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diagnostic will be a powerful capability for the dynamic materials community to investigate 

in situ dynamic phase transitions critical to equation-of-states. We present results using this 

new diagnostic to evaluate lattice compression in Zr and Al, and to capture signatures of 

phase transitions in CdS.
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I. INTRODUCTION

Pulsed-power generators are able to create ramp compressed states with great 

uniformity, large size, and long duration [1, 2]. Historically, shock wave techniques have 

been used extensively to collect information on the high-pressure equation-of-state (EOS) of 

materials along the principal Hugoniot [3, 4, 5, 6]. The thermodynamic states produced by 

ramp loading of all materials, and solids in particular, are closer to the isentrope because 

entropy and heat producing shock fronts are avoided. The magnetic loading technique has 

been thoroughly developed on the pulsed-power generators at Sandia National Laboratories 

[7, 8, 9]. In this technique, samples are mounted on parallel flat conducting plates (anode and 

cathode). A direct short through the anode and cathode panels allows a 100-500 ns risetime 

current pulse to flow up one panel and down the other. The currents generate a planar time-

varying magnetic field which induces strong shapeable Lorentz forces, pushing the anode 

and cathode apart. The resulting large magnetic pressure launches a high-pressure ramp wave 

from the conductor into the planar sample. The advantage of this approach over other 

techniques, such as graded-density gas gun impactors [10] and laser-driven ablation [11], is 
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that a smooth, shockless compression can be achieved on large samples (0.1-1 mm thick, 10 

mm diameter) over a long (hundreds of nanoseconds) duration.

One of the most fundamental properties of a crystalline solid is its lattice structure. 

Crystalline solid materials consist of atoms arranged in a definite, repeating pattern in three 

dimensions, called a Bravais (crystal) lattice [12]. The structure of a crystalline material may 

be represented geometrically by “Hermann–Mauguin notation” [13] which defines its 

symmetries in terms of point, plane, and space groups. Crystallographic planes are described 

using Miller indices (hkl), which are the integer coefficients of the reciprocal lattice vectors. 

In the process of x-ray diffraction (XRD), the momentum difference between incident and 

diffracted x-rays of a crystal is a reciprocal lattice vector. For an ideal monocrystalline 

material, the individual reciprocal lattice points are projected onto an x-ray detector as 

discrete peaks called “Laue spots” at associated diffraction angles. The locations of the 

measured peaks are used to determine the values of the (hkl) planes from which the x-rays 

were diffracted.

A polycrystalline material, or polycrystal, is made up of an aggregate of many small 

crystallites, or grains, each having a high degree of order. When a polycrystalline sample is 
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illuminated by a monochromatic x-ray beam, each orientation reflects x-rays to a different 

location on a “Debye-Scherrer” cone [14, 15]. The Debye-Scherrer cone is the superset of 

the reflections formed by the crystal that satisfy Bragg’s Law. For a loose powder where 

nearly all orientations are represented, the reflections combine to form uniform cones of 

diffracted x-rays onto an x-ray detector called “Debye-Scherrer” rings. Unlike powders, 

polycrystals do not consist of randomly oriented crystallites. Rather, metal polycrystalline 

samples have grains of varying sizes and preferential orientations (texture), which tend to 

produce incomplete or spotty diffraction rings on the x-ray detector.

Although, in-situ dynamic XRD measurements have been performed on gas gun and 

laser compression platforms, implementation of XRD diagnostics on pulsed-power platforms 

has been challenging. Specifically, small gas gun and laser drivers have been built at large x-

ray source facilities, such as the Dynamic Compression Sector (DCS) at the Advanced 

Photon Source (APS) [16, 17], and the Matter in Extreme Conditions (MEC) hutch at the 

Linac Coherent Light Source (LCLS) [18]. However, pulsed-power platforms are much 

harder to construct at these x-ray source facilities because of their large size and unique mode 

of operation. Moreover, the drive and sample geometries limit the use of transmission 
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diffraction, due to the need for thick samples and high-Z materials. The reflection geometry 

for XRD is much more feasible on pulsed-power generators. These unique conditions require 

a custom on-site XRD design which is flexible and tailored to pulsed-power platforms.

The Thor machine is a recently constructed pulsed-power platform that enables 

unique ramp wave compression research [19]. Experimental loading paths can be finely 

controlled using Thor’s precise pressure tailoring capability. The “Thor-XRD” diagnostic 

enables the mapping of high-pressure phase diagram of many materials of interest, and 

greatly expand the field of materials research by producing high quality in-situ measurements 

of materials under dynamic compression. Here, we have demonstrated an alternative and 

cost-effective approach of constructing a compact, pulsed-power x-ray source as a single-

pulse XRD diagnostic for the Thor machine at Sandia National Laboratories. This compact 

flash x-ray diode system can generate a single, bright (~ 30 ns) pulse of narrow line emission 

(e.g., Mo-K-, 17.4 keV, 0.71 Å) [20, 21] for use on Thor-XRD experiments, along with 

broadband bremsstrahlung emission up to 300 keV.
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II. EXPERIMENTAL SETUP

a. Thor components and operation

The design and operation of the Thor machine has been thoroughly described by 

Reisman et al. [19], so only a brief overview is given here. Thor uses multiple capacitor-

driven “brick” switches to deliver current to a power flow structure via impedance-matched, 

transit-time-isolated coaxial transmission cables. Each brick consists of a single switch and 

two capacitors connected electrically in series, with an inductance of 240 nH and a resistance 

of 0.37 Ω. The peak current for a  100 kV capacitor charge is 36 kA with a rise time of ∼ 

60 ns. The bricks can be individually triggered to achieve a high degree of current pulse 

tailoring. The resulting current is concentrated into a “strip-line” load where dynamic 

material experiments can be performed using the large magnetic pressures that are generated. 

Figure 1 shows the overall layout of the Thor machine at Sandia’s Dynamic 

Integrated Compression Experimental (DICE) Facility. Figure 1(a) shows the eight “brick 

towers” that each contain eight vertically stacked bricks. Also shown are the corresponding 

transmission cables (custom 10  coaxial cables made by Dielectric Sciences Inc.) wrapped 

around “cable towers” for space management (~ 8 miles in total length) to fit in a 30’x50’ 



8

space of 1,500 sqft. Figure 1(b) shows the cables feeding into the central power flow (CPF) 

structure that surrounds the load chamber where all of Thor’s energy is discharged into the 

strip-line load. Presently, Thor is powered by 64 decoupled and transit-time isolated bricks 

with a total stored energy of 50 kJ, which can produce peak pressures of 10-30 GPa, 

depending on the pulse shape and load panel width.

Figure 1. (a) Overhead photo of Thor’s brick and cable towers. (b) Photo of Thor’s central 
power flow structure and original load chamber.
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Figure 2 shows schematics of typical strip-line load panels that have been fielded on 

Thor. These standard load panels have been fabricated from bulk pieces of either 6061-T6 

aluminum (Al) or OFHC (oxygen-free high conductivity) copper (Cu) and consist of two 

main parts: a body and a base, as shown in the isometric view in Figure 2(a). The panel body 

was typically 30-50 mm in length and 10-20 mm in width. A cross-sectional view of the load 

region is shown in Figure 2(b). 

Figure 2. (a) An isometric view of the load panels. (b) A cross-section view of the load 
region which depicts the JB force exerted on the load panels and samples.

To hold samples and windows, a pocket was machined into the panel body whose 

depth was defined by its floor thickness (0.5-1.5 mm thick). The two load panels (designated 

as “north” and “south”) were separated by several layers of Mylar insulator with a total 

thickness of 0.25 mm. The insulating Mylar constrains the current flow along the inner 
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surfaces between the north and south panels through a shorting current contact. Within the 

gap between the panels, strong magnetic fields are set up perpendicular to the current path, 

and the resulting JB force produces magnetic pressures on the panels given as

 𝑃 = 𝑘𝐸
𝐵2

2𝜇 = 𝑘𝐸
𝜇
2

𝐼
𝑤

2
. (1)

The pressure, P, on the panels varies proportionately to the square of the current density, J, 

or current, I, divided by the panel width, w, where B is the magnetic field between the panels, 

 is the magnetic permeability between the panels (Mylar  0, the magnetic permeability of 

free space), and kE is an experimental scaling coefficient. The magnetic pressure at the inner 

panel surface initiates a hydrodynamic wave that propagates through the load panels and 

reaches the outer panel surface where samples are placed. For north and south load panels 

with identical materials and dimensions, the drive histories will be the same.

The load samples are typically 8-15 mm in diameter and 0.1-1 mm in thickness. A 

laser-grade window is glued onto the back surface of the sample to observe the 

sample/window interface while the sample remains pressurized. For the ramp compression 

experiments, velocimetry diagnostics, such as Velocity Interferometer System for Any 

Reflector (VISAR) [22, 23] and Photonic Doppler Velocimetry (PDV) [24, 25], are used to 
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track the particle velocity profiles of the sample. For either VISAR or PDV measurements, 

the rear side of the load sample (either a free surface or through a transparent window) is 

illuminated with light from a laser through a “send” optical fiber. As the pressure wave 

propagates through the sample and reaches the reflecting interface, the motion of the sample 

results in Doppler shifting of the reflected light. The reflected light from the sample is 

collected by a corresponding “receive” optical fiber.
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b. X-ray diffraction diagnostic

The cross-sectional schematic of Figure 3 shows the geometry of the input x-rays 

from the x-ray diode head to the load panels, and the diffracted x-rays recorded by the image 

plate (IP) x-ray detector. The current flows on the inner surfaces of load panels perpendicular 

to the plane of this view. The “XRD load” consists of a XRD sample and x-ray window glued 

to the south panel. The “drive load” consists of a PDV/VISAR window glued to the north 

panel. 

Figure 3. Cross-sectional schematic of Thor-XRD setup.

The x-ray source is based on the flash x-ray system described in detail by Morgan 

et al. [20], which consists of a 35-stage Marx bank high-voltage pulse generator coupled to 
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a needle-and-washer electron beam diode via a 41 , DS-2158 coaxial transmission cable. 

The Marx generator, coaxial transmission “feed cable”, and coupling to the x-ray diode were 

all pressurized to 85 psi with dry air. The Marx bank’s capacitor stages are charged to −30 

kV and subsequently triggered to discharge in series into the remote needle-and-washer x-

ray diode. Various electron beam diode systems have been developed to create high-

brightness, flash x-ray radiography sources, but are optimized to produce bremsstrahlung 

radiation [26, 27, 28]. In contrast, this flash x-ray diode system was specially designed to 

produce line emission for XRD using a short, low-characteristic impedance vacuum 

transmission line section and a needle-and-washer anode-cathode (A-K) configuration. 

Specifically, a 3.8-mm-diameter aperture tungsten alloy (W-90%) cathode and 1.5-mm-

diameter anode with a spherical tip were used, and all sharp points and edges in the A-K 

region were eliminated. This resulted in higher emission current and lower electron impact 

energy, thereby increasing the production of characteristic line emission, while minimizing 

broadband bremsstrahlung emission. In this configuration, the peak voltage across the diode 

was estimated to be about 300 kV.
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Figure 4. X-ray energy spectra generated by Mo and Ag anodes.

Figure 4 shows the x-ray energy spectrum for anodes composed of molybdenum 

(Mo) and silver (Ag). The flash x-ray diode operates by emitting electrons from the washer-

cathode and accelerating them towards the needle-anode. Bremsstrahlung (continuum) 

radiation is produced when an electron undergoes strong deflection caused by deceleration. 

X-rays with discrete energies characteristic of the anode’s element are also emitted when the 

anode is bombarded with high energy electrons. The energies of these “characteristic x-rays” 

are determined by the differences in these binding energies of atomic states. Generally, the 

brighter K- line emission is used for the XRD measurements, and the weaker K- line 

emission is minimized using filters.
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Figure 5. The firing of the Marx measured by the Rogowski monitor and the arrival of x-
rays at the XRD sample measured by an x-ray photodiode placed at the XRD load.

To establish the timing of the x-ray pulse relative to the discharge of the Marx 

generator, an internal Rogowski monitor [29] within the Marx was used to generate a timing 

mark. An x-ray photodiode was temporarily placed at the XRD load panel to measure the 

arrival of x-rays at the XRD sample. Based on repeated firings of the Marx, an average delay 

of 100 ns between the Marx Rogowski monitor and x-ray photodiode peak signal was 

measured (see Figure 5). 

To determine the x-ray timing for dynamic Thor-XRD experiments, the x-ray 

photodiode was removed and the Rogowski monitor signal was recorded. The flash x-ray 

diode system generates a single, bright (~30 ns) pulse of narrow line emission, as shown in 

Figure 6(a). During each firing of the x-ray diode, the electron beam degrades the anode. 
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Depending on the anode material, fewer line emission photons are produced on each 

subsequent shot until the anode must be replaced (i.e., Ag: 3-4 shots, Cu: 4-6 shots, Mo: 6-8 

shots). However, the spectrum does not change significantly between shots. The shot-to-shot 

variation of the x-ray pulse was measured to be about  5 ns, as shown in Figure 6(b).

Figure 6. (a) X-ray photodiode measurement of the time history of a single x-ray pulse 
(FWHM  30 ns). (b) The shot-to-shot reproducibility of multiple x-ray pulses (jitter   5 
ns).

(b)

(a)



17

A new conical x-ray diode head with a 90 bend in the vacuum transmission line 

was designed so that the diode and alignment fixture could be mounted directly to Thor’s 

central power flow (CPF) feed plate. This configuration allowed placement of the tungsten 

slit collimator (1 mm wide by 2.5 mm tall) close to the sample, providing an angular beam 

divergence of about 0.5º in the horizontal symmetry plane, which is the plane defined by the 

input x-ray beam and the Thor drive pulse direction of propagation. Installation of this right-

angle x-ray diode head within the Thor load chamber is shown in Figure 7.
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Figure 7. (a) Isometric rendering of Thor-XRD showing the CPF feed plate, right-angle x-
ray diode head, alignment fixture, load panel, and image plate x-ray detector inside Thor load 
chamber. (b) Cross-sectional rendering of right-angle x-ray diode head showing needle anode, 
washer cathode, laser alignment cavity, and x-ray slit collimator.

The isometric rendering of Figure 7(a) shows how the x-ray diode head is mounted 

on the CPF feed plate relative to the load panel and IP x-ray detector. The right-angle x-ray 
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diode head is adjustable to x-ray input angles between 9 and 25. An input angle of 11 was 

selected for all of the results presented here to enable the XRD data at lower diffraction angles 

to be measured. The cross-sectional rendering of Figure 7(b) shows the locations of the 

needle anode and washer cathode inside the x-ray diode head, the laser alignment cavity, and 

the x-ray collimator next to the load panel. A removable alignment laser inside the laser 

alignment cavity is locked into a colinear configuration with respect to the x-ray beam, 

illuminating the target through the slit collimator. For the Thor-XRD experiment, the 

alignment laser is removed, and the cavity is shielded with a tungsten cover.

Since previous Thor experiments only fielded VISAR and PDV diagnostics that 

used flexible optical fibers, the original load chamber was designed to be relatively small 

(i.e., ~ 40 cm in diameter and ~ 20 cm in depth) to be readily mounted and unmounted from 

the CPF feed plate (see Figure 1(b)). To accommodate the right-angle x-ray diode head a new 

expanded load chamber was designed and fabricated, as shown in Figure 8(a). This chamber 

measured ~ 95 cm in diameter and ~ 45 cm in depth. In addition, a new CPF feed plate was 

designed and fabricated for the Thor-XRD experiments. Figure 8(b) shows the Marx’s feed 
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cable connected to the right-angle x-ray diode head with the closed, expanded load chamber 

during a Thor-XRD experiment.

Figure 8. (a) Photo of central power flow with expanded load chamber right-angle x-ray 
diode. (b) Photo of closed expanded load chamber and feed cable connected to right-angle x-
ray diode head. 
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Figure 9. (a) Photo of Thor-XRD showing right-angle x-ray diode head, load panel, and 
image plate detector inside Thor load chamber. (b) Close-up photo of sheet load panel and 
XRD sample.

The typical load panel design for Thor could not be used for the XRD measurements 

due to the panel body pocket’s side walls blocking the input and diffracted x-rays. A fast, 

cost-effective solution was to implement new panel design using stock 1100 Al alloy sheets 

cut by waterjet. Figure 9(a) presents the Thor-XRD setup showing the right-angle x-ray diode 
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