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[The colors that one sees when looking at a mineral or gemstone are due to the re ponse
of that person’s eye to the energies of the light, the emission spectrum of the illumination, and,
most importantly, physical phenomena in the material that cause some colors to be absorbed
while others are undisturbed or enhanced. It is beyond the scope of this talk to do more than
touch on the physiology of the eye that allows us to see colors. Likewise, we will not dwell on
the emission spectra of various light sources. Rather, we will concentrate on the various ways
in which materials, especially minerals and their heights of perfection - gemstones, produce
color from white light.

Light is a form of energy (electromagnetic energy) and white light is a mixture of all of
the visible energies (or wavelengths). In order for a mineral to cause color from white light it
has to somehow perturb the balance of the light energies. Kurt Nassau23 has separated the
causes of color into 15 mechanisms based on 5 physical groupings. While there are some color
mechanisms that depend on direct emission of certain colors, most of the mechanisms we are
interested in depend on the ability of minerals to preferentially absorb certain energies of light.
When these energies are removed from the white light the mineral is colored by the
complimentary color as demonstrated by the CIIY Chromaticity Diagram.

Light absorption by the electrons of transition metal (or rare earth element - REE)
atoms, either as major portions of the mineral chemistry or impurities, is one of the most
important and well known of the coloring mechanisms235. Most common, rock-forming
elements have electronic structures which mitigate against causing colors. On the other hand,
transition metals (and REE’s) have electrons which can be excited to open, higher energy levels.
The electrons gain the necessary energy for the excitation by absorbing a particular energy
(color) from white light and thus cause the mineral to show the complimentary color. Three
prime examples of this mechanism are rubies, emeralds, and alexandrines but there are many,
many more.

The second most important and common coloring mechanism is intervalence charge
transfer. This occurs when a valence electron from one atom transfers to the structure of a
close-by atom (often of a completely different element) again by absorbing just the amount of
energy needed to make the transfer. Examples include sapphire, lapis lazuli, and amazonite.

Color centers (also known as F-centers or farbe {German for color} centers) are created
when atoms are oxidized or removed. This is usually done by radiation. In most cases the hole
left behind is occupied by an electron trying to proxy for the missing atom. This electron
comes from a neighboring atom and the unpaired electron left behind is prone to absorb light
energy and thereby create colors. The most familiar examples of minerals colored by color
centers are amethyst and smoky quartz but fluorite, green diamonds, and brown topaz are
also good examples. Color centers are one of the few coloring mechanisms that can be
removed by heating or exposing the mineral to strong light.
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by an annular electron beam drawn from a
surrounding grounded cathode ring (Figure2). The
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Figure 2. Industrial Radiographic diode

electrons spread across the anode surface producing
a diffuse bremsstrahlung x-ray source. The
maximum (non-relativistic) electron current is [2]

ISCL(kA) = 14.7 (L/k2RJ V3n

(where L is the cathode emission length, R, is the
anode radius, and k is a geometric term),
corresponding to a few kiloamperes. The low
intensity nature of this geometry produces minimal
anode damage, allowing multiple shot operation
without maintenance. It is simple and easy to
operate, can be adequately designed using
electrostatic orbits. These industrial diodes
typically operate from 1 to 300 GW/cm2.

3. Pinched Beam x-ray source

A significant increase in electron beam intensity
can be obtained by operating above the critical
current

Iti, (kA) = 8.5 (+ - l)ln (RJd)

where & is the cathode radius and d is an axial
vacuum gap spacing (Figure 3). The current

~

produces a strong azimuthal magnetic field behind
the electron flow. Near the planar conducting
boundary this azimuthal field bends the electrons
inward. Formation of a counter-streaming ion flow
further neutralizes the electron space charge,
enabling a high intensity focus [3]. ‘

In negative polarity, electrons sweep onto an axial
focal spot and emit x-rays in the forward direction,
with typically a 30° mean incidence angle. As with
all high power diodes, the intent is to operate at
very high electron beam intensities to create
extremely bright radiographic sources. The
deposited energy per gram of the anode converter
therefore exceeds melt and often vaporization
thresholds, limiting these sources to single shot
operation between maintenance. The small vacuum
gap makes pinched beam diodes sensitive to
prepulse, and the requirement for counter streaming
ions limits the impedance lifetime as the anode
plasma evolves during the pulse. The sweeping
electron beam produces a radiographic halo during
the pinch phase, and the core typically wanders,
making post-diode x-ray collimation diftlcult.
These diodes can reasonably couple 35 kA onto
about a 2-mm diameter focal spot, operating at
about 1 TW/cm2 intensities.

4. Paraxial Diode x-ray source

A more robust high focal intensity alternative can
be accomplished by launching a large area electron
beam, such that the energy deposition on the anode
is insufficient to form a plasma, through a thin foil
and compressing the electron beam in a gas
transport cell before irradiating the bremsstrahlung
converter (Figure 4). Gas ionization occurs within
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Pinched Beam x-ray source

Figure 4. Paraxird x-ray source

a few nanoseconds and fractionally neutralizes the
electron beam space charge. Depending on the
plasma magnetic decay time, the electron beam
either slowly sweeps through a focus at the
converter or rapidly collapses into freed Betatron
oscillations (Figure 5).
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Figure 5. Par-axialdiode orbits
leil Ballistic, right Betatron

The larger vacuum gap and lower initial beam
intensity result in a more stable impedance history
compared to the pinched beam diode, though this
system is also sensitive to prepulse (foil turn-on)
and pulse risetime (gas breakdown). Radiation
produced while the beam is pinching similarly
produces a radiographic halo and spot wander
precludes tight collimation. These paraxial diodes
are very reliable radiographic sources which operate
from 5 to 10 MV, coupling 35 kA into foil
scattering limited spot diameters of at least 3-mm at
about 1 TW/cm2 [4].

5. Magnetically Immersed x-ray source

In contrast to the large-source area paraxial
approach, the magnetically immersed diode utilizes
a very small cathode emitter and augments the self-
magnetic field with a solenoidal applied magnetic
field to contain the electron orbits to a tight spot
(Figure 6), This diode is designed to operate on

Figure 6 Magnetically Immersed x-ray source

either a vacuum-insulated transmission line drive
(where the cathode electric field is below field
emission) or on a magnetically insulated vacuum
transmission line [5] where the load self-magnetic
field insulates the power flow upstream. In this
case a fraction of the total current is transported as
free electrons ExB drifting along the transmission
line. The magnetically immersed diode strips these
higher temperature sheath electrons and draws a
cold, small diameter radiographic source electron
beam from the cathode tip within the solenoid.

, = ““[(l+Gib)l- [+l+m(%))

The magnetically immersed diode has demonstrated
mm-diameter radiographic spots from 3 to 9 MV,
operating at 10 to 20 TW/cm2, hence promptly
producing energetic anode plasmas which drive an
ion hose instability. This instability saturates when
the beam offset equals the electron gyro-radius, and
the spot size can be expressed as

spot = 1.3Joffset2 + needle2

r2yi 0.17 Tesla cm
offset = —

17 kA B,

Experiments [6] have shown this diode is capable of
providing either a benign ion hose instability
limited spot size described above or in a deleterious
enhanced instability mode, where the spot grows
abruptly to many times the analytic prediction.
Numerical simulations indicate that this enhanced
mode is caused by multi-species ions orbiting into
the beam from both the walls and axially fkom the
bremsstrahlung target (Figure 7), which may be

Figure 7 Physics issues in the magnetically
insulated diode.

controlled by surface preparation, adequate
magnetic insulation of the wall ions, and magnetic
mirroring of target ions.

6. Rod Pinch x-ray source

The final radiographic diode we will discuss is the
Rod Pinch [7], Figure 8. This diode combines the
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Figure 8 Rod Pinch x-ray source

geometry of the industrial source with self-field
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pinched beam focusing, operating above critical
current in positive polarity.

I-2*ICri, = 17(~- l)ln/ln(RJRJkA

Preliminary Particle in Cell (PIC) simulations
suggested this diode could rapidly transition from
Langmuir-Blodgett radial flow (industrial case
above) into magnetic pinching, and then stably
operate with electrons impinging only the tip of the
rod which extends through the cathode,
Experiments around 2 MV with a 0.5 to 2-mm
diameter anode rod support this prediction with
electron beam intensities fkom 10 to 20 TW/cm2.
Radiation measurements suggest the electron beam
strikes the rod radially, producing less dose in the
desired forward cone than the other x-ray sources
discussed above. As the most recent configuration
studied, there remain many unanswered physics
questions such as the limits of reliable operation in
spot size, diode voltage and impedamce.

The spot size is governed by the rod diameter, so
prediction of performance and alignment of the
radiographic axis is straightforward. Experimental
investigations [8] show this diode to be insensitive
to pre-pulse, pulse shape, or misalignment,
operating reliably in modest vacuums (<50 mPa)
with a falling diode impedance which appears to
scale with plasma closure velocities in the above
equation. The high electric fields and electron
beam intensities should promptly produce diode
plasmas, consistent with the observed behavior. As
the rod diameter decreases or the diode voltage
increases, the electron range becomes greater than
the converter tilckness, leading to electrons which
re-enter the diode to reflex. Their passage through
the rod converts kinetic energy into bremsstrahlung
and the orbits scatter, which should lead to a
significant modification of the electron phase space.
This physics has recently been been modeled

Figure 9. Hybrid Particle in Cell/Monte Carlo
simulation of the Rod Pinch diode

(Figure 9) by treating PIC electrons which enter the
rod with Monte Carlo techniques, then re-
initializing the slowed and scattered electrons (and
secondaries) as they

exit the rod back into the PIC simulation. These
simulations show the anticipated electron phase
space modification and suggest the Rod Pinch diode
should provide a reliable, high intensity
radiographic x-ray source at 2 to 3 MV from 20 to
40 ohms. Experiments are underway to veri~ this
performance and to study three dimensional and
scaling limits.

5. Radiographic source summary

The radiographic diodes discussed above can be
summarized in terms of their electron beam
intensity as a function of operating voltage, as
shown in Figure 10. Shown here are industrial
radiographic sources from a variety of
manufacturers, all operating below 300 GW/cm*
and typically below 2 MV. The Pinched Beam and
Paraxial diodes developed at AWE in the United
Kingdom operate at about 1 TW/cm2 on a wide
variety of drivers from 1 to 10 MV. The
Magnetically Immersed and Rod Pinch diodes have
been shown to operate fkom 10 to 20 TW/cm2 fkom
1 to 9 MV (Magnetic) and around 2 MV (Rod).

Figure 10 Radiographic diode comparison

6. Next generation radiographic drivers and
sources

Our program goal is to develop pulsed power-
driven advanced radiographic technologies. We are
assembling the first module of an Inductive Voltage
Adder Radiographic Integrated Test Stand (RITS)
accelerator which will provide a 4 MV, 24 ohm, 50-
ns (full width at 90°/0) drive pulse into a
magnetically insulated vacuum transmission line
using three IVA cavities (Figure 11). This
accelerator architecture will be continued to an 8-
MV, then a 16-MV single or an 8-MV double pulse
capability. Alternate pulsed power approaches will
be pursued when applicable prototypes are
demonstrated.
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Figure 11. Radiographic Integrated Test Stand

The RITS accelerator family will enable studies of
intense radiographic sources at a variety of
voltages. Based on the experience to date, the rod
pinch appears to be the simplest and highest
brightness x-ray source for < 3MV voltages. At
higher voltages, ion loss current and the
increasingly transverse bremsstrahlung radiation
cone from the Rod Pinch will reduce its utility and
probably make the magnetically immersed diode
the preferable radiographic x-ray source to scale to
100 TW/cm2.
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