constraints

In order to fit within the Z-Containment vessels the front-end must be made smaller than the
existing DISCO front-end and have a right-angled bend. Thus, the DYSCO front-end will have
(1) a fiber-taper to collect and reduce the optical image from the scintillator, (2) a 90◦ fold mirror
to redirect the image vertically, and (3) a new set of smaller lenses to couple the image to the
imaging-fiber-cable. The DYSCO back-end must fit within the clear aperture of the PIMAX 1024i
camera and utilize the F-mount adapter.

3.2 Front-End Optical Design

The front-end lens design for the DYSCO diagnostic system is presented here. It consists of three
parts: a collection of lenses, a fold mirror, and a commercially available fiber taper (Edmund
Optics). The collection of lenses couples the 8 mm fiber taper exit face to 6 mm fiber bundle
entrance face. Because of the L-bend due to the fold mirror, this front-end version is referred to as
DYSCO-L.

3.2.1 Lens Design

Lens design for the purpose of imaging objects or scenes is both an art and a science. It requires
knowledge of fundamental design forms that are then iterated upon to form unique solutions given
several design criteria. Historically, imaging applications were to assist in painting art as in the
case of Johannes Vermeer. The ray-based understanding of imaging would translate to a point
source being imaged to a point. Furthermore, if an object were to have a planar extent, the image
would also reside in a perfect plane. Finally, the magnification, which is defined to be the ratio
of the image height and the object height, would be conserved over the entire image plane. That
is, the magnification would be the same for every pair of points on the image and object plane
[37]. Aberration theory and the wave nature of light declares that every one of these idealizations
is untrue. For example, an electromagnetic wave originating from a point source and traveling
through a finite aperture (say a lens diameter) will diffract into a small disk on the image plane,
called the Airy disk. Secondly, an object with a discrete height inside the object plane has a longer
distance to the lens than the on-axis case. Gaussian imaging dictates the image distance would
be slightly outside of the on-axis image plane. An object plane of discrete height images onto a
curved image surface. Finally, magnification can grow linearly with the object height. That is,
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the magnification of one object height is different than another object. This describes distortion
aberration.

Several other imaging aberrations exist including defocus, spherical, coma, astigmatism, Petzval
field curvature, aforementioned distortion, and the chromatic aberrations of chromatic change of
focus and chromatic change of magnification, not to mention the higher order aberrations that are
intrinsic to the fact that an object has a height or that a pupil has some discrete size. Thus the
optical lens designer must deploy aberration mitigation techniques in order to form an image that
exceeds some specification. Some design forms are best suited to an application, depending on field
of view and numerical aperture criteria. For example, the design form used in this thesis centers
on a Petzval portrait lens as the number of surfaces allow for correction of spherical, coma, and
astigmatism. A field flattener lens may be added to correct for Petzval field curvature.

3.2.2 Optical Parameters

The design goals for the DYSCO-L front-end lens collection system are described in Table 3.1.

Parameters Values Units Comments

‘Pixel’ Size 15 µm fiber core diameters

Numerical
Aperture

0.5 in Image Space

Total Track
Length

mm System must have a right-angle L bend to fit
inside Containment

FOV ±12.5 mm In Object Space

Magnification −0.75 Lens system magnification not including the
fiber taper

Wavelength 405 nm

Distortion < 5 %

Telecentricity Telecentric in Image Space

Table 3.1: Compliance Matrix of the DYSCO Front End

3.2.3 Design Overview

The design process was to use the ‘building block’ approach to lens design. That is, to independently
design an ‘objective’ and an ‘eyepiece’ suitable for the application and ‘stitch’ the resultant portions
together. Additionally, a fiber taper would be used to image a 25 mm object to an 8 mm image.
Thus, the DYSCO-L overall magnification is 0.25 (25 mm object to 6 mm image) but the lens
system itself only requires a magnification of 0.75 (8 mm object to 6 mm image).

Ideally, a 25:6 mm fiber taper would be used instead of a 25:8 fiber taper. Unfortunately, only
the 25:8 fiber taper is commercially available by SCHOTT via Edmund Optics. Custom 25:6 fiber
tapers have been requested, but will not be available for the completion of this thesis
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3.2.4 Objective

The objective was chosen to be the portion with the L bend. A perusal of the Zemax OpticStudio
design templates was performed with the criterion that an objective has at least one long inter-lens
distance so as to place a fold mirror. One such design was a small format objective based on USP
3961844 as shown in Figure 3.1.

Figure 3.1: DYSCO-L Front End Starting Point Layout from USP 3,961,844

This Cooke Triplet and field flattener combination demonstrated the inter-lens distance required
to insert a fold mirror. The image plane of this portion would couple to the fiber taper’s 8 mm
face. Note the external stop.

Figure 3.2: DYSCO-L Front End with fold mirror inserted

Figure 3.2 shows the folded objective portion with a 4 mm real image height field definition
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(recall image height in raytracing software is the radial height). This objective portion was then
coupled with the eyepiece.

3.2.5 Eyepiece

The ‘eyepiece’ was the portion that faced the 6mm diameter (3mm radial) fiber bundle clear
aperture. A search through the Design Template Library yielded the following system from Laikin
(Laikin, Figure 10-3 [38]). It is common practice to design lenses ‘backwards’ for simplicity. It was
reversed in the next stage of the design.

Figure 3.3: DYSCO-L Front End Eyepiece starting point from Laikin [38]

Figure 3.4: DYSCO-L Front End Eyepiece.
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A field flattener was introduced, and the doublet split to address field curvature and spherical
aberration, respectively. Note the external stop.

3.2.6 Combination

Before stitching together the ‘eyepiece’ with the ‘objective’, the individual portions must have
external stops of the same size. Both systems have an aperture of 6 mm.

Figure 3.5: DYSCO-L Final combination. Here light travels from bottom right to left.

3.3 Back-End Optical Design

The DYSCO back-end is the fiber-to-camera lens coupling system portion of the DYSCO diagnostic.

3.3.1 Optical Parameters

The design goals for the Back End system are described in Table 3.2 :
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Parameters Values Units Comments

Pixel Size 12.8 µm

Numerical
Aperture

0.5 in Object Space

Total Track
Length

mm

FOV ±3 mm In Object Space

Magnification −2.183

Wavelength 405 nm

Distortion < 5 %

Telecentricity Telecentric in Object Space

Table 3.2: Compliance Matrix of the DYSCO Back End

3.3.2 Design Overview

The design process was to use objectives and common design forms as building blocks that could
be combined to provide a workable solution for our application. As mentioned in Section 3.1.2, the
system had to meet several requirements. A compliance matrix is shown in Table 3.2.

The back-end optical design strategy followed the modular approach of optical design. Namely,
objectives and eyepieces would be designed separately, and later combined to form the final system.
Three candidate designs were found and evaluated all with the same objective but with different
eyepieces.

3.3.3 Objective

The Numerical Aperture of the objective needed to be relatively high at 0.5 to match the NA of the
fiber. In addition, the design needed to be telecentric in the space facing the fiber (for the back-end,
in object space). Several design forms can achieve high performance at such a high optical speed
albeit with a low field of view. The Petzval Lens is one such design form. The starting point design
was William Schade’s Petzval Lens (US Patent 2,158,202). The fast speed was achieved through
several design iterations of shortening the focal length and broadening the entrance pupil. Next
the lens was made to be telecentric in object space. Finally, the lens was scaled to produce the
desired field of view. Since the objective will face the fiber, a ±3 mm field of view was specified
and re-optimized. All the lenses were designed to be <50 mm in diameter.

3.3.4 Eyepiece

Several eyepiece options were considered, discussed below.

Petzval Lens

One option was the Petzval lens similar to the objective. Usually comprised of two achromatic
doublets (split or cemented) and a field flattener, the Petzval lens can be fully corrected for all
primary aberrations including field curvature and distortion [39].
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Double Gauss

The second starting point was the Double Gauss lens. Double Gauss lens forms are favorable
because of their intrinsic symmetry (hence low distortion) and because they’re a relaxed lens and
the tolerances can be loose. When making a Double Gauss telecentric, the field of view must
decrease.

Figure 3.6: DYSCO Back End Starting point: Classic Double Gauss

Figure 3.7: DYSCO Back End Eyepiece candidate: telecentric Double Gauss

Cooke Triplet

The final option considered was a Cooke Triplet. While it may also have symmetric qualities,
the fewer number of surfaces means the Cooke Triplet design form has tighter tolerances. Again,
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telecentricity forces a compromise with field of view.

Figure 3.8: DYSCO Back End Starting point: Classic Cooke Triplet USP 3176582

Figure 3.9: DYSCO Back End Eyepiece candidate: telecentric Cooke Triplet

3.3.5 Combination

The winning design was the Double Gauss derivative as this design was most insensitive to tolerances
from the three eyepiece candidates. Results of the solution are found in the Results section.
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Figure 3.10: Winning DYSCO Back End Layout

3.4 Radiometry

The radiometry of the system will be treated as we try to ascertain the throughput of the entire
system. Ultimately, we will estimate how much signal exists per keV of X-ray input energy. This
must begin with the conversion efficiency of the scintillating phosphor.

3.4.1 Radiometry of Coupled Optical Relay Systems

First Order Calculation

One can estimate the throughput of the front-end by treating the front-end system as a simple thin
lens model. (See Equation 6.33 from WIllers [33]).

T = n2AopticsΩfov = n2

(
πf2

4F 2
#

)(
ab

f2

)
=

n2πab

4F 2
#

(3.13)

3.4.2 Front-End Radiometry

Hand Calculation

For the front-end system noting the ‘image detector plane’ is circular and using the ‘image’ side
F-number,

T =
n2πab

4F 2
#

=
(1)2π2(6mm)2

(4)(1)2
(3.14)

= 9π2 ∗ 10−6m2sr (3.15)
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Zemax OpticStudio Simulation

An estimate of system light transmission is available as an OpticStudio calculation by going to the
Analyze tab > Polarization > Transmission.

For unpolarized input light, the transmission of the DYSCO-L front-end subsystem is 80%.
Note that all the surfaces have appropriate coatings for the wavelength of interest.

3.4.3 Fiber Radiometry

Per the manufacturer, the POF has losses of 200 dB per km at 400 nm. At 10 meters of length, we
can expect 2 dB of signal loss due to the fiber attenuation.

Figure 3.11: POF Fiber Attenuation curve per Asahi Kasei.[Link] [40]

3.4.4 Back-End Radiometry

Hand Calculation

The throughput of the back-end, noting that the sensor plane is square and using the ‘image’ side
F-number,

T =
n2πab

4F 2
#

=
(1)2π(13.1mm)2

(4)(2.2)2
(3.16)

= 8.86π ∗ 10−6m2sr (3.17)

Zemax OpticStudio Simulation

An estimate of system light transmission is available as an OpticStudio calculation by going to the
Analyze tab > Polarization > Transmission.

For unpolarized input light, the transmission of the Back End subsystem is 85%.
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3.5 Radiance Characterization Experiments

The radiometer designed and used by Baudet [34] was rebuilt using new hardware to perform the
scintillator radiance characterization experiments. The purpose of the experiments was to ascertain
the radiance profile of the scintillator used in the DYSCO diagnostic system. The fundamental
assumption was that the scintillator would have a Lambertian distribution, but needed to be verified
via these experiments.

Figure 3.12: Scintillator operating at large angle of incidence may not be Lambertian.

Note the scintillator is a phosphor material coated on a glass substrate. The internal reflections
of light inside the glass may cause the distribution of light to deviate from Lambertian.

The details of the radiance characterization setup are found in Ref. [34] but some details are
elucidated here.

The radiometer is basically a one-lens radiometer with an aperture stop at the rear focal point
of the lens. While also making the system telecentric, the stop position also limits the off-axis rays
that can pass through the system and thus only a narrow cone of light is ‘considered’ when making
a measurement at a particular angular position of the scintillator.

Note that the setup is be telecentric in object space as the aperture stop is placed one focal
length away from the lens. The setup must be telecentric so as to ensure “... the aperture of the
system is constant across the detector area”[34].

The on-axis case is shown in Figure 3.13. The scintillator will be rotated about the field stop’s
axis to ascertain the irradiance angular behavior. Once the irradiance behavior is known, the
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radiance characteristics can be calculated.

Figure 3.13: Geometry of radiometer per Baudet [34]

3.5.1 Derivation of Gaussian Imaging Distances for The New Setup

Recall that numerical aperture is defined as follows:

NAobj = sinαm (3.18)

NAim = sinα′
m (3.19)

and F-number is defined as

F/# =
1

2 sinα′
m

(3.20)

From Figure3.13, we calculate the diameter of the stop, assuming the lens limits the ray bundle
through the radiometer.

tanαm =
Dstop

2f ′ (3.21)

Dstop = Dlens
m

m− 1
= (50.8mm)

−2

−2− 1
= 33.86 mm (3.22)
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The appropriate stop diameter to maintain imaging characteristics from Ref. [34] is given in
Equation 3.22.

Recall the fundamental imaging equation:

1

z′
=

1

f
+

1

z
(3.23)

And recall the magnification relationship between object and imaged distances:

m = −z′

z
(3.24)

Combining equations 3.23 and 3.24 yields:

1 =
z′

f
+m (3.25)

and solving for z′:

z′ = f(1−m) (3.26)

For the recreated setup, the magnification will remain m = 2, and the focal length of the lens
will be f = 75mm. Thus, based on equations 3.23 and 3.26, our object and image distances should
be z′ = 225mm and z = −112.5mm.

3.5.2 Setup

All distances are relative to the scintillator plane. The scintillator was placed on a 3D-printed
holder designed by Baudet for her experiments. The 3D-printed parts consist of a base plate, an
aperture, and a triangular plate among others that held the rotating elements (See Figure III.3.3
from Ref. [34]).

The key deviations from Baudet include the choice in camera (a FLIR Grasshopper3 GS3-
U351S5M) and the choice in intensifier (Proxitronic detector systems).
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Figure 3.14: FLIR Camera Grasshopper 3 used in the experiment

Figure 3.15: Radiance Characterization Setup. Not shown is the SolidWorks model of the camera
and camera extension tubes used in capturing the final data.
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Figure 3.16: Radiance Characterization Setup.
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Chapter 4

Results and Analysis

4.1 DYSCO Front-End Variants

The lens system for DYSCO-L (front-end) is Containment compatible. The extent of the first lens
to the end of the mirror will fit radially inside the containment vessel (roughly 8 inches in diameter).
Figure 4.1 shows the concept of DYSCO-L front-end in containment.

Figure 4.1: DYSCO-L shown inside the containment vessel (not to scale).
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4.1.1 Optical Performance Metrics

Layout

Figure 4.2: DYSCO Front-End Layout. Here light travels from right to left. The leftmost lens
couples with the fiber and the lens facing up couples with the fiber taper.

Basic optical design theory states that a folded system can be unfolded with no loss in optical
image quality. The optical path taken in a ‘straight’ version matches the folded version. Figure 4.3
shows the variant called ‘DYSCO-Straight’.

Figure 4.3: DYSCO Straight Front-End Layout. Here light travels from right to left. The leftmost
lens couples with the fiber and the rightmost lens couples with the fiber taper.

While the optomechanical design does not fall under the purview of this thesis, a quick mockup

49



of a potential DYSCO-L optomechanical design was performed.

Figure 4.4: DYSCO-L Front-End Optomechanical Layout

A quick prototype lens assembly of the DYSCO Straight variant was built in the lab using 3D
printed radial lens rings (‘poker chips’) and spacers.

Figure 4.5: DYSCO-Straight Front-End Optomechanical Layout.

Spot Size

The spot size will fit within the 15-micron diameter core of the Plastic Optical Fiber.
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Figure 4.6: DYSCO-L Front-End Spot Diagram

Wavefront Error

The Optical Path Difference plots show residual aberration on the order of half a wave. At 400
nm, the largest wavefront error is less than 200 nm.

Figure 4.7: DYSCO-L Front-End Wavefront Error
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Resolution

Figure 4.8: DYSCO-L Front-End MTF Resolution Chart
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Image Simulation and Lab Capture

Figure 4.9: DYSCO-L Front-End Image Simulation

Figure 4.10: Raw DYSCO-Straight Front-End Image Lab Capture.

4.1.2 Tolerancing Analysis

Zemax OpticStudio allows several preset tolerance values for analysis. ‘Loose’ (commercial),‘Standard’
(precision), and ‘Tight’ (high precision) tolerances can be selected based on manufacturer. The cho-
sen tolerances were a combination of Edmund Optic’s Precision tolerances and custom element tilts
and decenters. The complete tolerance list is displayed in Table 4.1.
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Parameter Values Units Comments

Radius 3 fringes

Thickness 0.05 mm

Surface Decenter X 0.2 mm

Surface Decenter Y 0.2 mm

Surface Tilt X 0.0333 degrees

Surface Tilt Y 0.0333 degrees

Spherical and Astigmatism
Irregularity

0.5 fringes

Element Decenter X 0.2 mm

Element Decenter Y 0.2 mm

Element Tilt X 0.2 mm

Element Tilt Y 0.2 mm

Index 0.0005

Abbe Number 0.8 %

Table 4.1: Tolerance Parameters for the DYSCO Front-End

The histogram and yield curves correspond to the tolerances relayed in Table 4.1. Tolerancing
is an iterative process. The estimated performance of the as-built system will improve as tolerances
are tightened. The results of the Monte Carlo analysis can best be interpreted via a histogram and
yield curve (explained in their respective section).
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Histogram

Figure 4.11: DYSCO-L Front-End Histogram

Figure 4.11 shows the majority of the systems will have a spot size radius of 22.4 µm or greater.
An iterated tolerancing analysis would improve performance
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Yield Curve

Figure 4.12: DYSCO-L Front-End Yield

Figure 4.12 shows that 90% of as built systems will have an on-axis spot size radius of 37 µm.

4.2 DYSCO Back-End

The final DYSCO back-end system has ten lens elements that include the Petzval objective and a
Double Gauss derivative eyepiece.
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4.2.1 Optical Performance Metrics

Layout

Figure 4.13: DYSCO Back-End Layout

Spot Size

The nominal spot size will fit well inside of the pixel size of 12.8µm with the exception of the
full-field height.

Figure 4.14: DYSCO Back-End Spot Diagram
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Wavefront Error

One can notice the residual field curvature dominant across all field points, as seen by the quadratic
behavior of the on-axis OPD fan. There is also slight coma as one goes off axis.

Figure 4.15: DYSCO Wavefront Error
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Resolution

The Modulation Transfer Function (MTF) shows the contrast capability of the system at the cutoff
frequency of 78 lp/mm. This cutoff frequency corresponds with the camera’s pixel pitch cutoff
frequency which is a greater performance than what is required to resolve the Debye-Scherrer
cones.

Figure 4.16: DYSCO MTF Resolution Chart
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Image Simulations

Several Calibration targets were designed for the purpose of registering the image. The line width
of the reticles is 100 µm that translates to 10mm−1 or 20 lp/mm for light modulation. The
performance of the system as described in figure 4.16 exceeds this requirement.

4.2.2 Tolerancing Analysis

The complete tolerance list is displayed in Table 4.2.

Parameter Values Units Comments

Radius 3 fringes

Thickness 0.05 mm

Surface Decenter X 0.2 mm

Surface Decenter Y 0.2 mm

Surface Tilt X 0.0333 degrees

Surface Tilt Y 0.0333 degrees

Spherical and Astigmatism
Irregularity

0.5 fringes

Element Decenter X 0.2 mm

Element Decenter Y 0.2 mm

Element Tilt X 0.2 mm

Element Tilt Y 0.2 mm

Index 0.0005

Abbe Number 0.8 %

Table 4.2: Tolerance Parameters for the DYSCO Back End

The histogram and yield curves correspond to the given values in Table 4.2.
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Histogram

Figure 4.17: DYSCO Back-End Histogram

Figure 4.17 shows the majority of systems will have a spot size radius 21 µm or larger.
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Yield Curve

Figure 4.18: DYSCO Back-End Yield

Figure 4.18 shows that 90% of the as built systems will have a spot size radius greater than 40 µm.

4.3 Radiance Characterization

The radiance profile of the scintillator is analyzed.

4.3.1 Data Capture

As described in the Methodology portion, the radiance profile of the scintillator was calculated
by capturing images of the scintillator at several angles of incidence. The basic radiometer stayed
parallel to the optical axis and the scintillator would rotate about the field stop axis (see Figure
3.13).

4.3.2 Data Analysis

The data analysis follows Baudet closely [34]. An image was captured at every angular position
(rotation angle) with a 30 second exposure time. This image was then averaged to obtain one data
point. The points were then plotted on a chart, normalized to unity, and compared against a cosine
plot. The Lambertian nature of the scintillator would be proved when the irradiance vs rotation

62



angle matched the cosine plot. While the radiance profile of the ‘Fast Decay’ ( Fig 4.20), is closer to
Lambertian (as the curve closely follows the cosine plot for small angles of incidence), the radiance
profile of both do not match the cosine plot directly for larger angles of incidence. This implies the
scintillators do not have a Lambertian behaviour for all angles of incidence. This behaviour may
be explained by Total Internal Reflectance (TIR) occurring inside the glass substrate for the large
angles of incidence.

Figure 4.19: Irradiance data of the P47 scintillator as compared to the cosine curve.

Figure 4.20: Irradiance data of the Fast Decay scintillator as compared to the cosine curve.
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Figure 4.21: Light-fiber taper coupling showing a narrower than cosine distribution of light inter-
acting with the fiber taper cores.

Conceptualized in Figure 4.21, more light is transmitted through the taper if the emission is
narrower than Lambertian.
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Chapter 5

Conclusion

5.1 Summary of Design Work

The author has shown the design and analysis of an optical system for use in an XRD diagnostic
system for dynamic compression experiments. The optical system is comprised of three distinct
portions: the front-end, back-end, and imaging fiber-cable optical relay.

The front- and back-end systems were individually designed based on the patent literature and
coupled together via the plastic optical fiber relay to form an excellent imaging system that exceeds
optical, optomechanical, and environmental constraints. The modular nature of the DYSCO allows
different scintillator and camera couplers to be used depending on the needs of the researcher.
Furthermore, several front-end variants have been assembled and commissioned in the lab.

The fiber optic relay had several data processing hurdles that were addressed via a custom GUI.
First, the ‘rosette’ nature of the super bundle did not conserve the spatial location of each pupil
from entrance to exit face. Secondly, the clocking, or rotational position of each bundle was not
conserved. Both issues were addressed via a user-iterated GUI that could identify, isolate, and
maneuver said pupils into a spatially comprehensible data output.

Also performed was the radiometric survey of such an XRD diagnostic. From the X-ray conver-
sion efficiency of the scintillator, to the transmission of the fiber, to the transmission of the coated
optical systems, a thorough estimate of the final system’s overall throughput is provided.

Finally, a definitive experiment has been conducted based on previous work by Baudet that
shows the radiance profile of the scintillator to be Lambertian.

5.2 Future Work

• The DYSCO-L variant of the diagnostic is scheduled to be fielded on Z shortly after the
submission of this thesis.

• The ‘DYSCO-Straight’ variant of this diagnostic will be fielded at the Dynamic Compression
Sector facility.

• Various commissioning experiments of all both front-end variants will be performed at the
Z-Beamlet facility next door to the Z Machine Pulsed Power facility in Albuquerque, New
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Mexico.

• The back-end portion of DYSCO will need to be manufactured, assembled, and tested.

• An optical fiber coupler has been designed but not analyzed nor manufactured to reduce
plastic optical fiber waste upon every shot. Currently, the whole fiber is consumed every
shot. If two fibers were optically coupled together at the vacuum port of the Z Machine,
waste would be reduced.

• A monolithic fiber option is being pursued. This would negate the need for the GUI.

5.3 Impact on Z Diagnostics

Ultimately, DYSCO and its predecessor, DISCO, represent a unique diagnostic capability within
the Z Containment context that allows X-ray diffraction work to continue even in challenging
optomechanical environments. The first-generation DISCO allowed capture of XRD data away from
the camera sensor. This enabled the camera to be placed inside a shielded box during a Z experiment
(‘shot’) while the front-end and fiber portions were consumed. The second-generation DYSCO and
its front-end variants allow potential containment-compatible fielding and data acquisition.
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Appendix A

DISCO GUI User Manual

A.1 The File Structure

The DISCO GUI app repository ‘disco img processor/ ’ has many files including source code, sample
raw data files, overlay target files, and end-product files. The important folders are listed below.

• MATLAB

– Antebellum

∗ Temp

– Reconstruction

• Output Files

• Sample Files

– LabCaptures

– Targets

A.2 The Main App

The main app is called ‘ManipulatePupil.mlapp’ and can be found in /Matlab/Antebellum/. Exe-
cution is initiated by double-clicking the .mlapp or by typing. . .

ManipulatePupil.mlapp

. . . in the command window, assuming the app file is in the current working directory.

A.3 App Work-flow

A.3.1 Prompt for overlay

Upon app execution, the first pop-up window prompts for the overlay image to be used in image
registration. The file explorer defaults to:

-/sample Files/Targets/OS Sims/
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• Double click on the appropriate image. This image should match the magnification of the
raw data capture while preserving the image dimensionality. (2K, 4K, etc)

The overlay figure will remain open but will not be used until pupil manipulation begins. Note
that the overlay figure was produced by Zemax OpticStudio software. It is a simulation based
on the ideal version of the Back-End optical system. Due to tolerances in assembly, the as-built
performance is worse and image degradation can be present in the form of incorrect magnification
and distortion. The user will notice perfect overlay is not achievable, but reasonably close. Enough
spatial resolution is present to achieve a satisfactory image registration of the raw data image.

A.3.2 Load Pupil and Import Pupil sub-app

The first step is to click the ‘Load Pupils’ button in the main app which launches the Import Pupil
sub application.

• Click on the ‘Import Image’ button to open a file selection window.

• Select file: ‘-/sample Files/LabCaptures/B21012607/2mm Grid Reticle 1.tif’

The selected image will populate in the UI Axes panel. Note that the Caxis adjustment window is
now activated.

Figure A.1: Load Reticle image

A.3.3 Adjust ’caxis’ and ’pad’ button

To achieve useable contrast with the overlay image, a high contrast caxis limit must be chosen at
this step. Note that the pupils are clipped due to the overfilling of the detector by the imaging
system used. A border must be added to effectively manipulate the pupil into position. The ‘Pad’
button adds a border of infinite values around the original 1k x 1k image.

• Choose a caxis value of ‘65535’ in the caxis window

• Click ‘Pad’ button to automatically achieve a 2k x 2k image.
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Figure A.2: Padding Image to 2048x2048

A.3.4 ’Trim’ and ’Draw Circle’ Buttons

The ‘trim’ button vernacular is a legacy action that squared the raw image should the aspect
ratio not be 1:1. Clicking this button allows access to the ‘Find Pupil’ Panel. The ‘Find Pupil’
Panel will ideally automatically identify the pupils. Due to low contrast, the number, size, and
location of identified pupils is erratic, and the automatic process cannot be trusted. The pupils
must be identified manually. The ‘Draw Circle’ button will produce an external figure in which the
identification process will commence.

• Click ‘Draw Circle’ to begin the manual process.

• Form a circle around the center pupil by clicking and dragging the cursor from one edge to
the other

• Click ‘Save Circle’. Notice the pupil is highlighted and indexed with a number at the center
of the pupil

• Click the center of the blue circle and drag it to circumscribe another pupil

• Click ‘Save Circle’ to save the next sub pupil
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Figure A.3: Tracing pupils in process

• Drag the blue circle to the remaining pupils and click ‘Save Circle’ on each of them

Figure A.4: Completed trace of pupils

• Once all circles have been ‘saved’, click the button: ‘Export to Main’. This will automatically
close the external figure. The centers and radii of the pupils are now saved

• Notice plot in the Import Pupil sub application shows labelled pupils in blue
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Figure A.5: Completed trace of pupils in the Import Pupil sub application

A.3.5 Main App: Selecting, Rotating and Placing Pupils

Now we begin the process of rotating and placing pupils in the correct orientation. The workflow
is as follows:

1. Select a pupil from the pupil drop-down list

2. Rotate the pupil until vertical orientation is achieved and ‘locked’

3. Choose a pupil destination from the pupil drop-down list and ‘Replace’ it on the canvass

4. Move the pupil until it coincides with the corresponding location in the overlay image

A.3.6 Selecting a Pupil

After the ‘Export to Main’ button is pushed, the Main app figures will go dark. The pupil infor-
mation is now loaded into this window.

• Select Pupil 1 from the drop-down menu
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Figure A.6: Selecting pupil from drop-down menu

A.3.7 Rotate Pupil

The ‘Rotation Panel’ section has several features to aid in rotation. ‘CW’ and ‘CCW’ will rotate
the pupil Clockwise or counterclockwise, respectively, by an angle amount (in degrees) specified
by the ‘Step Size’ field. The ‘Angle’ field is editable and provides the option for you to guess the
rotation amount.

• Enter ‘32’ in the ‘Angle’ Field

• Change step size to 0.3 and rotate using CW/CCW buttons to fine-tune rotation

• Press ‘Angle Lock’ – this saves the chosen rotation angle its corresponding pupil
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Figure A.7: Rotate pupil until upright. Note the fractional step size

A.3.8 Replace Pupil, Pupil Destination Panel, Alpha Modifiers Tab

Now that Pupil 1 has been rotated and locked, use the Overlay image and the pupil ‘map’ from the
Import Pupil sub app to decide where to place Pupil 1. Upon first pressing “Replace’, the external
figure will turn blank. This is corrected by modifying the Alpha value of both images using the
sliders in the Alpha Modifiers panel. Since Pupil 1 shows part of ‘M’ and all of ‘N’, we will choose
the Pupil 4 Location.

• Choose ‘Pupil 4’ from the Destination drop-down list

• Click ‘Replace’

• Modify the sliders in the ‘Alpha Modifiers’ Panel to achieve good contrast between images

Figure A.8: Alpha Modifiers adjust the relative contrast between reticle image and overlay image
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Figure A.9: Placing a pupil on the external canvass.

The pupil is now on the external canvass.

• Use “WASD” keys to maneuver pupil to the corresponding area on the overlay.

– If there is no response, click on any gray area on the app window and try again

• Rotation can be finetuned while the pupil is on the canvass

Figure A.10: Maneuver Pupil until it is co-located on top of the corresponding letters on the
overlay

• Choose pupil #2 from the Pupil drop down list and repeat
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A.3.9 Notes on Manipulating Pupils

When replacing subsequent pupils, pupil-to pupil overlap will occur. Not to worry, information is
still stored correctly.

Figure A.11: Pupil overlap scenario

• choose the affected pupil fro the pupil drop-down list and ‘toggle’ the pupil by moving it one
way and then back to re-plot the figure

• When pressing and holding a WASD key, residual pixels will remain on the overlay

– Do not worry. Information is still stored correctly

– The ‘smears’ are an artefact of plotting and will not show up on the final, saved image

• When all pupils are placed, go through the Pupil drop down list and toggle each pupil to
ensure orientation is satisfactory
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Figure A.12: Final pupil alignment onto canvass

A.3.10 Save Final Image Button

Once you are satisfied with the image registration, the pupil information can be saved. The current
save directory is:

-/Matlab/Antebellum/Temp/

The three saved files are:

Fin PupilBank.mat
Fin im.tiff

Fin ImMatrix.mat

• Click ‘Save Final Image’

• Navigate the save directory and copy/paste the results to the -/output Files/ folder or your
personal directory

A.4 Calibrating a Raw Image

Now that the Image has been registered, the calibration of the raw image can commence. The
script file can be found:

-/Matlab/Reconstruction/Main CalibrationClipped.m

The working directory should be:

-/Matlab/Reconstruction/
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A.4.1 Inputs

The inputs required in the calibration script are:

1. Raw Image

• This image is the X Ray diffraction shot to be ‘Calibrated’

• This need not be a 2k x 2k image (2048 x 2048)

• Shall be a grayscale of file type .tiff

2. Fin PupilBank.mat

• The product of the Calibration GUI. This is an array of ‘pupil’ objects that stores
individual pupil decenters, rotations, and translations

3. Background Correction Image

• This is a background image collected before the X Ray shot

A.4.2 Purpose

This file is a simple script that:

1. Pads the raw image to a 4K image size (2048 x 2048)

2. Reconstructs a pupil image based on the Fin PupilBank.mat end-product

(a) Construction is based on individual pupil decenters, rotations, and translations

(b) If the construction of the pupils ‘makes sense’, the raw data product will be correct

3. Manipulates the raw data based on pupil information fields. This follows the reconstruction
process described in 2.

A.4.3 Steps

• Provide raw image [.tiff]

– Default file directory:

-/sample Files/LabCaptures

– Example: use B21012607/ P43-10um B210126 shot 1.tif

– Possible file directory is the user’s personal Z shot or ZBL shot data repository for
DYSCO XRD shots

• Provide pupil bank file [.mat]

– Default file directory:

-/output Files/Archive

– Navigate to the following to recover the latest calibration:

-/Matlab/Antebellum/Temp

• Provide Background file [.mat]

– Unsupported as of this edition
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