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Abstract

Experiments have been conducted at Sandia National Laboratories’ RITS-6 accelerator facility
[1] (operating at 7.5 MV and 180 kA) investigating plasma formation and propagation in
relativistic electron beam diodes used for flash x-ray radiography. High resolution, visible and
ultraviolet spectra were collected in the anode-cathode (A-K) vacuum gap of the Self-Magnetic
Pinch (SMP) diode [2-4]. Time and space resolved spectra are compared with time-dependent,
collisional-radiative (CR) calculations [5-7] and Lsp, hybrid particle-in-cell code simulations
[8,9]. Results indicate the presence of a dense (>1x107cm3), low temperature (few eV), on-axis
plasma, composed of hydrocarbon and metal ion species, which expands at a rate of several
cm/us from the anode to the cathode. In addition, cathode plasmas are observed which extend
several millimeters into the A-K gap [10]. It is believed that the interaction of these electrode
plasmas cause premature impedance collapse of the diode and subsequent reduction in the total
radiation output. Diagnostics include high speed imaging and spectroscopy using nanosecond
gated ICCD cameras, streak cameras, and photodiode arrays.
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1. INTRODUCTION

A series of self-magnetic pinch diode shots were taken on the RITS-6 (7.5 MV, 180 kA)
accelerator [ 1] during which optical spectroscopy diagnostics were fielded. These diagnostics
were fielded to gain a better understanding of plasma formation and propagation in vacuum
diodes and their effects on diode performance. The SMP diode (figure 1) consists of a hollow,
aluminum cathode and a thin aluminum foil anode. Behind the aluminum foil is positioned a
~1/3 electron range tantalum target used to generate bremsstrahlung x-rays. Electrons
accelerated across a short, centimeter wide vacuum gap, are focused to a few millimeters
diameter at the target, generating very high MA/cm? current densities. As the electrons impinge
on the anode, plasma ion species are evolved which can accelerate back across the A-K gap and
cause premature impedance collapse of the diode. Details regarding the operation and
performance of this diode, and in particular, the geometry associated with its operation on RITS
when configured with a low (40 Ohms) impedance MITL have been reported [2]. The results
presented here are the first direct spectroscopic measurements of the plasma processes that occur

within the diode.
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Figure 1. Self-Magnetic Pinch Diode Configuration.



Pinch beam diodes have been studied and used as bremsstrahlung x-ray sources for many years
[11-14]. It is well established that ion formation on the anode surface, due to heating from
incident electrons, is necessary for pinching the electron beam to the axis [15,16]. It is generally
believed that surface contaminants such as hydrogen, carbon, and oxygen, from water vapor and
hydrocarbon residues, are the main constituents of these plasmas [17]. What is less understood
is the process by which these ions expand into the vacuum gap and their role in the overall
impedance behavior of the diode. Similarly, the behavior of ions created within the vacuum gap
by processes such as electron impact ionization and charge exchange with neutrals is not well
understood. This paper offers the first experimental evidence which shows anode plasmas

expanding into the A-K gap during the ~70 ns electron beam pulse.



2. Experimental Configuration: (Shots 409-416)

The diagnostics employed were streaked optical spectra, using a 1 meter McPherson
monochromator (Model 2061) [18] with a 150 groove/mm diffraction grating (5000 Angstrom
blaze angle) recorded on an NSTec L-CA-24 streak camera [19,20] with a 10 ns/mm sweep
speed. The settings were chosen to allow maximum flexibility both in time and wavelength in
the data collection. Further studies at higher spectral and temporal resolutions are planned. The
spectra were collected through ten meters of 200 um diameter optical fused silica fiber
(Polymicro FVP-200) [21], at various axial locations within the A-K vacuum region, and at two
radial positions (r = Omm, and r = 7.5mm). Figure 2 shows the focusing optics used to collect
light from the diode region. Spectra were collected on separate shots, with the two radii chosen

to aid in determining plasma size and expansion in time.
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Figure 2. Light collection optics for SMP diode spectra (shots 409-416).
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3. Experimental Results: (Shots 409-416)

From figure 3 we can see that visible light emission begins on-axis at the anode (green curve)
and cathode (blue curve) mid-way through the radiation pulse, when the voltage is at its
maximum (see figure 12). At 6.5mm off-axis (figure 4), the light emission is reduced in

intensity and delayed in time (radius of the cathode is 6.25mm).
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Figure 3. Visible light emission (silicon PIN photodiodes) (on-axis).
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Figure 4. Visible light emission (silicon PIN photodiodes) (6.5mm off-axis).

300

Two sets of shots were taken on the SMP diode looking at visible/uv emission spectra in the A-K

gap region. The first set (409-416) looked at emission from 3100A to 4600A. These

measurements covered a broad spectral range (~1500A) in the visible/uv using simple (plano-

convex) fused silica optics. The fiber array and optics used for shots (409-416) had a 1.6mm

focal diameter at the diode (figure 2). Chromatic aberrations were present, along with variations

in the focal plane with wavelength (figure 5), which made interpretation of the data difficult [22].
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Figure 5. Focal spot versus wavelength for SMP shots 409-416.

The spectra showed large variations in intensity from the on-axis to off-axis regions (7.5 mm,
just beyond the physical diameter of the cathode). Spectra were taken at several locations across
the A-K gap, and two of the shots (411 and 412, taken 3 mm from the anode surface) were

analyzed in detail.
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Figure 6. On-axis streak camera spectra (shot 411).

The spectra consisted of bright continuum emission on-axis with little or no line emission until
late in time (the streak camera covers ~300 ns, starting when current first reaches the diode)
(figure 6). Off axis, the total intensity is less and line emission is observed (figure 7); however,
the off-axis spectra are delayed in time relative to the on-axis spectra due to time-of-flight for the
plasma to reach that location in sufficient numbers to be measured. Assuming the plasma
originates from a small region (~3 mm diameter) on the surface of the anode where the beam is

focused, then by simple geometry, and the time of flight for the observed signals, the expansion

velocities are ~7 cm/psec.
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Figure 7. Off-axis streak camera spectra (shot 412).

Even considering differences in the chordal lines of sight (figure 8), it is apparent that the on-axis
plasma is much brighter (denser) than the off-axis plasma. Since absolute calibrations were not
performed on these shots, it was decided to calibrate the data by using the late-time spectra
measured at large radii, and relating it back to the early-time on-axis continuum spectra (see
“region analyzed” in figures 3,4,6, and 7) [23]. With a spectral resolution of 12 Angstroms, we
observed line broadening for both aluminum and carbon lines (determined to be Stark

broadening), indicating the presence of high electron densities (>10"17 cm™3).
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Figure 8. Chordal Lines of Sight through SMP diode plasmas.
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Figure 9. SMP Shot 412 (7.5mm off-axis).
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Obtaining the electron densities from the linewidths (independent of pathlength through the
plasma), allowed us to calibrate the continuum in terms of electron density (linewidths of 20
Angstroms were measured for the C 1T 4267A line). Using this technique, the continuum late in
time (235ns) for the off-axis spectra (shot 411) was determined to have an electron density (N.)
of 3x10718 cm3. Figure 10 shows a representative plot of the experimental data along with
calculated spectra which considers contributions from both lines and continuum. Knowing the
absolute continuum intensity, the absolute line intensities could also be determined, which
allowed for ion density determinations. This technique assumes that the line and continuum
emission come from the same plasma volume. From these calculations, the aluminum and

carbon ion densities at 235ns were determined to be 5x10°16 cm™ and 1x10717 cm3,

respectively, both well below the 3x10"18 ¢cm-3 electron density determined from the Stark-
broadened linewidths. Even with multiple charge states present, this requires another source to
provide the necessary electrons. One explanation is that electrons from ionized hydrogen,
known to be a prevalent contaminant in pulsed-power diodes, are responsible for the high
electron densities, and since ionized hydrogen (protons) has no spectral lines, this would account
for the lack of line emission early-in-time. The electron temperatures obtained from relative line
ratios of carbon and aluminum ion lines (a few eV) were used in the electron density

determinations (see figure 10).
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Figure 10. Experimental and Calculated Off-axis SMP spectra (non-uniformity in
calculated spectra due to hydrogen Balmer series transitions).

The calibrated continuum intensities for the off-axis spectra late-in-time were related back to the
on-axis spectra. While considerations were made regarding the origins of the continuum, which
include free-free and free-bound electron considerations, to the first order, over small changes
(few eV) in temperature, the continua can be related to each other by the square root of the
intensity (assuming a uniform plasma, Smm in length along the line of sight) [24]. The length
assumption introduces some error into the calculations, since the plasma is continually
expanding during this period. Using this technique, the on-axis continuum was determined to be
1x10719 cm3 at late-time (250 ns for shot 411) and 1x10"18 ¢m?3 at early time (50-55 ns) during
the second half of the radiation pulse. The continua signals were first measurable above the
background at about mid-pulse (~50 ns after the time when the current first reaches the diode),
and during the ~30 ns from the mid-pulse to the end of the radiation pulse, the density increased

linearly by a factor of 5 (figure 11). This linear increase in density mirrors the linear increase in
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current flowing in the diode and the subsequent linear decrease in impedance (figure 12). A

more detailed description of the continua spectra will be given in a subsequent report.
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Figure 11. Electron density increase with time on-axis (shot 411) with off-axis late-time
lineout from (shot 412) superimposed in blue.
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4. Conclusions: (Shots 409-416)

From the CR calculations, it was concluded that at 3mm (+/- 0.Imm) from the anode surface, the
electron density was 1x10'8 cm= (+/- 20%) and the electron temperature was 2 eV during the
radiation pulse. Since no lines were observed, and analyses of the off-axis spectra showed low
concentrations of aluminum and carbon, we hypothesized that protons from hydrogen
contaminants on the surface of the anode foil were responsible for the on-axis continuum. It
seems reasonable that hydrogen, known to be present in vacuum diodes, easy to desorb, very
light, and very fast, should be a major constituent of the early-time plasma. There is some
question as to the amount of hydrogen present from water vapor and hydrocarbons (RITS is a
very dirty vacuum system with a typical pressure of ~1x10-> Torr), but it is assumed that enough
monolayers of hydrogen contaminants (upwards of 100) are present to support the measured

densities [16] (see appendix).
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Figure 12. SMP diode current, voltage, and impedance.
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SEM analyses of the aluminum foil could be conducted to better quantify the amounts of surface
contaminants. In addition foil heating experiments would corroborate these results, as removal
of large amounts of surface contaminants by heating would result in a subsequent decrease in the
total continuum emission. On the other hand, if the continua are due to electrons from the base

anode material (aluminum), then heating should have little or no effect on the measured levels.
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5. Experimental Configuration: (Shots 762-767)

Having gained a lot of insight into the diode and diagnostics during the initial shot campaign
(shots 409-416), it was decided to conduct another series of shots with improved diagnostics to
try and expand upon the earlier results. For this series of shots (762-767), the diode
configuration was identical to that of shots 409-416. For these shots, the diagnostics were
improved, and we went back to the visible region where the system’s collection efficiency is
better. We used the same 5000A blaze angle grating as during the previous run, and built a new
10 meter (11x1) quartz optical fiber array. In the visible, we used an achromatic lens to provide
better focusing over large wavelengths ranges (figure 14), and added imaging optics at the
entrance to the spectrograph to better match the /7.0 instrument to the /2.3 optical fibers. The
end result was an approximately 2.3x increase in collection efficiency over the previous run. We
also reduced the focal spot of the fiber from 1.6mm to 1.0mm or 2.6x (to gain better spatial
resolution). The relative intensities on the streak camera for the two data sets were comparable.

Figure 13 shows the focusing optics.

Flange 19.1mm

l 3” Glass Windows: 6.5mm thickness (uncoated)
_/ Open Aperture: 59.0mm
11x1 linear
array | e o | B 1.0mm
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Figure 13. Focusing optics for SMP diode shots 762-767.
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6. Experimental Results: (Shots 762-767)

This new data set consisted of six shots, three taken on-axis (762, 764, and 765) and three taken
7.5mm off-axis (763, 766, and 767). In addition to the 7.5 mm off-axis position, we added a 4.0

mm off-axis shot (767) in hopes of obtaining better information regarding the radial variation of

the spectra in time.

1000

Strip
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3000

4000

500 550 EDID 650 700
Wavelength [nm]

Figure 15. Off-axis spectra (shot 766).

Four of the shots spanned the wavelength region from 4000A to 6500A and the last two shots
looked further into the red (5000A to 7300A) to measure the H-alpha spectra.

For these shots, a lot of emphasis was placed on looking at the aluminum and carbon lines, as
these species had been observed in the previous experiments. In particular, the Al I1I lines at

4480A, 4512A, and 4529A, and at 5696A and 5723A. Since this spectra had better collection
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optics, we were able to distinguish line emission off-axis relatively early in time with little
background continuum (figure 15). We observed several higher charge state lines, C IV 4658A
and C IV 5801A, in addition to oxygen and/or silicon contaminant lines, indicating higher
electron temperatures early in time. Since, the charge states are low (up to plus three), the
electron temperatures are still in the few eV range, justifying the earlier analyses. Hydrogen
neutral lines were observed 60ns after the end of the pulse off-axis in shot 766 (figure 15).
Hydrogen was not measured on-axis, but it is expected that the high electron densities observed
on-axis, would results in significant broadening of the Balmer alpha line, making its

identification above the continuum difficult [25].

All of the 7.5 mm off-axis spectra, plus the 4.0 mm off-axis spectra, begin after the radiation
pulse, while the on-axis spectra starts during the peak of the radiation pulse (indicating a small,
millimeter-sized, spatial extent for the plasma during the pulse). The on-axis spectra are
continuum emissions while the off-axis spectra are line emissions. Very late in time the 7.5 mm
off-axis spectra shows increased continuum emission and some line broadening indicative of
densities in the 10"17 cm-3 range (less than the 10718 cm™ range from the previous run in spite
of no significant differences between the shots). The 4.0 mm off-axis shot (767) was particularly
interesting (see figure 16). It doesn’t give measureable spectra until after the radiation pulse, and
begins with line emission and low continua; the continua quickly increase in time along with
broadening and merging of the Al Il 5696A and 5723 A lines (figure 17). The Al III line
broadening clearly shows the increasing electron density occurring in the diode. To have such
broadening of these Al III lines, densities increasing into the 10°18 cm3 range are required [26].
Spectral calculations show an order of magnitude increase in density from mid 10017 cm to
6x10"18 cm™ during a span of ~60 ns from 120-180 ns after the start of the current pulse. Note
that these densities are greater than those measured in shot 412 at 7.5 mm, which is consistent
with a decreasing radial density profile. The boundary between the early-time line emission and
start of the rise in the continuum is indicative of a low density plasma shell surrounding a higher

density core early in time (figure 8).
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Figure 17. Al lll 5696A and 5723A emission spectra (shot 767).

In contrast, the on-axis spectra shows strong continuum emission during the pulse-time,
increasing in intensity by a factor of 36x in 25 ns, which is the equivalent to an increase in
density of 6x (figure 18). Since it is assumed that the plasma is originating from the anode
surface where the beam is focused, the differences in arrival times of the plasma off-axis lead to
the conclusion that during the pulse, the spatial extent of the plasma is small (a few millimeters).
While plasma does occur over large radii (centimeter) early in time prior to the electron beam
pinching, these plasmas are less dense and do not contribute significantly to the continua
measured above. Additional experiments at smaller radii are planned to better quantify the

plasma size early in time.
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Figure 18. On-axis streaked spectra (shot 764).
SMP Shot 764 Corrected Data (45-75ns)
2.5E+21 -
1 ——45-50ns
——50-55ns
] ——55-60ns
2.0E+21 - 60-65ns
] ——65-70ns
——70-75ns
1.5E+21
1.0E+21:
5.0E+20:
O.OE+007“““‘““““““““““““““ \

425 450 475 500 525 550 575 600
Wavelength (nm)

Figure 19. Continuum emission versus time (shot 764).
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Plasmas are also observed on the cathode. Since these plasmas form on the outer regions of the
cathode surface (hollow-cathode), emission light from cathode plasmas becomes increasingly
important as spectra are collected across the A-K gap towards the cathode. We observe light
emission from the cathode on gated images (figure 20), silicon PIN photodiodes (figures 3 and
4), and with streak cameras (figure 21), during the time of the radiation pulse. Near the cathode,
the plasma is likely hollow, and light from this hollow, cathode plasma is collected along a line
of sight which includes any on-axis contributions from the anode plasma. Since the cathode
itself is hollow, it is possible for the on-axis anode plasma to expand into the hollowed region of
the cathode, and not short the diode until it makes contact the back wall (see figure 22). Since
the depth of this hollowed region is 27.5 mm, or over twice the A-K gap distance, it is reasonable
to assume that this hole allows the diode to continue operating, even while high density plasmas

are present in the A-K gap (see figure 22).

Early Pulse Mid-Pulse

Anod
noce 10ns Gated Images

Figure 20. Optical gated images of plasma formation in SMP diode.
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Figure 21. Plasma light emission across A-K gap during radiation pulse
(direct fiber input into streak camera).

Furthermore, this predicts that a solid cathode (or a hollow one with less depth) would short out
sooner, which can be tested experimentally. The hollow-cathode with a shorter depth is
attractive experimentally, since the electron emission area and beam focusing mechanism would

essentially remain the same.
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7. LSP Simulations and Future Work

While much simulation work has been done on this diode in Lsp [9] (figure 22), a lot of the input
parameters, including plasma generation and contaminant monolayers, are subjective. The
simulations need experimental input parameters. When disagreements exist between the
experiments and simulations, it is important to explore these differences and attempt to explain
them. To date, the simulations model cathode and anode plasmas and suggest methods for the

impedance behavior of the diode. Much
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Figure 22. LSP simulations of cathode electrons and anode protons for the SMP diode.

of the recent focus has been on cathode plasmas, although anode plasmas of reasonably high
densities (10 - 10!7 cm~) have been observed both on and off-axis in these simulations [9]
(figure 22). Plans are underway to try and better understand these differences and design
experiments around answering specific questions which either support or refute various
simulation models. In the end, we need a good physics understanding of how this diode works to
allow for continued improvements to be made, ultimately resulting in a better radiographic

source.
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Appendix A: Surface Contaminants

A lot of information is available regarding high vacuum systems and surface contaminants on
metals. Many studies have been made over the years and most of this information is available in
several texts and articles [27-36]. Most of these publications deal with the properties of gases
and metal surfaces and includes discussions of vapor pressures, evaporation/condensation rates,
sticking coefficients, etc. In addition, many measurements have been made of gas permeation

into metals (ex. low for aluminum due to the oxide coating).

There are several things to consider regarding surface contaminants on diode components on
RITS. First we need to consider the composition of the components, since different materials
absorb and adsorb species by different mechanisms and in different amounts. For the aluminum
foil anode, we know there is a certain amount of contamination present prior to it being placed in
the vacuum chamber. This includes an oxide layer (~40-100 Angstroms thick) along with
hydrocarbon contaminants from the manufacturing process (similar techniques to fine wires
production) (~100-500 Angstroms thick). In addition, when inside the RITS vacuum chamber, at
10~ Torr vacuum, we can expect many monolayers of water vapor (typically 10-20), where each
monolayer contains ~10'3 particles per cm?. The primary contaminant species are hydrogen,
carbon, and oxygen, found in various hydrocarbons, organic compounds (CO and CO, for
example), and water vapor. In addition, we use an insulating solution composed of various
volatile hydrocarbons (toluene, ethyl acetate, and hexane) combined with a silicone based
diffusion pump oil which add to the surface contaminants. In total, it is not unlikely to expect
100’s of monolayers of material on top of the base aluminum, with a large fraction of these
contaminants being hydrogen (~50-70%). Only a small amount of hydrogen gas is expected to
diffuse through the aluminum itself (not the case for other diode materials such as tantalum), still
the surface hydrogen inventories alone are great enough to account for 10'® cm- plasmas seen in
the SMP diode. Since we know, that high temperatures >100C over long periods are required to
remove these types of contaminants from the system, we can only assume that they are present

during the RITS shots.
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Peter Menge’s IEEE Article on LiF ion diode [37]: Shows that dozens of monolayers of
contaminants exist on 1 micron thick LiF coatings on stainless steel substrates. Measurements
were done at 2x10° Torr vacuums. Typically there are 13-45 monolayers (up to 200 Angstroms
depth) of carbon impurities on the surface after 24 hr. in a 10> Torr vacuum, and about 5
monolayers of oxygen. Also, there are about 10 equivalent monolayers in contact with the
surface every second. The article discusses RF cleaning regimes, and shows that about 10
monolayers of carbon will return within ten minutes from a cleaned surface.

Christophe Vermare’s POP Article on DARHT foil experiments [38]: The experiments
performed on DARHT and the supporting PIC simulations due not preclude proton plasmas as
being responsible for the development of observed beam instabilities. The conclusion of heavier
ions being present was based on calculations which showed that ~40 monolayers of water vapor
would be required to produce a SCL proton beam under DARHT conditions (3 mm beam at 20
MeV for 30 ns), while only one monolayer of heavier ions (H,O+, OH+, and O+) would be
required. They also measured beam oscillations experimentally at 125 MHz which compared
well with H+ oscillations in LSP at 140 MHz (higher mass species would have lower frequency
oscillations), leading to the authors conclusion that, “this provides evidence for the presence of a
significant number of H+ ions, produced by ionization of desorbed water in the experiments.”

Insulating Oil Solution:

2 Parts Silicon-based Diffusion Pump Oil (CMP-702)

1 Part Organic Solvent Mixture:
55% (C¢HsCHs) Toluene (Methylbenzene)
35% (CH;CO,CH,CHj3;)  Ethyl Acetate
10% (CHg(CH2)4CH3) Hexane

Colloidal Silver Solution used on SMP Cathode:

Silver 59-61%
Isopropyl Alcohol 20-35%
Methyl Ethyl Ketone 10-15 %
Ethyl Acetate 2-10%
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