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ABSTRACT

Safety considerations in large future fusion reactors like ITER are important before licensing
the reactor. Several scenarios are considered hazardous, which include safety of plasma-facing
components during hard disruptions, high heat fluxes and thermal stresses during normal
operation, accidental energy release, and acrosol formation and transport. Disruption events, in
large tokamaks like ITER, are expected to produce local heat fluxes on plasma-facing components,
which may exceed 100 GW/m2 over a period of about 0.1 ms. As a result, the surface temperature
dramatically increases, which results in surface melting and vaporization, and produces thermal
stresses and surface erosion. Plasma-facing components safety issues extends to cover a wide
range of possible scenarios, including disruption severity and the impact of plasma-facing
components on disruption parameters, accidental energy release and short/long term LOCA’s, and
formation of airborne particles by convective current transport during a LOVA (water/air ingress
disruption) accident scenario. Study, and evaluation of, disruption-induced aerosol generation and
mobilization is essential to characterize database on particulate formation and distribution for large
future fusion tokamak reactor like ITER. In order to provide database relevant to ITER, the
SIRENS electrothermal plasma facility at NCSU has been modified to closely simulate heat fluxes
expected in ITER.

This report is composed of three parts, each is an ITER EDA file, namely, EDF No.
ITER/US/97/TE/SA-14, June 1997, which describes scoping the SIRENS facility for generating
wall material vapors; EDF No. ITER/US/97/TE/SA-21, November 1997, which details the results
obtained on characterization of ITER disruption-induced particulate for metals; and EDF No.
ITER/US/9&/TE/SA-11, June 1998, which details the results for carbon-based materials and mixed
materials.

The SIRENS high heat flux facility at N.C. State University has been modified to closely
simulate disruption conditions expected in tokamak reactors, and to provide an experimental study
on disruption-induced aerosol mobilization for fusion accident analysis. SIRENS source forms a
hot vapor plasma by an ablation-controlled arc and expansion cooled into a glass chamber, where
particle condensation and growth occurs. The particles are collected and analyzed for relevant
transport properties {e.g. size distribution and shape), as described in detail in Part 1: EDF No.
ITER/US/97/TE/SA-14, June 1997. Results on metals (copper, stainless steel 316, tungsten, and
aluminum) have shown particulate size range of 0.075 - 25 pm in a simulated disruption heat load
of 2.8 MJ/m2 over a 50 ps heat pulse. Particle size distributions have been determined and are
presented in Part 2: EDF No. ITER/US/97/TE/SA-21, November 1997. The response of carbon-
based material and carbon/metal mixtures (Lexan polycarbonate, graphite grades UTR-22 and ATJ,
and combinations of Lexan with each copper, stainless steel 316, tungsten, and aluminum.) to
disruption simulation in SIRENS has been studied and the resulting particle size data are presented
in Part 3: EDF No. ITER/US/98/TE/SA-11, June 1998.
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I. INTRODUCTION

Safe operation of future large tokamaks like ITER necessitates a resolution for each safety issue
that may develop regarding the licensing of the reactor. Various hazard scenarios are related to
plasma-facing components, and varies from surface erosion and material concerns during normal
operation and abnormal events to worst case scenarios of hard disruptions, LOCA’s and LOVA’s.
Disruption severity and the impact of plasma-facing components on disruption parameters is an
important issue, which requires thorough research on various candidate materials as plasma-facing
components (divertors, limiters, and first wall). Erosion of plasma-facing components during hard
disruptions is a limiting factor in the design of large tokamaks like ITER. During a disruption
event, much of the stored thermal energy of the plasma will be dumped to the limiter or divertor

plates, resulting in local heat fluxes, which may exceed 100 GW/m?2 over a period of about 0.1
ms. As a result, the surface temperature dramatically increases, which produces thermal stresses
and surface erosion. Surface erosion must be minimized for a longer lifetime of the plasma-facing
components. Materials and components must withstand thermal shock for first wall and divertors
under normal and disruption conditions.

It is difficult to simulate disruption damage conditions on current tokamaks. Erosion studies of
plasma-facing components can be obtained from small devices suitable to simulate disruption
conditions. Plasma guns (light gas and electrothermal guns), and some electron beam facilities,
can produce disruption-like conditions to simulate disruption events. The heat flux from a low
temperature electrothermal plasma gun is produced, primarily, from the black-body spectrum
photons. The energy in a tokamak disruption, on the other hand, may be carried by higher energy
(10 keV and above) electrons and ions emanating from the core plasma. However, no direct
measurements of the actual spectrum have been done. Calculations have shown that the scale
length for slowing down of electrons and ions with energies less than 20 keV is much less than the
scale thickness of the vapor shield itself. Hence, the vapor is opaque to the incoming particles and
once the energy could be deposited in the vapor shield then low energy photon transport becomes
the dominant mechanism by which energy is transferred to the material surface, as shown by
results of several computational models. The developed pressures in the vapor shield (>100 MPa)
are large enough to expand against incoming plasma flux or magnetic field as in tokamak, so much
of the stored internal energy of the vapor will be propagated away from the surface. The vapor
shield can reduce surface energy flux by greater than 90%. Energetic ions and electrons may
penetrate through the vapor shield layer, and under such conditions the energy transmission factor
through the vapor shield will increase, thus producing increased surface damage. Such penetrating
suprathermal electrons can reduce this percentage to less than 50%. High pressures (> kbar) can
also be generated at the PFC surfaces, which can lead to cracking and material failure. Calculations
can demonstrate the effectiveness of the vapor shield and estimate vapor shield pressures and
forces, but the calculations are highly dependent on the characteristics of the outflux disruption
plasma. Thus in order to do meaningful calculations, the heat flux, species, flow velocities,
temperatures, pressures, and magnetic field must be known at the divertor plate.

Safety considerations of plasma-facing components extend over a wide range of possible
scenarios other than erosion problems. Disruption severity and the impact of plasma-facing
components on disruption parameters depends on the performance of selected candidate materials,
and possible improvement of disruption resistance. High heat fluxes and thermal stresses during
normal operation and abnormal events (disruptions) are related, again, to the performance of
selected materials and their ability to withstand thermal shocks. Additional safety issues include
accidental energy release, LOCA’s and LOVA’s, where both short and long terms must be
considered. Accidental ingress of air (LOVA) or water (in-vessel LOCA) may cause chemical
reactions and thus release energy. The formation of airborne particles by convective current
transport during a LOVA accident scenario (water/air ingress disruption) may result in a release of
activated products. Mobilization and transport of activated materials may also take place by ingress
of some gas, air, or steam, which could be developed during in-vessel accident scenarios.




II. The Experimental Device SIRENS and Modifications
for Aerosol Transport and Accident Scenarios

Complete and detailed description of SIRENS facility, scoping for
disruption-induced mobilization and wall material vaporization
is attached in Part 1: “Scoping of SIRENS for Wall material
Vaporization Studies”, J.P. Sharpe and M.A. Bourham,

EDF No. ITER/US/97/TE/SA-14, June 1997.

II.1 Disruption Simulation with SIRENS

In order to simulate aerosol mobilization from tokamak disruption events, a suitable facility
must be devised that simulates the extreme environment present in a disrupting tokamak reactor.
The most difficult parameter to satisfy is the high heat flux incident on the divertor targets.
Disruption energies of the order of 20-100 MJ/m?2 are expected in ITER, and no existing tokamak
can achieve this loading. One demonstrated technique to achieve disruption heat loading over a
relatively small surface area utilizes an electrothermal (ET) plasma. Typically in SIRENS, ET
plasmas are produced by high current arc discharge through a capillary lined with a polycarbonate
ablator. Evolved mass from the liner is heated and ionized by the discharge current. This hot
plasma (1-3 eV) is essentially a black body radiation source, which provides high heat flux to any
exposed surface. To study disruption-induced aerosol mobilization, however, requires some
modification to the plasma source section of SIRENS. In place of the polycarbonate liner, which
generates a 'dirty’ plasma composed of ionized carbon, oxygen, and hydrogen that is un-
representative of tokamak conditions, a liner of some material of interest is inserted into the
capillary. Figure 1 displays the general arrangement of the modified source section to produce a
vapor plasma of the desired material via wall ablation. The source section has, additionally, been
modified to include a setup to measure the plasma pressure at the source exit, as shown in Fig. 2.
When mixed materials are used, sections of such materials are then be arranged inside of the source
to produce mixed vapor plasma, as shown in Fig. 3.

Source Main Insulator {(Lexan)
Source cathode

Material of Interest

Fig. 1 Single-material modified source showing location of material sleeve and end-on insulators.
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Fig. 2 Modified source showing location of pressure transducer, and location of tube-shaped test
material, either a single-sleeve material or sectioned-sleeve to form a mixed materials
source. The mixed plasma is formed inside the source and is allowed to expand into the

collection cell.
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Fig. 3 Mixed materials modified source showing short sections of materials arranged inside of the
central section of the source between the two insulating rings.




The above mentioned modifications to the ET plasma source allows it to act as a disruption
simulator in the following manner. As the discharge arc travels through the capillary, a radiative
heat flux is incident upon the inner surface of the source liner (the material of interest). The
resulting temperature increase causes the surface material to directly ablate, forming a plasma vapor
representative of that generated from a PFM surface during a disruption event. An important
assumption regarding the application of this source to tokamak disruptions is that the dominant
disruption energy transport mechanism causing surface erosion is radiation (i.e. melt-layer
splashing is not considered). This assumption is justified in that the developed vapor shield at the
surface of the PFM will absorb incident plasma particle energy, thereby exciting and ionizing the
vapor cloud. Line and continuum radiation are generated in the vapor cloud and continue to heat the
PEM surface by black body radiation.

II.2 Formation and Expansion of Aerosol Particulates

In a tokamak disruption. the vapor cloud develops high pressure in a short time due to the
continual mass evolution from surface erosion. This pressure allows the vapor to expand against
the transient disruption plasma into the vacuum vessel. Adiabatic expansion cooling then
supersaturates the vapor; condensation occurs by plating of interior vacuum vessel structure and by
formation of small particles (aerosols). Similarly in SIRENS, the pressure of the vapor increases
as ablation continues, thus forcing the vapor out of the capillary and into an expansion chamber.
Again, expansion cooling is responsible for vapor condensation and aerosol formation. Figure 4
shows how the source section and expansion chamber are arranged in SIRENS.

Modified Yacuum Ports & Disgnostics Access
Electrothenmal
Plasma Source

1 1
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Yacuum Ports & Disgnostics Access

Fig. 4 Schematic of the modified SIRENS facility showing the modified source section and the
collection cell. A fiber optic cable is located at the source exit, and is interfaced to an optical
multichannel analyzer for optical emission spectroscopy measurements.

Chamber size is determined by comparing available expansion volume for a given amount of
ablated mass to the expansion volume available in a tokamak. Due to geometrical limitations, the
present chamber on SIRENS is cylindrical with a diameter of 10 cm and length of 40.6 cm, giving

an expansion volume of 0.0032 m3. In ITER, the expansion volume is approximately 2600 m3. If
10 um of a given surface material is eroded in a given disruption simulation (with appropriate heat
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flux), the effective volume of eroded material in SIRENS is 3.75x10-9 m3. The same erosion depth
on 200 m? of divertor targets for an ITER disruption yields an effective volume of about 0.002 m3.
The volumetric expansion ratio is therefore 1.17x10-6 (3.75x10-9/0.0032) for SIRENS and

7.7x10-7 (0.002/2600) for ITER. Volume expansion scaling for SIRENS to ITER is then roughly
1.5: 1 in this configuration. This volume comparison alone is not sufficient to assure scaling of
particle formation, however the consistency is important in aerosol nucleation physics.

I1.3 Aecrosol Characterization

Following generation of aerosol particles from the source section of SIRENS, and expansion
into the collection chamber, particles are collected on collection buttons and measured. Several
collection schemes are possible, however only three have presently been considered: collection
buttons distributed on the expansion chamber surface, a filtering system placed at the end of the
chamber, and a high temperature pressure cascade impactor installed at the end of the chamber.
Particle shape and size may be determined by examining the collection substrate (buttons, filter, or
impactor plates) using scanning electron microscopy (SEM) and image analysis software. The
general concept of using collection buttons in the expansion chamber is shown in Fig. 5. As the
vapor condenses, particles are formed and transported to the wall of the expansion chamber, where
some are captured on the surfaces of collection buttons. A plate at the end of the chamber will also
collect particles. Axial particle transport can be characterized by different levels of deposition on the
distributed buttons.

Remounwbls Collacting Butons Remouneble Collecting Butons
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Fig. 5 Schematic of the expansion chamber showing concept of remountable collecting buttons.
Chamber is either closed-end (a) or open-end (b).

Filter or cascade impactor placement at the end of the chamber is useful because particle size
pre-selection is performed, making size analysis more accurate than collecting all particles on a
single plate. Filters and impactors are designed to allow passage of particles of known size;
measuring deposition (i.e. weight gain) of the collection substrate will give the particle size
distribution. This characterization method is independent of SEM analysis, thus size distribution
confirmation is performed. With an appropriately designed chamber (i.e. sufficient expansion
geometry), particle formation should be complete before the vapor transports to the end of the
chamber. Particles collected on the filter or impactor plates then represent the final particle
distribution that would be expected from PFM mobilized during a disruption. This data would be
used with the collection button data to understand initial aerosol formation and transport following
a disruption event.




11.4 Proof-of-Principle Tests

Proof-of-principle tests have been performed on the modified SIRENS disruption simulation
facility for aerosol production. Each test utilized a copper source section liner as the test material,
and collection buttons were distributed in the expansion chamber. For the second test, a porous
membrane filter (cellulose nitride) was attached to the end of the chamber. A cascade impactor has
not been tested due to complications in impactor design for a high pressure environment. The
discharge energy densities for these tests were 4.49 MJ/m2 and 4.70 MJ/m2 (both over 75us),
with total mass loss of copper source section of 0.49 g and 0.35 g, respectively. Reduced mass
loss on the second test is possibly due to insulator cracking. A faint copper-colored haze appeared
to coat the inside wall of the expansion chamber for both tests, indicating either vapor deposition or
particle collection. SEM analysis of wall-mounted buttons has shown that spherical particles were
deposited on the wall, as well as vapor condensation and particle deposition on the end plate. This
seems to indicate incomplete vapor nucleation. Particle size distribution for each test was obtained
by using image analysis software with particle counting. Several SEM micrographs of the
collection buttons were made and analyzed to obtain particle size and number. The mean particle
size (count mean diameter) was found to be 2.11 um for test 1 and 7.75 pum for test 2. Axial
particle deposition along the length of the chamber wall was also characterized during these tests.
Four buttons placed circumferentially at 4 axial locations were measured for weight gain. The
results from test I and 2 are displayed in Fig. 6. Test 1 displays decreasing deposition because the
buttons were arranged in such a fashion as to shadow buttons farther down the channel. A
different arrangement was used for test 2. Increasing deposition down the channel length for test 2
indicates the relative amount of condensed vapor at each axial location due to radial particle
transport. The small relative weight gains measured (compared to the overall source liner mass loss
and mass gain of the end-plates) also display incomplete vapor condensation in the expansion
chamber geometry, which necessitates changing the chamber length to an appropriate value based
on vapor expansion calculations and compared to the ITER volume expansion scale.
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Fig. 6 Mass gain on collecting buttons along the length of the expansion chamber




III. Experiments on Metals Relevant to ITER
(Copper, Stainless Steel 316, Tungsten and Aluminum)

Complete and detailed description of experiments conducted on metals
relevant to ITER is attached in Part 2: “Characterization of Disruption-Induced
Particulate from ITER Relevant Metals”, J.P. Sharpe and M.A. Bourham,
EDF No. ITER/US/97/TE/SA-21, November 1997.

A series of experiments have been performed with SIRENS to simulate the erosion and
mobilization effects on ITER-relevant materials exposed to hard disruption conditions.
Specifically, size distributions have been produced for various particulate generated from
condensation or deposition of vaporized surface material. This section presents a description of
experiments conducted on metals, and the particle size distributions. Test material was-fabricated
into a cylindrical sleeve of 0.4 cm ID, 0.7 cm OD, and 6 cm length, and placed into a Lexan inner
insulator of 0.7 cm ID and 12 cm length. A ceramic (Maycor) insulator was used to isolate the
electrically conducting test sleeves, thus forcing the arc discharge through the inside of the test
sleeve (capillary) and exposing the inner surface of the test material to radiative heating from the
plasma. Energy deposited on the surface from the intense arc mobilizes material from the test
sleeve by vaporization or ablation; this mobilized mass flows from the capillary into a large glass
expansion chamber (18 cm ID, 76 cm length) designed to scale to the expansion volume available
in the ITER divertor. During the expansion process, the vaporized mass cools well into super-
saturation and hence condenses, forming the particulate of interest. This particulate is transported
to the wall of the expansion cell and is intercepted by circular collection substrates (buttons)
distributed along the chamber wall and on the end-plate. A detailed description of button locations
and test results on metals is available in Part 2 of this report: “Characterization of Disruption-
Induced Particulate from ITER Relevant Metals”, J.P. Sharpe and M.A. Bourham, EDF No.
ITER/US/97/TE/SA-21, November 1997. Following the test, buttons are removed, weighed for
relative mass gain, and viewed in a Scanning Electron Microscope (SEM). Photographic images of
a button’s surface are obtained, and the captured particles are sized and counted, generating the
particulate size frequencies for that button. These measured frequencies are then fitted to the log-
normal distribution.

III.1 Copper Test Results

Tests were performed in SIRENS using copper as the test material. A sample of test matrix is
given in the following table, which displays test energy, sample mass loss, and particulate size
distribution parameters from two copper tests. Sample mass loss was consistent for shots of nearly
equivalent discharge energies. Analysis for particle size distribution was performed using buttons
1,6,7,9, 12, and 14. These buttons were chosen because they best represent different locations
for collection available in the expansion chamber. Differences observed in particulate size
distributions, especially on end-plate buttons, are a direct result of differences in SEM image
quality. Images obtained from buttons used in Cu Test 1 were not optimized and displayed
significant levels of noise due to improper operational parameters of the SEM. Incorrect contrast
and brightness levels allowed clear imaging of the substrate grain boundaries. Presence of such
distinct background features interfered with the ability of the size analysis computer software to
recognize individual particles. This problem was corrected for other tests by simply reducing the
background brightness until the grain boundaries disappear from the image. Corresponding
brightness reduction of imaged particles is countered by increasing the contrast level, enhancing
only the particles since they are of different composition than the substrate. Images from buttons
used in Cu Test 2 were fully optimized by applying these techniques. Fig. 7 shows the particle size
distribution for button 7 from Cu Test 2, which is a log-probability plot, showing the general linear
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trend observed in all the particle size data collect from the copper tests. Data points for the smaller
sized particles (< 2 um), however, do not fit this linear trend, possibly indicating a different
underlying distribution for these particles. Unfortunately, these particles approach the size
resolution limit of this characterization technique, and improvements have been implemented in

further tests.
TEST MATRIX FROM TWO COPPER TESTS.

Cu Test 1 (Shot S734) Cu Test 2 (Shot S737)
Energy (kJ) 4.260 4.458
Am (mg) 436.67 451.13
CMD (um) GSD R2 CMD (pm) GSD R2
Button 1 0.66 1.77 0.966 0.58 2.17 0.988
Button 6 0.78 2.13 098  0.63 2.43 0.989
Button 7 0.55 2.38 0.962 0.505 2.57 0.983
Button 9 0.77 2.07 0.984 0.426 2.63 0.991
Button 12 0.97 2.04 0988  0.366 3.06 0.989
Button 14 0.84 2.27 0.970 0.381 2.70 0.981
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Fig. 7 Particle size distribution for copper in Cu Test 2 button 7, SIRENS Shot S737
II1.2 Stainless Steel (316) Test Results

Stainless steel 316 (SS316) has also been tested. A sample of test matrix is given in the table
below. Particulate size distributions for buttons at the same location for the both tests are generally
consistent having CMD equal to, or less than, 1.3 um. Several interesting features were observed
on the images. Buttons on the end plate generally showed large numbers of distinct particles. Many
larger particles had smaller particles attached (' 5-20% diameter of the large particle; for example,
one particular particle 6 ym in diameter on button 14 had two satellites attached, one of 0.6 pm
diameter and another of 1pm diameter). The counting process does not distinguish different
particles among these agglomerates. Another feature of interest includes buttons located on the side
wall containing several ’streakers’ with tails all pointing in the same general direction. The tail
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lengths where approximately 2.5 - 5 times the particle diameter. This suggests that the incident
particle had a molten surface layer that froze as it was deposited rolling along the surface. This
feature was also observed with the copper tests, but was not as prevalent.

TEST MATRIX FROM TWO STAINLESS STEEL TESTS

SS316 Test 1 (Shot S735) SS316 Test 2 (Shot S738)
Energy (kJ) 4.259 4.260
Am (mg) 349.93 367.61
CMD(um) GSD R2 CMD(um) GSD R2
Button 1 0.45 1.78 0.955 0.45 1.94 0.986
Button 6 1.31 1.69 0.996 0.75 2.21 0.991
Button 7 0.84 2.14 0.992 1.46 2.10 0.994
Button 9 0.92 1.78 0.984 0.618 2.27 0.993
Button 12 0.54 2.33 0.980 0.75 2.37 0.995
Button 14 0.73 1.87 0.989 0.62 2.29 0.974

III.3 Tungsten Test Results

Tungsten has also been tested. A sample of test matrix is given in the table below. The sample
sleeves from both tests shattered due to the brittle nature of tungsten, and the reported sample mass
losses are best estimates from weighing all debris collected from the shattered sleeves. The amount
of mass deposited on each button was very small, in some instances being less than the resolution
of the balance used to weigh them.

TEST MATRIX FROM TWO TUNGSTEN TESTS

Tungsten Test 1 (Shot S736) Tungsten Test 2 (Shot S739)
Energy (kJ) 4.260 4.259
Am (mg) 154.85 241.93

CMD(um) GSD R2 CMD(um) GSD R2

Button 1 0.30 1.97 0.997 0.38 1.99 0.974
Button 6 0.50 1.76  0.996 0.30 2.11 0.986
Button 7 0.70 1.65 0.980 0.36 2.15 0.992
Button 9 1.05 2.59 0.965 NA NA NA
Button 12 0.66 2.49 0.974 NA NA NA
Button 14 0.80 2.49 0.968 NA NA NA

A feature that interfered with the particle counting technique was cratering or pitting that
resulted from impact of tungsten particles on the copper button substrate. Edges of the craters are
significantly distinct, and in the particle characterization procedure they are counted as particles.
This skews the resulting distribution. Crater diameters are, however, on the order of the particle
sizes. They were examined on the SEM to prove that the substrate surface was deformed. Two
images taken at different angles were used to generate a relief image that showed the craters to be
indentations into the surface and particles to be bodies on the surface. Also, EDXA was used to
analyze crater edges for material other than that of the substrate, where no other material was
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found. Cratering was not severe in W Test #1, but was so abundant in W Test #2 such that end-
plate buttons could not be analyzed.

I11.4 Aluminum Test Results

Aluminum has been chosen as a replacement for beryllium due to the fact that aluminum has
thermo-physical properties very similar to those of beryllium, thus avoiding handling beryllium in
the SIRENS facility and avoiding toxicity. Also, aluminum is often used to simulate beryllium in
the context of thermal response. With the assumption that beryllium will respond to disruptions in
a fashion similar to aluminum, tests were performed with aluminum sleeves. The following table
provides a test matrix that has been conducted on aluminum.

TEST MATRIX FROM TWO ALUMINUM TESTS

Aluminum Test 1 (Shot S744) Aluminum Test 2 (Shot S745)
Energy (k) 4.226 4.260
Am (mg) 526.41 493.40
CMD(um) GSD R2 CMD (um) GSD R2
Button 3 1.90 2.15 0.989 2.29 2.01 0.972
Button 7 3.01 2.04 0.978 1.60 2.19 0.991
Button 9 0.85 2.48 0.991 1.27 2.29 0.984

Particulate size distributions were generated for selected buttons (3, 7 and 9). Fewer buttons
were analyzed in the aluminum tests due difficulties in handling because of the tendency of the Al
coating to flake from the substrate surface. Particles deposited on side wall and end-plate buttons
for this test were generally larger than particles observed from the tests of other materials. Lower
magnifications were suitable to characterize the observed particle size range, and no particles
smaller than 0.5 pym were observed at high magnifications (1000x). Figure 8 displays a
representative particle size distribution from aluminum Al Test 1.
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Fig. 8 Particle size distribution for aluminum in Al Test 1 button 7, SIRENS Shot S744
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A notable feature of this distribution and others of this test is that the data for large particles
strays from the linear shape typically observed with the other materials. This deviation suggests the
underlying distribution for each button is possibly bimodal. A physical interpretation of this
observation comes about when the low melting temperature of aluminum is considered. It is
possible that the normally small amount of transmitted heat flux into the test sleeve is sufficient to
increase the temperature of a surface layer of Al beyond the melting point. The pressure associated
with the mass vaporization in the sleeve could then eject molten aluminum from the surface,
entraining relatively large molten particles in the flow of vaporized mass. These particles are not
generated by vapor condensation and growth, and could possibly be larger than those that are
generated by condensation and growth. The resulting size distributions then have at least two
particle types generated by different mechanisms, thus skewing the log-normal approximation of
the overall distribution. This effect was not observed in tests with other materials possibly because
of their higher melting temperatures.

IV. Experiments on Carbon Materials and Mixed Carbon/Copper,
Carbon/Stainless Steel, Carbon/Tungsten and Carbon/Aluminum

Complete and detailed description of experiments conducted on carbon-based
materials relevant to ITER and mixed carbon/metals is attached in Part 3:
“Characterization of Carbon-Based Particulate from Disruption Simulations”,
J.P. Sharpe and M.A. Bourham, EDF No. ITER/US/98/TE/SA-11, June 1998.

The response of carbon-based material and carbon/metal mixtures to disruption simulation in
the SIRENS facility has been studied and the resulting particle size data have been obtained.
Specific materials investigated include Lexan polycarbonate, graphite grades UTR-22 and ATJ,
and combinations of Lexan with each copper, stainless steel 316, tungsten, and aluminum. When
conducting mixed materials experiments, the source section was arranged in segments as
previously shown in Fig. 3. The reason for using Lexan polycarbonate is because it is a carbon-
based material that ablates more evenly and can be used as a good simulator for carbon. Carbon
particulate (dust) generated from vaporization during a disruption is a concern because of tritium
retention within the dust. If a release pathway is present, the tritiated dust will contribute to the
radiological source term of the accident scenario. Another concern with the presence of carbon dust
is the effects of chemical reactivity, specifically hydrogen production in a steam ingress accident.
In order to quantify each of these concemns in a defensible safety analysis, physical properties of
the generated carbon particulate must be well known.

A series of experiments have been performed with SIRENS to simulate the erosion and
mobilization effects of carbon-based materials exposed to hard disruption conditions. Specifically,
size distributions have been produced for particulate generated by exposing carbon and

carbon/metal surfaces to heat fluxes on the order of 6 MJ/m2 for 80 uS. Successful generation of
carbon particulate required utilizing various configurations in the placement, or ”stacking order”, of
test material within the inner insulator. Tests with Lexan-only sleeves were performed with the
entire exposed length (8.8 cm) consisting of Lexan. For graphite, a series of tests was performed
with different, configurations to find a stacking order that generated a sufficient amount of
particulate. Difficulties encountered in the graphite tests will be discussed. These difficulties
influenced the selection of Lexan for carbon/metal mixture tests. Using Lexan as the carbon-based
material in these tests is justifiable given that sufficient heat flux is available to completely
dissociate the polycarbonate into its elemental constituents. Atomic and molecular hydrogen,
oxygen (H, Hy, O and O5), and potentially molecular methane (CHy) are non-condensable that
have little impact on particle formation of the dominant condensable species, i.e. carbon. Water
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vapor is unlikely to form into an appreciable amount because of the stoichiometic balance of
hydrogen and oxygen.

Two primary configurations were used in the carbon/metal mixture tests: a “short”
configuration test to characterize the particles formed when the condensing species is
predominately carbon, and a "segmented” configuration test to characterize particles formed from
roughly equivalent surface areas of carbon and metal exposed to a high heat flux. The short
configuration consists of a 1 cm length of metal surrounded by two Lexan sleeves 3 cm and 3.5 cm
in length. The segmented configuration is made of three sets of Lexan/metal pairs with each
component 1.0 cm in length, giving a total exposed length of 6.0 cm. These configurations are
illustrated in Fig. 9 bellow. The segmented configuration has repeated identical sections of Lexan-
metal segments.

Cathode End
* Maycor Lexan Metal Lexan

l : 4.3 | ‘ : 3.5 >| 1.0}‘ 3.0 ’l

Dimensions in cm
SHORT CONFIGURATION
Cathode End
* — 1.0
Maycor Lexan| exan Lexan Maycor
l 4.3 »l Lo |Metal Metal Metall 1.5 l
Dimensions in cm

SEGMENTED CONFIGURATION
Fig. 9 Short and segmented configurations for carbon/metal mixed materials testing.

IV.1 Carbon Test Results

Lexan polycarbonate and graphitic carbon. Lexan is often employed as the ablative surface in
ET devices. It is known to produce significant quantities of soot composed of carbon particulate.
This soot is generated from Lexan by mechanisms similar to those that generate dust from graphite
exposed to disruption heat loads. Therefore particulate produced from Lexan is of interest for the
purpose of comparison with that produced by graphite, and because Lexan is a convenient
substitute when graphite cannot be used, as with the carbon/metal tests.
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IV.1.A. Lexan Polycarbonate Test Results

Tests were performed in SIRENS using Lexan as the carbon-based material. The following
table displays total discharge energy, sample mass loss Am, and particle size distribution
parameters for two tests. Sample mass loss has been scaled to total discharge energy and total
exposed length of material (e.g. for S760, 31.77 mg/ 6.050 kJ / 8.8 cm = 0.597 mg/kJ/cm).
Button mass increase from deposited carbon soot was negligible. Analysis for particle size
distribution was performed on buttons 1, 3, and 9 for S760 and buttons 1, 5, and 9 for S761.
These buttons sufficiently represent different locations for collection available in the expansion
chamber. Although the mass of deposited material was negligible, button surfaces displayed a
large number of particles when viewed in the SEM. The resulting particle size distribution
found for button 1 of S760 is shown in Fig. 10. An important result is that generally for the
Lexan tests the data ate reasonably well represented by a log-normal distribution, as reflected in

the values of R2.

TEST MATRIX FROM TWO LEXAN POLYCARBONATE TESTS

Lexan Test 1 (Shot S760) Lexan Test 2 (Shot S761)
Energy (kJ) 6.050 6.423
Am (mg/k)/cm) 0.597 0.676
CMD (um) GSD R2 CMD (um) GSD R2
Button 1 0.069 2.14 0.992 0.073 2.23 0.997
Button 3 - - - 0.079 2.06 0.997
Button 5 0.166 2.48 0.989 - - -
Button 9 0.097 2.58 0.994 0.081 1.96 0.987
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Fig. 10 Particle size distribution for Lexan in LX Test 1 button 1, SIRENS Shot S760
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IV.1.B. Graphite Carbon Test results

Particulate production from graphitized carbon was investigated using two different grades
of graphite: UTR-22 and ATIJ. In order to generate sufficient quantities of particulate from
graphite carbon materials, a high energy input to the source section was needed in order to
provide high-energy density deposition. An input energy of 7 kJ was used for each test, and
because graphite is electrically conductive, the source section configuration was slightly
modified from that used for the Lexan tests. Following a series of exploratory tests, the most
useful configuration placed short graphite sleeves near the exit of the source section. The
following table shows a test matrix for graphites, where it is important to note that graphite
sleeves were destroyed during the discharge, and thus no mass loss was obtained. This likely
resulted from a current path developing within the conductive graphite at some point during the
discharge. Resistive energy dissipation within the sample caused intense internal heating and
vaporization, resultmg in mechanical failure of the material. In fact, particulate collected near
the end of the expansion chamber (buttons 7 and 9) for the ATJ graphlte test appeared to
consist of two general particle groups: very fine particles (" 0.1 pm) possibly associated with
vaporized material, and very large particles ( " 10+ pm) resulting from the fragmentation of
solid graphite grains. The particle size distribution for button 9 of shot S764 (with ATJ
graphite) is illustrated in Fig. 11. There is an apparent shift in the center of the distribution
when compared to particulate collected much closer to the exit of the source section. A log-
probability plot also shows that the overall shape is not well represented by a log-normal
distribution. Size distributions for particulate collected close to the source exit of the ATJ test
and particulate collected from the UTR-22 test reasonably compare to results of the Lexan tests.
Average CMD for the Lexan tests was 0.094 + 0.033 um and the graphite tests (excluding
buttons 7 and 9 of the ATJ test) gave 0.098 + 0.014 um as the average CMD.

TEST MATRIX FROM GRAPHITE CARBON TESTS

UTR-22 Test (Shot S763) ATJ Test (Shot S764)

Energy (kJ) 7.195 7.162
Am (mg) N/A Samples were destroyed N/A Samples were destroyed

CMD (pm) GSD R2 CMD(um) GSD R2
Button 1 0.102 2.33 0.993 0.115 2.13 0.996
Button 3 0.114 2.63 0.990 0.086 2.52 0.982
Button 5 - - - 0.075 2.97 0.996
Button 7 - - - 0.318 2.76 0.969
Button 9 0.096 3.57 0.966 0.544 3.464 0.969
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Fig. 11 Particle size distribution for carbon in ATJ graphite Test button 9, SIRENS Shot S764

IV.2 Carbon/Copper Mixture Test Results

Particle formation in the presence of two or more condensing species is of interest because
several different materials are present in the interior of a fusion reactor’s vacuum vessel, which
may be exposed to heat loading and vaporization during disruptions. To investigate this situation,
several tests have been performed on SIRENS with multiple materials placed in the source section
and exposed to the high heat flux produced by the arc channel. The first of these tests involved a
mixture of Lexan and copper. Lexan was chosen as the carbon-based material because of its
convenience of use in the source section and the resulting carbon particles from the Lexan tests
were of similar size and shape as the particles generated in the graphite tests.

Two different source section configurations, short and segmented, were tested with the Lexan-
carbon/copper mixture, and the following table shows the test matrix results. Sample mass loss Am
of the Lexan for each test was greater than that found in tests with only Lexan in the source section
(1.64 and 1.75 mg/k)/cm versus 0.6 mg/kl/cm). Total copper mass loss from the short
configuration test (shot S765) was much greater than that from the segmented test (shot S769).
Size distributions generated for particulate collected from the short configuration test have an
average CMD (0.147 um) slightly larger than that of the carbon-only tests (0.096 um), indicating a
small impact from the copper on overall particle size. Increasing the amount of copper in the source
section, however, does have a noticeable effect on the resulting size distributions, as found in the
results from the segmented configuration test. Here the CMD’s are roughly a factor of 3 larger than
that of the short configuration and carbon-only tests (average CMD of 0.29 um vs. 0.096 um).
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TEST MATRIX FROM CARBON/COPPER MIXTURE TESTS

Short Configuration Test Segmented Configuration Test
(Shot S765) (Shot S764)

Energy (kJ) 6.822 7.143
Carbon Am 1.64 mg/kJ/cm 1.75 mg/kl/cm
Copper Am 48.26 mg/kl/cm 23.78 mg/kl/cm

CMD (um) GSD R2? CMD (um) GSD R2
Button 1 0.123 2.31 0.997 0.356 2.45 0.995
Button 2 - - - 0.203 2.17 0.987
Button 3 0.119 2.23 0.995 0.246 2.19 0.993
Button 9 0.200 2.47 0.989 - - -
Button 17 - - - 0.353 2.95 0.992

IV.3 Carbon/Stainless Steel SS316 Mixture Test Results

The intended use of stainless steel type 316 (SS316) for many internal components of the ITER
vacuum vessel, or any future fusion reactor, makes this material important in an investigation of
disruption-induced mobilization and safety analysis. Testing in SIRENS of Lexan “as carbon
simulator” and SS316 has been conducted in both the short and segmented source section
configurations. The following table shows a test matrix for Lexan-SS316 test results. As with the
carbon/copper tests, sample mass loss Am of the Lexan carbon was greater than the mass loss
found from tests with Lexan-only sleeves. Unlike the carbon/copper tests, however, the metal
(SS316) mass loss for both short and segmented configurations match. Size distributions
generated from collected particulate of the short configuration test (shot S766) are close to those
found in the Lexan and graphite carbon tests. Particulate collected from the segmented
configuration test have CMD values close to the carbon-only tests, but the GSD values are higher
because of the contribution of large particles associated with the SS316 metal.

TEST MATRIX FROM LEXAN CARBON/STAINLESS STEEL MIXTURE TESTS

Short Configuration Test Segmented Configuration Test
(Shot S766) (Shot S770)

Energy (kJ) 6.822 7.143
Carbon Am 0.975 mg/kl/cm 1.40 mg/k)/cm
SS316 Am 25.65 mg/kl/cm 24.36 mg/kl/cm

CMD (um) GSD R2 CMD (um) GSD R2
Button 1 0.116 2.00 0.996 0.135 2.74 0.993
Button 2 0.116 2.13 0.998 - - -
Button 3 0.099 2.14 0.994 0.094 245 0.972
Button § 0.113 1.20 0.997 - - -
Button 9 0.123 2.53 0.989 0.278 2.50 0.996




IV.4 Carbon/Tungsten Mixture Test Results

A single test, shot S767, has been performed in SIRENS with Lexan carbon and tungsten
sleeves placed in the source section. Tungsten has been chosen as a material of interest in
disruption-induced mobilization studies for ITER. The configuration used for this test was
different from the short and segmented configurations of the other carbon/metal tests because only
one sample sleeve length of tungsten was available (3.0 cm). The tested configuration consisted of
sample sleeves in the lengths (ordered from cathode to anode ends): 4.3 cm Maycor insulator, 3.0
cm Lexan, 3.0 cm tungsten, and 1.5 cm length Maycor. The following table show test results for
carbon/tungsten mixture, SIRENS shot S767 at 7.302 kJ.

TEST MATRIX FROM LEXAN CARBON/TUNGSTEN MIXTURE TESTS

Carbon/Tungsten Test

(Shot S766)

Energy (kJ) 7.302

Carbon Am 0.82 mg/kJ/cm

Tungsten Am 16.85 mg/kl/cm

CMD (um) GSD R2

Button 1 0.097 2.03 0.992
Button 2 0.109 2.31 0.984
Button 3 - - -
Button 5 0.139 1.93 0.986
Button 9 0.121 2.49 0.985

Lexan sample mass loss (0.82 mg/k)/cm) was less than values from the other carbon/metal
tests, but agrees well with the mass loss from Lexan-only tests. Sample Am of the tungsten sleeve
was also lower than that found in other carbon/metal tests. Size distribution parameters of collected
particulate match reasonably well with particulate from Lexan and graphite tests, possibly
indicating that tungsten has an insignificant effect on particle formation.

IV.5 Carbon/Aluminum Mixture Test Results

Aluminum has been chosen to replace beryllium in the carbon/metal mixed material test. Lexan
was used in this test to simulate carbon. Aluminum has thermo-physical properties close to those
of beryllium, and beryllium is a material considered for ITER design. Because of difficulty in
working with beryllium, aluminum has been used to simulate the thermal response of the low
density, low melting point material when exposed to high heat flux. A single Lexan carbon and
aluminum test (shot S768) was performed in SIRENS with sample material placed in the
segmented source section configuration. The following table displays the test results of
carbon/aluminum mixture. Lexan carbon sample Am matches Lexan mass loss from the other
carbon/metal tests and aluminum sample Am is slightly higher. Size distribution parameters reflect
the contribution of large particles to the overall population. CMD and GSD values are greater than

those from Lexan and graphite carbon, similar to the carbon/copper and carbon/SS316 segmented
configuration tests.
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TEST MATRIX FROM LEXAN CARBONALUMINUM MIXTURE TESTS

Carbon/Aluminum Test

(Shot S768)

Energy (kJ) 7.068

Carbon Am 1.50 mg/kl/cm

Aluminum Am 27.62 mg/kl/cm

CMD (um) GSD R2

Button 1 0.281 3.08 0.995
Button 2 0.216 3.19 0.976
Button 3 0.154 2.42 0.977
Button § 0.126 2.89 0.942
Button 9 0.153 3.176 0.970

V. CONCLUSION

The design of the SIRENS facility, and additional modifications to the electrothermal source
section, has been proven to be a suitable simulator for disruption and abnormal transient events in
tokamak fusion reactors. As a high heat flux facility, the primary mechanism by which energy is
deposited on the surface of plasma-facing materials is by photon transport, and consequently the
SIRENS source section is a radiation-dominated source. It has also been shown that SIRENS is a
simulator for plasma-facing materials aerosol mobilization. Tests have shown that material
vaporized in the modified source section of the device expands into the expansion chamber, where
cooling and condensation occur. Aerosol particles of varying sizes have been produced, with
average sizes in the 1-10 ym range. Production of particulates “aerosol” from the source section is
a result of an ablation-controlled arc regime that heats the wall material by radiation from a
blackbody plasma, and then allowing the plasma to jet outside of the source due to the large
pressure gradient. It has also been shown that SIRENS has the relevance scalability to ITER,
which allowed for investigation and determination of particulates for most materials relevant to
ITER, and other future large tokamaks. A complete and detailed description of SIRENS facility,
scoping for disruption-induced mobilization and wall material vaporization is attached in Part 1:
“Scoping of SIRENS for Wall material Vaporization Studies”, J.P. Sharpe and M.A. Bourham,
EDF No. ITER/US/97/TE/SA-14, June 1997.

ITER, and for most other tokamaks, relevant metals have been tested under disruption-like
conditions for particulate generation, specifically, copper, stainless steel SS316, tungsten and
aluminum (simulator for beryllium). Particles were generated in the SIRENS source section and
are allowed to expand into a collection cell “expansion chamber” and captured on substrates
(buttons) distributed inside of the collection chamber. Each substrate was analyzed using electron
microscopy to determine the underlying particle size distribution. The analysis shows that particle
size distributions for each material has count median diameters (CMD) in the range of 0.3 um to
3.0 pm; which means that particle generation in SIRENS is basically independent of the material
tested. Although particles down to diameter of 0.075um and up to diameter of 25 pm were
observed, the majority of the particles in the underlying distributions existed at about 1.0 pm
diameter. A complete and detailed description of experiments conducted on metals is attached in
Part 2: “Characterization of Disruption-Induced Particulate from ITER Relevant Metals”, J.P.
Sharpe and M.A. Bourham, EDF No. ITER/US/97/TE/SA-21, November 1997.
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With regard to carbon materials, Lexan polycarbonate has been used as a simulator for carbon,
however, several tests were conducted on grades UTR-22 and ATJ graphitic carbon. additionally,
tests experiments were conducted on carbon mixed with metals in either short or segmented
configuration. Carbon/metal mixtures with Lexan carbon and each copper, stainless-steel SS3 16,
tungsten, and aluminum were conducted. Particulate produced from each test was collected and
analyzed to determine the underlying particle size distribution. Lexan and graphite carbon tests
generated particles with comparable size distributions. Short configuration tests with Lexan carbon
and metals generated particulate with CMD’s slightly greater than those of carbon-only tests,
although GSD’s of the mixture tests were greater due to contribution of large particles. Segmented
configuration tests generally displayed greater difference from the carbon-only tests, which
displays the role of larger particles in the overall distribution.
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SUBJECT: Scoping of SIRENS for Wall Material Vaporization Studies

SUMMARY: This document describes scoping tests conducted in the SIRENS facility. These
tests have been conducted prior to performance of experiments to investigate plasma disruption-
induced mobilization of activated wall material in ITER. The SIRENS facility has been modified
from its original configuration to accommodate the production and collection of material generated
during the interaction of a high energy density plasma and a test material. The purpose of this
document is to present key experimental parameters and quality control procedures associated with
the generation of data and results in the SIRENS facility.

An existing electrothermal plasma gun (SIRENS) has been modified to simulate plasma disruption
events in terms of power flux and produce mobilized particles in the same manner as expected in
ITER. The sleeve section of the SIRENS electrothermal source has been changed to use ITER-
relevant materials. An expansion chamber has been added to allow controlled collection of the
resulting particulate. Preliminary tests have been successfully conducted on 316 stainless steel
and copper, demonstrating the validity of the experiment in accomphshmcr the prescribed task.
Resulting particle size dlstnbutlons from scoping tests are reported. as well as insight gained from
performing these tests.

Future work for this experiment includes detailed analysis of the condensation results for copper,
stainless steel #316, tungsten, carbon, and certain combinations of these materials. After building
this experimental database of resulting particle size distributions. modeling will be performed to
aid in extrapolation of SIRENS results to ITER conditions.
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1.0 Introduction

Evaluation of potential safety hazards from operation of the International Thermonuclear
Experimental Reactor (ITER) is required for siting of the device. Continuous operation
conditions such as high heat and neutron loads (up to 20 MW/m* and 1 MW/m,
respectively)!"! degrade the performance of plasma facing components. Disruption events,
which occur when the entire inventory of stored energy in the plasma is rapidly exhausted
to the surrounding walls, will detrimentally affect wall material. A significant amount of
mass can be lost from the wall due to vaporization and melting, generating particles (i.e.
aerosols or dust) upon condensation and cooling. These particles are generally composed
of activation products and are possibly chemically reactive (of concern for air/steam ingress
accidents). Thus, wall material mobilization presents a potential safety hazard because of
the possibility of particulate release.

To gauge the magnitude of hazard from disruption-induced material vaporization and
subsequent condensation, disruption simulations must be performed on relevant materials
at conditions expected in ITER. Extremely high energy fluxes are required for ITER
simulation (20-100 GW/m?” over 10 ms™). The SIRENS (Surface Interaction Experiment
at North Carolina State) high heat flux facility at North Carolina State University (NCSU)
can meet this requirement by producing energy fluxes on order of 50 GW/m” over a 50-150
is time frame. The purpose of this report is to present the experimental procedures
developed for use of SIRENS in disruption-induced mobilization studies and to show
readiness for testing. The results of preliminary scoping tests will be presented. The
measured parameters allow determination of aerosol transport properties, which are
necessary to quantify the activation product source term, and evaluation of potential

chemical reactions that could challenge confinement barriers.

Although SIRENS has been shown to be suitable for tokamak disruption studies and has
an operating history that includes over 700 experimental runs®, several changes in the
mode of operation were necessary to produce mobilization data. Section 2 of this report
outlines the SIRENS facility and the changes made for this application. Experiment
procedure is covered in Section 3. Analytical techniques used to evaluate particulate data
are described in Section 4, and scoping test results are presented in Section 5. Appendices
are included describing documentation procedures and equipment calibration and
maintenance.
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2.0 Experiment Description

The SIRENS facility was developed in 1986 to investigate high heat flux exposure to
various materials, providing quantitative data to many industries, such as fusion

el The device is a small scale

technology, aerospace, environmental waste, and defens
high energy density electrothermal (ET) plasma gun, capable of delivering 50 GW/m® for
50-150 ps. Useful heat flux originates in and is transported from an ET source section,
then exposed to test material samples as a near-blackbody radiation source. Details of the
nominal operation are discussed in Section 2.1. Aerosol formation from wall material
vaporization, however, requires a somewhat different configuration. Heat flux for wall
vaporization is in effect produced by the same mechanism as in the nominal case, but the
material of interest is placed within the ET source section. Once the vaporized material
exits the source section, it undergoes expansion and generates aerosol in a large chamber.
This process and the necessary changes in SIREN’s configuration are explained in detail in
Section 2.2. Also discussed in that section is the relevance of the wall vaporization
mechanism in SIRENS to similar mechanisms expected in an ITER disruption. Section 2.3
will show parametric equivalence of SIRENS and ITER, and describe relevant simulations

on SIRENS.
2.1 SIRENS Facility

SIRENS was designed to utilize an electrothermal ablation-controlled arc to generate a high
heat flux source for studying plasma-material interaction. The term electrothermal results
from the arc discharge vaporizing and heating inner wall material, creating a hot,
conductive gas (i.e. plasma). Figure 2.1.1 shows the configuration of the ET source

section.

The ET source works as follows. An external circuit supplies high voltage and current to
the point cathode, initiating an arc discharge to the associated circular anode. Arc initiation
occurs as current arrives to the cathode in a time governed by supply circuit inductance,
allowing potential to increase between the electrodes until dielectric breakdown of the
intervening medium. In SIRENS, a polycarbonate capillary (e.g. Lexan) is generally filled
with argon gas at an ambient pressure of 700 mTorr, the cathode material is either pure
tungsten or a tungsten alloy (DIMETECH or HD-17), and the anode is situated at the end
of the brass outer conductor. Breakdown voltage for this ET source section configuration
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Figure 2.1.1 Electrothermal source configuration of SIRENS for nominal operation.

has been found to be approximately 1 kV in argon. Upon breakdown, the medium
becomes conductive and enters a glow discharge regime. However with the presence of a
high current source, the glow discharge very quickly transitions into the thermal arc
regime. Electron current originates from the cathode by field emission, and the arc plasma
can be shown to be in local thermodynamic equilibrium (LTE) because of high pressure
achieved from vaporization of the capillary wall and the cathode'®. The spectral emission
takes on the characteristics of the vapor of the wall and cathode material rather than that of
the fill gas™. This brute-force arc generation occurs in an estimated time on order of
hundreds of nanoseconds, again being determined by the total circuit impedance.

The mechanism by which energy is transferred to the capillary wall is radiation. Since the
arc plasma is in LTE (which means no net energy flows between volume elements, electron
and arc gas temperatures are equivalent, and the plasma is optically thick), the surface will
radiate as a black body. Heat flux to the surface is determined from the Stefan-Boltzmann
radiation law, q” = ¢T*, where G is Stefan’s constant (5.7605E10® W/m%K"). Ensuing
wall vaporization from this incident heat flux results in energy removal by gas-dynamic
jets®.  As the capillary within the ET source provides a constrictive geometry, the gas is
ejected into the arc region, partially ionized, and heated to thermodynamic equilibrium.
This plasma continues to radiate, and pressure will increase due to mass addition. Since
the capillary is open on one end, an axial pressure gradient exists which forces the plasma
to jet out. This dynamic process assumes the relaxation time of thermodynamic equilibrium
is much less than any characteristic time associated with gas-dynamic transport.
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Once generated, plasma that exits the ET source may be utilized in a number of ways. It
may be used, for example, to expose other surfaces external to the source to high radiative
heat flux. The intense pressure generated within the capillary (~700 MPa) has also been
used to launch a projectile. The combination of high heat flux and pressure could be used
to significantly improve combustion in advanced propellants. SIRENS has been equipped
to allow versatility in both energy output and diagnostic capabilities. Figure 2.1.2 displays
the arrangement of the ET source with respect to the vacuum chamber and several
diagnostic tools. Table 2.1.1 lists typical SIRENS operational characteristics. Table 2.1.2
gives a listing of some of the diagnostics available on the device. Equipment associated
with SIRENS is maintained and calibrated at regular intervals by performing standards
checks or following equipment manufacturer’s guidelines. See Appendix B for details.

Table 2.1.1 SIRENS Operational Table 2.1.2 Available Diagnostics on
Characteristics SIRENS
Discharge Voltage 1-8kV Temperature conductivity probes,
Peak Current 20-100 kA Langmuir probes,OMA
Pressure iezo-electric pressure
Net Energy 1-80 kJ D nsducors
Discharge Period 100 -300 pis Heat Flux IR thermocouples
Radiated Power 2-120GW/m” Velociry break wires, opto-
Peak Pressure 100 - 700 MPa 1nteruptors
Plasma Density 10* - 10" m? Plasma OMA
Composition
Average Temperature | 1-3eV - — -
- Discharge dividing high voltage
Average Velocity 4 - 8 km/s Voltage probe
Discharge Rogowski coil
Current
Mass Loss micro-balance scales

* - Optical Multi-channel Analyzer

One important diagnostic tool is a model developed specifically to describe the physics
occurring in the source section. This model has been incorporated into a code named
ODIN. Given an input of time-dependent current entering the source section, the code will
predict several plasma parameters, such as temperature, density, pressure and total energy.
This code has been empirically tested by numerous benchmarking experiments'.
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Figure 2.1.2. Layout of SIRENS, including various diagnostic tools for standard
operation.

Power is delivered to the ET source of SIRENS by a pulsed-power network (PPN), shown
in Figure 2.1.3. Operation of this inductance-capacitance-resistance (LCR) circuit is
straightforward in that the output current and voltage are governed by the second-order
differential equation describing the configuration. However, the time dependent nature of
the plasma in the circuit generates a time dependence in the R and L components, acting to
destabilize the governing equation and create a set of coupled equations (generally assumed
to be linear). Detailed analysis of this circuit is important to ensure the system is near
critically damped, otherwise a large voltage oscillation would send current back into the
capacitor bank. The circuit designed for SIRENS has been tested and used for many
experiments. See Figure 2.1.4 for examples of typical voltage (V) and current (I) traces.
Varying pulse lengths, or time constants, are achieved by changing the amount of
controllable inductance in the circuit. The present configuration is designed for pulse
lengths of 50 s and 250 ps. Bank charging is accomplished using an external circuit with
a 100 mA high-voltage power supply. Once the desired charging voltage is achieved, the
charging circuit is isolated and an independent high-voltage thyristron is used to trigger the
spark gap switch.

Analysis of the V and I traces provides a convenient way to calculate the total energy

discharged into the ET source section. Since power (P) is simply the product V*I, then
total energy (E) is the integrated (numerically from the V*I product trace) power. This
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Figure 2.1.3. Pulsed-power network (PPN) which energizes SIRENS.
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Figure 2.1.4. Voltage and current traces from the SIRENS PPN.



energy may then be compared with the change in energy stored in the capacitor bank.
Table 2.1.3 displays a comparison of the energies determined for several shots.
Occasionally, residual voltage remains on the capacitors after the shot because the plasma is
generally extinguished after the first cycle of the discharge. The measured bank loss
energy is the total energy available to the circuit from the capacitor bank. Integrated power
determined from the voltage and current measurements is the amount of energy delivered to
the source section and is typically within 2% of the value determined by the capacitor bank
loss measurement. The ODIN code prediction is compared against the integrated power
measurement as an indication of the accuracy of the model. The model estimate is generally
within 12% of the integrated power measurement. The difference in measured and
predicted discharge energy originates from the assumption in the model that conductivity in
the ET plasma is ideal. An effort is currently being made to improve the model to include
non-ideal conductivity terms. ODIN predictions of source mass loss and exit pressure are
also compared to measurements (see attached publication in Appendix C). These
comparisons are useful, but are not relied upon to provide key parameters in the

experiment.

Table 2.1.3. Comparison of shot energy determined from three different methods.

Shot Capacitor Bank | Integrated Power | ODIN Prediction
Energy Loss (J) e)) €))]

S553 5930 3870~ 5146

S$599 5050 4923 5277

S641 6070 5350 5806

S705 9080 9010 7920

*-voltage probe out of calibration

2.2 SIRENS Use for ITER Wall Vaporization Studies

The versatility of SIRENS proves to be useful in the study of wall material vaporization
relevant to ITER. The experiment is being used to study plasma disruption-induced
activation product generation and transport, with the objectives described in the “Test Plan
for Disruption Induced Aerosol Characterization for ITER Source Term Determination™!,
Experiments are to be performed to determine size and chemical form of material mobilized
during a plasma disruption. The data will contribute to determination of the overall
activation product source term associated with postulated ITER accidents.
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Disruption energy flux in ITER is expected to be 20 - 100 GW/m? (20 - 100 MJ/m? over 1 -
10 ms)' V', and SIRENS can generate energy fluxes in the range of 50 GW/m?* (up to 12
MJ/m* over 0.25 ms). The primary mechanism of energy transfer to the walls in both
ITER and SIRENS is blackbody radiation. Thus wall material vaporization occurs
similarly in both devices. Vapor shielding is unimportant in this comparison because the
overall energy deposited to the wall surface is of interest, not the heat flux which originates
from the source. The temperature of the vapor shield (or plasma-surface interaction region)
is, however, important because this is the source of radiation. In ITER, continual ablation
of surfaces exposed to disruption plasma will feed mass into the interaction region, which
is subsequently heated by the incoming flux of energetic particles!'!. This is in principle
analogous to the ablation-controlled arc in the ET source of SIRENS.

Of particular interest in this investigation is what happens to vaporized material following
the disruption. A significant amount of mass is vaporized by the disruption, generating
high pressure expanding out against the kinetic pressure of the incoming disruption flux.
After the disruption ceases, the portion of this vapor that is not intercepted by a cold wall
(resulting in surface condensation) continues to expand into the large volume of the plasma
chamber, cooling and condensing as it does so. Similarly in SIRENS, the vaporized wall
material is ejected from the capilléry into an expansion volume. Cooling and condensing in
the expansion volume causes particles to be generated in SIRENS representative of those
expected from an ITER disruption.

Table 2.2.1 displays a comparison between relevant ITER and SIRENS parameters. Major
points displayed by the table are:

¢ disruption (or simulation) energies and pulse lengths are different '

e affected areas are vastly different (SIRENS can accommodate only small samples)
e total power fluxes exposed to wall material are similar (within scale)

e [TER-relevant materials may be studied in SIRENS

e mixed materials effects may be studied

» adiabatic expansion volume ratios are within scale for a range of erosion depths

Expansion volume ratios (vol. of ablated wall material / available expansion vol.) are

* important because of the relevance to aerosol formation. ITER-relevant materials may be
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studied in SIRENS, and mixed materials studies are easily performed. Beryllium could be
tested but is beyond the scope of this investigation due to special handling requirements.
Although the simulated disruption energy and pulse length are different from those
expected in ITER, the total power flux (GW/m?2) achievable in SIRENS is comparable.
Similarity in power flux is essential because pseudo-steady ablation rates of radiatively
heated surfaces are directly dependent upon this parameter.

Table 2.2.1. Comparison of relevant ITER and SIRENS parameters.

ITER Scaling
Parameter (expected) SIRENS ITER : SIRENS
1. Disruption energy (MJ/m2) 20- 100 up to 12 1:2-1:10
2. Energy pulse duration (msec) 1-10* up to 0.25** 1:4-1:100
3. Disruption power flux to walls (GW/mZ) 20- 100 50 1:04 -1:2
4, Affected area (m2) 10 - 500 7.5E-4™** -
5. Expansion volume ratio | Erosion Depth SRR T o
1 um
10 pm
100 pm 7.69E-6 1.19E-5 1:1.5
6. Materials capability Material Important in SIRENS °| =~
ITER? capable ’
Copper Yes Yes
" Tungsten Yes Yes
SS316 Yes Yes
Carbon Yes Yes
7. Mixed materials capability Yes Yes o

*

ITER value from thermal quench time as given by ITER GDRD, March, 1996.
longer pulse lengths can be achieved via PFN modification
atter source section modification to SIRENS

*x%

*kx

Changes in the configuration of SIRENS to allow simulation of disruption-induced wall
vaporization are made in the ET source section. Simply changing the capillary liner in the
source section from polycarbonate to some material of interest allows ITER-relevant
materials (listed in Table 2.2.1) to be investigated. Figure 2.2.1 details the modified ET
source section. Two ceramic insulators are necessary to isolate conducting samples from
the electrodes, thereby forcing the arc discharge through the capillary, rather than shorting
in the sample. These insulators must be able to withstand high heat fluxes and have
minimal ablation such that the vapor is composed mostly of sample material. Presently, the
ceramic used is MAYCOR, which is easily machineable but ver}; brittle when exposed to
high temperatures.
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Another significant change was the addition of the glass expansion chamber with one end
connected to the ET source (Figure 2.2.2). This chamber is necessary to allow controlled
collection of the particles formed upon condensation (see Section 4 for details on particulate
collection). The chamber expansion volume is limited by the size constraints of the
SIRENS vacuum vessel. Chamber dimensions are currently 100 mm in diameter and 400
mm in length (aspect ratio = D/L = 4). A new vacuum vessel and expansion chamber (with
diameter of 180 mm and adjustable length up to 760 mm) will be used for future
experiments. The adjustable chamber aspect ratio will allow scaling to any reasonable

expansion volume ratio.

Yacuum Port

o G

X

R R

' /]

N

Modified Yacuum Ports & Disgnostcs Access
Elecrothermal M Collection

Plasma Source Cell

......

|||||||||||||||||||||||

1
Fiber Optic 0 OMA—%
Yacuum Ports & Disgnostics Access:

Figure 2.2.2. Modified SIRENS facility with the source section and expansion chamber.
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3.0 Experimental Procedures

Experimental procedures have been developed for wall vaporization studies in SIRENS.
This section will describe experimental and analytical procedures used for disruption

simulation and wall vaporization studies in the SIRENS facility.
3.1  Preparation, Execution, and General Analysis of Experiments

Each time an experiment is performed using SIRENS, a list of preparatory actions must be
followed. -Typically the first step is to properly load all material samples and necessary
diagnostics. For wall vaporization studies, this includes insertion of the expansion
chamber into the vacuum vessel, connection of thermocouples and pressure transducers,
and insertion of optical fiber for spectroscopic measurements. Note that during assembly
of the expansion cell and source section, all relevant mass measurements are made. These
measurements include initial weight of the sample in the source section, initial weight of the
source cathode (to gauge potential contamination effects), and pre-test weights of all
particle collection surfaces. Next, the modified source section is anchored to the vacuum
vessel and coupled to the expansion chamber. Source section diagnostics (Rogowski coil
and high-frequency HV probe) are then put in place. At this point all diagnostics and data
acquisition systems are powered up and tested. Provided all tests are successful, the vessel
is closed and pumped down to the vessel’s ultimate pressure (~50 mTorr) using a roughing
pump. Another test is performed to ensure no piece of equipment was damaged during
pump down. The vessel is then back-filled to the appropriate test pressure. Throughout
this entire procedure, all relevant information regarding diagnostics channels and
experiment parameters are recorded on the run sheet. With all equipment in place, the
experiment is ready for execution.

The first step in shot execution is to setup the trigger circuit, which includes adding a 20 s
delay to ensure the entire event will be recorded on all diagnostics channels. Next, the
high-voltage supply for bank charging is powered up in safety mode (interlocked for no
connection to bank). Inside the experiment room, all personnel leave the area, the
grounding safety is disabled, and the cage is locked. In the control room, the trigger
system is powered up. The high energy density capacitor bank may now be charged to the
desired voltage (a experiment parameter) by disengaging the HV supply interlock and
applying voltage. Upon reaching voltage, the interlock is switched to firing mode, the HV
supply is switched off, and the-trigger HV is activated. Manually triggering the delay
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generator activates the spark-gap switch, allowing bank energy to discharge through the ET
source section, in effect “firing the gun”. Residual bank voltage is recorded and then
dumped to ground through a dummy load for safety. Final chamber pressure is also
recorded to indicate a potential leak resulting from the shot. The experiment room is re-
opened. ground safety is re-established, all diagnostic equipment is secured, and the vessel
is opened. The source and expansion chamber are carefully disassembled to allow post-
shot analysis. Table 3.1.1 summarizes the shot execution steps described above.

Table 3.1.1. Procedural list for shot execution on SIRENS.

1. Install source, chamber, diagnostic inputs, record details on run sheet
throughout procedure.
Pump system down to ultimate pressure (down to 50 mTorr).

Back-fill with argon to 700 mTorr.

4. Prepare data acquisition system, set trigger delay, secure interlocks on HV
supply and trigger circuit.

S. Disable grounding safety and close cage.

6. Power up trigger system, heat filament.

7. Charge bank to V that gives desired energy input (not to exceed 50 mA rate

from HV supply).

8. Upon reaching V, : interlock to prepare to fire, switch off HV supply, set
manual trigger on ADC module, activate trigger HV.

9. Trigger the delay generator... FIRE!
10.  Record V, and final vessel pressure.

11.  Power down trigger circuit, deactivate delay generator, interlock to dump to
ground, dump V, to dummy load.

12.  Open cage, establish ground safety, and disassemble source and chamber.

Following the successful execution of a shot, standard analysis is performed and includes
inspection of the discharge voltage and current traces for unusual events (cracked insulator,
etc.), determination of overall shot energy and duration, and simulation using the ODIN
computer code. The following figures show the results of such an analysis of an
experiment performed for high heat flux surface erosion studies.
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Figure 3.1.1 displays the voltage and current traces for a shot in which the outer insulator
surrounding the source section failed due to fatigue from multiple shots. This event
provides very limited data because of the difficulty in characterizing the energy deposited
into the source section. Appearance of a crack disrupts current flow into the capillary,
which instantaneously changes circuit parameters, resulting in erratic current and voltage
traces. The problem is easily avoidable by using new insulators after a set number of
shots; experience has shown insulators survive 4 shots before failure.

Figures 3.1.2 displays results from an ODIN code simulation for the shot with current trace
shown in Figure 2.1.4. The simulation calculates state variables such as pressure,
temperature, and density, as well as kinetic, radiative, and total discharge energies. These
parameters are compared to corresponding measurements in experiments for which these
measurements are made.

Current Trace for P096 Voltage Trace for P096
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Figure 3.1.1. Current and voltage traces for a shot with insulator failure.
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Figure 3.1.2. ODIN output parameters for typical shot analysis.
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4.0 Particle Size Analysis

This section describes particulate collection in an experiment and construction of particle
size distributions from the collected material.

4.1  Condensate Collection by Capture Buttons

As discussed in Section 2.2, vaporized material from the ET source expands out into a
glass collection chamber. Upon expansion, energy is lost via thermal radiation (recall the
vapor is still very hot when exiting the capillary) since the background gas at low pressure
does not significantly contribute to convective cooling. When the vapor reaches the wall,
conduction will also assist in cooling. During this expansion and cooling process,
condensation will occur by one or more mechanisms. For example, homogeneous and/or
heterogeneous nucleation may occur in the bulk expansion plume, while wall condensation
(drop-wise or film) could occur on the peripheral boundary. '

The expansion chamber has been analyzed assuming adiabatic expansion of an ideal gas at
an initial pressure equivalent to the ET source exit pressure and a final pressure sufficient to
ensure vapor supersaturation and subsequent condensation. No energy is lost from the
vapor if the expansion process is considered adiabatic. The vapor temperature change
occurs due to the change in internal energy from expansion. Thermal radiation cooling,
however, does occur and drives the vapor into thermal non-equilibrium condensation at a
faster rate than adiabatic expansion. An added complication is gas-dynamic non-
equilibrium which results from free-jet expansion of the vapor from the source exit into the
chamber. Occurrence of these non-equilibrium processes shows that vapor expansion from
the source section is not adiabatic, and furthermore complicates modeling of the associated
condensation physics. The volume required for adiabatic expansion will be used as a
reference against which to compare the experimental expansion volume. For example, an
initial pressure of 335 MPa (for 1 gram of Cu ablated in the source), and a final expansion
pressure of 101.325 kPa (Cu is solid at 1 atmosphere), the required volume for adiabatic

expansion of the ideal gas is 5.83 x 10" m’. Applying the ideal gas equation of state gives
a final vapor temperature of 180° C. Volume available to the real gas is 3.14 x 10° m’

using the original chamber dimensions given in Section 2.2 (100 mm diameter and 400 mm
length), which provides 5.4 times the adiabatic expansion volume. A larger chamber is
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also available, providing an expansion volume of 1.94 x 10* m® (dimensions are 180 mm

diameter and 762 mm length).

Once particles have formed within the chamber, they follow flow streamlines or diffuse to
the wall. To collect these particles, 1.25 cm diameter metal discs (buttons) are distributed
on the inner wall. For the preliminary investigation, stainless steel (SS316) was used for
Cu source section samples and copper was used for SS316 samples. Button distribution
for the original expansion chamber is shown in Figure 4.1.1. Vapor and particle
momentum near the ET source exit are predominately directed along the chamber axis,
resulting in fewer particles transported to the wall and increased mass deposition down the
length of the chamber. Buttons approaching the end of the chamber are placed at offset
locations that will eliminate deposition shadowing by upstream buttons. At the very end of
the chamber, buttons are placed on a plastic end plate. Maximum mass deposition is
expected at this location. Buttons are attached by adhering the discs to plastic backings
(using rubber cement, which allows them to be easily removed with acetone). The
backings are tapped to accept threaded rods that penetrate tiny holes in the chamber wall
and are capped with small nuts (see inset in Figure 4.1.1). This arrangement allows for

button installation prior to an experiment and removal following an experiment.

Collection Cell: End Plate

I (O 0
S;u;;e —————————————— __-E
I ~ 2
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Button Assembly: l—__r_pj 0.5" diameter substrate
% threaded rod

E;j nut

I
!
|

Figure 4.1.1 Example button distribution along the expansion chamber wall.
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Condensate mass deposition onto each button is determined by measuring the weight of the
button before and after each shot. This also gives fractional mass deposition as a function
of position within the expansion chamber. Because the buttons are glued to plastic
backings, care must be taken when making the weight measurements. To ensure that
removing a button from its backing does not leave a glue residue, a test was performed.
Each disc in a control set of 4 buttons was individually weighed, attached to the plastic
backing, threaded with the rod, and attached to the chamber wall. An equivalent procedure
is used in shot preparation. Next, the button sets were removed from the chamber, taken
off the plastic backing, and re-weighed. Table 4.1.1 displays the initial and final weights
measured during this test. The difference is within the uncertainty of the measurement (+
0.00003 g), thereby showing that mass deposition on buttons can be determined from

weight measurements before and after exposure.

Table 4.1.1 Control button analysis.

Tnitial Disc Weight* | Final Disc Weight*
Control Button (grams) (grams) % difference
1 0.58233 0.58231 0.003
2 0.53380 0.58382 0.003
3 0.58262 0.58260 0.003
4 0.58356 0.58354 0.003

*- average of 4 different measurements.

Once a shot is complete and particles have been deposited on the buttons, they are removed
from the expansion chamber, weighed, and prepared for particulate size distribution
analysis. Characterization of particle size and morphology using a scanning electron
microscope (SEM) and an optical microscope will be discussed in detail in the following
sections.
4.2  Observation of Particulate

Scanning electron microscopy (SEM) and optical microscope techniques have been
developed for characterizing particulate from various sources.'” Size distributions are
readily obtained by counting the number of particles within a specified size range on the
microscope images. Analysis of the particles produced during a disruption simulation on
SIRENS will be accomplished in this manner. The capture buttons will serve as both
collection surfaces and as analysis substrates.
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Upon viewing the buttons in the SEM, appropriate magnification for counting is
determined by the size and area density of particles on the button. At low magnification,
many small particles present in the population may be overlooked, while with high
magnification, too few particles will be on an image to represent the population. Imaging at
various magnifications will provide a meaningful sample of the population. Scoping tests
for this task show that 2 or 3 different SEM magnifications (selected from 350x, 500x,
1000x, 1200x, and 1500x) are sufficient to cover the range of particle sizes. Maximum
size of an object viewable with the SEM is 1000 wm, while the minimum size based on
SEM resolution is < 0.001 um. Observations using the optical microscope are made at
50x, 100x, 500x, and 1000x, allowing a particle size range of 0.1 pm < d, < 1000 pm.
Incorrect combination of data from different magnifications could result in over counting
the number of particles in size bins that are shared between the distributions from each
magnification. The overall particle size distribution construction protocol is described in
Section 4.3. The number of photographs necessary at a specified magnification is
influenced by the observed particle density on the image. Many particles must be counted
for sufficient counting statistics to ensure accurate representation of the size distribution.
Generally, four areas should be examined and photographed at each magnification. (For the
scoping tests, in many cases only one photograph was available.)

Figure 4.2.1 displays resulting SEM photographs of a particular button (S715 Button 11)
used to collect particles in one of the scoping experiments. Part (a) of Figure 4.2.1 shows
an SEM image at 500x, where many particles are present. Based on experience gained
from using this method, this magnification would be used to count particles greater than
2.5 pm. Part (b) of the figure was taken at 1200x, which, for example, could be used to
count particles between 0.625 pm and 2.5 um. An image with magnification 3000x is
shown in part (c). This magnification would be used to count particles in the size range of
0.1 pm to 0.625 um. In this example, several images at 3000x would be required for
analysis because there are relatively few particles present to contribute to the overall
distribution. Generally, images obtained at magnifications higher than 3000x on the SEM
are impractical because many photographs would be necessary to obtain a representative
count of particles less than 0.1 pm. With both the SEM and optical microscope, the
minimum counted particle size is dependent upon the highest magnification and the number
of photographs taken at that magnification. If a sufficient population of extremely small
particles (< about 0.25 pm) are observed, many photographs are made to accurately
represent them in the overall distribution. '
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Figure 4.2.1. SEM micrographs from button 11 of scoping test S715.
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Figure 4.2.1. cont.

(c) Magnification of 3000x

Figure 4.2.2 shows the resulting 100x, 500x, and 1000x optical microscope photographs
for button S715_10. The optical microscope can be used similar to the SEM microscope
following the same guidelines for image quality and particle analysis.

Figure 4.2.2. Optical microscope photographs of button 10 from scoping test S715.
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Figure 4.2.2. cont.
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There are several considerations regarding image quality that must be addressed when
using the SEM and optical microscopes. Specifically, analysis requires images which
display bright, sharply focused particles with distinct edges. Operating parameters of the
SEM, such as accelerator potential, working distance, and detector mode, must be
optimized for the sample configuration. Image focus, astigmatism, brightness, and
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contrast must also be adjusted to yield proper particle distinction. Neutral density and
polarizing filters should be used on the optical microscope to improve the image quality for
particle size determinations similar to the adjustments for SEM photographs. The actual
particle analysis is to be performed using photographs on Polaroid film that are
electronically scanned to obtain a digital image. Specialized image analysis software is
used to count the particles. Although high resolution photographic image quality is
expected from any SEM or optical microscope facility, particular attention must be given to
these issues because of the sensitivity of the analysis software with respect to generating
accurate particle size distributions.

4.3  Image Analysis and Distribution Generation

Image analysis and particle counting is accomplished using the method developed by
Carmack et al.'?. A schematic depiction of the technique is shown in Figure 4.3.1. As
described in Section 4.2 the substrates are examined using a scanning electron microscope
and an optical microscope. The images are analyzed using NIH-Image software, available
as public domain from the National Institute of Health. Photograph images are scanned
and converted to digital files that are used as input to the software. The digital image is
prepared for object counting (i.e. scaling, thresholding, shadow removal, etc.) and the
software is instructed to “analyze particles.” Results for each particle on the image are
returned and include projected area (from pixel-area scaling conversion), major and minor
elliptical radii, and any user defined function, such as conversion of projected area to
equivalent-sphere diameter. The resulting data from each individual photograph of a given
substrate are combined and used to build the particle size distribution using spreadsheet

software.

The first step following image acquisition and particle count involves performing a
sampling test known as the Kruskal-Wallis test on data sets taken at the same magnification
but at different locations on the substrate. This test determines if the data sets are
representative of the overall underlying population. Data sets that fail this test are
eliminated from the analysis. The next step is to define size bins for each magnification and
count the number of particles that contribute to each bin range at each magnification. From
this, cumulative percent of counted particles is determined for each magnification. These
magnification distributions are then plotted in log-probability form and a linear fit applied.
The count median diameter (CMD) and geometric standard deviation (GSD) are determined
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Figure 4.3.1 Schematic depiction of the size distribution construction technique.

from the fit parameters. The CMD, ds,,, is the particle size corresponding to the 50
percent cumulative value and the dg, ,, is the particle size corresponding to the 84.1 percent
cumulative value. The GSD is the d, ,, value divided by the dyy, value. Using this
distribution fit for individual magnifications, appropriate range~ selection for each
magnification is made. Data in the appropriate size range for each magnification is then
scaled by adjusting the number of counts in each bin based on the viewed area of that
magnification. Table 4.3.1 shows the scaling factors used for various magnifications from
both SEM analysis and optical microscope analysis. These scaled counts are then
combined to produce the overall particle size distribution for the substrate under
investigation. Ninety-five percent confidence intervals for the distribution are also
calculated and plotted.

To check the distribution construction technique a particle size distribution was constructed
from optical microscope photographs of sample QIDV taken from the DII-D vacuum
vessel provided by the INEEL. Table 4.3.2 shows a summary of the relevant particle size
distribution data generated for the comparison as well as the data reported by Carmack et
al."¥ for the sample analyzed. Figure 4.3.2 shows the distribution constructed by NCSU
from the DIII-D Q1DV photographs provided by the INEEL and the distibution generated
from INEEL’s separate analysis of the same data. Differences in' the values obtained for
dgoq, (17%) and GSD (7%) result from different particle size screening criteria used in the
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image analysis. Appropriate discrimination criteria are currently being investigated. The
influence of the discrimination criteria on particle sizing results is expected to be smaller for
SEM photographs than for optical photographs because the minimum resolvable pixel size
corresponds to much smaller particle sizes for the SEM than for the optical microscope.
The particle size distribution measurement has been benchmarked as outlined in Carmack et
al." using known particle size distribution material obtained from Duke Scientific, CA,

USA. Presentation of this benchmark is provided by Carmack et al. in the same reference.

Table 4.3.1. Scale Factors for the optical microscope and the SEM microscope.

Magnification Optical Microscope Scaling SEM Microscope Scaling
(pixels/um)® | Scale Factor (pixels/um)*® Scale Factor
50x 0.342 0.25 - -
100x 0.679 | - -
350x - - 1.97 0.49
500x 3.4 25 2.95 1
700x - - 2.74 1.96
1000x 6.8 100 5.9 4
1200x - - 7.2 5.76
1500x - - 8.9 9
3000x - - 17.7 36
5000x - - 19.5 100

(a) Magnifications are constant as determined by the microscope hardware. Scale values may vary slightly
if digitized at higher magnification than one. This is accounted for by the operator using NIH-Image by

measuring the area of each photograph.

Table 4.3.2. Comparison of NCSU analysis verses INEEL analysis for DII-D Q1DV.

d15.9% d'50% d84. 1% GSD RZ
NCSU Analysis 0.25 0.64 1.65 2.69 0.9857
INEEL Analysis 0.35 0.53 1.52 2.88 0.9823
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Figure 4.3.2. Log probability distribution constructed by NCSU and INEEL for DITT-D
Q1DV dust.
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5.0 Scoping Test Results

The experimental and analytical techniques for this task have been performed in scoping
tests. Four experimental runs, or “shots”, were completed, with three producing particle
size distribution results. Table 5.0.1 displays a summary of the scoping shots. Data
recorded trigger failures hindered shot duration measurements (obtained from discharge
current measurements)for S712 and S715. This problem has been corrected. Shot
duration measured for S713 was 40 ps, producing an energy flux of 115 GW/m’ incident
on the sample material (Cu).

Table 5.0.1 Scoping Shots Summary

TEnergy Duration Sample Am
Shot Label kD (ptsec) Sample (mg) comments
S710 2.5 10 Cu 100 exploding wire
S712 4.9 - Cu 490 diagnostics trigger failed
S713 5.2 40 Cu 320 filter installed
S715 3 - SS316 197 diagnostics trigger failed

5.1  Shot §S710

The first test performed, S710, involved introducing a copper wire into the capillary of the
ET source section. When sufficiently high current (10-20 kA) is passed through this wire,
it is heated very quickly and vaporizes, or explodes. This mechanism generates an
inventory of metal vapor within the capillary and is ejected due to the resulting pressure
gradient. This process is somewhat similar to what occurs during generation of an
electrothermal plasma. It is not, however, suitable as a method for disruption simulation
because the mechanism of material heating is different from that in a disruption (i.e. Joule
heating vs. radiative heat flux). This technique is, however, suitable to evaluate the
expansion chamber for particulate collection.

The capillary with the exploding wire was directed to exhaust into the collection chamber.
No collection buttons were used in this test. The decision to use collection buttons had not
yet been made. Following shot execution, the cell was inspected for particulate. The entire
wire did not vaporize because the end of the chamber was uniformly coated with solid
copper. A large chunk of molten copper may have impacted the chamber’s end and froze
as it spread on the wall. Other regions of the wall appeared hazy from a covering of copper

26




dust, and with a magnifying glass spherical copper-colored objects were observed. These
objects were the particulate of interest. although they possibly formed as small molten
globules rather than vapor condensation. Initially the particles were to be removed from the
wall by repeated baths in pure water and alcohol. however they were difficult to remove
from the surface in a consistent manner. Resulting particle size distributions could not be
generated because of the insufficient number of particles collected from the wall. An
alternative method of collecting and analyzing the particles was developed using collection
buttons attached to the wall of the expansion chamber, as described in Section 4. An acid
bath was used to remove all the copper particles from the wall in this shot.

5.2 Shots S712 and S713

The first material to be tested in the modified ET source section was copper. Shots S712
and S713 were an attempt to generate, collect, and analyze copper particulate from a

disruption simulation.

S712 was performed with buttons distributed along the collection chamber wall and also on
a plastic plate attached to the end of the expansion chamber. The shot was performed at an
energy level of 4.9 kJ (measured from bank loss), and resulted in 490 mg of mass removed
from the copper sleeve in the source section. Unfortunately the manual diagnostics trigger
on the delay generator failed to trigger the current and voltage recordings, so integrated
power data and input for ODIN were not obtained. This problem can be attributed to the
problems associated with the electronic data acquisition modules used to record the current
and voltage. The problem has been cormrected by repairing and recalibrating the data
acquisition modules (LeCroy 6810). These shots were successful in that copper particulate
were produced in the experiment and collected on the button substrates as depicted in
Figure 4.1.1. In contrast to the exploding wire test, these particles were somewhat loosely
attached to button surfaces and the chamber wall. A simple swipe with a Q-tip would
displace and remove the dust from the wall, but not the buttons. Deposition along the wall
(viewed as a slight copper-colored haze) was not uniform but tended to be thicker at the
chamber’s end. Dust appeared to pile in front of the buttons on the chamber wall.
Deposition on the buttons varied, however there was a shadowing effect from other buttons
upstream. To avoid this in future shots, axially consecutive buttons were rotated
azimuthally. Also in this shot, the end section of the glass collection chamber broke into
several pieces, indicating the existence of a significant pressure wave at that location some
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time during the expansion. This broken end was removed and a steel backplate inserted,
which has survived two subsequent shots (S713 and S715).

S713 provided an opportunity to perform a shot with a filter located at the end of the
collection chamber. Copper was also used in this test and lost 320 mg of mass at an energy
input of 5.2 kJ. Voltage and current traces for this shot were recorded and are displayed
below in Figure 5.2.1. Shot duration was 40 usec (measured as full pulse length).
Figure 5.2.2 shows pressure, temperature, density, and mass loss calculated by ODIN.
Note the predicted mass loss from ODIN is less than the measured value (90 mg predicted
and 320 mg measured loss). This could be due to molten copper being transported away
from the sleeve. However, no significant melt deposit was observed on the sleeve after the
shot. The ODIN prediction may be incorrect due to the non-ideal plasma conditions that are
not included in the model (see Section 2.1). A coating of dust similar to that of S712 was
observed in the chamber following shot execution. Unfortunately the filter substrate
(cellulose nitride) burned away. Future attempts with a filter will be performed with quartz
filter substrate, which was unavailable during this test. Particulate deposition occurred on

collection buttons distributed along the wall and end section around the filter housing.

S713 Voltage Trace

80 v8713 Current Trace
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Figure 5.2.1. S713 current and voltage traces.
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Figure 5.2.2. S713 ODIN simulation output.

Table 5.2.1 shows a summary of the particle size distribution data generated from the
collected mass from a selection of button collection surfaces from Shots S712 and S713.
Representative SEM micrographs from S712 and S713 are shown in Figure 5.2.3. After
taking photos from several different buttons, the sizing and counting procedure was
performed as described in Section 4. Figure 5.2.4 and Figure 5.2.5 show the resulting
particle count distributions for S712 and S713, respectively.. The plot for S712 appears
reasonable, and there were many particles in the measured population. Resuits from S713,
however, are more suspect because SEM images from this shot were not optimized in
brightness and contrast, and fewer images were obtained. This demonstrates the need for a
large number of particles to be counted from many substrate photographs to obtain results
representative of the underlying distribution. Shown in Figure 5.2.6 is the fractional mass
gain of buttons versus axial position in the chamber. The shadowing effects associated
with S712 are responsible for the observed decrease. Expected increase is observed for
S713 because of the relocation of the buttons. Comparative mass loss between the source
section and all collection buttons was performed for S713. The comparison was performed
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by assuming mass deposition on the chamber surface was uniform in the regions between
axial button locations and the average value of this area deposition was given by that
measured on local collection buttons. The amount of mass deposited was found to be 60
mg. This result is less than the predicted mass loss from ODIN (90 mg) and much less
than the mass loss measured from the source section (320 mg). Accounting for collection
of all mass evolved from the source section is impractical because of the difficulty of
accounting for mass deposited in a non-uniform fashion along the length of the expansion

chamber.

Table 5.2.1. Summary of Particle Size Distribution Data for S712 and S713

S712 Button | Axial distance disoq dsoq des 19 GSD R?
from source (cm)
14 40.6 0.57 1.15 231 2.01 0.9642
19 42.5 (end plate) 0.46 0.95 1.94 2.04 0.9868
20 42.5 (end plate) 0.22 0.47 1.01 2.15 0.9845
S713 Button | Axial distance dys g dsos dgq 1o GSD R?
from source (cm)
1 4.5 0.24 0.55 1.24 2.25 0.9858
11 40 (end plate) 0.15 0.51 1.67 3.27 0.9436

The resulting particle size distributions in shots S712 and S713 were obtained in a scoping
context, as this was the first attempt by the authors to perform the particle size measurement
protocol. Consequently, several parameters were not optimized in the early part of the
analysis (specifically image quality and quantity). This must be kept in mind when
interpreting the results. With experience gained in the analysis of S712 and S713, future
experiments will yield results representative of the underlying distributions with greater
accuracy. With this in mind, some interesting features of the analysis may be pointed out.
The particles shown in the SEM photographs (Figure 5.2.3) for the most part appear
spherical. This was generally the case regardless of button location on the expansion
chamber wall. Particle number per area appeared to increase as a function of axial distance
from source exit, similar to the fractional mass gain of the buttons in shot S713. Count
distributions for S712 (Figure 5.2.4) are mostly linear, while kinks appear in the
distributions for S713 (Figure 5.2.5). These kinks result from an inadequate number of
photographs at mid-range magnifications (500x and 1000x), and do not represent the
~ underlying distribution. One final feature to note regarding S712 is the larger mean
diameter on a wall button (button 14) than on endplate buttons, and the difference of mean
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diameters of buttons on the endplate (0.95 um for button 19 and 0.47 pm for button 20).
Unfortunately relative orientation of these buttons was not recorded for the experiment.
Future tests performed for this task will explore these types of relations.

Figure 5.2.3. SEM micrographs from S712 and S713.
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(b) S713 Button 11
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Figure 5.2.4. Count distributions for Shot S712.
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Figure 5.2.4.cont.
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Figure 5.2.5. Count distributions for Shot S713.
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Axial Button Mass Increase
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Figure 5.2.6. Axial mass deposition on collection buttons for S712 and S713.
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5.3 Shot S715

Scoping test shot S715 was performed with stainless steel #316 (SS316). This experiment
was prepared according to the procedure described in Section 3, with buttons along the
collection cell wall and on the end plate. With an energy input of 3 kJ, the SS316 sleeve in
the source section lost 197 mg of mass. The manual trigger failed to activate the data
recorder modules prior to the shot, thus no current and voltage traces were obtained, and
ODIN simulation could not be performed. Otherwise, shot execution was successful and
produced the expected dust in the collection cell. Observations of this dust include: streaks
from relatively large (possibly molten) blobs of SS316 were on the wall, visible deposition
of silvery SS316 on the collection buttons, and flakes deposited on the collection chamber
wall. Qualitatively, there appears to be varying deposition mechanisms on the walls at
different locations, e.g. vapor-wall condensation versus gas-to-particle conversion in the
flow stream. Different deposition types of this sort were not observed with the copper
sample in tests S712 and S713. The expansion volume was insufficient to cool the vapor,
and a larger chamber is to be installed for future experiments to provide a higher degree of

expansion cooling.

Particles deposited on collection buttons were analyzed with the SEM and optical
microscopes. Representative SEM micrographs are displayed in Figure 5.3.1, individual
button size distributions are shown in Figure 5.3.2, and fractional mass gain of the buttons
is plotted as a function of axial position in Figure 5.3.3. The sizing technique used in this
analysis was that described in Section 4, and is much more accurate than the analysis for
S712 and S713 due primarily to the experience gained in obtaining quality photographs
from the SEM and optical microscope during the S712 and S713 analysis. Ninety-five
percent confidence intervals are shown in the figures representing the statistical error of the
distribution. The buttons represented were located 12.1 cm (button 3), 32.4 cm (button 8),
and 37.4 cm (button 10) from the source exit. Relative button orientation was not recorded
for this experiment, but will be recorded in future experiments to characterize the effect of
gravity on particle collection. Table 5.3.1 displays a summary of the results obtained from
the SEM and optical microscope analyses. Particle number per area, mean particle
diameter, and fractional mass gain increase with button distance from the source exit.
Button fractional mass gain (Figure 5.3.3) increases in a fashion similar to that observed in
shot S713, however S715 mass gain is lower in magnitude. This is likely a result the
difference in shot energy and test material (S713 was performed at 5.2 kJ on a copper
“sleeve and S715 at 3 kJ with a stainless steel sleeve), with the lower energy shot producing
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less mobilized mass. There is not enough data at present to explain this mass gain effect,
and this will be further investigated in future tests.

The primary difference between the SEM and optical microscope results for button 10 are
attributed to the difference in imaging quality obtained with the optical microscope. Future
use of the optical microscope for particle size distribution measurement will incorporate
linear polarizers and filters for elimination of bright and dark inconsistencies in the particle
image. These inconsistencies are due to the difference in light reflection from particle

surfaces causing particles to have measured areas smaller than actual areas.

Compositional analysis was also performed using the SEM’s energy-dispersive X-ray
analysis (EDX) facility. Results displayed in Figure 5.3.4 indicate that the particles
deposited on the button are of (nearly) the same composition as the source section material
(i.e. SS316), based on relative mixtures of iron and chromium in the particles. This
indicates that highly mixed-species vapor does not preferentially condense out individual
components. Further investigation is required, specifically in terms for mixed-materials
effects. This is to be investigated further during future experiments.

Table 5.3.1 Summary of Particle Size Distribution Data for S715.

S715 Button | Axial distance dys.00 dsoe, dgs 15 GSD R’
from source (cm)
3 12.1 0.47 0.94 1.91 2.03 0.9865
8 324 0.68 1.34 2.60 1.96 0.9901
10 (SEM) 37.4 0.69 1.46 3.1 2.12 0.9932
10 (optical) 37.4 0.32 0.80 2.01 2.50 0.9839
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Figure 5.3.1. Representative SEM micrographs from S715.
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Figure 5.3.1.cont.
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Figure 5.3.2. Particle size distributions from S7135.
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Figure 5.3.2.cont.
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Figure 5.3.3. Axial mass deposition on collection buttons for S715.
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Figure 5.3.4. EDX images from button S715 Button 11.
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6.0  Conclusion

This document describes an approach to investigate plasma disruption-induced mobilization
of activated wall material in ITER. An existing electrothermal plasma gun has been
modified to facilitate disruption simulation in terms of power flux and produce mobilized
particles in the same manner as expected in ITER. The sleeve section of the ET source was
changed to use ITER-relevant materials, and an expansion chamber was added to allow
controlled collection of the resulting particulate. Preliminary tests have been successfully
performed, demonstrating the readiness of the facility to accomplish the experiment series.
Resulting particle size distributions from scoping tests were reported, as well as insight
gained from performing these tests.

Future work for this task includes detailed analysis of the vapor condensation of copper,
stainless steel #316, tungsten, carbon, and combinations of these materials. After building
this experimental database of resulting particle size distributions, modeling will be
performed and extrapolated to ITER.
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Appendix A. Documentation and Reporting Procedures

Experimental procedures, calibration records, and results from this task will be maintained
in a laboratery notebook on site at N.C. State University. with copies sent quarterly during
the progression of the task to the Fusion Safety Program (FSP) at the INEEL. Update
reports will be issued monthly, or whenever important results are obtained. Final results of
experiments will be presented in an ITER program engineering design file (EDF).
Electronic copies of the images used for size analysis will be kept on site and with the
INEEL FSP. A consistent file naming scheme will be used to indicate experiment test
label, button of study, and the photograph number. For example S715_11_1 indicates
photo 1 on button 11 in shot S715. Shot-specific information, such as button location, will
be tabulated in relevant reports and in the laboratory notebooks.

46




Appendix B. Equipment Calibration Procedures and Certification

Maintaining reliable equipment during this experimental investigation is important to ensure
valid results. All utilized equipment and diagnostic tools will be calibrated periodically.
This appendix will describe the calibration schedule and include copies of the most recent

calibration certificates for items calibrated by the manufacturer.
B.1  Calibration Schedule

All associated equipment is to be calibrated at regular intervals. Instrument sensitivity and
robustness determines specific calibration periodicity. Table B.1.1 lists primary
instruments for calibration along with required frequency and whether calibration is
performed externally by the manufacturer or by personnel at NCSU. Calibration tracing
and history is maintained on a form entitled “Equipment Availability and Calibration
~ Schedule” found on site at the SIRENS facility in the Equipment Inventory Notebook.
Attached to this appendix is a copy of the most recent form.

Table B.1.1.Equipment calibration information.

Equipment Item Calibration Date of Most Calibration
Frequency Recent Calibration Performance
microbalance weekly 5/97 in-house
high voltage probe monthly 5/97 in-house
Rogowski coil semi-annually 5/97 in-house and externally
ADC modules yearly 2/97 externally
Pressure Transducers 18 -24 months 12/96 externally
SEM monthly 5/97 externally

B.2  Calibration Procedures

The microbalance, the Rogowski coil, and the high-voltage probe are calibrated using
specific procedures according to the schedule shown above.

Accuracy in the microbalance is important because of the small mass loss or gain of various
experimental components (e.g. source sleeve and buttons). Currently a Mettler AE240
Dual Range Balance is used. The device has a built in 100.0 gram calibration option,
which may be used to benchmark the calibration curve on a frequent basis. This is
generally performed at the beginning of each day of use. The microbalance is calibrated
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weekly. Using a set of NIST-standard weights (1, 2, 5, 10, and 25 nig), mass
measurements are obtained, recorded, and compared to actual weight. If a significant
discrepancy is found (>0.1% difference or 0.1 mg from the standard), the internal
calibration option is used to reset the balance table. This typically brings the device back
into calibration. If not, as indicated by an uncorrectable difference, it may be in need of

service from the manufacturer.

A high-frequency response high voltage probe (HVP) is important for determining the
time-resolved energy density discharged into the ET source. The HVP in use on SIRENS
is a Tektronix Model P6015A 1000X compensated voltage probe. Calibration of this
device is performed as described in the associated manufacturer’s manual. This procedure
requires adjustment of the compensation capacitance for low, middle, and high frequency
responses. Using a 1 MHz function generator with 50V peak-to-peak output allows for
appropriate compensation in each frequency range. Bandwidth and rise time verification is

performed to ensure correct compensation.

The Rogowski coil used to detect time-resolved high level current (> 1kA) was designed
and built in-house. An associated integrator circuit allows the desired frequency response
to be designed into the device. Initial calibration occurs by measuring high current
discharges with the coil to be calibrated and with an externally calibrated standard coil. The
SIRENS facility uses a coil calibrated by Maxwell Technologies, CA, USA. Recent
calibration results are included in Section B.3. The calibration is essentially a verification
that the integrator circuit functions as designed. This robust device does not require
frequent calibration, but the standard coil is used with the normal coil on a random shot for

comparison every 6 months.
B.3  Calibration Certificates
The attached calibration certificates are for instruments used for this task, which are LeCroy

6810 ADC converter modules, Kistler Ballistic Pressure Transducer Type 617C, Kistler
charge amplifier type 5010B, and an externally calibrated integrator for the Rogowski coil.
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Kistler instrument Corporation

75 John Glenn Drive
Amberst, NY 14228-2171
Phone 716-691-5100
Fax 716-691-5226

Certificate of Calibration

Model: 50108
Serial Number: C72579
MIL-STD-45662A

Environmental Conditions: Temperature 72 deg.F +/- 7 deg.F
Rel, Humidity 30% +/- 25%

Date: 07-23-1996
Certificate No.: 072386-C72579

Test Equipment Used:
Keithley 199 DMM, SN 0548534
Philips PM5138 Funct. Generator, SN L0O638319
Kistler Precision Calibrator, SN 441977

Tested by: Jeremy Block

Signature: Jl(/l_ﬂ/u/\/ B /(A____

ACCURACY

Range {(pC/MU) Average Deviation Maximum Measured Deviation
1.00 to 9.99 -0.01% +0.05%

10.0 to 99.9 +0.02% +0.07%

100.0 to 899.0 -0.03% +0.05%

1000 to 9980 +0.02% +0.04%

10000 to 89900 -0.01% +0.04%

INTERNAL CALIBRATION CAPACITOR
Measured Value: 1033 pF

NOISE
Noise in Reset (at 1pC/V Range): 0.2 mV
Noise in Operate {(at 1pC/V Range): 0.4 mV

DRIFT
Drift at each range within 0.03 pC/Second specification

PIEZOTRON CURRENT
Measured Value: 4.0 mA

Kistler instrument Corp. hereby certifies that the above product was calibrated in compliance with
Military Standard Calibration Systems Requirements MIL-STD-45662A using applicable Kistler

_ procedures. Standards used are traceable to the National Institute of Standards and
Technology (NIST), or another recognized National Standard, or have been derived from accepted
values of natural physical constants, or have been derived by the ratio type of calibration, or
by comparison to consensus standards.

150 9001 CERTIFIED QUALITY SYSTEM
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NIOILER

Kistler Instrument Corporation

75 John Glenn Drive
Amherst, NY 14228-2171
Phone 716-691-5100
Fax  716-691-5226

Certificate of Calibration

Model: 5010B
Serial Number: C72411
MIL-STD-45662A

Environmental Conditions: Temperature 72 deg.F +/- 7 deg.F
Rel. Humidity 30% +/- 25%

Date: 07-11-1996
Certificate No.: 071196-C72411

Test Equipment Used:
Keithley 199 DMM, SN 0548534
Philips PM5138 Funct. Generator, SN L0O638319
Kistler Precision Calibrator, SN 441977

Tested by: Kevin F. Kelly
Signature: j\\ "L“’im(
AN

—

ACCURACY

Range {(pC/MU} Average Deviation Maximum Measured Deviation
1.00 to 9.99 -U.02% +0.06%

10.0 10 99.9 +0.02% +0.06%

100.0 to 999.0 -0.03% +0.08%

1000 to 9990 -0.05% +0.09%

10000 to 98900 -0.02% +0.10%

INTERNAL CALIBRATION CAPA CITCR
Measured Value: 989 pF

NOJISE
Noise in Reset {at 1pC/V Range): 0.2 mV
Noise in Operate {(at 1pC/V Range): 0.2 mV

DRIFT
Drift at each range within 0.03 pC/Second specification

PIEZOTRON CURRENT
Measured Value: 4.0 mA

Kistler Instrument Corp. hereby certifies that the above product was calibrated in compliance with
Military Standard Calibration Systems Requirements MIL-STD-45662A using applicable Kistler

. procedures. Standards used are traceable to the National institute of Standards and

Technology (NIST), or another recognized National Standard, or have been derived from accepted
values of natural physical constants, or have been derived by the ratio type of calibration, or

by comparison to consensus standards.
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TECHNOLOGIES

To: Chad Boyer

North Carolina State University
Department of Nuclear Engineering
Burlington Labs Box 7909

Raleigh, NC 27695

Chad:

We calibrated your Rogowski against our Pearson current probe model 1049. We
used two different pulses to give you a variety to choose from. One pulse (PS-109) peaks
in approximately 80 microseconds and the second one (PS-110) peaks in approximately
125 microseconds. You will note that the pulse starts before time zero because the data
acquisition system was self trigged.

I have enclosed plots for each of the two tests with their scale factors listed. Therr
are three traces on each plot; The Pearson , the Raw signal from your rogowski integrated
by computer, and your passive integrated output. You will note that the digitally
integrated signal has a more consistent scale factor as is always the case.

Also enclosed is a floppy disk containing the raw and processed data files that you
can manipulate yourself. The processed file is self explanatory with all three signals on it.
The raw file consists of the three signals without processing.

Scale factors: Raw signals = 2.82468 E+7 A/v and 2.809E+7 A/v

Passively Integrated= 4.24195E+4 A/v and 4.0795E+4 A/lv
Pearson Current probe= 500 A/v

I hope the data is a help to you. If you should need anything else please let me

know.

62 o Ois

Paul Riedy

Maxwell Technologies
Green Farm Test Site
San Diego Ca. 92123
(619) 576-7857

Fax (619) 571-7194
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Numerical Simulation and Experiment of Plasma Flow in the
Electrothermal Launcher SIRENS

J.D. Hurley*, M.A. Bourham and J.G. Gilligan
North Carolina State University, Department of Nuclear Engineering, Raleigh, NC 27695-7909

) Abstract_ An clectrothermal plasma- source (ET)
may be used as a lamncher by itself, or as a pre-
injector for eclectromagnetic launchers (railguns) or
clectrothermal-chemical (BTC) launchers. The
characteristics of the injected plasma may affect the
performance of the plasma armature (EM’s) or the
combustion process (ETC’s). A 1-D, time-dependent
floid dynamics code, ODIN, has been developed to
model the plasma formation and flow in the soumrce

and the barrel of the ET lanncher SIRENS. The code
models the encrgy tramnsport, particle tramsport,
plasma resistivity, plasma viscosity, and the

equation-of-state. The measured mass loss of the
ablating "liner im the source section is in good
agreement with that predicted by the code.
Comparisons between the measured aand predicted
pressores inside the barrel are in good agrcement.

I. INTRODUCTION

Electrothermal plasma sources have various applications
in electric launchers technology. Electrothermal piasma
sources are used as a launcher by itself, or as a pre-injector to
form a plasma armature in railguns. In plasma-chemical
launchers, the source injects the plasma into the propeliant to
control the burn rate. The operation of such devices may be
greatly affected by the characteristics of the injected plasma
(temperature, pressure, flow velocity, etc.) that is produced
from the electrothermal source [1-3]. An elecrothermal source
produces, usually, a high-density (1023-1026/m3), low-
temperature (1-3 eV) plasma flow that can serve as an external
high heat flux source [4-6]. The heat fluence S of most
electrothermal plasmas can be modeled as a blackbody source.
The heat flux that reaches the surface of the liner or the wall
of the barre! is represented by q"= f S, where f is the energy
transmission factor through the vaper layer {6,7,10]. Several
models have been proposed to describe the plasma formation
in electrothermal plasma sources and ablation-controlled arcs
[4-10}. However, modeling of the plasma expansion through
the barrel is important for the operation of electric launchers
that utilize a pre-injected ET plasma. A 1-D time dependent
code, ODIN, has been developed to calculate the variation in
the plasma parameters using the source discharge current, liner
material properties, and the source and barrel geometry. The
code accounts for the time and axial variation in the energy
transmission factor, f, time and axial variation in the viscous
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Contract DASG60-90-C-0028, and the US Army Ballistic Missile Defense
Organization Contract DASG60-93-C-0029.

* Present address: Naval Research Laboratory, Code 6750,
Washington, D.C. 20375-5356.

and ablation drags, and time and axial variation in the plasma
parameters. The code results are compared to experimental
results obtained from the SIRENS ET launcher [6,11,12].

II. EXPERIMENTAL FACILITY

The electrothermal launcher SIRENS [6,11,12] has been
designed to produce a low-temperature (1-3 eV), high-density
(1025-10?6 /m3) plasma. The plasma is formed inside the
capillary (4 mm inner diam.) by the ablation of the Lexan
liner, with currents up to 100 kA. The produced plasma is
allowed to expand into the barrel (6 mm inner diam.) that is
attached directly to the source. The heat flux can be varied
from 2 to 70 GW/m® over a 100 psec duration for imput
energies of 1-8 kJ. Fig. I shows the conceptual design of the
electrothermal launcher SIRENS, the diagnostic setup for
measuring the pressure and velocity, and a typical oscillogram
of the discharge current at 1.17 kJ input energy.

bs
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Discharge Time (us)

Fig. 1 Conceptual drawing of the SIRENS ET launcher, and a typical
osdllogram of the discharge current at 1.17 kJ input energy.

An external Rogowski coil is used to measure the
discharge current, and the discharge potential is measured via a
compensated capacitively-coupled potential divider. The
plasma velocity is measured via a photodiode array that is
interfaced to a data acquisition system. The absolute pressure
inside the expansion Barrel is measured at two locations, 6 cm
and 12 cm from the barrel entrance, using Kistler absolute
pressure transducers coupled to charge amplifiers and interfaced
to the data acquisition system [6,13].
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II. CODE FORMULATION

The 1-D, time-dependent code ODIN [13] has been
developed from the 0-D, time-dependent code ZEUS (7] that
models the plasma formation inside the capillary of ET
sources. In addition, ODIN models the plasma flow and
expansion through the barrel of electrothermal plasma
launchers. The code models the energy transport, particle
transport, plasma resistivity, plasma viscosity, and equation-
of-state. The source and barrel sections are broken into a
specific number of cells and each cell is considered to be in
local thermodynamic equilibrium (LTE), with the plasma
modeled as a viscous fluid. The LTE and fluid model are used
due to the highly collisional, low-temperature, high-density
plasma that is produced by the ablation controlled arc inside
the ET source. The viscous drag forces are varied according to
the Reynolds number of each cell. As the Reynolds number
increases, the medeled drag forces change accordingly from
laminar to turbulent. Nonlinear fluid equations have been
used due to the ionization, radiation, and drag effects. The
specific internal energy of the plasma is computed as a
funection of the temperature assuming that the ablated material
is compietely dissociated. The energy transmission factor, f,
through the vapor shield is internally computed, which allows
for the time and axial variations of the vapor shield effect in
the source anc the barrel. The set of noniinear eguations are
soived using the Buliirsch-Stoer methed, which uses rational
function exmapolation. It has been found that this method is
computzationally faster than the fourth-order Runge-Kutta
method used in the ZEUS code. Error conwol is used in the
code by mionitoring the internal consistency, and acapting the
stepsize to keep 2 prescribed bound on the local truncation
error. Several simplifying assumptions are considered in the
modei. Tne piasma parameters are assumed {o De constant
across the cross section of the capillary. The plasma is
assumed to be an ideal plasma, which is an acceptable
assumption-at higher values of input energy to the source
(> 4 XJ), where the plasma temperature is about 3 eV.
Electrothermal plasmas tend to be weakly nonideal, and the
Spitzer resistivity model may yield inaccurate results. The
ablated material in the source is assumed to be totally
dissociated into the constituent atoms. The heat loss due to
conduction inside both the source and the barrel is assumed to
be negligivle. The axial radiation transport is assumed to be
negligible inside the source section where the plasma
temperature is fairly isothermal [5). However, at the interface
between the source and the barrel, and inside the barrel, the
axial temperature gradient can be large. The radial radiation
transport will be inciuded in future work. The self magnetic
pressure due to the arc current is assumed to be less than the
kinetic pressure of the plasma particles [8]. The set of
governing equation are given in detail in Refs. 13 and 14.

A. Conservation of Mass

The rate of change in the particle density in each cell is
the difference between the rate at which particies are introduced
into the cell from ablation of the wall and the rate at which
particles enter and leave the cell. The equation of continuity
for each cell is given by [9]:

617
S{vn) (1

where 1 is the number density of plasma particles (atoms/m?),
Ny is the time rate of change of the number density of ablated
material from the cell wall (atoms/m3 sec), and v is the
plasma velocity (m/sec). The time rate of change of the
number density of ablated material from the cell wall is [7):

A
HgpA R
where q" is the radiation heat flux incident on the wall surface
(W/m?2), Ay is the mass of the atoms that constitute the
plasma (kg/atom), R is the radius of the ceil (meters) , and
Heyp is the heat of sublimation. The radiation heat flux q*
incident on the wall surface is modeled as a fraction f of the
blackbody radiation q"=70,T* emitted from the hot plasma
core [6,11,12], where f is the energy transmission factor
through the vapor shield, ¢ is the Stefan-Boltzmann constant
(5.670 x 1003 W/m=* K%), and T is the plasma temperamre
(®K). Tre energy transmission faczor, f, is given by [7,9}:

- .Oanh
P=oU+pHg
where P is the plasma pressure (N/m?), p is the piasma
density (kz/m3), and U is the intemal energy of the piasma
- — 222 .
(Joules). The term 0.5p~v~ has been added to the
denominator of the equation for f {or one run of the code to
account for the effect of the flow velocity on ;. This term bad
virtually no effect on the value of f and was not include in the
formula in 2ll other calculations. The piasma pressure for an
ideal piasma is given by P=nkT(1~Z), where % is the
Boltzmann’s constant (1.3807 x 10°33J/K), and Z is the
effective non-integral charge state.

()

Ba

~

J

B. Conservation of Momenrum

The change in velocity in each cell is due to the pressure
forces, the kinetic energy of particles entering and leaving the
cell, and the 2blation and viscous drags. The equation for the
time rate of change of the velocity in each cell is given
by {7,9}

v 10P

1o v, 25, @)
2 0z n PR

where T, is the viscous drag at the wall (N/m?). The first
term on the right hand side is the change in velocity due to
the axial pressure gradient. The second term is the change in
velocity due to the kinetic energy gradient. The third term is
the velocity loss due to the increase in the number deasity
from ablated material (ablation drag). The fourth term is the
velocity loss due to the viscous drag at the wall. The viscous
drag for steady fully developed incompressible fluid flow was
used in the calculations and is given by:

& p oz

where C;is the friction factor.
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The friction factor is adjusted internally in the code based
on the Reynolds number, Re, of each cell. The friction factor
used for Reynolds numbers less than 2500 is the Darcy
friction factor, Gr= 16/R,, where the plasma flow.is assumed
Jaminar. The friction factor used for Reynolds numbers
ranging from 2500 to 30 x 10° is from the mode! developed
by Wieghardt [15] for turbulent flow in smooth pipes. This
friction factor model is based on the power-law velocity
profile for fully-developed turbulent flow and is given by:

1

v =Vmax'[Rr. r]; (6)

where Vmax is the velocity at the center of the pipe, r is the
radial distance from the center, and n1is the parameter that
depends on the Reynolds number of the flow. The resulting
friction factor is given by:

G = Ko-(R)H@D ' %)

where K, is a parameter that depends on n [13-15]. The
friction factor used for Reynolds numbers greater than 6.0 x

108 is given by [15]:
1 D
—= = 4logjo} 3.7= (@)
ch ]0310[3 / E] .

where ¢ = 2.0 x 10-3 m {15], is the roughness of a plastic
pipe.

C. Conservation of Energy

The rate of change of.the internal energy in each cell in
the source section is due to Joule hezting, radiation, flow
work, changes in density, internal energy entering or leaving
the cell due to particle transport, and frictional heating. Tne
time rate of change of internal energy in each cell in the
source is given by [7,9]:

ou 4 % 6v_‘_1. 2 . 4(nU) (9)
nat—ru "R -Paz‘zpav -n,U - v—s

where n is the plasma resistivity (Q-m), and j is the discharge
current density (A/m?). The first term on the right hand side
is the increase in internal energy due to joule heating. The
second term is the loss in internal energy due to thermal
radiation and the (2/R) factor is due to the conversion of
surface heat flux to volume radiation. The third term is the
change in internal energy due to work done by the plasma
{flow work). The fourth term is the increase in internal energy
due to friction from ablation. The fifth term is the loss in
internal energy due to the cold ablated material entering the
plasma. The sixth term is the change in internal energy due to
particles entering and leaving the cell. The rate of change of
the internal energy of each cell in the barrel section is
identical to that in the source except for the absence of the
joule heating term. The internal energy of an ideal plasma is
given by [7]:

U =15kT(1+Z)+I+Hy
where the first term on the right hand side is the internal
energy due to thermal motion, and I is the internal energy

(10)

due to ionization. The ionization energy is the sum of all
ionization potentials up to the integer value of the charge
state, m (m=integer(Z)). An additional correction term is
added to account for the next higher ionization potential. The
ionization potentials and the effective charge state are
determined using the method proposed by Zeldovich and
Raizer [16]:

- m —_
I= TL+(Z-m)lqy
i=0

(11)

" The Saha-Boltzmann equation is modified to account for
the transformation from integral charge states to the non-
integral states [16]:

_ ATI.S)
1,(Z+.5) =TI (12)
Zn )

and A = 4.834 x 102! X-15 m3 is a constant.

The plasma resistivity has been determined using the
model | = N, ¥ Nei , Where N, is the resistivity due to
electron-neutral collisions and n;is the resistivity due to
electron-ion collisions [17]. The resistivity due to electron-
neutrzl collisions, Tea , is:

en.
where the average collision frequency due to the elastic

interactions of elecons and neutral atoms, for a Maxwellian

2.V — .
3 Qs
and n, is the number density of neutrals, and Qa is the
average momenrtum cross-section. Tne average momentum
cross-section is determined by taking the weighted molar
averages of the momentum cross-sections of the constituent
atoms of the Lexan insulator (CyjgH;403). The resistivity
due to electron-ion collisions, n; , is determined from the
Spitzer Resistivity model [18]:

plasma, is: (U=;._> =

_ 38ZIn(A)
CL_'TLS

whers €. is the correction factor to the resistivity to
account for the electron-electron collisions and is a function of
the charge state. The plasma viscosity is ¢t = g, + j, Where
p, and yare the viscosity due to the neutral atoms [19] and
ions, respectively. The neutral viscosity i, is given by:

(13)

ei

(14)

where P, is the neutral atom density, ¢, is the thermal

velocity of the neutral atoms, and A, is the nentral mean free
path. The ion viscosity p; is given by [19]:

1
Ha =§pa>\aca

1
Hi=3PiAig (15)

where Pi is the ion mass density, g is the ion thermal
velocity, and i is the jon mean free path.
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. The equation for the internal energy does not depend
explicitly on the plasma temperature, Therefore, the equations
must be transformed so that the plasma temperature can be
determined. The transformation used in ODIN is the same as
that used in the ZEUS code [7,20]. A 2x2 matrix is formed
from the time derivative of Eqn. 10 and Eqn. 12, which
allows the explicit time variation of the temperature and
charge state to be obtained.

IV. CODE RESULTS

The time evolution of the plasma parameters has been
determined for input energies between | and 5 kJ. The plasma
parameters averaged over the axial distance of the source and
barrel, for input energies from 1 to 5 kJ, have been previously
discussed [13}. The following is an analysis of a 1.17 kJ shot
to show the time evolution of the plasma formation and flow
in the source and barrel. The time evolution of the source
density is shown in Fig. 2, where the density is fairly
uniform along the length of the source with a slight decrease
at the exit due to particle transport into the barrel. The density
peaks at about 75 ps and then steadily decreases because the
particle loss due to ransport into the barrel is greater than the
particle gain due to ablation. The time evolution of the barrel
density is shown in Fig. 3. The transport of the particle
density into the barrel section is shown, with the barrel
density reaching its mzximum vzlue at about 105 ys. Tae
barrel demnsity then steadily decreases and flattens as the
particles flow from the denser barrei entrance region to the
barrel exit. The density profile also begins to oscillate as it
reaches its peak value and these oscillations continue as the
density decreases. The _:cillztizzs are due to compression
waves that form in the barrel after the main driving force of
the discharge is terminated.
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Fig. 2 Axal time evolution of the plasma density inside the source for
1.17 ¥J mput energy.

The time evolution of the source temperature is shown in
Fig. 4. The source temperature reaches its maximum value at
15 psec, which corresponds to the maximum of the discharge
current. The source temperature is fairly isothermal, dropping °
slightly at the exit due to transport losses into the barrel.
After reaching its peak value, the source temperature drops
steadily due to cold ablated material entering the volume and
the transport losses.
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Fig. 3 Axal dme evoluton of the plasma dsasity inside the barrel fo

1.17 ¥J mput coergy.
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Fig. 4 Axial ims evolution of the piesma t==perature inside the sourcs

for 1.17 ¥J input energy.

The time evolution of the barrel temperature is shown in
Fig. 5, where the temperature gradients are large as the plasma
begins its expansion down the length of the barrel. However,
once the plasma reaches the barrel exit, the temperature is
fairly constant along the barrel length and steadily drops due
to ablated material entering the plasma and transport losses.
The time evolution of the plasma pressure in the source
section is shown in Fig. 6. The source pressure reaches its
maximum value at approximately 45 ps. This time is
approximately balfway between the time of peak temperature
and peak deasity. This occurs due to the pressure being
linearly dependent on both the temperature and the density.
After the source pressure reaches its peak value, it steadily
decreases due to the drop in temperature and density.

The progression of the pressure into the barrel section, up
to 65 ps, is shown in Fig. 7. After this time the pressure
profile begins to flatten out and drop as the plasma exits the
barrel. The pressure profile exhibits the same types of
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oscillations that were present in the density profile, which are
due to the compression waves that the plasma experiences
once the main driving force of the discharge is over.
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Fig. 5 Axial tme evolution of the piasma temperature inside the barrsl
for 1.17 XJ input energy.
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’ 1.17 ¥J input energy.

-The time evolution of the source velocity is shown in

Fig. 8. The velocity at the exit achieves the highest value due

to the large pressure gradient between the source and barrel
sections. After 55 ps, the velocity decreases steadily and
flattens out as the pressure difference between the source and
barrel drops. The time evolution of the velocity in the barrel
sectiom, up to 35 ps, is shown in Fig. 9. It is clear that the
velocity is much larger at the barrel entrance and exit. The
large velocities at the entrance are due to the large pressure
gradient between the source exit and the barrel entrance. The
velocities are large at the barrel exit due to the free expansion
of the plasma into the vacuum chamber. The velocity profile
is constant in the rest of the barrel, once the plasma has
reached the exit.
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Fig. 9 Axial time cvolution of the piasma velocity inside the barrel for
1.17 ¥J input eacrgy.

V. EXPERIMENTAL RESULTS

A comparison between the calculated mass loss and the
measured mass loss in the source section is shown in Fig. 1€
The error bars for the measured data represents the standar
deviation of the data. The measured and calculated mass losse
agreed fairly well for all input energies. The calculated an
measured.values were very close for the higher input energ
shots. The reason for this is that the assumptions made i
the modeling of the source are better approximations at highe
energies ). The pressure in the barrel section was measure
at two locations, 6 cm and 12 cm from the barrel entranc:
using piezoelectric pressure transducers. The calculate
pressure was obtained from the code at these two locations b




fitting the calculated pressure of the barrel cells with a
polynomial curve. Fig. 11 shows the measured and calculated
pressure traces at the first location for an input energy of 4.10
kJ. The calculated pressure trace agrees well with the measured
pressure trace, which was the case for all input energies.
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Fig. 10 A comparison betwesn the measured and calculated mass loss in
the souwrcs sectcn.
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A comparison between the measured and calculated
average resistivity for an input energy of 4.10 kJ is shown in
Fig. 12. Electrothermal plasmas tend to be weakly nonideal,
and the Spitzer resistivity model [!3], may yield inaccurate
results (4111, Corrections to the ideal plasma transport and
thermodynamic properties for resistivity and charge state must
be inciuded.
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CONCLUSIONS
A 1-D time-dependent fluid dynamics code, ODIN, has

been developed to model the plasma formation and flow in
electrothermal launchers. The time evolution of the plasma
parameters has been determined for a range of input energies
between 1 and 5 kI. The code results compare favorably with
experimental measurements.
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used to simulate the erosion and mobilization effects on ITER-relevant materials exposed to hard
disruption conditions. Specifically, size distributions of various particulate resulting from surface
vaporization and subsequent condensation under vacuum conditions have been produced. This
document presents fundamental data obtained from a set of experiments performed with copper,
stainless steel, tungsten, and aluminum (to simulate beryllium).

For this experimental investigation, particulate were generated from test material mobilized in the
SIRENS electrothermal source section. Material exiting the source section was then introduced
into a large controlled volume (cylindrical glass tube) upon which collection substrates (buttons)
were mounted. Selected buttons were observed with a scanning electron microscope (SEM); the
buttons generally displayed a significant population of particles deposited on the exposed surface.
Using the SEM, photographs of a given button were obtained and analyzed for the number and
size of deposited particles. This data was then fit to the log-normal distribution function,
generating the overall particle size distribution for the selected button.
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1.0 Introduction

The SIRENS high heat flux facility at NCSU has been used to simulate the erosion and
mobilization effects on ITER-relevant materials exposed to hard disruption conditions.
Specifically, size distributions of various particulate resulting from surface vaporization and
subsequent condensation under vacuum conditions have been produced. Such information
is necessary for ITER safety analyses involving disruption-induced mobilization of
activated component material. This report presents fundamental data obtained from a set of
experiments performed with copper, stainless steel, tungsten, and aluminum, and includes
discussions on important observations, difficulties encountered, and significance of the
tests to the overall task!"!. Each material tested will be discussed in separate sections,
followed by a general conclusion comparing the overall results.

2.0 Experimental Procedure

The experimental configuration follows that described in the -ITER EDF “Scoping of
SIRENS for Wall Material Vaporization Studies”®. The test material was fabricated into a
cylindrical sleeve of 0.397 cm ID, 0.714 cm OD, and 6 cm length, and placed into a Lexan
inner insulator of 0.714 cm ID and 11.9 cm length. A ceramic (Maycor) insulator was
used to isolate the electrically conducting test sleeves, thus forcing the arc discharge of
SIRENS through the inside of the test sleeve (capillary) and exposing the inner surface of
the test material to radiant heat flux. The entire assembly of test sleeve, ceramic insulator,
Lexan inner and outer insulators, cathode, and anode housing is called the source section
for each test in this series. Energy deposited on the surface from the intense arc releases
material from the test sleeve by vaporization or ablation; this mobilized mass flows from the
capillary into a large glass expansion cell (17.8 cm ID, 76.2 cm length). During the
expansion process, the vapor cools well into supersaturation and condenses, forming the
particulate of interest. This particulate is transported to the wall of the expansion cell and is
intercepted at certain locations by circular collection substrates (buttons). Following the
test, buttons are removed, weighed for relative mass gain, and observed under high
magnification of a Scanning Electron Microscope (SEM). Photographic images of a
button’s surface are obtained, and the particles are sized and counted from these images,

generating the particulate size distribution for that button®’.

The following items are included for reference: Figure 2.1 shows the source section
configuration, Table 2.1 tabulates button locations within the expansion cell and on the end
plate, Figure 2.2 displays schematically the button distribution in the expansion chamber,
and Table 2.2 contains reference material for the various materials used in this series of
experiments.
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Figure 2.1.

SIRENS source section configuration.
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Table 2.1.

Vacuum Boundary

Tabulated button distribution.

Sample Sleeve

Anode (SS304)

Outer Insulator (Lexan)

Inner Insulator (Lexan)
Isolation Sleeve (MAYCOR)
Cathode (HD 17.6- Diemitech)

Axial distance
Button from source (cm) 0 (deg.)’
1 12.7 0
2 12.7 180
3 31.75 45
4 31.75 225
5 50.8 90
6 50.8 270
7 69.9 135
8 69.9 315
End plate at 73.66 cm
radius (cm) angle (deg.)
9 3.0 0
10 4.5 45
11 7.0 90
12 7.0 180
13 3.0 225
14 4.5 270
15 7.0 315
16 4.5 135
17 4.5 224

* chamber top aligned to 0°

** end plate 90° aligned to chamber 0°




Figure 2.2.  Schematic button distribution.
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Table 2.2.  Materials reference.
density Tren Thon STP ¢, STP k STP o AH-fus | AH-vap
Material | (kg/m’)| (K) K) | (/Kkg) | Wm/K) | (1/Qmx1i0% | (kJ/kg) | (ki/kg)
Al 2,700 933.5 2,792 897 237 36.4 397 10,896
Cu 8,960 1,357 2,835 383.1 401 59.2 207 6,577
Fe 7,870 1,811 3,134 452 80.4 10.3 247 6,094
W 19,300 | 3,695 5,828 134.4 173 18.6 250 4,486
SS304 7,820 1,700 3,000 478 19.4 ~10 * *
SS316 7,500 1,700 3,200 500 30.0 8.47 280 6,800
Lexan
(C.H.0) 1,180 - 665(s) 1,200 3.0 0 - 54,000(s)
Maycor 2,500 - * * * 0 - *
HD-17.6 | 17600 | = * * 27.0 14.0% * *
(diemitech)
Notes:

(1) All properties are equilibrium properties at appropriate standards. STP is 101325 Pa and 298.15 K.

Notation:

C

p

k
o}

specific heat capacity
thermal conductivity
electrical conductivity
AH-fus enthalpy of fusion
AH-vap enthalpy of vaporization
(2) Subscript s denotes sublimation property.

(3) Dash (-) signifies non-existant data, asterisk (*) denotes data not available.

(4) All figures displayed to reported accuracy.

(5) Materials composition:
Maycor:

HD 17.6:

Si0, @ 40-50 wt%
AlO @ 10-25 wt%
BO @ 5-10 wt%
KO @ 5-10 wt%
MgO @ 10-25 wt%
F @ 5-10 wit%

W @ 92.5 wt%
Ni, Fe, Mo balance

SS304:

SS316:

C @ 0.08 wt%

Mn @ 2.00 wt%

Si @ 1.00 wt%

Cr@ 160 - 18.0 wt%
Ni @ 8.0 - 10.5 wt%
Fe balance

C @ 0.08 wt%

Mn @ 2.00 wt%

Si @ 1.00 wt%

Cr@ 160 - 18.0 wt%
Ni @ 10.0 - 14.0 mt%
Mo @ 2.0 - 3.0 wt%
Fe balance




3.0 Copper Test Results

Two independent tests were performed in SIRENS using Cu as the test material: shots S734
and S737. These shots were prepared and performed using the procedure given in
Reference 2. Table 3.0.1 displays a summary of mass loss data and particulate size
distributions from the two Cu tests. Sample mass loss was consistent for shots of nearly
equivalent discharge energies, and cathode mass loss was also about the same. Differences
observed in particulate size distributions, especially on end-plate buttons, are a direct resuit
of differences in SEM image quality. Images obtained from buttons used in Cu Test #1 were
not optimized and displayed significant levels of noise because proper operational parameters
of the SEM had not yet been established. Smaller particles were lost in the noise and the
resulting size distributions were biased to larger sizes. Images from buttons used in Cu Test
#2, however, were fully optimized and displayed negligible noise levels.

Table 3.0.1 Cu tests comparison summary.

Cu Test 1 (§734) Cu Test 2 (S737)
Energy (J) 4260 4458
Sample Am (mg) 436.67 451.13
Cathode Am (mg) 30.9 26.45

Am (mg) | dsys (Um) | GSD R* | Am (ng) | dsps (um) | GSD R?
Button 1 0.09 0.66 1.77 | 0.966 0.11 0.58 2.17 | 0.988
Button 2 0.05 * * * 0.12 * * *
Button 3 0.03 * * * 0.06 * * ®
Button 4 0.20 * * * 0.15 * * *
Button 5 0.43 * * * 0.11 * * *
Button 6 0.39 0.78 2.13 | 0.986 0.13 0.630 2.43 | 0.989
Button 7 0.15 0.55 2.38 | 0.962 0.25 0.505 2.57 | 0.983
Button 8 0.39 * * * 0.29 * * *
Button 9 0.15 0.77 2.07 | 0.984 0.41 0.426 2.63 | 0.99]
Button 10 0.18 * * * 0.44 * * *
Button 11 0.68 * * * 0.76 * * *
Button 12 0.28 0.97 2.04 | 0.988 0.52 0.366 3.06 | 0.989
Button 13 0.17 * * * 0.33 * * *
Button 14 0.08 0.84 2.27 | 0.970 0.28 0.381 2.70 | 0.981
Button 15 0.39 * * * 0.67 * * *
Button 16 0.23 * * * 0.42 * * *
Button 17 0.22 * * * 0.35 * * *

Note: Asterisk (*) denotes buttons for which the analysis was not performed.
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3.1 S§734: Cu Test #1

The first Cu test was performed with the large glass expansion chamber containing stainless
steel collection buttons distributed as shown in Figure 2.2, and a SS304 housing containing
the source section. Voltage and current traces are shown in Figure 3.1.1. The current trace
is not representative of the discharge current; what is displayed is the dI/dt attenuated by the
filter resistance. The voltage trace shows a delay in the discharge of about 50 s after
trigger initiation, and large voltage swings during the discharge. This result was
unexpected, and raised concerns about the diagnostic probes and data recorders. Similar
unusual traces appear with other tests in this series, and a large effort is currently underway
to correct these problems, including the purchase of new equipment (specifically, a new
current monitor for accurate current measurement). However, this series of materials tests
does not rely heavily on these particular diagnostics, so the series was continued. The most
significant diagnostic is the net discharge energy supplied by the capacitor bank, which is
easily obtained by recording the net voltage drop of the bank. Recent tests on the SIRENS
power delivery system have shown transmission line losses to be negligible, meaning that
most (~98%) of the discharge energy is deposited in the arc in the source capillary. Improper
function of the diagnostics means that information is lost regarding temporal discharge
characteristics, such as plasma conductance, temperature history, and charge state, which are
useful when developing models of the metal-vapor plasma.

Another measurement attempted during this test was the incident pressure upon the
expansion chamber end-plate. The resulting trace is displayed in Figure 3.1.2. This
particular trace appears believable, but other tests in the series in which a pressure
measurement was attempted produced pressure traces that were extremely noisy. Various
techniques for acquiring the pressure measurements are under investigation. The use of
peizo-electric transducers in an electrical environment is very difficult due to the sensitivity of
the charge generated in the peizo-crystal to stray EM fields. The SIRENS triggering system
generates such fields and is likely the cause of this problem; other shielding configurations
for this system are being investigated.

Following the shot, the buttons were removed and weighed to determine the amount of
material deposited. These measurements are shown in Table 3.1.1. Small measured Am’s
exist because of the large difference in collection area of the buttons and deposit area on the
inner surface of the chamber (single button surface area / total chamber surface area =
0.007%). Also, the measurement resolution was on order of the measured value (Micro-
balance measurements are good to 0.05 mg in the averaged quantity). A clearly increasing
trend is seen in the data down the length of the chamber, while no definite trend is observed
from the data on end-plate buttons.




Analysis for particle size distribution was performed using buttons 1, 6, 7, 9, 12, and 14.
These buttons were chosen because they best represent the different locations for collection
available in the expansion chamber. Images from the SEM were obtained and analyzed
using the normal protocol. The images were not optimized to the highest quality for analysis
due to lack of experience in obtaining appropriate SEM operating parameters. However the
quality was sufficient to allow counting with some sacrifice in the minimum resolvable
particle size due to necessary discrimination settings. SEM parameters requiring adjustment
for image optimization are contrast and background levels, as well as SEM operation in
secondary electron mode. Figure 3.1.3 shows representative SEM images of Button 9 from
Cu Test #1. Stainless steel was used for button material in this test. Incorrect contrast and
brightness levels allowed clear imaging of the grain boundaries. Presence of such distinct
background features tends to interfere with the ability of the size analysis software to
recognize individual particles. The problem is comrected by reducing the background
brightness until the grain boundaries disappear from the image. Corresponding brightness
reduction of imaged particles is countered by increasing the contrast level, enhancing the
particles since they are of different composition than the substrate.

Figures 3.1.4-9 display the resulting particle size distributions obtained from this test.
Included in each figure are analysis summary tables, data points, a straight line showing the
best linear fit, and 95% confidence boundaries about the data.

Minimum equivalent diameter was used as the discrimination criteria because of its effect on
image noise reduction.” This criteria requires that an object in the image must contain a
certain number of pixels before it is counted as a particle. The empirical factor 3.25 was
found to provide acceptable noise reduction and accurate sizing of the particles. A different
factor (2.25) was used on tests later in the series because of significant improvement in
image quality. Preliminary sensitivity studies have shown that factors below 2.25 do not
affect the distributions representing the data in the high quality images.

Also shown in the summary tables are the Kruskal-Wallis (KW) statistical test results from
the particle diameter data from each available magnification. The reported z-value is a root
mean square variance test showing the relative discrepancy of each individual image data to
the total group data for each magnification. Significant variation in data from one image
indicates the non-compliance of that data to the hypothesis distribution. Another value from
the K-W test is the significance probability, or p-value. This value is an overlay of a chi-
square distribution on the hypothesis distribution for the total data population. A p-value of
less than 0.05 (5%) indicates a large discrepancy within the population, requiring the
elimination of one dataset (starting with the highest associated z-value) until the p-value rises
above the 5% set-point. This entire process helps ensure the final combined distribution
truly represents the underlying particle size population on the button.
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Figure 3.1.1. Cu Test #1 voltage and current traces.
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Figure 3.1.2. Cu Test #1 end-plate P transducer trace.

S$734: Cu Test #1
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Table 3.1.1. S734 mass measurements.
Source Section Components:
pre-test wt. post-test wt. A wt.
component (2 (g) (mg, + 0.05)
short insulator 1.01902 - -
long insulator 2.91962 - -
cathode (dimetech) 9.14178 9.11092 30.86
Cu sleeve 14.62702 14.19034 436.67
Substrate Components:
wall pre-test wt. |post-test wt.] Awt end-plate | pre-test wt lpost—test wt.]  Awt
button (g) (g (mg) button () (4) (mg)
1 0.58686 0.58695 0.09 9 0.58350 0.58365 0.15
2 0.58667 0.58672 0.05 10 0.58360 0.58379 0.18
3 0.58710 0.58713 0.03 11 0.58313 0.58381 0.68
4 0.58355 0.58375 0.20 12 0.58707 0.58735 0.28
5 0.58736 0.58780 0.43 13 0.58759 0.58776 0.17
6 0.58345 0.58384 0.39 14 0.58269 0.58277 0.08
7 0.58750 0.58765 0.15 15 0.58373 0.58412 0.39
8 0.58422 0.58461 0.39 16 0.58288 0.58311 0.23
7 17 0.58320 0.58342 0.22
Notes:

(1) All weight measurements are taken 3+ times and averaged.

(2) Am uncertainty is +

0.05 mg.
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Figure 3.1.3. SEM images from Cu Test #1 showing the distinct substrate grain boundaries
which tend to interfere with image analysis.
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(b) different location on Button 9 at 1200x

Figure 3.1.4. Cu Test #1, Button 1 particle size distribution, with linear fit and 95%
confidence intervals.

S$734: Cu Test #1
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— analysis summary H
] magnification, 2 counted size total number
-—3 number of photos] 203 um’) range {um) of particles
| 500x. 3 115.920 d>1.0 178 Pz
| 1200x, 4 26,315 | 048<d <10 240 W
|| 5 9% 0.37 pm
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g GO 177
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Data Summary Table:
scale min. d., | #of scale | KW Test{ Overall
photo mag | (pixel/pm) | size (um? | (um)* | particles | factor | z-value | p-value
734_1_1 500x 2.82 230x168 1.15 50 1 0.37
734_1_2%* 500x 2.82 230x167 1.15 - - -
734_1_3 500x 2.82 230x170 1.15 57 1 1.71
734_1.4 500x 2.82 230x166

734_1_5

1200x

6.8

95x70

734_1_6 | 1200x 6.8 95x69 0.48 55 5.76 0.22
734_1_7 | 1200x 6.8 95x70 0.48 60 5.76 -1.81
734_1_8 | 1200x 6.8 95x68 0.48 50 5.76 0.44

* equivalent minimum diameter particle counted having an area of at least 3.25 x 1/scale on a side.
** jmage was of poor quality and not used for analysis
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Figure 3.1.5. Cu Test #1, Button 6 particle size distribution, with linear fit and 95%
confidence intervals.
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Data Summary Table:
scale min. d,, # of scale | KW Test | Overall
photo mag | (pixeVum) | size (um?) (um)* | particles factor z-value p-value
734_6_1 500x 2.82 230x163 1.15 85 1 -0.26
734_6_2 | 500x 2.82 230x167 1.15 79 1 0.75
734_6_3 500x 2.82 230x167 1.15 82 1 -0.37

230x167 1.15 72 1 -0.11

6.8 95x68 0.48 1.28

6.8 95x68 | 0.8 62 s76 | -010 |[FEE

6.8 95x70 0.48 65 5.76 0.39 |
734.6.8 | 1200x | 6.8 95x68 0.48 54 576 | -1.42

* equivalent minimum diameter particle counted having an area of at least 3.25 x 1/scale on a side.
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Figure 3.1.6. Cu Test #1, Button 7 particle size distribution, with linear fit and 95%
confidence intervals.

S734: Cu Test #1

Button 7
T T I ]  — ]
" analysis summary
v L e s | area s | ooy | ' paner e
:" 500x, 4 153,640 4>12 374 3 _J”“
" 1200x, 4 26,030 048 < d’ < 1.2 418 %
distnbution paramexlers .
L 0.23 ym
g d.“ 0.55 pm
E e 1.3 um
@ G0 2.38
.S R 0.96217 /
5 1
.“G’ =
& =
0.1 — oy
5 = - =2 88 8 R8 88 8 g 2
Percent less than indicated size @
Data Summary Table:
'scale min. d,, # of scale KW Test | Overall
photo mag | (Pixel/um) [ size (um?) (Lm)* particles factor z-value p-value
734_7_1 500x 2.82 230x166 1.15 75 1 1.09 0.335
734_7_2 500x 2.82 230x167 1.15 84 1 1.68
734_7_3 500x 2.82 230x167 1.15 116 1
734_7_4 500x 2.82 230x168

2 2 N0y r AR DG, e A LD Ao s 25 < AR -~ %o -
é_fre.- "'3%}.'% L A et Tt e S A A i A R ek

734_7_5 | 1200x 6.8 95x68
734_7_6 | 1200x 6.8 95x68
734_7_7 | 1200x 6.8 95x69
734_7_8 | 1200x 6.8 95x69 0.48 89 5.76

* equivalent minimum diameter particle counted having an area of at least 3.25 x 1/scale on a side.
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Figure 3.1.7. Cu Test #1, Button 9 particle size distribution, with linear fit and 95%
confidence intervals.

S734: Cu Test #1

Button 9
I I - - I
analysis summary "
magnification, 2 counted size total number
10 — number of photos | area (um ) range (pm) of particles 1
- 700x, 4 77,545 4 >10 817 H
- 1200, 4 26220 | 048<d <10 ses |l 39 —
distnbution paramr;lers
. 9 0.37 um
g. d,“ 0.77 pm
5 | G 1.50 um
g D 2.07 >
s 1 7 0.98355 /
©
O
=
&
=
0.1 L
5 - - w2 88 8 R8 &8 8 3 g 2
] g o
Percent less than indicated size
Data Summary Table:
.scale min. d, #of scale KW Test | Overall
photo mag | (pixel/um) | size (um® | (um)* | particles factor z-value | p-value
734_9_1 700x 3.96 163x119 0.82 163 1 -1.81 0.051
734.9_2 | 700x 3.96 164x120 | 0.82 227 1 0.67 _|IESE
73493 | 700x | 3.69 163x117 | 082 212 1 223 Ml
734 9_4 | 700x 3.96 163x119 0.82 215 1 -1.26 v
AR, z : o ‘ R
T PR
734_9 5 | 1200x -0.13
734 9_6 | 1200x 6.8 95x70 0.48 152 2.93% -0.47
734.9_7 | 1200x 6.8 95x69 0.48 154 2.939 0.02
734.9_8 | 1200x 6.8 95x69 0.48 145 2.939 0.59

* equivalent minimum diameter particle counted having an area of at least 3.25 x 1/scale on a side.
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Figure 3.1.8. Cu Test #1, Button 12 particle size distribution, with linear fit and 95%
confidence intervals.

S734: Cu Test #1

Button 12
I I ] ] T I
analysis summary
vo |l eoma i | aen oy | ooty | oo o
pal | PR |
] 700x, 4 77,335 d>12 1,255 1 T
- 1200x, 4 26522 | 046<d <12 633 = ]
distribution parameters
—_ dls 13 0.48 ym
5 dn 0.97 pm
= —l Y 1.98pm
é GSD 2.04 /
o R 0.98768 %
o
o
K]
= ! p”. 24
o
0.1 ’/
o)) [+2]
5 = - w2 g8 8 R8& 88 & g 94
Percent less than indicated size <
Data Summary Table:
.scale min. d., # of scale KW Test | Overall
photo mag | (Pixel/Um) | size (um?) | (um)* | particles | factor z-value | p-value
734_12_11 700x 4.14 163x117 0.79 331 1
734_12_2} 700x 4,14 163x120 0.79 317
734_12_31 700x 4.14 164x119 0.79 297
734_12_4 | 7T00x 4,14 164x117 0.79 310

SRy
st 1 S5 AT
R T

O TP T T
R
FR R TR S R BN R A

R T e
e o
R SO e

734_12_5| 1200x | 7.08 96x69 | 0.46 171 2.939 | -027 f| 0870
734_12_6 | 1200x | 7.08 96x69 0.46 152 2939 | 078 |[BIEEERN
734_12_7| 1200x | 7.08 96x69 0.46 152 2939 | 003 |}
734_12_8 | 1200x | 7.08 96x70 0.46 158 2.939 -o.sﬁ e

* equivalent minimum diameter particle counted having an area of at least 3.25 x 1/scale on a side.
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Figure 3.1.9. Cu Test #1, Button 14 particle size distribution, with linear fit and 95%
confidence intervals.

S734: Cu Test #1

Button 14
100
] analysts summary
| magnstication, 2 counted size total b
: number of photos | area (um) range (pm) of patticles
P 500x, 3 116,760 d.>12 744
| ] 1200x, 3 19,872 0.46 < dn <12 421
dism;uuon paramsters
’é‘ 10 = dls 1% 0.37 um 4
= 1 Y. 0.84 pm
.‘u_.". 1 d.. ~ 1.91 um a
E GO 227 ‘,
S
B /? 0.96996 >4
2 /
92
T P~
i
- v
/
0.1
P =)
5 - - w2 88 8 R8sy g g 3
=3
Percent less than indicated size
Data Summary Table:
scale min. d,, #of scale [ KW Test | Overall
photo mag | (pixel/um) | size (um?) (um)* particles factor z-value p-value
734_14_1| 500x 2.93 232x167 1.11 200 1 0.36 0.873
734_14_21 500x 2.93 231x168 1.11 324 1 -0.51 et e
734_14_3| 500x 2.93 232x169 1.11 220 1 0.21
734_14_4 | 500x 232x168 failed
—_’Wmv -

S x:,'-,“;,‘%\’?}
IV NP A
B IR
i s e d~

734_14_5| 1200x

5.76 0.60
734_14_6( 1200x 5.76 0.28
734_14_7 | 1200x 5.76 failed

734_14_8 | 1200x 7.08 96x69 0.46 154 5.76 0.86

* equivalent minimum diameter particle counted having an area of at least 3.25 x 1/scale on a side.
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3.2.  S737: CuTest#2

A second copper test was performed to check consistency with the data obtained from the
first test. This test was setup and performed in the same fashion as Cu Test #1, with the
exception that the original source anode was replaced with the new anode containing a nozzle
pressure tap. A Kistler 617C pressure transducer was inserted into the tap fitting, and the
arrangement was tested by flowing compressed air through the source capillary. One other
addition for this test was the installation of 0.1 mm diameter SS wire across the expansion
chamber diameter, with the intent of capturing material (either particulate or vapor) using the
wire as a single fiber filter. These wires were installed through holes drilled into the glass
chamber at wall button locations, rotated around the chamber by 90°.

The shot was performed at a discharge energy of 4,458 J. This energy is slightly higher
(~5%) than that of Cu Test #1 because the discharge did not occur at the original charging
potential (5.2 kV). The discharge was successful at a charging potential of 5.32 kV; a
higher voltage was required because this was the first shot attempted on the new anode
section, which also has a slightly different geometry. Voltage and current traces for Cu Test
#2 are displayed in Figure 3.2.1. A delay in the discharge is apparent in both traces (~250
ws). This delay possibly results from air contamination in the vacuum fill gas. The vacuum
chamber was leaking slightly and the argon back-fill pressure was unsteady. Argon is
necessary as the back-fill gas because it allows a discharge in the source section geometry at
the charging voltage for the desired energy. Air requires a much larger charging voltage for
breakdown (~6.5 kV). The discharge delay is of no consequence in this test series, and the
presence of air at ~3 Torr is not expected to affect particulate formation mechanisms. The
current trace for this test appears to have an incorrectly digitized magnitude because the
normal calibrated Rogowski coil sensitivity factor (668.2 A/mV) gives unreasonably high
current values (3.3 MA at 5000 mV). Because the sensitivity factor is in question, the trace
is displayed in digitized value of mV rather than converted to Amps. A new scaling factor of
5.5 A/mV was found by matching integrated power to that measured for all shots in the test
series, but this value is very different from that predicted by theory for the delay cable of 40
turns/inch from which the Rogowski coil was constructed (~650 A/mV). This large
discrepancy is possibly attributable to EM interference across the digitizer channels.
Although the scaled value of current traces given in this report are likely incorrect, the traces
were included because they contain temporal information about the discharge.

Figure 3.2.2 shows the resulting measurements from the pressure transducers located at the
source exit and at the chamber end plate. The signals appear to be only noise generated by
the discharge EM pulse. Both transducers are strongly affected because of their close
proximity to the discharge region. Transducer sensitivities set in corresponding charge
amplifiers give unreasonable pressure magnitudes, and the time response displayed in the
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signal does not follow that expected from a gas flow measurement. The pressure
measurement experiment will be redesigned because of the importance of this diagnostic to
future gas flow / condensation modeling attempts. Preliminary tests have shown that
improved shielding of the transmission line and charge amplifiers tends to reduce
interference. Care must also be taken to avoid grounding loops, to which these pressure
transducers are particularly sensitive.

Resulting measurements of button weight increase following mass deposit are shown in
Table 3.2.1. The average mass deposited on buttons on the end plate is greater than the
average mass deposited on the wall. Buttons 7 and 8, on the chamber wall 70 cm from the
source exit, had greater amounts of material deposition compared to other buttons on the
chamber wall. Also, buttons located on the end plate at the largest available radial position
showed larger amounts of mass deposited than buttons closer to the center. This general
deposition pattern was also observed in Cu Test #1 (see Table 3.1.1).

Particulate collected on buttons 1, 6, 7, 9, 12, and 14 were imaged and analyzed using the
normal protocol. Results are shown in Figures 3.2.3-8. The images obtained for this
analysis were optimized for the counting procedure, and the equivalent minimum diameter
discrimination factor was set to 2.25. The dg,, and GSD’s for Cu Test #2 are generally
smaller and larger, respectively, than those from Cu Test #1 because the improved image
quality allowed accurate counting of the smaller particles. The goodness-of-fit parameter R?
is also closer to 1.0 for Cu Test #2, indicating a stronger linear correlation in the associated
data. However, both Cu tests show that particle sizes are generally in the range of 0.1 um <
d, <~5pm.

The SEM facility used to generate the images used for this and other tests includes an x-ray
detector for energy-dispersive x-ray analysis (EDXA). Use of the EDXA instrument allows
particle composition to be determined. Two regions on button 9 were analyzed, and the
resulting spectra are shown in Figure 3.2.9. Region (a) was a location devoid of copper
particles; the resulting spectra gives confirmation as only the elements associated with SS316
produced x-ray peaks. Elemental peak ratios from the analysis of k-shell x-rays are Fe @
72.69%, Ni @ 11.42%, and Cr @ 15.89%, corresponding roughly to the known
composition of SS316 (Fe @ 61.9 - 68.9%, Ni @ 10 - 14%, and Cr @ 16 - 18%). Region
(b) on the button contained a single Cu particle ~1.2 im in diameter. The x-ray spot was
placed over the particle, and the resulting spectra (Figure 3.2.9 (b) ) shows strong Cu peaks
(k-shell peak ratio for Cu is 88.6%). The other, small peaks result from electron scatter
from the source into the surrounding substrate. From this the particle is shown to be copper.
Other particles on this button were observed and also shown to be copper.
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The final feature of this test is the collection wires placed across the width of chamber. None
of the wires melted or broke, and significant deposits were observed (via optical microscope)
on all wires. Characterizing the type of deposited material was difficult because a smooth
coating of material seemed to have lumps of particles intermixed. A greater amount of
material was deposited on the wires close to the source exit.
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Figure 3.2.1. Cu Test #2 voltage and current traces.
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Figure 3.2.2. Cu Test #2 source and end-plate P transducer traces.

§737: Cu Test #2
Source and End-Plate Pressure Measurements

10 T ———r—
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time (us)
Table 3.2.1. S737 mass measurements.
Source Section Components:
pre-test wt. post-test wt. A wt.
component (e ) (mg, + 0.05)
short insulator 1.02568 - -
long insulator 2.92292 - -
cathode (dimetech) 9.07753 9.05108 26.45
Cu sleeve 14.60324 14.15211 451.13
Substrate Components:
wall pre-test wt. Ipost—test wt. A wt. end-plate | pre-test wt Ipost-test wt. A wt,
button (g) 4] (mg) button (2) (g) (mg)
1 0.58260 0.58271 0.11 9 0.58285 0.58326 0.41
2 0.58267 0.58279 0.12 10 0.58355 0.58400 0.44
3 0.58748 0.58754 0.06 11 0.58264 0.58339 0.76
4 0.58362 0.58377 0.15 12 0.58385 0.58437 0.52
5 0.58357 0.58368 0.11 i3 0.58336 0.58369 0.33
6 0.58715 0.58728 0.13 14 0.58395 0.58422 0.28
7 0.58734 0.58759 0.25 15 0.58745 0.58813 0.67
16 0.58726 0.58768 0.42
Sl - 17 0.58244 0.58278 0.35

Notes:

(1) All weight measurements are taken 3+ times and averaged.
(2) Am uncertainty is + 0.05 mg.
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Figure 3.2.3.

confidence intervals.

§737: Cu Test #2

Cu Test #2, Button 1 particle size distribution, with linear fit and 95%

Button 1
10 T T 7 T T
—_ analysts summary
|| - | 7
—1 nu';z:zger:“:;a:?\g.tos area (pm’) c,oal:lr;l:d(“s;:)s ‘Z:a:, nur?ber pd |
— 500x, 4 158,406 4 >09 703 =
| 1000x, 3 20464 | 039<d <09 273 S
=
distnbution parameters
E 1 59 0.27 pm
2 L 058 pm
% L 1.26 pm
£ 1 —f &0 2.17
T
[a) == 0.98822
]
-
4
0.1
= - o o o o o o o w @ e =4
< o= a8 ® 0 ~ ® ®» o & o 8
Percent less than indicated size
Data Summary Table:
scale min. d,, # of scale | KW Test | Overall
photo mag | (pixel/um) | size (um?®) | (um)* | particles | factor z-value | p-value
737_1_1 500x 2.92 231x170 0.77 171 1 0.73 " 0.630
737_1_2 | 500x 2.92 231x171 0.77 178 1
737_1_3 500x 2.92 231x173 0.77 173 1
500x 2.92 232x171 0.77 181
737_1_5 1000x 5.84 115x84 0.39 92 4
737_1_6 1000x 5.84 116x85 0.39 79 4
737_1_17 1000x 5.84 116x85 0.39 102 4 -0.09

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 3.2.4. Cu Test #2, Button 6 particle size distribution, with linear fit and 95%
confidence intervals.

§737: Cu Test #2

Button 6
] T I I | I
analysis summary
magnification, 2 counted size total number /
10 number of photos | area (um) range (um) of particl
—1 soox. 4 157,824 g =10 665 ¥
] 900x, 4 48,351 043<d <10 ass ._f'.) ,? P N
—_— ] ¥ i
. i i e e
— ] ¢d 0.26 pm /
E 15 0%
2 d‘“ 0.63 ym /V
g 4w 1.53 pm .,-y
E GSD 2.43 /e
a 1 ] 0.98938 el
o A
L s
G o
a Y
0.1
o [=2]
5 = - w2 88 8 R 38 8 3 4 o o
o >
Percent less than indicated size
Data Summary Table:
scale min. d., | #of scale | KW Test | Overall
photo mag | (pixelum) | size (um? | (um)* | particles factor z-value | p-value
T737_6_1 500x 2.92 233x170 0.77 172 1 0.02
737_6_2 500x 2.92 232x171 0.77 150 1 0.26
737_6_3 500x 2.92 232x171 0.77 197 1 -1.74
737_6_4 500x 292 230x169 0.77 146 1 1.64
TR Ty
737_6_5 900x 5.26 129x94 043 87 3.24 1.67
737_6_6 900x 5.26 128x94 0.43 97 3.24 -2.14
737_6_7 900x 5.26 128x94 043 89 3.24 -0.76
737_6_8 900x 5.26 129x95 0.43 82 3.24 1.35

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 3.2.5. Cu Test #2, Button 7 particle size distribution, with linear fit and 95%
confidence intervals.

§737: Cu Test #2
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I I ] N - ]
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o L i T e omd | otartamy [ oo |
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] 1000x, 4 39040 | 03B<d <1a 825 ]
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E 1 15 9% 020 pm
% dm 051 ym /
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3 =) 257
a N 0.98298 %
3 5
5 p Za
& 5
=
=
0.1 =
5 — - e © o o o © Q0 o w @ b 83
Percent less than indicated size
Data Summary Table:
scale min. d,, # of scale | KW Test [ Overall
photo mag (pixel/um) | sjze (um?) (um)* | particles factor z-value | p-value
737_7_1 400x 2.35 287x212 0.96 397 1 -1.94
737_7_2 400x 2.35 287x212 0.96
737_7_3 400x 2.35 287x209 0.96
737 7.4 400x 2.35 287x210 0.96
BT ) ) ,':J‘""f 'an:ﬁw “”wuw w:+ s f'-:‘
?}F’R% b ;T%ﬁ&/ ﬁdi}‘* %‘«vx Xl"i%;u:%&u %‘?ﬁ%&%«ﬁ»wﬁﬂ A
737_7_5 1000x 5.86 116x85 0.38 181 6.25 -1.37
737_7_6 1000x 5.86 115x84 0.38 193 6.25 -0.32
73777 1000x 5.86 116x85 0.38 188 6.25 0.87
737_7_8 1000x 5.86 115x84 0.38 263 6.25 0.72

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 3.2.6. Cu Test #2, Button 9 particle size distribution, with linear fit and 95%
confidence intervals.

§737: Cu Test #2

Button 9
I ] I N S | T
analysis summary
o L] s [ oy | “orpeer A
- 700x, 4 78,077 d>08 4,806
1500x, 4 17,024 025<d <08 2,112
= = /
] —1
—{Sstnsuen 5
— d
3 15 9% 0.16 pm
5;’; ] L 0.43 ym
% du ”~ 1.12 pm
E 5] 2.63
g & 0.99055 /
2 1 Z
s %
o 4
v
s
7z
0.1 ~ oy
5 -~ - ©»2 88 8 R8 8% & g g
@ =3
Percent less than indicated size
Data Summary Table:
scale min. d,, | #of scale | KW Test | Overall
photo mag | (pixel/pm) | size (um?) | (um)* | particles | factor z-value | p-value
737.9_1 700x 4.14 163x120 0.54 1112 1 1.79
737.9_2 T700x 4.14 163x120 0.54 1200 1 1.39 | 2 1&“
737.9.3 700x 4.14 163x120 0.54 1139 1
73794 700x 4.14 163x119 0.54 1355 l
- e 2 v,y' ?@vi‘l 28 n;*‘-%‘ggf *J{
*x‘zvm‘pi’lf-v' i : mﬁtﬁﬁ?«aﬁ;% % f?éégg 2 ﬁi}%.ﬁ%’f &‘xﬂhﬁgf“g%y%m' =N
737_9__5 1500x 8.9 T6x56 0.25 574 4.59
737.9_6 1500x 8.9 76x56 0.25 471 4.59
737.9_1 1500x 8.9 76x56 0.25 550 4.59
737_9_8 1500x 8.9 76x56 0.25 517 4.59

* gquivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 3.2.7. Cu Test #2, Button 12 particle size distribution, with linear fit and 95%
confidence intervals.

§737: Cu Test #2

Button 12
T 1 ¥ I { ] 1]
analysis summary /rl/
magnification, 2 counted size total number
10 L_ number of photos | area (ym’) range {(pm) of partictes 7 A
—] 700x, 3 59,247 d >08 1,905 —~5
] 1500x, 4 17,024 [ 025<d <0.8 1,225 7, //
i i
g || d‘s“ - 0.12 ym
5 d. 0.37 pm
% 94, 1.12 gm
- GO 3.06
?, 1| R 0.98947 f
2 /.
T Y 2
[
o .
.4
=
0.1 >
5 - - w2 88 8 R8 88 3 g 2
D
Percent less than indicated size
Data Summary Table:
.scale min. d., # of scale
photo mag | (pixel/um) | size (um?) (um)* | particles factor
737_12_1 700x 4.14 164x121 0.54 675 1
737_12_2 700x 4.14 164x120 0.54 638 1
737_12_3 700x 4.14 163x121 0.54 589 1
737_12_4 700x 4.14 164x120 0.54 - -
'"’_"“m: L R e, e -’@”” f{?’:?’m;?;*‘?‘v’* : : B P
%&v_‘ SSRGS "‘”{%3&‘:“‘\?%1{'-‘& éi%ﬁ};ék .oV, 2 ok T z}“ ’{:’ ] % ﬂv%'ﬁ?l‘?‘gr:{:f:g v P v R
737_12_5 1500x 8.9 4.59
737_12_6 1500x 8.9 4.59
737_12_7 | 1500x | 8.9 . 4.59 : %‘ <
14 ‘W::‘;‘ ¥
737_12_8 | 1500x 8.9 76x56 0.25 312 4.59 0.00 |lwAdise

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.

26




Figure 3.2.8. Cu Test #2, Button 14 particle size distribution, with linear fit and 95%
confidence intervals.

§737: Cu Test #2

Button 14
T T I I - T
analysis summary
] magnification, 2 counted size total number
number of photos | 2area (um) range (um) of particles J
700x, 4 78,808 d’ > 0.8 3,193 /.r/
10 — 1500x, 4 17,024 0.25 < d, < 0.8 1,370 —5
o
/
p i
E ] d““ 0.14 ym
3,
T: 7 d“,. 0.38 pm
[0]
K] ] d...,, 1.03 ym
_5 D 2.70
o 0.98109
PN B S T Vid
=t
[1]
o %
=
0.1
=) [=2]
5 - - w2 88 8 =28 88 & g g
(=2
Percent less than indicated size
Data Summary Table:
.scale min. dg, # of scale KW Test | Overall
photo mag | (pixel/pm) | size (um?) | (Um)* particles | factor z-value | p-value
737_14_1 700x 4.14 163x120 0.54 731 1 -0.10 0.118
737_14_2 | 700x 4.14 164x121 0.54 965 - -0.30 ’%W i
b
737_14_3 700x 4.14 163x120 0.54 769 1 -1.70 z;;
ko
737_14_4 700x 4.14 164x121 728 1 2.16

737_14_5 | 1500x 8.9 76x56 0.25 T 342 4.59 041 || 0.942
737_14_6 | 1500x 8.9 76x56 025 308 4.59 053 |[[ElEErees
737_14_7 | 1500x 8.9 76x56 025 321 4.59

737_14_8 | 1500x 8.9 76x56 0.25 399 4.59

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Region (a).

Operator : Mickey Gregory
Client : Phil Sharpe
Job : FSP analysis
§737_subslrate (6/19/97 10.21)
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Figure 3.2.9. EDXA spectra from 2 different regions on Button 9 in Cu Test #2.
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Region (b).

Figure 3.2.9.continued.

Operalor  Mickey Gregory
Client : Phil Sharpe .
Job : FSP analysis
(6/19/97 10:41)
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4.0 Stainless Steel 316 Test Results

. Stainless steel 316 (SS316) was another ITER relevant material examined in the SIRENS
high heat flux facility. Two separate tests were performed using SS316 test sleeves in the
SIRENS source section; the tests were designated S735 and S738. Table 4.0.1 displays a
summary of mass loss data and particulate size distributions from the two SS316 tests.
Sample mass loss was consistent for shots performed at nearly equivalent energy levels,
although cathode mass loss was different by a factor of 2. Particulate size distributions for
buttons at the same location for the two different tests are generally consistent, all having
dgpe < ~1.3 Um.

Table 4.0.1  SS316 tests comparison summary.
SS316 Test 1 (S735) SS316 Test 2 (S738)
Energy (7) 4259 4260
Sample Am (mg) 34993 367.61
Cathode Am (mg) 12.38 21.57
FNCR SN (1 (mn2) | dyys (um) | GSD | R* | Am (mg) | dye (um) [ GSD | R?
Button 1 0.05 0.45 1.78 | 0.955 0.12 0.45 1.94 | 0.986
Button 2 0.03 * * * 0.12 * * *
Button 3 0.14 * * * 0.07 * * *
Button 4 0.15 * * * 0.12 * * *
Button 5 0.07 * * * 0.12 * * *
Button 6 0.01 1.31 1.69 | 0.996 0.10 0.75 2.21 } 0.991
Button 7 0.42 0.84 2.14 | 0.992 0.15 1.46 2.10 | 0.994
Button 8 0.13 * * * 0.09 * * *
Button 9 0.28 0.92 1.78 | 0.984 0.24 0.618 2.27 | 0.993
Button 10 0.09 * * * 0.21 * * *
Button 11 0.19 * * * 0.16 * * *
Button 12 0.23 0.54 2.33 { 0.980 0.23 0.75 2.37 | 0.995
Button 13 0.10 * * * 0.16 * * *
Button 14 0.20 0.73 1.87 | 0.989 0.06 0.62 2.29 | 0974
Button 15 0.34 * * * 0.45 * * *
Button 16 0.17 * * * 0.16 * * *
Button 17 0.18 * * * 0.31 * * *

Note: Asterisk (*) denotes analysis not performed.
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4.1 8§735: 85316 Test #1

The first SS316 test was performed with a discharge energy of 4,259 J. The source
housing without the pressure fitting was used because the new housing was not yet
available. Copper buttons were used as the particulate collection substrate in the expansion
chamber, and they were distributed as described in Figure 2.2. Voltage and current traces
are displayed in Figure 4.1.1. The high voltage probe was re-calibrated prior to this shot.
Upon close evaluation of the two traces, the digitized signals have nearly equivalent time
and magnitude responses. The measured peak voltage was ~ -10,000 V, but the charging
potential was only -5,200 V. This is obviously wrong because the inductive load of the arc
does not produce negative reactance at a level twice as high as the input voltage, especially
given the associated current signal. These traces could be large noise levels generated by
an EM pulse from the discharge, which inductively couples to the instrumentation
channels. This problem is currently being investigated.

A pressure transducer was installed on the center of the end-plate for this test. The
pressure signal from the previous Cu test had shown significant levels of noise. Changes
in the pressure diagnostic for this test included connecting the pressure transducer to the
charge amplifier with a double shielded cable and changing the sensitivity level on the
charge amplifier to a lower level. The resulting trace is shown in Figure 4.1.2. The initial
spike feature is noise from the discharge, but the feature at ~ 8 ms is possibly the arrival of
a pressure wave at the end plate. Assuming this is the pressure wave associated with the
shock front of the expanding metal vapor from the source section exit, the front
propagation speed was ~100 m/s (recall the back-fill gas pressure roughly 2 Torr).

Button mass increase data are displayed in Table 4.1.1. An important observation
regarding mass deposit on the buttons is that the leading edge of wall buttons, as well as
the surface, were coated with material. The amount of mass deposited on each wall button
was not exactly uniform across the button surface. It is impossible to determine what
fraction was deposited on the top surface only. Also, the entire inner surface of the
expansion chamber was coated with a thin layer of silver-gray colored material. An attempt
was made to remove particulate from the glass surface using replicating tape. Analysis of
this tape has not yet been successful.

Particulate size distributions obtained from SEM images of selected buttons (1, 6,7, 9, 12,
and 14) are displayed in Figures 4.1.3-8. All images were optimized for the counting
procedure, and the minimum equivalent diameter factor was set to 2.25. Analysis
summary tables are included in each figure. Figure 4.1.9 shows representative SEM
images from Button 7 of this test.
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Some interesting features were observed on the images. Buttons on the end plate contained
extraordinary numbers of distinct particles. Several larger particles had smaller particles
attached (~5-20% diameter of the large particle; for example, one particular particle ~6 Um
in diameter on Button 14 had two satellites attached, one of 0.6 im diameter and another of
1.0 um diameter). The counting process does not distinguish different particles among
these agglomerates. Another noted feature includes buttons located on the side wall
contained several ‘streakers’ with tails all pointing in the same general direction. The tails
were approximately 2.5 - 3 times as long as the particles were wide. This indicates the
incident particle had a molten surface layer that froze as it was deposited along the surface.
This feature was also observed with the Cu tests, but not to the same extent.
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Figure 4.1.1. SS316 Test #1 voltage and current traces.
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Figure 4.1.2. SS Test #1 end-plate P transducer trace.
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Table 4.1.1. S735 mass measurements.
Source Section Components:
pre-test wt. post-test wt. A wt.
component (€3] (g) (mg, + 0.05)
short insulator 1.02244 -
long insulator 2.92527 -
cathode (dimetech) 9.11094 9.09856 12.38
SS316 sleeve 12.28635 11.93641 349.93
Substrate Components:
wall pre-test wt. |post-test wt, A wt. end-plate ] pre-test wt ﬁpost—tesl wt. A wt,
button 2) (2) (mg) button (g) 4] (mg)
| 0.90458 0.90463 0.05 9 0.89931 0.89958 0.28
2 0.90557 0.90560 0.03 10 0.90351 0.90359 0.09
3 0.89782 0.89796 0.14 11 0.90687 0.90706 0.19
4 0.89954 0.89969 0.15 12 0.89970 0.89992 0.23
5 0.91348 0.91355 0.07 13 0.89489 0.89499 0.10
6 0.89779 0.89780 0.01 14 0.91374 0.91394 0.20
7 0.90872 0.90914 0.42 15 0.90244 0.90279 0.34
8 0.90929 0.90942 0.13 16 0.89757 0.89774 0.17
17 0.90456 0.90473 0.18

Notes:
(1) All weight measurements are taken 3+ times and averaged.
(2) Am uncertainty is + 0.05 mg.
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Figure 4.1.3. SS316 Test #1, Button 1 particle size distribution, with linear fit and 95%
confidence intervals.

§735: SS316 Test #1

Button 1
10 " T  E— 7 I
}— analysis summary
}'_ magnification, counted size total number
—3% number of photos § area (Vms range (um) of p !
] 700x, 4 77,660 d>10 278
| 1500%, 4 17,094 | 037 <d <10 625
distribution parameters =1 ) ?
— - d.,.., 0.25 pm >
5 dm 0.45 um V
3 Y | 080um
g 1 ) 178 A
.g —] 0.9551 oz -
[+
—
] =
=T
0.1 Py )
5 = - w2 288 3 8 5 3 3 3
Percent less than indicated size
Data Summary Table:
'scale min. d, # of scale KW Test | Overall
photo mag | (pixel/Um) | size (um? | (um)* | particles factor z-value | p-value
735_1_1 700x 4.14 164x119 0.79 58 I 0.77
735_1.2 | 700x 4.14 164x119 | 0.79 104 1 141 | 5
735_1_3 700x 4.14 1164x118 0.79 60 1 0.63
700x 4.14 162x120 0.79 56 1 0.27
8.85 77x56 0.37 115 4,592 0.97
735_1_6 1500x 8.85 T7x56 0.37 133 4.592 -1.28
735_1_7 1500x 8.85 T7x55 0.37 102 4.592 1.44
735_1_8 1500x 8.85 T7x55 0.37 275 4.592 -0.78

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 4.1.4. SS316 Test #1, Button 6 particle size distribution, with linear fit and 95%
confidence intervals.

§735: §8316 Test#1
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10 I I ] | A T
— analysis summary
1 i o pnoios | area )y | Tange s | o pamiaee” ﬁ~’ M
I 400x, 8 475,638 d°>0.85 808 /l{'/—'/
A d r
Ny, 7
L 0.78 pm ﬁr
€ I 1.31 um ‘(é
=
t dult 2.21pm
[4]
5 GD 1.69
g 1 = 0.99533 L
[a]
)
= -
&
0.1
5 =~ - ®»2 88 8 Rg g 3 g ¢
Percent less than indicated size e
Data Summary Table:
scale min. d,, # of scale | KW Test | Overall
photo mag* | (pixel/m) | size (um?) | (um)** | particles factor z-value | p-value
735_6_1 | 400x | 2.36 287x206 | 0.85 78 1 207 | 0.155
735_6_2 | 400x 2.36 286x207 0.85 90 1 %
735_6_3 400x 2.36 289x207 0.85 127 1
735_6_4 400x 2.36 286x208 0.85 113 1
735_6_5 400x 2.36 286x208 0.85 81 l
735_6_6 400x 2.36 286x207 0.85 121 1 -0.36 :A
735.6.7 | 400x | 236 287x207 | 0.85 103 i 028 ,«’W
<3
735_6_8 400x 2.36 288x208 0.85 95 1 -1.11 ‘_ﬁ?g

* 400x was determined to be the only magnification necessary for this analysis because no particlés

of size smaller then min. d,, were observed, even at higher magnifications.
** equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 4.1.5. SS316 Test #1, Button 7 particle size distribution, with linear fit and 95%
confidence intervals.

§735: SS316 Test #1

Button 7
10 I (= — ] ]
analysts summary
magnification, 2 counted size total number ﬁ
number of photos § area {um’) ranga (um) of particles
] 700x, 3 58,054 d >13 2,529
] 1200x, 3 26.600 09<d <13 1,561
L 3000x, 2 2,128 046<d_ <039 191
5 9o 70.39 um
1] Ioon 0.84 ym
g 1 Lﬁ d“ Ity 1.79um &
a GSD 2.14
2 ] 0.99157 —%
s 7/
o /4
Y4
/
Pz
P
0.1
) (o2
5 =~ - »2 88 8 R8%8 8% & g g
m
Percent less than indicated size
Data Summary Table:
scale min. d,, | #of scale | KW Test | Overall
photo mag (pixel/um) | size (um?) (Hm)* particles factor z-value p-value
735_7_1 700x 4.14 164x118 0.79 958 1 -1.13
735_7_2 700x 4.14 163x118 0.79 - - failed
735_7.3 700x 4.14 163x119 0.79 898 1 -1.09
735_7_4

rse—————

el

735_7_5

735_7_6 | 1200x 7.08 95x70 0.46 447 2.939 DT
735_7.7 | 1200x | 7.08 95x70 0.46 441 2.939

735.7.8 | 1200x | 7.08 95x70 0.46 470 2.939

735_7_9 | 3000x 17.7 3828 | 0.18 102 18.37

735.7_10 | 3000x 17.7 38x28 0.18 89 18.37 0.15

* equivalent minimum diameter particle counted having an area of at least 2.25 x l/scale on a side.
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Figure 4.1.6. SS316 Test #1, Button 9 particle size distribution, with linear fit and 95%
confidence intervals.
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Button 9
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_— analysis summary
- nurn'::g:lgc(a:;:;os area {p) c:a‘:'lng‘: d(nsr.\:)a lztla'par;:gl‘:: ' r_j g
| 700x, 4 77,870 dn > 1.0 1,173 ./.
] X, 26,619 | 046<d <10 7 K‘
LZOO 4 6,61 > 63 Vﬁp/
distribution parameters C
- d 159 0.52 um /
;é;_ 4 0.92 pm ?
g % 1.64pm %
T - GD 1.78 7
E —1 & 0.98389 =
5 37
2 s
2 = S
a
/
0.1
o D
5 = - w2 28 8 Rg8 sg 3 g ¢2
@ »
Percent less than indicated size
Data Summary Table:
scale min. d,, #of scale |} KW Test | Overall
photo mag | (pixel/um) | size (um?® | (um)* | particles factor z-value | p-value
735_9_1 700x 4.14 163x119 0.79 242 1 -1.59 0.419
735.9_2 | 700x 4.14 163x119 0.79 293 1 0.07
73593 700x 4.14 163x120 0.79 284 i 0.32
735. 9.4 | 700x 164x119 1.03

-7?5?9_5 120-0x 95x69 0.46 162 2.939 -1.96
735_9_6 | 1200x 96x70 0.46 155 2.939 0.57
735_9_7 | 1200x 96x70 0.46 169 2.939 1.96
735_9_8 | 1200x 7.08 96x69 0.46 151 2.939 -0.62

* equivalent minimum diameter particle counted having an area of at least 3.25 x 1/scale on a side.

38




Figure 4.1.7. SS316 Test #1, Button 12 particle size distribution, with linear fit and 95%
confidence intervals.

§735: SS316 Test #1
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Data Summary Table:
.scale min. d,, #of scale KW Test | Overall
photo mag | (pixel/Um) | size (um?) | (um)* | particles factor z-value | p-value
735_12_1| 700x 4.14 164x121 0.79 342 1 -0.01 0.131
735_12_2| 700x 4.14 164x120 0.79 244 1 1.01 i%
735_12_3 | 700x 4.14 164x118 0.79 277 i 1.37
735_12_4] 700x 4,14 164x119 -2.17
1 o Sast ] I

%,

R T S

TRy

SYH ey s G T ,
Y e G Tl TSR TR L e

XA

735_12_5{ 1500x 8.85 76x56 0.37 249 4.592 0.34
735_12_6 | 1500x 8.85 77x55 0.37 177 4.592 0.93
735_12_7 |} 1500x 8.85 77x56 0.37 377 4.592 1.40
735_12_8 ] 1500x 8.85 T7x56 0.37 313 4.592 -2.55

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 4.1.8. SS Test #1, Button 14 particle size distribution, with linear fit and 95%
confidence intervals.

S$735: SS316 Test #1

Button 14
10 T I  — T =
__" analysts summary
magnification, 2 counted size total number
—_-" number of photos | area (um') range (um) of p
—“ 700x, 4 78,272 d >10 1.912 /r,_.,’
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5 - - ©» 2 &§8 8 R8 88 3 g 2
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Percent iess than indicated size
Data Summary Table:
scale min. d,, # of scale | KW Test | Overall
photo mag | (pixel/um) | sjze ( um?) (um)* particles factor z-value p-value
735_14_11}§ 700x 4.14 163x120 0.79 469 1 0.49
735_14_21 700x 4.14 164x119 0.79 504 1 -1.20
735_14_3 | 700x 4.14 164x119 0.79 437 1 -0.98
735_14_4 | 700x 4.14 164x120 0.79

”
a4

P Pl
SN e el

13 2 I 5
AT N mkﬂ‘mz@‘x{“}dzw,ws' S

735_14_5| 1500x 8.85 76x56 0.37
735_14_6 | 1500x 8.85 76x56 0.37
735_14_7{ 1500x 8.85 77x56 0.37
735_14_8 | 1500x 8.85 77x56 0.37

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 4.1.9. Representative SEM images from Button 7, SS316 Test #1. Note the

presence of streakers on the substrate depicted in (a)
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Figure 4.1.9.continued.

(c) 3000x
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4.2.  5738: 858316 Test #2

A second test using stainless steel 316 was performed with a discharge energy of 4,260 J.
Voltage and current traces are displayed on Figure 4.2.1, and the same problems with the
digitized signal occur in this shot as with the previous SS316 test. A pressure
measurement was also attempted at the chamber end-plate, and the resulting trace is shown
in Figure 4.2.2. Noise from the discharge saturated the data recorder input within the first
10 us, so the remainder of the trace contains no information. This measurement was
attempted using the same pressure diagnostic configuration as SS316 Test #1, however it
apparently failed for this shot. The source anode with a pressure tap was not used in this
shot because of damage observed on the transducer following Cu Test #2. Testing
indicated the transducer was still functioning properly, however the decision was made not
to risk complete damage of the transducer, and wait until a new source exit pressure
measurement configuration could be investigated. Table 4.2.1 contains button mass
increase data, from which no apparent trend in material deposition was observed.

Particulate size distributions measured from buttons 1, 6, 7, 9, 12, and 14 are displayed in
Figures 4.2.3-8. Many of the same features from SS316 Test #1 (such as high particle
numbers on end plate buttons and streaking on wall buttons) were observed with this test.
All images made for analysis were optimized for counting, and the equivalent minimum
diameter factor was set to 2.25. Analysis summary tables are included in each figure.
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Figure 4.2.1. SS316 Test #2 voltage and current traces.
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Figure 4.2.2. SS316 Test #2 end-plate P transducer trace.
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Table 4.2.1. S738 mass measurements.
Source Section Components:
pre-test wt. post-test wt. A wt.
component (g) () (mg, + 0.05)
short insulator 1.01268 - -
long insulator 3.00177 - -
cathode (dimetech) 9.0511 9.02957 21.57
SS316 sleeve 12.29986 11.93225 367.61
Substrate Components:
wall pre-test wt. Jpost-test wt.| A wt. end-plate | pre-test wt Fpost-test wt. A wt.
button () (2 (mg) button () (g) (mg)
1 0.92385 0.92396 0.12 9 0.91708 091733 0.24
2 0.91990 0.92002 0.12 10 0.91988 0.92002 0.21
3 091677 091684 0.07 11 0.91498 0.91513 0.16
4 0.91986 0.91998 0.12 12 0.91357 0.91380 0.23
5 0.92076 0.92088 0.12 13 0.91810 0.91827 0.16
6 0.92260 0.92270 0.10 14 0.92119 0.92125 0..06
7 0.92288 0.92303 0.15 15 0.91864 0.91909 0.45
8 0.91463 0.91472 0.09 16 0.91706 0.91722 0.16
; 17 0.91784 0.91815 0.31
Notes:

(1) All weight measurements are taken 3+ times and averaged.
(2) Am uncertainty is £ 0.05 mg.




Figure 4.2.3. SS316 Test #2, Button 1 particle size distribution, with linear fit and 95%
confidence intervals.

§738: SS316 Test #2

Button 1
10 I T T SR S
— analysis summary
| magnification, 2 counted size total number
1 number of photos { area (um’) range (um) of pariicles ]
. 500x, 4 153,448 g, > 125 503
I 1000x, 4 38892 | 039<d <125 513 )/J/ﬂ'/
i i (/})}
distnbution parameters
€ 1 Y | 023um ¥ /
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% 1 —1 6D 1.94 ./
o — = 0.98645 .45
2 A
= =~
& |~
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g - - w2 8§88 8 R8 8 38 3 s 2
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Percent less than indicated size
Data Summary Table:
scale min. d,, # of scale | KW Test [ Overall
photo mag | (pixeVpum) | size (um? | (um)* | particles | factor z-value | p-value
738_1_1 500x 2.92 233x166 0.77 168 1 -2.39 0.076
738_1_2 | 500x 2.92 231x166 0.77 125 1 1.89 o
738_1_3 500x 2.92 230x167 0.77 112 i 0.30

229x166

116x84

115x84

738_1_8

1000x

5.84

115x84

0.39 156

4

0.41

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 4.2.4. SS316 Test #2, Button 6 particle size distribution, with linear fit and 95%
confidence intervals.
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dlslnllauuon paramellers //
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= 9 ox 0.75 pm / %
2 4, 1.65 pm
:’E; 1 = 2.21 /./ '/
a — & 09051 ,//’/
2 s d
£ 2
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7
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5 - - ©» 2 88 8 R8 88 8 g o
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Percent less than indicated size
Data Summary Table:
.scale min. d, # of scale KW Test { Overall
photo mag | (pixel/um) | sjze (um?) (pm)* | particles factor z-value | p-value
738_6_1 400x 2.94 287x208 0.96 238 1
738_6_2 400x 2.94 287x209 0.96 - -
738_6_3 400x 2.94 287x207 0.96 248 1
2.94 288x209 0.96 295 1
s R
5.28 128x93 0.43 101 5.0625
5.28 129x93 0.43 104 5.0625
5.28 128x93 0.43 120 5.0625
738_6_8 900x 5.28 128x93 0.43 112 5.0625

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 4.2.5. SS316 Test #2, Button 7 particle size distribution, with linear fit and 95%
confidence intervals.

§738: SS316 Test #2

Button 7
.| I B A | — T
analysis summary .
magnification, counted size total number
10— aumber of photes | 202 (km? range {um) of partic} -
- 400x, 4 240,978 d,>1.9 1,728 z—
] 900x. 4 47503 | 043<d <19 474
n
= B 0.70 ym
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g "] 0.99425 /
5 1 — Z o/
g Z
: -
g A
0.1 / J
5 - - w2 88 8 R3 8% 3 s =
2 o g
Percent less than indicated size
Data Summary Table:
scale min. d,, # of scale | KW Test | Overall
photo mag | (Pixel/im) | size (um?) | (um)* | particles factor z-value | p-value
738_7_1 400x 2.35 288x209 0.96 424 |
738_7_2 400x 2.35 289x208 0.96 468 i
738_7_3 400x 2.35 289x210

288x209

R

128x92
127x93
128x93
738_7_8 900x 5.28 128x94

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 4.2.6. SS316 Test #2, Button 9 particle size distribution, with linear fit and 95%
confidence intervals.
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8 7 0.99263 W
c 1 = >,
o
i3]
€
c
LA
<A
>
0.1 o =2}
5 -~ =~ ®»2 88 8 28 88 % 3 2
@ =3
Percent less than indicated size
Data Summary Table:

.scale min. d., # of scale KW Test { Overall
photo mag | (pixel/um) | size (um?) | (um)* | particles | factor z-value | p-value
738_9_1 500x 2.92 232x167 0.77 1115 1 -1.83 0.236
738_9_2 500x 2.92 232x166 0.77 938 1 0.16
738.9_3 500x 2.92 232x168 0.77 908 1 1.49 I:i

2.92 233x170 0.77 1117 1 0.29 |

5.84 116x86 0.39 438 4 0.59

5.84 118x83 0.39 425 4 -0.94

5.84 116x83 0.39 454 4 0.20
738.9_8 1000x 5.84 116x84 0.39 479 4 0.14

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 4.2.7. SS316 Test #2, Button 12 particle size distribution, with linear fit and 95%
confidence intervals.

§738: $S316 Test #2
Button 12
I I T I | - T
analysis summary
magnichauon. 2 counted size total number /(
10 number of photos | 2ré3 (um’) range (pm) of p %8
] 500x, 3 117,454 d > 11 4,530
| 1200x, 4 26315 [ 092<d <11 1.673
. i
E 1 dls " ro'as um
= L 0.80 pm 1/
% L 1.83 ym
E GSD 2.29
g 1 54 0.99504 ,é’
°Q s
& b
o
P
0.1 £ L N
5 = - w2 8288 8 888 g g 2o
(]
Percent less than indicated size
Data Summary Table:
.sca]e min. d,, #of scale KW Test | Overall
photo mag | (pixel/um) | size (um? | (um)* | particles factor z-value | p-value
738_12_1 500x 2.92 231x168 0.77 1462 1 -1.47 0.275
738_12_2 500x 2.92 231x170 0.77 1339 1 0.09
738_12_3 500x 2.92 231x170 0.77 - - failed
738_12_4 500x 2.92 232x169 0.77 1729 1 1.34
O, T e o oo e
Bl e e e
738_12_5 1200x 7.08 95x69 0.32 367 5.76 -0.74
738_12_6 1200x 7.08 96x69 0.32 516 5.76 0.72
738_12_7 1200x 7.08 95x70 0.32 412 5.76 0.60
738_12_8 1200x 7.08 95x69 0.32 378 5.76 -0.69

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 4.2.8. SS316 Test #2, Button 14 particle size distribution, with linear fit and 95%
confidence intervals.

$738: SS316 Test #2
Button 14

10 — ] T T T 1 ! Z 9
—1 analyss summany L)
- e e e e pza
| 500x, 3 117,224 411 1.587
] 1200x, 4 26688 | 0%<d <11 945
i 1
distnbution parameters
g 0 % 5% 0.27 um
g d 0.62 ym
ié’ % 1.43 pm
8 1 (—f o 2.29 &
‘2 = 0.97418 2,
2 4
£ A -
,///
0.1 / -
53 = - w©2 88 8 88 8% 3 g %
Percent less than indicated size
Data Summary Table:
.scale min. d, # of scale KW Test § Overall
photo mag | (PixeVpm) | size (um?) | (um)* | particles | factor z-value | p-value
738_14_1 500x 2.92 231x168 0.77 538 1 1.10
738_14_3 500x 2.92 231x169 0.77 519
233x169 0.77 530
R e L, TE P T
738_14_5 | 1200x 7.08 96x69 0.32 236
738_14_6 | 1200x 7.08 96x69 0.32 238 5.76 -0.28 ;:%;’;f i
738_14_7 | 1200x |  7.08 96x70 032 | 230 576 | 024 |4
738_14_8 | 1200x 7.08 96x70 0.32 241 5.76 0.99 |imefs ans

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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5.0 Tungsten Test Results

Another ITER-relevant metal investigated under the disruption simulation conditions
available in SIRENS was pure tungsten. Two separate tests were prepared and performed
in the usual fashion, as described in [2]. Table 5.0.1 contains a summary of important test
data: sample mass loss, button weight gain, and particulate size distribution parameters.
The sample sleeves from both tests shattered due to the brittle nature of W, and the reported
sample mass losses are best estimates from weighing all pieces collected from the shattered
sleeves. Changes in button mass were very small, often lower than the accuracy resolution
of the balance (+ 0.05 mg). Difficulties were encountered in analyzing particulate size
distributions on end-plate buttons from W Test #2 because of substrate pitting or cratering
from W particle impaction. An alternate technique for analyzing W particles on these
buttons is currently being investigated.

Table 5.0.1 W tests comparison summary.

e W Test 1(S736) W Test 2 (S739)
Energy (J) 4260 4259
Sample Am (mg) 154.85( 241.93M
Cathode Am (mg) 21.18 25.13
3 Am(mg) | dyge um) | GSD | R? | Am(mg) |dye um) | GSD | R?

Button 1 0.03 0.30 197 [ 0997 | o0.06 0.38 1.99 | 0.974
Button 2 0.10 * * * 0.07 # * *
Button 3 0.03 * * * 0.01 * * *
Button 4 0.06 * * * 0.07 * * *
Button 5 0.05 * * * 0.05 * * *
Button 6 0.10 0.50 176 | 0996 | 0.02 030 | 2.11 | 0.986
Button 7 -0.03 0.70 165 | 0980 | o013 036 | 2.15 | 0.992
Button 8 0.08 * * * 0.05 * * *
Button 9 0.04 1.05 | 259 | 0965 | 0.01 * * *
Button 10 0.08 * * * 0.04 * * *
Button 11 0.12 * * * 0.01 * * *
Button 12 0.04 066 | 249 [ 0974 ] o002 * * *
Button 13 0.10 * * * 0.03 * * *
Button 14 -0.01 080 | 249 | 0968 | 0.09 * * *
Button 15 0.05 * * * 0.17 * * *
Button 16 0.08 * * * 0.18 * * *
Button 17 0.00 * * ¥ 0.14 * * *

Notes:
(1) Sample Am’s are best estimate because sleeves shattered in both tests.
(2) Asterisk (*) denotes buttons for which the analysis was not performed.
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5.1 §736: W Test #1

The first tungsten test was performed with a discharge energy of 4,260 J. Copper capture
buttons were placed in the glass chamber in the normal configuration (see Figure 2.2).
Figure 5.1.1 shows the resulting voltage and current traces. Signal acquisition problems
similar to previous tests plagued this shot. Figure 5.1.2 displays the signal obtained from
the end-plate pressure transducer, showing again no information except for noise from the
discharge EM pulse. The new source housing with pressure tap was not used for this test
because a reliable pressure diagnostic configuration had not been developed. Table 5.1.1
gives mass data for the sample sleeve and buttons. The amount of mass deposited on the
buttons was insufficient to show any trends.

One significant result from this test is that the W sleeve cracked and broke. The source exit
end of the sleeve had broken into 4 circumferential segments, each about 1.5 c¢m in length.
The mechanism responsible for breaking the sleeve has not been found, however 2
different scenarios offer possible answers. Heat and exit pressure may have propagated
microcracks from machining in the sleeve’s end. Also, the sleeve may have been cracked
during the extraction procedure following the shot.

Particulate size distributions from selected buttons (1, 6, 7, 9, 12, and 14) are shown in
Figures 5.1.3-8. The images obtained for this analysis were optimized for the counting
procedure, and the minimum equivalent diameter discrimination factor was set to 2.25 for
most cases. A value of 3.25 was used for some high magnification images to discriminate
features that were not particles. A feature that interfered with the particle counting
technique was cratering or pitting that resulted from impact of W particles on the Cu
substrate.  Edges of the craters were significantly distinct, and in the particle
characterization procedure they were counted as particles and skewed the resulting
distribution. Cratering was not severe in W Test #1, but was so abundant in W Test #2
that end-plate buttons could not be analyzed.

Figure 5.1.9 shows representative SEM images of Button 12 on the end-plate from W
Test #1. The first image was taken at 200x to obtain information about the larger particles
(10 - 15 um) on the button. Subsequent images were taken at 700x and 1200x, and
smaller particles were recorded. Craters appear on the higher magnification images, and are
on the order of the particle sizes. These craters were investigated on the SEM to prove that
the substrate surface was deformed. Two images taken at different angles were used to
generate a relief image that showed the craters to be indentation’s into the surface and
particles to be bodies on the surface. Also, the EDXA facility in the SEM proved the
particles were W, and the crater edges were analyzed for material other than that of the
substrate. No other material was found.
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Figure 5.1.1. W Test #1 voltage and current traces.
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Figure 5.1.2. W Test #1 end-plate P transducer trace.

S$736: W Test #1

End-Plate Pressure Trace
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Table 5.1.1. S736 mass measurements.
Source Section Components:
pre-test wt. post-test wt. A wt
component €3] (g) (mg, + 0.05)
short insulator 1.02145 - -
long insulator 2.91280 - -
cathode (dimetech) 9.09866 9.07748 21.18
W sleeve 31.38996 31235319 154.85
Substrate Components:
wall pre-test wt. fpost-test wt. A wt. end-plate | pre-test wt Fpost-test wt. A wt.
button @ & (mg) button & 4] (mg)
1 0.90284 0.90286 0.03 9 0.90865 0.90869 0.04
2 0.90120 0.90130 0.10 10 0.91047 0.91055 0.08
3 0.90387 0.90390 0.03 11 091374 0.91386 0.12
4 0.89696 0.89702 0.06 12 0.91422 0.91426 0.04
5 0.89873 0.89878 0.05 13 0.91120 0.91130 0.10
6 0.91494 0.91504 0.10 14 0.90500 0.90499 -0.01
7 0.90120 0.90117 -0.03 15 091163 091162 0.05
8 0.91375 0.91384 0.08 16 0.91415 0.91423 0.08
17 0.91013 0.91013 0.00
Notes:

(1) All weight measurements are taken 3+ times and averaged.
(2) Am uncertainty is + 0.05 mg.
(3) Measurement of all pieces of shattered sleeve.
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Figure 5.1.3.

confidence intervals.

§736: W Test #1

W Test #1, Button | particle size distribution, with linear fit and 95%

Button 1
10 T I N O S I
] analysis summary
] et mas | wos um | o, | o
] 700x, 4 80,477 4 >08 1,454
B 1500x, 4 17,248 026<d <06 1.010
dlstn;)unon param;lars
= I 0.15am //3’
E d‘o, 0.30 pm /
=
;‘_; N 0.60um //'
@ GSD 1.97
E 1 % %4
g —1 & 0.99645 —
o
i3]
5
[+ /y
/
0.1 /
P D
5 = - w©2 88 8 R8 88 3§ g 3
. e’} g))
Percent less than indicated size
Data Summary Table:
scale min. d,, # of scale | KW Test | Overall
photo mag | (Pixel/um) | size (um?) | (um)* | particles | factor z-value | p-value
736_1_1 700x 3.94 165x122 0.57 422 1 -0.84 0.829
736_1_2 700x 3.94 166x122 0.57 372 1 0.15 '
736_1_3 700x 3.94 165x121 0.57 403 1 0.70
736_1_4 700x 3.94 165x122 0.57
736_1_5 1500x 8.5 77x56 0.26 267 4.592 1.44
736_1_6 1500x 8.5 77x56 0.26 278 4.592 -1.06
736_1_7 1500x 8.5 77x56 0.26 219 4.592 -0.49
736_1_8 1500x 8.5 T7x56 0.26 246 4.592 0.10

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 5.1.4. W Test #1, Button 6 particle size distribution, with linear fit and 95%
confidence intervals.

S736: W Test #1

Button 6
10 —T T —7 | B —
] analysis summary
o magnification, counted size total
I~ number of photos | area (l-lm3 range {(um) of panticles
500x, 4 157,351 4 > 0.9 990
| 1200x, 4 26,880 | 0B <d <09 458
distnbution parameters
—_ 5% 0.28gm Jﬁ
g =
= con 0.50 um
E 1% 0.88 pm
I o gy
a — = 0.99542 2
3 y
=
a
B e
/
0.1 L
[+2]
5 = - w2 88 8 2888 & g3 2
[o2]
Percent less than indicated size
Data Summary Table:
.scale min. d,, # of scale KW Test | Overall
photo mag | (pixel/pm) | size (um?) {(um)* particles factor z-value p-value
736_6_1 500x 2.81 232x170 0.80 251 1 0.27 0.980
736_6_2 | 500x 2.81 231x171 0.80 SR
736_6_3 | 500x 2.81 233x166 0.80
736_6_4
g A 3 nie
AT
& _:
736_6_6
736_6_7
736_6_8
736_6_9

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 5.1.5.

confidence intervals.

§736: W Test #1

W Test #1, Button 7 particle size distribution, with linear fit and 95%

Button 7
10 T T  E— - I
— analysis summary
] s | o oy | oy | s —
] 500x, 4 157.420 d>13 537 . 1
] 1200x, 4 27,072 048 <d <13 496 )) f
i ‘; /
distribution parameters
— ] dls-t 0.34pm !! yg’/
£ dm 0.66 pm " / O
=5
}: 9in 127 pym “ ////
g 1 [3) 1.92 !F
© F— 7 0.97049 [}
o 1 — 52
@
‘t% 477
& —
Q.1 2
5 = - w2 88 8 Rg8 388 g g 3
@ >
Percent less than indicated size
Data Summary Table:
scale min. d,, # of scale | KW Test | Overall
photo mag | (pixel/pm) | size (um?) | (um)* | particles factor z-value | p-value
736_7_1 500x 2.82 232x170 1.15 151 i 0.94
736_7_2 500x 2.82 232x170 1.15 191 1 0.08
736_7_3 500x 2.82 231x170 1.15 138 1 -1.12
bL736_7_4 500x 2.82 231x170 1.15 157 1
R R R T T = :
b8 .gq*?"“ﬁ:g %R, .z:: ",«ﬁ&‘g SN
736_7_5 1200x 6.8
736_7_6 1200x 6.8
736_7_17 1200x 6.8
736_7_8 1200x 6.3

* equivalent minimum diameter particle counted having an area of at least 3.25 x 1/scale on a side.
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Figure 5.1.6. W Test #1, Button 9 particle size distribution, with linear fit and 95%
confidence intervals.

S736: W Test #1

Button 9
{ 1 —7 T T T T
analysts summary _‘.’.’-
magnification, counted size total number v
number of photos § area (llms range {um) of particles
100x, 3 2.962x1¢ 4 >65 1,134
10 ] 450x, 3 144,060 15<d <65 363
| 1000x, 3 29,295 058 <d <15 233 #
sE% : dun 0.41um t
% d 1.05 pm /
g 4 2.72 ym /
fa] [53) 2.59
3 1 LI 0.96503 /)
.g__;. y
[ ;
0.1 o =
5 - - w2 88 8 R8 88 3 g g
Percent less than indicated size
Data Summary Table:
scale min. d, #of scale | KW Test
photo mag | (pixel/tm) | size (um?) | (um)* | particles factor z-value
736_9_1 100x 0.564 1158x855 5.76 361 1 1.35
736_9_2 100x 0.564 1156x851 5.76
736.9_3 lOOx 0.564 1158x853 5.76
i;p';m»;«y_;ns‘:‘z 2 2rts A "(*W”T"z. o ’%V‘&M“ Ay ¥ e
DAL J“*’f‘i@,ﬁﬁgf R

736.9.4 | 450x | 254 | 257x188 | 1.8
736_9_5 257x187 | 1.28
736_9_6 256x187 | 1.28

st SR :
736_9_1 115x85 | 0.58 78 100 | -121 || 0061
736_9_8 11584 | 0.58 81 100 | -1 [i#S
736.9_9 | 1000x | 5.64 116x85 | 0.58 74 100 | 237

* equivalent minimum diameter particle counted having an area of at least 3.25 x 1/scale on a side.
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Figure 5.1.7. W Test #1, Button 12 particle size distribution, with linear fit and 95%
confidence intervals.

§736: W Test #1

Button 12
I I | | ]
analysts summary
magnification, counted size total numbar
10 number of photos | area (unﬁ range {pm) of particles
- 200x. 3 729,675 d >5.0 1,205
- 700x, 4 79,168 11<d <50 1,208
— 1200%, 3 20448 | 048<d <11 668
i i b
g distnibution %
% d-sm 0.26pm //
o 1 4 0.66 pm /
Q 0%
= d 1.63m
o s
° ] =) 249 4/
K] 1 = 0.97385 i
s =
o el
-~
0.1
fe>) [=2]
5 = - ©»2 88 8 2888 g g &
[=2]
Percent less than indicated size
Data Summary Table:
scale min. d, #of scale | KW Test { Overall
photo mag | (pixel/um) | size (um? | (um)* | particles | factor zvalue | p-value
736_12_1 1.13 575x423 2.88 445 1 0.02 0.567
736_12_2 1.13 575x422 2.88 334 1 0.93 éa%igf—%%?
736 12_3 1.13 575x424 2.88 426 1 -0.89 fotes Sl
’ "(";;2' AL 'é- ¥ S 3¢ -z:‘. PR J‘M" oA LA NG ‘i:. 2 ,;,\: 7 a2 3
SE2 &m%mu ,@3%%%3%&’?@ LAY %ﬁ%‘”ﬁ:ﬂ;ﬁ%&”“ ‘g“% ﬁ%f‘;‘?x:fd’m:z
700x 3.96 164x120 0.82 267 12.25 -0.18 0.562
736_12_5 700x 3.96 164x121 0.82 321 12.25 -0.57 : :
736_12.6 | 700x | 3.96 164x121 | 0.82 289 1225 | -060 |[EEERE
| 736_12.7 700x 3 96 165x120 | 0.82 331 1225 | 140 s
eSO ‘::: w ‘ uﬂ \9 ;sqmm_‘g;rwm. 7 " ;ywq ',ig:” ,5 _. 4?’? vy {.'i;, ‘," ]
736_12_8 1200x 6.8 96x71 0.48 216 36 -0.35 0. 857
736_12_9 ] 1200x 6.8 96x71 0.48 206 36 055 |f?
736_12_10 | 1200x 6.8 96x71 0.48 246 36 -0.19

* equivalent minimum diameter particle counted having an area of at least 3.25 x 1/scale on a side.
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Figure 5.1.8. W Test #1, Button 14 particle size distribution, with linear fit and 95%
confidence intervals.

$§736: W Test #1

Button 14
] ] T ] 1 I
analysis summary m
| magnification, counted size total number | |
number of photos | area (um3 range {(pum) of particles
200x, 2 494,466 d>40 573 /
10 —] 700x, 3 59,160 | 1.0<d <40 392 #
- 1200%, 3 20,160 | 048<d <10 207 W /.
e S e oSS RS SN EE——
- [e—mmae———
E ] P
% —1 Y 0.32pm
{é || 4 0.80 pm
d 2.00
K] (TRLY wm
e ) 249 /
T 11 ® 0.96837 i
= e pZ
5 |
o
-
V
0.1 =)
b=y - - o © o o (=] o 9o © w ) et =Y
. - N [\ w M~ «© [=2] [=7] (2] g’) o
[=2]
Percent less than indicated size
Data Summary Table:
scale min. d, # of scale KW Test | Overall
photo mag | (pixel/pm) [ size (um?) | (um)* | particles | factor z-value | p-value

736_14_1§ 200x 1.125 579x429 2.89

736_14_2 | 200x 1 125 579x425 2.89

i R R
736_14_3 164x120 0.82

736_14_4 | 700x 3.96 164x120 0.82

165x120 0.82

SR 'ﬁ‘fv"?{“ifi:” ’f_«'tz

“”;ff"éivm S

736_14_6 | 1200x 6.8 96x70 0.48
736_14_7 | 1200x 6.8 96x70 0.48
736_14_8 | 1200x 6.8 96x70 0.48

* equivalent minimum diameter particle counted having an area of at least 3.25 x 1/scale on a side.
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Figure 5.1.9. Representative SEM images from W Test #1, Button 12. Craters appear in
(c) as bright rings with dark interiors.
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Figure 5.1.9.continued.
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5.2, 8§739: WTest#2

The second tungsten test was performed with a discharge energy of 4,259 J. Copper and
stainless steel capture buttons were placed in the glass chamber in the normal configuration
(see Figure 2.2). Copper buttons were placed on the chamber wall, while copper and
stainless steel were used on the end plate to investigate differences in susceptibility to
cratering from impact of the W particles. Figure 5.2.1 shows the resulting voltage and
current traces. Signal acquisition problems similar to previous tests plagued this shot.
Figure 5.2.2 displays the signal obtained from the end-plate pressure transducer, showing
again no information except for noise from the discharge EM pulse. The new source
section housing with pressure tap was not used in this test. Table 5.2.1 gives mass data
for the sample sleeve and buttons. The amount of mass deposited on the buttons was
insufficient to show any trends.

As in W Test #1, the tungsten sample sleeve used in W Test #2 broke. Since the Lexan
inner insulator housing the sample sleeve is transparent, cracks were observed prior to
attempting extraction of the sleeve. The break pattern for this test, however, was
significantly different from Test #1. Cracks ran down the entire length of the sleeve, as
well as around the circumference; the sleeve was shattered into many pieces. The material
deposited on buttons did not appear to have resulted from this shattering, though. The
generally spherical shape of the material on the buttons did not match the shape of debris
collected from around the shattered sleeve. Further investigation into the response of
tungsten (specifically embrittlement) to high heat loading should be performed.

Particulate size distributions from selected buttons (1, 6, 7, 9, 12, and 14) are shown in
Figures 5.2.3-8. The images obtained for this analysis were optimized for the counting
procedure, and the minimum equivalent diameter discrimination factor was set to 2.25 for
most cases. Significant cratering was observed on end-plate buttons, regardless of the
substrate material. Wall-mounted buttons were not cratered. The cratering problem was so
severe on end-plate buttons that accurate particle size distributions were not obtained.
Different steps, such as running in backscatter mode and varying levels of contrast, were
attempted with the SEM to generate acceptable images, but without success.
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Figure 5.2.1. W Test #2 voltage and current traces.
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Figure 5.2.2. W Test #2 end-plate P transducer trace.

§739: W Test#2
End-plate Pressure Signal
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Table 5.2.1. S739 mass measurements.
Source Section Components:
pre-test wt. post-test wt. A wt.
component (g) () (mg, + 0.05)
short insulator 1.01828 - -
long insulator 2.91518 - -
cathode (dimetech) 9.02951 9.00438 25.13
W sleeve 30.78820 30.573279 214.93
Substrate Components:
wall pre-test wt. |post-test wt. A wt. end-plate | pre-test wt bost—lest wt. A wt.
button (g) €3] (mg) button €3] () (mg)
1 0.58696 0.58703 0.06 9 0.58758 0.58759 0.01
2 0.58703 0.58711 0.07 10 0.58250 0.58254 0.04
3 0.58257 0.58258 0.01 11 0.58369 0.58370 0.01
4 0.58377 0.58384 0.07 12 0.58309 0.58311 0.02
S 0.58372 0.58376 0.05 13 0.58314 0.58317 0.03
6 0.58688 0.58691 0.02 14 0.91983 0.91992 0.09
7 0.91841 0.91853 0.13 15 0.92456 0.92473 0.17
8 0.91858 0.91863 0.05 16 0.91772 0.91790 0.18
3 17 0.91717 0.91731 0.14

Notes:
(1) All weight measurements are taken 3+ times and averaged.
(2) Am uncertainty is + 0.05 mg.

(3) Measurement of all pieces of shattered sleeve.
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Figure 5.2.3.

confidence intervals.

§739: W Test #2

W Test #2, Button 1 particle size distribution, with linear fit and 95%

Button 1
10 pu— - T T - T
analysis summary
magnification, counted size total number
— number of photos | 3rea {um? range {um) of particles
| 500%, 5 192,780 d,>09 284
| oo 2 28917 | 021 <d <09 147
| { /}7. :/
distnbution parameters .
— po 19 t ‘/r/
’E 159% -19 pm .
= 4. 0.38 pm <
E (PR3] 0.75 ym .-‘
[] (]
E 1 — o= 1.99 ~5
a8 1 = 0.97357 S
K 7
g 7
& P
728
o -
0.1
o) [=2]
5 =~ - w2 88 8 R8 8% 8 g ¢
o o
Percent less than indicated size
Data Summary Table:
'scale min. d # of scale KW Test | Overall
photo mag | (pixel/um) | size (um?) (um)* | particles factor z-value | p-value
739_1_1 500x 2.92 231x171 failed 0.719
739_12 | 500x 2.92 231x168 -1.16 ’
739_1_3 500x 2.92 231x167 0.23
739_1_4 500x 292 230x169
739_1_7 500x 292 231x165
739_1_6 1000x 5.84 116x83 0.21** 90

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
*#% equivalent minimum diameter particle counted having an area of at least 1.25 x 1/scale on a side.
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Figure 5.2.4. W Test #2, Button 6 particle size distribution, with linear fit and 95%
confidence intervals.

§739: W Test #2

Button 6
10 T T T T I I I
— analysis summary
| magnification, counted size total number
] number of photos | 3783 (um?) range (uam) of particles
] 500x, 4 155,165 d >08 588
] 1000x, 4 38,577 | 021 <d <08 1.089
i i L | —
distnbution parameters /V/
E ] d"“ 0.14 pm
=] 4. 0.30 ym <
2 94 0.62 pm
% 1 (— &0 2.11 /
V! == 0.98638 //,’,'/
3 e
€
&
-7
0.1 p 4
5 = - ©2 88 8 Rg 88 3 I 2
@ &
Percent less than indicated size
Data Summary Table:
scale min. d,, # of scale | KW Test| Overall
photo mag (pixel/um) | size (um?) (m)* particles factor z-value p-value
739_6_1 500x 2.92 232x166 143 1 1.25
739_6_2 500x 2.92 230x170 121 1 -0.17
739 _6_3 500x 2.92 231x167 146 1 -1.12
739_6_4 500x 2.92 232x168
SEsa e
739_6_5 1000x 5.84 115x83
739_6_6 1000x 5.84 116x84
739_6_7 1000x 5.84 116x83
739_6_8 1000x 5.84 115x84 0.2]1** 337 4 -1.75

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
** equivalent minimum diameter particle counted having an area of at least 1.25 x 1/scale on a side.

68




Figure 5.2.5. W Test #2, Button 7 particle size distribution, with linear fit and 95%
confidence intervals.

$739: W Test #2

Button 7
10 I - S A T
analysis summary
: magnification, A 3 counted size total nu‘mber
| number of photos | 362 (km range {um) of particles J'
500x, 3 116,822 dr > 09 3,337
] 1500%, 4 16775 | 014 <d <03 1.663
—1 I
distnibution parameters
T — 9., 0.47 pm o
:'_1’ dm 0.36 ym
% s in 0.76 pm
_g 1 L— 3 215
a — 7 0.99178 v
- -
S 4
o /
/////
/
4/
0.1 / - .
5 = - ©2 88 8 R8s gy g g &
Percent less than indicated size
Data Summary Table:
.scale min. d,, # of scale KW Test | Overall
photo mag | (pixel/um) | size (um?) (um)* | particles factor z-value | p-value
739 7.2 500x 2.92 232x167 0.77 1137 1 0.52
739_7.3 500x 2.92 231x170 0.77 1147 1 -0.11
2.92 231x168 0.77 1053 i -042

LTI g O SRR ReT

8.85

8.85

8.85

739_7_8

8.85

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
** equivalent minimum diameter particle counted having an area of at least 1.25 x 1/scale on a side.
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6.0 Aluminum Test Results

The final ITER-relevant metal investigated under the disruption simulation conditions
available in SIRENS was aluminum. Aluminum is relevant to because it has
thermophysical properties similar to those of beryllium (a candidate for first wall and
divertor tile coatings). Beryllium is not easily handled because of its toxic nature, and
aluminum is often used to simulate beryllium in the context of thermal response. Two
separate tests in SIRENS were performed with aluminum sleeves. Table 6.0.1 contains a
summary of important test data: sample mass loss, button weight gain, and particulate size
distribution parameters.

Table 6.0.1 Al tests comparison summary.

Al Test 1 (S744) Al Test 2 (S745)
Energy (J) 4226 4260

Sample Am (mg) 526.41 493.40

Cathode Am (mg) 32.46 33.73

. . Am (mg) | dsyz (Um) | GSD R’ Am (mg) { dsys (Lm) | GSD R?
Button 1 0.20 * * * 0.40 * * *
Button 2 0.20 * * * 0.43 * * *

+  Button 3 0.14 1.90 2.15 | 0.989 0.28 2.29 2.01 | 0.972
Button 4 0.17 * * * 0.43 * * *
Button 5 0.22 * * * 0.89 * * *
Button 6 0.19 * * * 0.44 * * *
Button 7 0.12 3.01 2.04 | 0.978 0.96 1.60 2.19 | 0.991
Button 8 0.02 * * * 0.37 * * *
Button 9 0.45 0.847 2.48 | 0.991 0.82 1.27 2.29 | 0.984
Bunon 10 dk * % kR *k k34 %k * *
Bunon 11 K k%K ok K%k %ok * * x®
Button 12 0.86 * * * 1.52 * * *
Button 13 0.79 * * * ** * * *
Button 14 0.84 * * * 0.45 * * *
Button 15 0.89 * * * ** * * *
Button 16 *k *k ** ** 0.87 * * *
Button 17 0.66 * * * *x * * *

Notes:
(1) Asterisk (*) denotes analysis not performed.
(2) Doubile asterisk (**) indicates button {ocations not used in the test.

70




6.1  S§744: Al Test #1

The first aluminum test was performed with a discharge energy of 4,226 J. Copper capture
buttons were placed in the glass chamber in the normal configuration (see Figure 2.2).
Figure 6.1.1 shows the resulting voltage and current traces, both showing the same
problems seen throughout this entire test series. Table 6.1.1 gives mass data for the
sample sleeve and buttons. Relatively large amounts of mass were deposited on end-plate
buttons, and these buttons visually appeared to be coated with aluminum. The side-wall
buttons displayed similar amounts of mass gain as seen in the other materials tests, but the
visual appearance was significantly different. Many long streaks of aluminum were visible
with the unaided eye. Similar streaks were visible only under magnification in the other
materials tests.

Particulate size distributions from selected buttons (3, 7 and 9) are shown in Figures 6.1.3-
5. Fewer buttons were analyzed in for the Al tests because apparent variation in deposited
material occurred only between wall and end-plate buttons, and because the nature of the Al
coating to flake off made reliable analysis difficult for some buttons. Regions covered by
flakes (that subsequently fell off) were typically devoid of particles. Flakes ranged in size
from roughly 1 mm to 25 mm in equivalent diameter.

Representative SEM images from button 7 are shown in Figure 6.1.6. The particles
deposited on side wall and end-plate buttons for this test were generally larger than particles
from other materials. Lower magnifications were suitable to view the entire particle size
range, and no particles smaller than ~1 um were observed even at high magnifications
(1000x).

One notable feature of each distribution from the various buttons in this test is the
distribution component from the large particles strays from the linear shape typically
observed with the other materials. This deviation from linearity suggests the underlying
distribution for each button is bimodal. A physical interpretation of this observation comes
about when the low melting temperature of Al is considered. It is possible that the
normally small amount of transmitted heat flux into the test sleeve is sufficient to increase
the temperature of a surface layer of Al beyond the melting point. The pressure associated
with the mass vaporization in the sleeve could then eject molten Al from the surface,
entraining relatively large molten particles in the flow. These particles are not generated by
condensation and growth, and could be larger than those that are generated by condensation
and growth. The resulting distributions then have at least two particle types generated by
different mechanisms, thus skewing the log-normal approximation of the overall
distribution. This effect was not observed in tests with other materials because of their
higher melting temperatures. Further investigation is required.
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Figure 6.1.1. W Test #1 voltage and current traces.
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Table 6.1.1. S734 mass measurements.

Source Section Components:

Notes:
(1) All weight measurements are taken 3+ times and averaged.
(2) Am uncertainty is + 0.05 mg.
(3) Double asterisk (**) denotes buttons not used in this test.

pre-test wt. post-test wt. A wt.
component (2) (g (mg, + 0.05)
short insulator 1.0256 - -
long insulator 2.93625 - -
cathode (dimetech) 8.96390 8.93145 32.46
Al sleeve 4.42097 3.89456 526.41
Substrate Components:
wall pre-test wt. lpost~test wt. A wt. end-plate | pre-test wt lpost~test wt. A wt,
button (2) 4] (mg) button (g (g) (mg)
1 0.91550 0.91570 0.20 9 0.92273 0.92317 0.45
2 0.92263 0.92283 0.20 10 ** *k *k
3 0.91826 0.91840 0.14 11 *k *oR *ok
4 0.91335 0.91351 0.17 12 0.91966 0.92052 0.86
5 0.92108 0.92130 0.22 13 0.91851 0.91930 0.79
6 0.91929 0.91948 0.19 14 0.92024 0.92108 0.84
7 0.91567 0.91579 0.12 15 0.92070 0.92159 0.89
g 0.90451 0.90453 16 *® ** **
Al 17 0.91455 | 0.91521 0.66
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Figure 6.1.3.

confidence intervals.

S744: Al Test #1

Al Test #1, Button 3 particle size distribution, with linear fit and 95%

Button 3
: I analysi; sumrr:ary : : I
magnification, 2 countad size total number l
[ number of photos | 2fe2 (k) range (pm) of particles )
250x, 4 619,847 d,>35 752 Yy
500x, 4 155673 | 0.81<d <35 278
10 ! % A
—_ - 9 'o.as um
E 1 d
= son 1.90 ym
3 4, . 4.09 gm
QE’ | &0 2.15
(1]
= 1 = 0.98907
S /f’ﬂ
ks
=4
& /"
1 //
7
i
o [o;]
5 = - w©2 888 8 Rg8 88 g g 3
(=]
Percent less than indicated size
Data Summary Table:
scale min. d,, #of scale | KW Test { Overall
photo mag | (pixeVpm) | size (um?) | (um)* | particles factor z-value | p-value
744 _3_1 250x 1.39 465x334 1.62 241 1 -1.20 0.610
744_3_2 | 250x 1.39 466x334 1.62 178 1 0.02 [l
744 3 3 250x 1.39 464x332 1.62 152 1 0.31 ;
744 3 _4 250x 1.39 465x333 . 1.01
744_3_5 500x 2.78 232x167 0.81 66 4 0.88
744_3_6 500x 2.78 233x168 0.81 89 4 0.44
744_3_7 500x 2.78 231x167 0.81 22 4 -0.39
744 3_8 500x 2.78 232x169 0.81 112 4 -0.75

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 6.1.4. Al Test #1, Button 7 particle size distribution, with linear fit and 95%
confidence intervals.

S744: Al Test #1

Button 7
100 T ! I — ,
— analysis summary
magnification, counted s1ze total b
number of photos | 32 fum) range (pm) of
|| 100x, 3 2,919,138 d >5.0 724
|| 500x, 4 180,000 | '0<d <50 175 7 _‘.14 .
] i . —
distribution parameters /
10 o— — .
E 5% 1.48 ym 7
2 d. 3.01 pm ﬂ'
;.:’: L 1 Y 6.14 pm y"'y
g 3§ GO 2.04 //
fal | 1 =& 0.97874 ]
o
K]
a
0.1
= - o o o o o o © w o @« 3
=) T - 0 = P w0 ~ © o o o g 8
Percent less than indicated size
Data Summary Table:
scale min. d,, | #of scale | KW Test | Overall
photo mag | (pixel/pm) | size (um?) (Lm)* particles factor z-value p-value
744_7_1 | 100x | 0556 | 1164x832 | 4.05 271 1 -0.97 || 0.255
744_7_2 100x 0.556 1165x842 4.05 288 1 :
744_7_3 100x 0.556 1160x836 4.05 165 1
""9!( 3 ?’Ww"‘ Eagusobetn e, R e (] T N 5,\ ,,x\:,'« >
E Lﬁ%ﬁb&%h%ﬁmiuﬁ%'féﬁ‘ki “)ﬁi"",« V’W-c;; ""‘»;‘%’é,‘;;% g",’%ﬁgir.: .47 A& ,w‘&«.i -t:d":y"!i A e by 5
744_7 6 400x 2.24 288x209 1.00 45 16
744_7_7 400x 2.24 288x207 1.00 51 16
744 .7 8 400x 2.24 288x209 1.00 79 16

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 6.1.5. Al Test #1, Button 9 particle size distribution, with linear fit and 95%
confidence intervals.

S744: Al Test #1

Button 9
{ ] 1 1 1 | T
analysis summary
ey s | area umd | Tangs Gy | o pamcion. ¢
250x, 3 476,808 a>25 2.448 .'/
10 -
— 700x, 2 39,960 15<d <25 931 -
| 1500, 3 13,059 027<d <15 499 /{'.
N <
— L
£ L1 ¢ 0.343 pm
1 15 9%
:;—; dw‘ 0.847 um /Z,
2 d.. | 2t0mm / /
8 GSD 2.48 /
% 7 0.99101 A
© Ly /Vl
2 %
& A
/
f
4y
0.1 / - .
5 - - w 2 88 8 R & 8 8 a o pa
i >
Percent less than indicated size
Data Summary Table:
.scale min. d,, # of scale KW Test | Overall
photo mag | (PixeVpm) | size (um?) | (um)* | particles factor z-value | p-value
744 9 1 250x 1.39 466x340 1.62 656 1 -1.31 0.417
7449 2 | 250x 1.39 467x340 1.62 957 1 0.75 e
5
744_9_3 250x 1.39 4 0.46 : i
744_9_4 700x 3.92 167x120 0.576 439 7.84 0.12
74495 | 700 | 392 | iesxi21 | 0576 | 492 | 784 | 012 ||
74496 | 700x | 3.92 166x120° | 0576 | 315 7.84 | failed |[SEEEA
ST
744 9_7 | 1500x 8.40 77.4x56.3 0.269 180 36 0.18 0.644
74498 | 1500x | 8.40 | 77.6x56.4 | 0269 155 36 070 | %;%;gy
74499 | 1500x | 840 | 77.5x55.8 | 0269 | 164 36 0.58 [fE

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 6.1.6. Representative SEM images from Al Test #1, Button 7.
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6.2. S745: Al Test #2

The second aluminum test was performed with a discharge energy of 4,260 J. Copper
capture buttons were placed in the glass chamber in the normal configuration (see Figure
2.2). Voltage and current traces were not obtained for this test because the digitizer failed
to trigger prior to the discharge. Table 6.2.1 gives mass data for the sample sleeve and
buttons. Noticeably more mass was deposited on the wall buttons in this test; it is not clear
why this occurred since the mass loss from the Al sleeves for each shot was approximately
equal (526 mg for Al Test #1 compared to 493 mg for Al Test #2).

Particulate size distributions from selected buttons (3, 7, and 9) are shown in Figures
6.2.3-5. The images obtained for this analysis were optimized for the counting procedure,
and the minimum equivalent diameter discrimination factor was set to 2.25 for all cases.
The non-linear shapes of the distributions are again observed in this test (see Section 6.1).

Table 6.2.1. S745 mass measurements.

Notes:

Source Section Components:
pre-test wt. post-test wt. A wt.
component () (2 (mg, + 0.05)
short insulator 1.02609 - -
long insulator 2.92392 - -
cathode (dimetech) 8.93149 8.89776 33.73
Al sleeve 4.40913 3.91573 493.40
Substrate Components:
wall pre-test wt. Jpost-test wt.}] A wt. end-plate § pre-test wt lpost-test wt.] A wt
button (2) (g) (mg) button (2) () {mg)
1 0.91512 0.91552 0.40 9 0.92264 0.92345 0.82
2 091776 0.91819 0.43 10 *% *ok *k
3 0.92195 0.92223 0.28 11 ** ok **
4 0.91931 0.91974 0.43 12 0.91598 0.91749 1.52
5 0.92428 0.92517 0.89 13 ** *ok **
6 0.91855 0.91900 0.44 14 091715 0.91760 0.45
7 0.91741 0.91837 0.96 15 *x ok *ok
0.92017 16 0.92043 0.92130 0.87
‘ 17 *k *%k *%k

(1) All weight measurements are taken 3+ times and averaged.
(2) Am uncertainty is + 0.05 mg.
(3) Double asterisk (**) denotes buttons not used in this test.
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Figure 6.2.3.

confidence intervals.

S745: Al Test #2

Al Test #2, Button 3 particle size distribution, with linear fit and 95%

Button 3
I N SO | E— I T 1
analysts summary
magnification, counted size total aumber
number of photos | area (um3 range {um) of particlas
250x, 3 468,409 d >3.0 327
500x, 3 116,900 | 0.92<d <30 142 .
10 T <k
e - Z L J
] distnbution parameters 227
—- o 1.14 ym X
5 e 2.29 pm ;ﬂ
8 4, 4.61 um
]
£ GSD 2.01
g 7 0.97244 //
Q
9
T
©
& %
1 /
/l
p A4
7
o [+2]
5 - - w2 88 8 R 8 8 8 2 g o
@ »
Percent less than indicated size
Data Summary Table:
.scale min. d,, # of scale KW Test | Overall
photo mag | (Pixe/um) | size (um?) | (um)* | particles | factor z-value | p-value
745_3_1 250x 1.39 466x332 1.83 118 ) -1.79 0.190
745_3 2 250x 1.39 469x337 1.83 99 1 0.57
250x 466x334 1.83 1 1.27
500x 0.92 50 4 1.03
745_3_5 500x 2.78 233x169 0.92 41 4 1.44
745_3_6 500x 2.78 233x165 0.92 51 4 -2.38 J.i

* equivalent minimum diameter particle counted having an area of at least 2.25 x I/scale on a side.
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Figure 6.2.4. Al Test #2, Button 7 particle size distribution, with linear fit and 95%
confidence intervals.

§745: Al Test #2

Button 7
I I ] ] | - I
analysis summary
magnification, counted size | total b L . ‘
— ] number of photos area (}lmz) range (gm) of particles A Pl
250x, 4 634,739 d >25 2,794 oo
700x, 4 80,178 085 <d <25 927 1 *
10 : 1 ~*
: distnbution parameters e
£ L § d. | omsaum 4
% 1 g 1.60 pm ’//
% 9 3.50 pm
E GSD 2.19
E 1 g 0.99069
=l
=
& /
1 Y4 /
P
L
]
o) o2}
5 - - 2 288 8 28 88 2 a 2
[=2]
Percent less than indicated size
Data Summary Table:
scale min. d,, # of scale | KW Test| Overall
photo mag | (pixel/um) | size (um?) | (um)* | particles | factor z-value | p-value
74571 | 250x 139 | 467x337 | 183 587 I 2.54 || 0.053
74572 | 250x 1.39 468x342 1 177 |(R¥E
74573 | 250x 1.39 468x335 1 039 |5
74579 | 250x 1.39 468x343 1 027 | |
E%ﬁ%&%ié :'CL i S ,‘,ﬁ“fgfﬁ ﬁf%%ﬁg‘g'&m\‘gﬁrﬁ ; A 'f: Az \&ﬁpﬁ.‘gj‘é@éf&«;u
745_7_4 700x 3.92 166x120 7.84 2.06
745_7_5 700x 3.92 166x121 7.84 -1.69
745_7_7 700x 3.92 166x121 7.84 0.46
745_7_8 700x 3.92 166x121 0.65 318 7.84 -0.60

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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Figure 6.2.5. Al Test #2, Button 9 particle size distribution, with linear fit and 95%
confidence intervals.

§745: Al Test #2

Button 9
| — I - I S ]
analysis summary
_— magnification, counted size total b
number of photos | area (ll"d range (pm) of particles 4 /
350x, 4 321,465 4>175 | 3108 oV
700x, 3 60,469 0.65 < d’ <175 1,236 .
10 _#———'I_—_—————_——l; /K. L]
¥ di ] &4 el
- ~ [ &
€ o S 0.552 pm 7
= I 1.27 ym ,/ /
:6_. 1 9, " 2.90 ym () /
o /.l
E L GSD 2.29 %
a i 0.98422
o
9
€
[}
o
1
2
de— ]
» (2]
5 =~ =~ w2 88 8 28 88& 8 g ¢
D
Percent less than indicated size
Data Summary Table:
scale min. doy | #of scale | KW Test | Overall
photo mag | (pixel/um) { size (um?) (um)* | particles factor z-value | p-value
745_9_2 1.96 332x241 1.30 680 1 -0.34
745 9_3 1.96 332x242 1.30 952 1 -1.66
745_9_4 1.96 332x243 1.30 698 1 1.05
745_9_5 1.96 331x243 1.30 778
745_9_6 700x 3.92 166x122 0.65 370
745_9_17 700x 3.92 165x121 0.65 413
745_9_8 700x 3.92 166x121 0.65 245
745_9_9 700x 3.92 166x122 0.65 453

* equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.
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7.0 Conclusion

The ITER-relevant metals of copper, stainless steel, tungsten, and aluminum (to simulate
beryllium) have been tested under disruption-like conditions for particulate generation.
Particles were successfully generated in the SIRENS experiment and captured on substrates
(or buttons) distributed in a collection chamber. Each substrate was analyzed using electron
microscopy to determine the underlying particle size distribution. Table 7.1 shows a
summary of the measured size distributions on buttons at equivalent locations for different
tests of the various materials. The analysis shows that particle size distributions for each
material has count median diameters (CMD or dg,) in the range of 0.3 pum to 3.0 um.
This indicates that particle generation in this experiment is basically independent of the
material tested. Although particles down to diameter of 0.075 pum and up to diameter of
~50 pm were observed, the bulk of the particles in the underlying distributions were
~ 1 um diameter.

Future work in the investigation of disruption-induced particulate mobilization with the
SIRENS facility includes:

¢ improved characterization of the arc discharge in the materials source section

e measurement of the expansion pressure at the exit of the source section, on the
centerline of the end-plate, and other locations within the collection chamber

e development of diagnostics to measure parameters associated with the
mechanisms of energy deposit on the sample material in the source section

e investigation of condensation and growth mechanisms responsible for the
particulate size distributions observed in these tests

e investigation of other ITER-relevant materials, specifically carbon and mixed
materials

e further study into the behavior of the metal vapor plasma produced in the ET
source section.
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Particulate generation is achieved in SIRENS by exposing test material to the high heat flux of a
confined electric arc. Mobilization results from this exposure by surface ablation, vaporization,
and possible melt layer liquefaction of metal components. The mobilized mass flows from the
high heat flux region into a large expansion volume; cooling of the vapor during expansion allows
particle condensation and growth. Collection substrates (buttons) at discrete locations on the wall
of the expansion chamber intercept particulate for analysis.
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1.0 Introduction

An investigation into the production of carbon-based particulate at conditions relevant to expected
ITER disruption thermal energy loads has been performed on the SIRENS facility at North
Carolina State University. Various carbon materials and carbon / metal mixtures exposed to high
heat flux generated in the SIRENS plasma source section include: Lexan polycarbonate (polymeric
chain C¢H,,0;), UTR-22 grade graphite, ATJ grade graphite, Lexan / copper mixture (both short
and segmented configuration), Lexan / stainless-steel 316 (SS316) mixture (short and segmented
configurations), Lexan / tungsten mixture, and Lexan / aluminum mixture (segmented
configuration only). Particulate of interest results from test surface mobilization followed by
expansion cooling of vaporized material and subsequent condensation in vacuum conditions.
Particle samples are collected at discrete positions within a controlled volume and used to generate
representative size distributions. Such information is necessary for ITER safety analyses involving
disruption-induced mobilization of reactor component material’. This report presents data from
the carbon-based material tests and the resulting particulate size distributions, and includes
discussion on important observations, difficuities encountered, and significance of the tests to the
overall task. Each material tested will be discussed in separate sections, followed by a general
conclusion comparing the overall results.

2.0 Experimental Procedure

The experimental configuration for the carbon-based materials tests follows that described in [2,3].
For completeness, important experimental parameters are re-stated here, and necessary changes in
sample configuration for carbon / metal tests are explained.

The SIRENS facility allows various configurations of sample material exposure to high heat flux.
Optimal configuration for particulate generation required placement of the sample material within
the SIRENS plasma source section (see Figure 2.1). To this end, sample material is fabricated into
a cylindrical sleeve of 0.397 cm ID, 0.714 cm OD, and a length specified by application, and
placed into a Lexan inner insulator of 0.714 cm ID and 11.8 cm length. These components are
placed in a Lexan outer insulator and then into a SS304 anode housing that is bolted to a large
vacuum chamber and connected to a pulse power delivery system. This entire assembly is referred
to as the SIRENS source section. High heat flux exposure to the inner surface of the sample
material is achieved by drawing an intense electrical arc between the point cathode and annular
anode, separated by a length of 8.8 cm. Similar to the expected response of an exposed surface in
an ITER disruption, radiant energy deposited on the sample surface mobilizes material by ablation,
vaporization, and possible melt layer liquefaction of metal components. This mobilized mass
flows from the open end of the source section into a large glass expansion cell (17.8 c¢cm ID, 76.2
cm length). Cooling of the vapor during expansion allows particle condensation and growth. This
particulate is transported to the wall of the expansion cell and is intercepted at certain locations by
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circular collection substrates (buttons). Following the test, buttons are removed, weighed for
relative mass gain, and observed under high magnification of a Scanning Electron Microscope
(SEM). Photographic images of a button’s surface are obtained, and the particles are sized and
counted from these images, generating the particle size distribution for that button. These
measured size distributions are then fitted to the log-normal distribution. The reported values are
the fitted size distribution parameters: count median diameter (CMD), geometric standard deviation
(GSD), and linear correlation coefficient (R?. This methodology for generating sizes distributions
follows that presented by Carmack, et al. in [4].

Successful generation of carbon particulate required utilizing various configurations in the
placement, or “stacking order”, of test material within the inner insulator. Tests with Lexan-only
sleeves were performed with the entire exposed length (8.8 cm) consisting of Lexan. For graphite,
a series of tests was performed with different configurations to find a stacking order that generated
a sufficient amount of particulate. Difficulties with the graphite tests will be thoroughly discussed
in Section 3. In fact, these difficulties influenced the choice of the carbon material used for carbon
/ metal mixture tests. Using Lexan as the carbon-based material in these tests is justifiable given
that sufficient heat flux is available to completely dissociate the polycarbonate into its elemental
constituents. Atomic and molecular hydrogen, oxygen (H, H,, O and O,), and potentially
molecular methane (CH,) are non-condensables that have no impact on particle formation of the
dominant condensable species, i.e. carbon. Appreciable quantities of water vapor are unlikely to
form because of the molecular mixture of H and O. Two primary configurations were used in the
carbon / metal mixture tests: a “short” configuration test to characterize the particles formed when
the condensing species is predominately carbon, and a “segmented” configuration test to
characterize particles formed from roughly equivalent surface areas of carbon and metal exposed to
a high heat flux.. The short configuration consisted of a 1 cm length of metal surrounded by two
Lexan sleeves 3 cm and 3.5 cm in length. The segmented configuration was made of three sets of
Lexan / metal pairs with each component 1.0 c¢m in length, giving a total exposed length of 6.0
cm. Figure 2.2 depicts both configurations.

Expansion chamber geometry and button location are shown in Figure 2.3 and Table 2.1,
respectively. Only button locations 1, 2, 3, 4, 5, 7, 9, and 17 were used in this experiment
campaign because they adequately represent varying locations for investigating differences in
particle deposition. Buttons were constructed from 0.5 in. (1.27 cm) diameter glass slides 0.1 mm
thick mounted onto an equivalent diameter washer (for structural support). Note the non-
conductive nature of the glass required a 200 nm layer of sputtered gold coating on the button
surface for analysis in the SEM. This procedure was performed on an unexposed button and no
particles or surface features were observed during SEM analysis. This coating process does not to
affect particle size analysis.




Figure 2.1.  Cross-section through the SIRENS source section.
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Figure 2.3.

Expansion chamber geometry and button distribution.
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Table 2.1. Tabulated button distribution.
Wall Buttons End-Plate Buttons
Axial distance
Button from source (cm) O (deg.) Button Radius (cm) Angle (deg.)
1 12.7 0 9 3.0 0
2 12.7 180 10 4.5 45
3 31.75 45 11 7.0 90
4 31.75 225 12 7.0 180
5 50.8 90 13 3.0 225
6 50.8 270 14 4.5 270
7 69.9 135 15 7.0 315
8 69.9 315 16 4.5 135
17 4.5 224
Notes: (1) End plate at 73.66 cm from source exit.

(2) Chamber top aligned to 0.

(3) End plate 90" aligned to chamber 0°.




3.0 Carbon Test Results

Experimental investigation into the production of carbon particulate from thermal loading
conditions similar to those expected in an ITER disruption has been performed using carbon-based
materials of Lexan polycarbonate, UTR-22 grade graphite and ATJ grade graphite. These
materials were prepared and tested as described by the procedure in [2]. Table 3.0.1 displays a
summary of mass loss data and particulate size distributions from the carbon tests.

Table 3.0.1. Carbon tests comparison summary.
Lexan Test 1 (S760) Lexan Test 2 (S761)
Energy (J) 6050 6423
Fluence (MJ/m?) 5.51 5.85
Duration (iLs) 50 80
Sample Am (mg) 31.77 38.22
Scaled Am (mg/kJ/cm) 0.597 0.676
Cathode Am (mg) 4245 37.25
Am (mg) | dsg (Wm) | GSD R? Am (mg) | dso (um) | GSD R?
Button 1 *® 0.069 2.144 ] 0.992 -0.04 0.073 2.230 0.997
Button 2 * * * * -0.06 * * *
Button 3 * * * * -0.28 0.079 2.056 0.997
Button 4 * * * * 0.89 * * *
Button 5 * 0.166 2.480 | 0.989 0.23 * * *
Button 7 * * * * -0.06 * * *
Button 9 * 0.097 2.584 | 0.994 -0.13 0.081 1.96 0.987
Button 17 * * * * 0.06 * * *
UTR-22 Graphite Test (§763) AT]J Graphite Test (S764)
Energy (J) 7195 7162
Fluence (MJ/m?) 6.56 6.53
Duration (us) 40 40
Sample Am (mg) -destroyed- -destroyed-
Cathode Am (mg) 46.70 80.24
Am (mg) | dsgq (Um) | GSD R? Am (mg) | dye (km) | GSD . R?
Button 1 1.81 0.102 2.330 { 0.993 0.06 0.115 2.130 0.996
Button 2 0.02 * * * 0.19 * * *
Button 3 0.43 0.114 1 2.630 ] 0.990 0.18 0.086 2.521 0.982
Button 4 0.02 * * * 0.09 * * *
Button 5 0.08 * * * 0.06 0.075 2.970 0.996
Button 7 0.08 * * * 0.37 0.318 2.762 0.980
Button 9 -0.21 0.096 3.568 | 0.966 -1.64 0.544 3.464 0.969
Button 17 0.01 * * * -8.21 * * *

Note: Asterisk (*) denotes buttons for which the analysis was not performed.




3.1 Lexan Tests: S760 and S761

The first carbon-based tests were performed using full-length sleeves of Lexan within the SIRENS
source section. The large ablation threshold of Lexan (54 MJ/kg) required a high energy electrical
discharge (~6 kJ) for production of sufficient quantity of particulate for analysis. Voltage and
current traces from the discharge in both S760 and S761 are shown in Figures 3.1.1. The voltage
trace displayed for S761 is off-scale due to an inadvertent offset added to the voltage channel in the
data collection instrument. The resulting power and energy trace for S760 is shown in Figure
3.1.2. The fact that integrated power (from V and I measurements) results in a discharge energy
within 2% of the measured energy loss from the charging capacitor bank indicates that the value of
electrical energy released by the arc is equivalent to the stored electrical energy. Power and energy
could not be determined for test S761 because the voltage trace for this test was off-scale.

A detailed summary of mass measurements of the various components from the tests is displayed
in Table 3.1.1. Mass loss from the Lexan sleeves was found to be 0.597 mg/kJ/cm for S760 and
0.676 mg/kJ/cm for S761. These values were obtained by scaling the measured mass loss in
milligrams to total discharge energy as determined from capacitor bank energy loss and total sleeve
length exposed to the electrical discharge (8.8 cm for full-length Lexan sleeves). Post-test button
weights and corresponding Am’s are unavailable for S760 because the glass buttons tended to
crack and break off from the holder on which they were mounted. This problem was alleviated by
permanently mounting the glass buttons on a metal washer of equal diameter. Although increasing
the overall weight, this arrangement provides sufficient rigidity for the buttons’ glass surfaces to
be installed and removed from inside of the expansion chamber. The button weight differences
associated with S761 show that deposited mass is undetectable, given that many of the
measurements display a Am on the order of detection uncertainty (+ 0.05 mg). The relatively large
mass increase for buttons 4 and 5 is likely not due to deposit of carbon material. Mass loss
observed on buttons 3 and 9 resulted from small portions of the button’s glass surface being
chipped and removed.

Although the mass of deposited material was negligible (within measurement error), button
surfaces displayed a large number of particles when viewed in the SEM. Figure 3.1.3 gives
representative mircographs from Lexan test 2 (S761) button 3 at 5 kx and 10 kx. Images such as
these were obtained for buttons 1, 3, and 9 for Lexan test 1 (S760) and buttons 1, 5, and 9 for
Lexan test 2 (S761). Smaller particles in these images appear roughly circular, while larger
particles have more irregular shapes. Neither flakes nor large, flat structures were observed.
Figures 3.1.4-9 display the resulting particle size distributions. Included in each figure are the
analysis summary table and the overall log-probability plot displaying the cumulative distribution,
best fit line, and 95% confidence bounds. Particle counts obtained at varying magnifications were
combined using scaling factors derived from dividing imaged area at a given magnification by a the
area of an image obtained at a standard magnification (1 kx)"¥. Data variance, and hence the 95%



confidence bounds, is determined from a weighting process dependent on total number of particles
in the population, width of each particle size bin, number of particles in each size bin, and
magnification-specific scaling factors. An important result from this analysis of Lexan test data is
that generally the data are well represented by a log-normal distribution curve.

Also shown in the summary tables are the Kruskal-Wallis (K-W) statistical test resuits from the
particle diameter data from each available magnification. The reported z-value is a root mean
square variance test showing the relative discrepancy of each individual image data to the total
group data for each magnification. Significant variation in data from one image indicates the non-
compliance of that data to the hypothesis distribution. Another value from the K-W test is the
significance probability, or p-value. This value is an overlay of a chi-square distribution on the
hypothesis distribution for the total data population. A p-value of less than 0.05 (5%) indicates a
large discrepancy within the population, requiring the elimination of one dataset (starting with the
highest associated z-value) until the p-value rises above the 5% set-point. This entire process helps
ensure the final combined distribution truly represents the underlying particle size population on the
button. There are a few instances, however, in which all datasets at a given magnification fail this
test. Rather than eliminate the important data from these magnifications, the overall distributions
were generated using data from the failed images in order to produce a better representation of the
underlying distribution than if the data were excluded. This exception was enacted for analysis of
the following datasets: S760 button 5, S761 button 3, S761 button 9, S764 button 1, S764 button
9, S767 button 1, S767 button 5, and S768 button 5. If 2 or more datasets passed the K-W test,
they were used in the analysis. The analysis summary table for each button indicates datasets not
used by the remark ‘failed’ in the K-W Test z-value column.




Figure 3.1.1. Voltage and current traces for both Lexan tests.
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Figure 3.1.2. Power and energy traces for Lexan test S760.
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Table 3.1.1. Lexan test mass measurements.

S760: Lexan Test 1

Source Section Components:
pre-test wt. | post-test wt. } A wt.
component ® @ (mg)
short insulator N/A N/A N/A
long insulator N/A N/A N/A
cathode 10.00565 9.96023 |42.45
Lexan sleeve 3.89196 3.83019 | 31.77
Substrate Components:
wall pre-test wt. | post-test wt. A wt.
button ] @ (mg)
1 0.04326 - -
2 0.04390 - -
3 0.04230 - -
4 0.04375 - -
5 0.04269 - -
7 0.04252 - -
9 0.04233 - -
17 0.04301 - -
Notes: (1) All weight measurements are taken 3+

times and averaged.
(2) Am uncertainty is + 0.05 mg.
(3) post-test weights not obtained due to
fragility of glass buttons. See text.

S761: Lexan Test 2

Source Section Components:

pre-test wt. | post-test wt. | A wt.
component (2) () (mg)
short insulator N/A N/A N/A
long insulator N/A N/A N/A
cathode 9.91358 9.87632 | 37.25
Lexan sleeve 3.85441 3.81618 |} 38.22
Substrate Components:

wall pre-test wt. | post-test wt. A wt,

button 4] @ (mg)

1 0.49243 0.49239 -0.04

2 0.45905 0.45899 -0.06

3 0.48967 0.48939 -0.28

4 0.44315 0.44404 0.89

5 0.47920 0.47943 0.23

7 0.44671 0.44665 -0.06

9 0.43032 0.43019 -0.13

17 0.48897 0.48903 0.06
Notes: (1) All weight measurements are taken 3+

times and averaged.
(2) Am uncertainty is + 0.05 mg.




Figure 3.1.3. Representative SEM micrographs of button 3 from Lexan test 2, S761.
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Figure 3.1.4. Lexan test 1 (S760) button 1 particle size distribution.
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Data Summary Table:
_scale min. d,, { #of scale | KW Test | Overall
photo mag | (pixel/pum) | size (um?) (m) particles factor z-value p-value
760_1_1 5 kx 294 23.0x16.8 0.057* 1304 1
760_1_2 5 kx 29.4 22.9x16.8 0.057° 1448 1
760_1_3 5 kx 294 22.8x16.9 0.057° 1484 1
760 1.4 5 kx 29 4 22 9x16.7 O 057" 1290 1
T
760_1_5 10 kx 58.8 11.5x8.37 0.02b 741 4 0.33
760__1_6 10 kx 58.8 11.4x8.4 0.02° 798 4 0.42 7 ;', 5
760_1_7 10 kx 58.8 11.4x8.37 0.02° 749 4 -0.66 ;;%%& %’2
760_1_8 10 kx 58.8 11.5x8.37 0.02° 673 4 0.10 I %gw&g*, .@6
a. equivalent minimum diameter particle counted having an area of at least 2.25 x 1/scale on a side.

b.

11

equivalent minimum diameter particle counted having an area of at least 1.1 x 1/scale on a side.




Figure 3.1.5. Lexan test 1 (S760) button 5 particle size distribution.
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Data Summary Table:
scale min. d,, #of scale | KW Test | Overall
photo mag | (pixel/um) [ sjze (um?) (um) particles factor z-value | p-value
760_5_1* | 500x 2.94 229x168 0.340° 690 - 2.93 0.000
760_5.2* | s00x | 294 229x166 | 0.340° | 696 - 733 [Seened
760_5_3* | 500x | 294 | 230xi66 | 0340° | 863 - -8.86 |rzEien
760_5_4° | s500x | 2.94 229x166 | 0340° | 735 - 074 |Ema
Honaia peRET e e e
760_5.5 | 1.5kx 8.9 75.8x53.8 0.112¢ 741 1 0.33 0.911
760_5_6 | 1.5 kx 8.9 75.8x54.8 | 0.112° 798 1 042 |AEEsian
760_5_7 | 1.5 kx 8.9 75.6x55.0 | 0.112° | 749 1 -0.66 |leteade
760_5_8 | 1.5 kx 8.9 75.8x55.4 | 0.112° 673 1 0.10 |[i e

a. Images obtained at S500x were ineffective in collecting usable particle size data, as reflected in the
Kruskal-Wallis test results. Therefore, these images were not used in generating the particle size
distribution for this button.

b. no minimum equivalent diameter required.

c. minimum equivalent diameter particle counted having an area of at least 5.9 x 1/scale on a side.
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Figure 3.1.6. Lexan test 1 (§760) button 9 particle size distribution.

S$760: Lexan

Button 9 Overall Distribution
(data displayed with 95% confidence bounds and linear fit)

10 1 { I 11 ] L) 1
- analysts summary
] magnification, 2 counted size total number
" § number of photos | area (km’) range (um) of particles
] 1000x, 4 38,126.32 d>02 5.666
4000x, 3 17839 | 0.05<d <02 1134
dlstllibulion paran:atsls
g 11— 9 0.0376 pm
:’ ] ‘e 0.097 ym —2
2 1 ... 0.226 ym
E 2.584 =7
8 o) 0.9941
° | e e—————t]
£ e
g 0.1
Q. B
0.01
- o o
5 =~ =~ ©2 888 8 288 88 3 3 g
@ o
Percent less than indicated size
Data Summary Table:
scale min. dq #of scale | KW Test | Overall
photo mag | (pixel/um) | size (um?) | (um) | particles | factor z-value | p-value
760_9_1 1 kx 5.88 114.8x83.2 0.192° 1176 0.76 0.225

760_9_2 1 kx 5.88 114.8x83.2 1 0.192°
760_.9_3 1 kx 5.88 114.6x83.0 | 0.192°
1 kx 5.88 114.6x83.0 | 0.192°

N ey
2 BECS SuAE P Z ME 3 238 AN T 2R T S
e e e e
e N R N e o Wk

76095 | 4kx 23.5 28.7x20.7 | 0.048°
760_9_6 | 4kx 23.5 28.6x20.8 | 0.048
760.9_7 | 4kx 23.5 28.6x20.8 | 0.048 oy
76098 | 4kx 23.5 28.8x20.7 | 0.048° 435 - failed |[200er e

a. minimum equivalent diameter particle counted having an area of at least 1.1 x 1/scale on a side.
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Figure 3.1.7. Lexan test 2 (S761) button 1 particle size distribution.

S761: Lexan

Button 1 Overall Distribution
(data displayed with 95% confidence bounds and linear fit)

1 ] I - - I %
b analysis summary A _®
] rm— - Zp
m N e e Z:
] 5000x, 4 1,543.5 d >013 3,576
] 10000%, 4 381.8 002 <d <0.13 1.824
— distlii:uhon paramellsrs
:E,_ ] 9. | 0033um
» 9 0.073 pm
% 9 0.16 ym /
g 01 ] & 223 %
[=) 1 1 & 0.99721 %
2 0%
s 4
g »,
4
/ <
0.01 = L
g - - ®© 2 8§88 8 R8 88 3 g 2
@ -3
Percent less than indicated size
Data Summary Table:
.scale min. d,q # of scale KW Test | Overall
photo mag | (pixel/um) | size (um?) (um) particles factor z-value p-value
761_1_1 5 kx 294 22.9x16.9 0.038* 493 1 -1.58
761_1_2 5 kx 29.4 22.9x16.9 0.038? 877 1 1.65
761_1_3 5 kx 294 22.9x16.8 0.038* 1335 - -failed-
761_1_4 5 kx 294 22.9x16.8 0.038* 871 1 -0.31
761_1_5 10 kx 58.8 11.4x8.33 0.0192° 280 4 1.89
761_1_6 10 kx 58.8 11.4x8.44 0.0192* 461 4 -0.49
761_1_17 10 kx 58.8 11.4x8.37 0.0192° 569 - -failed-
761_1_8 10 kx 58.8 11.4x8.35 0.0192° 514 4 -1.11

a. minimum equivalent diameter particle counted having an area of at least 1.1 x 1/scale on a side.
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Figure 3.1.8. Lexan test 2 (S761) button 3 particle size distribution.

§761: Lexan
Button 3 Overalt Distribution

(data displayed with 95% confidence bounds and linear fit)
1 | - T 1 ] | — I
—] analysis summary )(
] magnification, 2 counted size totat number /
—f number of photos | area {um) range {um) of partic)
1 5000x, 4 1,525.8 d >0.14 6,731 —
1 10000%, 4 380.5 002 <d <0.14 2,279
— distribution param:t-evs i
g_ | [ 9.. [ oosum /
: 9o 0.079 pym /
2 9 0.15 um
§ 0.1 [53) 2.056 //
o —1 w 0.99721
Q V.
S w4
; A
o
V.4
/ K7
0.01 / - =
5 = - ©2 §8 8 28 88 3 g g
(2]
Percent less than indicated size
Data Summary Table:
) scale min. d.q # of scale KW Test | Overall
photo mag | (pixelpum) | size (um?) (m) particles factor z-value | p-value
761_3_1 5 kx 29.4 22.9x16.6 0.038° 1790 1 -1.56 0. 117
761_3_2 5 kx 29.4 22.9x16.7 0.038* 1821 -0.99 :
761_3_3 5 kx 29.4 22.9x16.7 0.038° 1431
761_3_4 5 kx 29.4 22.8x16.7 0.038* 1689
S p—— e e rw—y-"v"' «Nw
%w‘:: 'iﬁfjw ;;f‘,, g, s ,} &i&:g%«ﬁﬁ” %&% “53??%@4@% ’;wg&}iw
761_3_5° | 10kx 58.8 11.4x8.4 0.0192* 474
761_3_6" ] 10kx 58.8 11.4x8.35 0.0192° 693

761 _3_7" | 10kx 58.8 11.3x8.35 | 0.0192° 555

761_3_8" | 10kx 58.8 11.4x8.35 | 0.0192° 557

4

a.
b.

minimum equivalent diameter particle counted having an area of at least 1.1 x 1/scale on a side.
All images obtained at 10 kx failed the Kruskal-Wallis test (i.e. p < 0.05) but were used in generation
of the overall size distribution.
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Figure 3.1.9. Lexan test 2 (S761) button 9 particle size distribution.

§761: Lexan
Button 9 Overal! Distribution

{data displayed with 95% coni ds and linear fit)
1 i I 1 i -
— analysis summary ) .
1 magnification, 2 counted size total number //. >
— number of photos [ area (wm )} range (um} of particles / —
—|  5000x. 4 15274 &> 01 6.243 >
| 10000x, 4 3823 002 <d <0. 1575
— distribution parameters
5_ ] dlsn 0.041 um
: 9 0.081 um
% L 0.16 um /
E o1l = 1.96
a 1 g 0.98669 IZ.Z
K
O
< A
a
L //
gl
/ “
/
0.01 py >
5 - - ©»2 88 38 28 8% 3 g &
D
Percent less than indicated size
Data Summary Table:
scale min. d,, #of scale | KW Test | Overall
photo mag | (pixel/um) | size (um?) (um) particles | factor z-value | p-value
7619_1° | skx | 204 | 220x167 | 0038 | 1711 i 225 || 0.000
76192 | skx | 204 | 220x166 | 0.038° | 1520 1 3.17 |
761_9_3*1 5kx 294 22.9x16.7 0.038° 1920 1 3.79 - /
761_9_ 4| Skx 29.4 22.9x16.7 0.038* 1092 1 1.61 N
R T A R -:?E;‘&»;,m e a0 T S e S
e e e
10 kx 58.8 11.4x8.33 | 0.0192° 364 4
10 kx 58.8 11.4x8.37 | 0.0192° 353 4
10 kx 58.8 11.4x8.38 0.0192° 441 4
761_9_8 10 kx 58.8 11.5x8.38 0.0192° 417 4

a.

of the overall size distribution.
b. minimum equivalent diameter particle counted having an area of at least 1.1 x 1/scale on a side.
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3.2 Graphite Tests: S763 and S764

Particulate production from graphitized carbon was investigated with two different graphite grades:
UTR-22 and ATJ. Generating sufficient quantities of particulate required electrical discharges of
~7 kI, and because graphite is electrically conductive, source section configuration was slightly
modified compared to that used for the Lexan tests. Following a series of exploratory tests, the
most useful configuration placed the graphite sample sleeves near the exit of the source section.
The configurations used for S763 and S764 are shown in Figure 3.2.1. Voltage and current traces
for S763 and S764 are displayed in Figure 3.2.2; power and energy traces are shown in Figure
3.2.3.

Table 3.2.1 summarizes mass measurements of source section and button components. In both
graphite tests, the sample sleeves were destroyed during the discharge. This likely resulted from a
current path developing within the conductive graphite at some point during the discharge.
Resistive energy dissipation within the sample caused intense internal heating and vaporization,
resulting in mechanical failure of the material. In fact, particulate collected from locations near the
end plate of the expansion chamber appeared to consist of two distinct particle groups: very fine
particles (~0.1 pm) possibly associated with vaporized material and very large particles (~10+ pm)
resulting from the fragmentation of solid graphite grains. These unequal-size populations are
accordingly found in the overall distributions generated for collection buttons near the end plate of
the expansion chamber. These particle size distributions appear bimodal, as indicated by sharp
differences in the slope of the cumulative distrubution curve. Similar observations have been made
in disruption simulations in the Russian Federation®. Particle size distributions for buttons near
the source section exit and mid-length of the expansion chamber do not display a bimodal
characteristic.

Representative SEM micrographs from button 3 of both S763 and S764 are given in Figures 3.2.4
and 3.2.5, respectively. No significant difference is observed in the shape and general size of the
particles collected from these tests of different graphite grades. With the exception of the larger
sized particles found near the chamber’s end plate, particles from graphite tests and Lexan tests are
indistinguishable. They also appear similar in size and shape to carbon particulate collected from
the DIII-D tokamak™ at GA in San Diego and the TFTR tokamak'® at PPPL in Princeton.

Particulate collected from buttons 1, 3, and 9 of the UTR-22 graphite test (S763) were analyzed
and the resulting size distributions displayed in Figures 3.2.6-8. Similarly, buttons 1, 3, 5, 7, and
9 of the ATJ graphite test (S754) were analyzed and those size distributions are shown in Figures
3.2.9-13.
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Figure 3.2.1. Optimal source section configuration for carbon tests $763 and S764.
Source Configuration for S763: UTR-22 Graphite

cathode anode
end
anode
end
| I l | |
l | ! I |
4.3 ¢cm 1.5¢cm 3.0cm 3.0cm
Table 3.2.1. Graphite carbon test mass measurements.
S763: UTR-22 Graphite Test S764: ATJ Graphite Test
Source Section Components: Source Section Components:
pre-test wt.jpost-test wt. | A wt. pre-test wt. | post-test wt. | A wt.
component (&) (2) (mg) component () (g) (mg)
cathode 9.74988 9.70318 | 46.70 cathode 9.70319 9.62295 | 80.24
long maycor 2.92346 - - long maycor 2.91887 -
graphite sleeve #1] 0.74283 } -destroyed- - short maycor #1 } 1.02892 -
short maycor #1 | 1.00869 - - short maycor #2 § 2.03493 -
graphite sleeve #2] 0.69232 } -destroyed- - graphite sleeve | 1.47408 -destroyed-
short maycor #2 | 1.02274 - - Substrate Components:
graphite sleeve #3] 0.79147 | -destroyed- - wall | pre-test wt. | post-test wt. A wt.
Substrate Components: button (2) (2) (mg)
wall pre-test wt. | post-test wt. A wt. 1 0.48505 0.48511 0.06
button (g) €3] (mg) 2 0.48833 0.48852 0.19
1 0.43523 0.43705 1.81 3 0.43966 0.43984 0.18
2 0.48540 0.48543 0.02 4 0.48424 0.48433 0.09
3 0.48568 0.48610 0.43 5 0.48458 0.48464 0.06
4 0.48102 0.48104 0.02 7 0.48317 0.48354 0.37
5 0.49460 0.49468 0.08 9 0.48481 0.48317 -1.64
7 0.48119 0.48127 0.08 17 0.49066 0.48245 -8.21
9 0.49318 -0.49298 -0.21 control 0.45921 0.45918 -0.02
17 0.48288 0.48289 0.01 Notes: (1) All weight measurements are taken 3+
Notes: (1) All weight measurements are taken 3+ times and averaged.
times and averaged. (2) Am uncertainty is + 0.05 mg.

(2) Am uncertainty is + 0.05 mg.
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Figure 3.2.2. Voltage and current traces for graphite carbon tests S763 and S764.

Gun Voltage (kV)

Voltage (kV)

S§763 Voltage and Current Trace

-12 T — T T 60
/\ | Voltage (kV) I
¢ i
-10 I! "\ ——II — — -Current (kA) I. 50
‘ -
L
-8 ‘\ 40
? ]
i ]
\ 4
-6 ] 1 30
\ ‘ ]
\
4 1 20
\ ]
\
\ ]
2 Y 10
\ ]
M ]
0 il 0
R T ]
2 -10
50 100 150 200 250 300
Time (us)
S764: ATJ Graphite Sleeve i
Discharge Volitage and Current 80
-8 1 r . T r " r — . r
-6 60
-4 \ 40
-2 20
0 ﬁ “;?aﬂ:' T 0
2 -20
0 50 100 150 200 250 300
Time (pus)
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Energy (kdJ)

10

Energy (kJ)

Figure 3.2.3. Power and energy traces for graphite carbon tests S763 and S764.
§763 Discharge Power and Energy

10 S A g S T e S S— i — — L T —— 600
r Discharge Energy (7.158 kJ) ]
F| — — =Cap Loss Energy {7.195 kJ) 4
8 Power (MW) ] 480
b e/f :
6 / 360
4 \ 1 240
2 \ 1120
0 1o
2l b s T
0 25 50 75 100 125 150
time (us)
§764 Discharge Power and Energy
T T T —T ——r—r— —— 600
- Discharge Energy (7.094 kJ) ]
" | = = «Cap Loss Energy (7.162 kJ) ]
8 -| Power (MW) 480
L <——‘/ﬁ ]
6 / 360
4 1 240
2 120
0 1o
2l — e —— S — 1 420
0 25 50 75 100 125 150
time (us)
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Figure 3.2.4. Representative SEM micrographs of button 3 from UTR-22 graphite test
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Figure 3.2.4. cont.
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Figure 3.2.5. Representative SEM micrographs of button 3 from AT]J graphite test S764.
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Figure 3.2.5.cont
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Figure 3.2.6. UTR-22 graphite test (S763) button 1 particle size distribution.

§763: UTR-22 Graphite
Button 1 Overall Distribution
(data displayed with 95% confidence bounds and linear fit)

10
_n analysis summary
| magnification, 2 counted size | total b
: number of photos | area (um’) range (um) of particles
] 2kx, 3 7.213.6 dv > 0.27 4,817
| S5kx, 3 1,150.62 0.1 < d’ < 0.27 3,594 P
10k, 2 19182 | 0.04<d <01 650 Z
= ——————
£ 1 o e
=1 — y
:’ — %un 0.044 pm
% — 9. 0.102 pm
E H e 0.2373 um
a 53] 233
o = 0.99248
L
S 0.1
a
Pz
L
P =
0.01
o) [=2]
5 - - =2 88 88 28 8% g g 2
Percent less than indicated size @
Data Summary Table:
_scale min. 4 # of scale | KW Test | Overall
photo mag (pixel/pm) | size (um?) (um) particles factor z-value p-value
763_1_1 2 kx 11.75 57.5x41.9 0.2° 1736 1 0.20 0.971
763_1_2 2 kx 11.75 57.3x41.9 0.2° 1691 1 -0.20 2 %@?@
763_1_3 2 kx 11.75 57. 5x41 9 0.2* 1390 1 0.00 ﬁgfg
%,&w%ya ’ﬁ( e R s SRR R P ARSI ,,‘f;{ﬂ%
763_1_4 S kx 29.4 22.9x16.8 0.068° 1283 6.25 0.88 0.672
29.4 23.0x16.7 | 0.068 | 1141 6.25 0.55 |EEais e
23. 0x16 6 -0.36 . s 5,5
11.5x8.38 . -failed- 0.611
58.8 11.5x8.33 0.038° 360 25 0.511 '
58.8 11.5x8.35 0.038° 290 25 -0.511

a. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
b. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
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Figure 3.2.7. UTR-22 graphite test (§763) button 3 particle size distribution.

§763: UTR-22 Graphite

Button 3 Overall Distribution
(data displayed with 95% confidence bounds and linear fit)

10 T
[—] analysis summary
: magnification, 2 counted size totat b
[ | number of photos | area (um') range (um) of particles
|| 2kx, 3 71766 4 >028 5,392
|| 5kx, 3 1,147.9 0.12<d <028 3,574
10kx, 3 288.31 0051 <d <0.12 844
= L%L——=_——‘_————‘——‘ /
g_ 1 3 distnbution parametars "
- 4
- 1 dun 0.043 um //
{3 —F Y 0.114 pm
E du 13 0.303 pm
2 [53) 263 A"f
o i 0.99012
0 ,.;
g o o
=
P
0.01 1 P
5 = - ©2 88 8 28 8% % 3 g
Percent less than indicated size
Data Summary Table:
-scale min. d, #of scale KW Test | Overall
photo mag | (pixel/pm) | size (um?) (um) particles factor z-value p-value
763_3_1 2 kx 11.75 57.4x41.8 0.2* 1535 1 0.82 0.355
763_3_2 2 kx 11.75 57.3x41.5 0.2* 1780 1 0.70

8 . 2077

BT
1207
1255

o
22.9x16.7
22.8x16.8 | 0.068"
763.3.6 | Skx 294 22.9x16.7

s
l?%?g:%‘gﬂi S ;&g‘gg‘tﬁg@%ﬁ% : o
763_3_17 10 kx 58.8 11.5x8.32 0.038°

763.3_8 | 10kx 58.8 11.5x8.4 0.038°
763_3_9 | 10kx 58.8 11.5x8.35 | 0.038"

a. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
b. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
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Figure 3.2.8. UTR-22 graphite test (S763) button 9 particle size distribution.

§763: UTR-22 Graphite
Button 9 Overall Distribution

{data displayed with 95% confidence bounds and linear fit)

I I { ! 1 1 I
L analysis summary
magnification, 2 counted size total number
—1 number of photes | area (um) range (um) of particles
10 500x, 3 114,631 d, > 08 5,392 1
—— 1kx, 3 28,549.2 0.3< d, <08 8,214
] Skx, 4 1,537.0 0.06 < d, <03 9,551 4
:E,; — distnbution parameters - /
- | 13 9% 0.027 pm /
% ; L 4 0.096 pm .
g — 4 0.3045 pm ——
[=] — (] 3.568
o : g 0.96637 4
£ Al
g
0.1 ]
P
0.01 piy >
5 =~ - ©2 88 8 28 83% g 3 2
Percent less than indicated size
Data Summary Table:
.scale min. d, scale KW Test | Overall
photo mag (pixel/m) size (Lm?) (um) factor z-value p-value
763_9_2 5 kx 29.4 22.9x16.7 0.065° 100 0.02 0.980
763.9_3 5 kx 294 23.0x16.7 0.065° - -failed-
763.9.4 1 Skx 29.4 23.0x16.8 0.065° 100 -0.02

ey

S kx 23.0x16.7 -failed-
76396 | 1kx 114.8x82.3
763 97 | 1kx 114.6x83.5
763 98 | 1kx 5.88 115.4x82.6 . .
76399 | 500 x 2.94 229.5x166.3 | 0.654° 1 1.73
763_9_10 | 500 x 2.94 230x167 0.654 1 -0.70
763_9_11} 500 x 2.94 229.3x166 0.654" 1 -1.08

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
b. minimum equivalent diameter particle counted having an area of at least 2.1 x 1/scale on a side.
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Figure 3.2.9. ATJ graphite test (S764) button 1 particle size distribution.

$764: ATJ Graphite

Button 1 Overall Distribution
(data displayed with 95% confidence bounds and linear fit)

} { | ) ] } 1
[ analysis summary
_ magnification, 2 counted sizo total
number of photos | area (um’) range (pm) of particles
1kx, 3 28,859.0 dp > 05 3,345
Skx, 3 11673 | O1<d <05 2.256 /
1 E 10kx, 3 289.72 0.034 < d’ <01 791 ’)
: : dun 0.054 pm
% | I Y 0.115 pm
E 4 | 0205um .
a 6D 2.13 ”
o 7 0.99645 /
£ o1 }é
[
Q. }"
P
o«
0.01 <
P [o2]
) - - w 2 88 8 R88 8 8 3 o i
2]
Percent less than indicated size
Data Summary Table:
.scale min. d,, # of scale KW Test | Overall
photo mag | (pixel/pm) | size (um?) (um) | particles | factor | z-value | p-value
764_1_1* | 10kx 56.4 11.45x8.35 0.034° 201 100 5.07 0.000
764_1_2* | 10kx | 56.4 11.49x8.44 | 0.034® | 221 100 120 |
764_1_3° 11.51x8.44 -5.50
e T
764_1_4* | 5Skx 28.2 23.04x16.77 | 0.090° 991 25 -5.27
764_1_5°] Skx 28.2 23.09x16.95 0.090° 729 25 1.64 : "
22.98x16.95 | 0.090° 536 25 435 |and
PRSI A sy "-,,','o?.»,w S R TR
7 %{’Z@gf« SRS ms.,gg%%é%%& ; 23 gff&%@”ﬁ%“ﬁw % . G
115.1x83.51 0.35° 1 7 0.18 "
115.3x83.87 | 0.35" 1 0.60 |laiEts
114.9x83.87 0.35° 1 -0.93 e

a. All images obtained at 10 kx and 5 kx failed the Kruskal-Wallis test (i.e. p < 0.05) but were used in

generation of the overall size distribution.
b. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
c. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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Figure 3.2.10. ATJ graphite test (S764) button 3 particle size distribution.

$764: ATJ Graphite
Button 3 Overall Distribution
(data displayed with 95% confidence bounds and linear fit)

10
—] analysis summary
1 magnification, 2 counted size total b
|| number of photos | area (um’) range (am) of particles
] 1. 3 29,056.3 4 >05 6.178
Sk, 3 1,170.0 015<d <05 2,090 s
| ’
10kx, 3 290.86 0.034 <d <0.15 1,277
= —m = /
£ 1 = on P
2 — vz
N — 0.034 pm —
% 1 Y 0.086 ym ,/
E 1 % | c216um
a D 2521 A
o ) 0.9821 v d
C /
= s
[ 0.1 x
o
W i
L
L
Ve
0.01 P =]
= - o o o o o o o uw o ? o
=] - o = N @ Irs ~ © & o 3 = o
(=]
Percent less than indicated size
Data Summary Table:
scale min. d,, # of scale | KW Test | Overall
photo mag | (ixel/um) |  size (um?) (um) | particles | factor z-value | p-value

764_3_1 | 10kx 56.4 11.52x8.46 0.034° 0.76
764_3_2 | 10kx 56.4 11.49x8.33 0.034*
764_3_3 10 kx 56.4 11.52x8. 48

m—— @%@@gm wg?*:;m%% :
28.2 22.98x16.99 | 0.090°
28.2 23.05x16.84 | 0.090°
28.2 23 09x16 95

—u_lmm
3 *
Pt

Sk, ,,t.\‘s«"*s;: 2 BADTREP R XY
T
w

ey B ey
764_3_17 1 kx 114.5x84.4 0.35°

764_3_8 1 kx 115.4x83.87 | 0.35° 1861 1
764_3_9 1 kx 115.3x84.75 0.35° 2079 1

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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Figure 3.2.11. ATJ graphite test (S764) button 5 particle size distribution.

$764: ATJ Graphite
Button 5 Overall Distribution

10 {data displayed with 95% confi bounds and linear fit)
— : . ana!ylsis sur:amary . : :
| magnification, 2 counted size total number
™Y number of photos | 2rea (um’) range (um) of particles
] 1k, 3 29,2221 d >07 7,264 /
|| 5kx, 3 1,135.7 01<d <07 2,008 //
10kx, 3 286.8 0.034 < d < 0.1 940 /
T 1 =
s —
o —¥ d,,. { 0025um
% = B 0.075 pm -
E | { .. | o22tm
a 2.97
| 0.996 -
5 Ff 11 /
& 0.1 ,/
o v
1’%
"
P
0.01 -
= o © o o o o © w o et -]
o - - WS Qe ) K © & o o 2 -]
@ ®
Percent less than indicated size
Data Summary Table:
scale min. d., #of scale KW Test | Overall
photo mag | (pixelpm) |  size (um?) (um)* | particles factor z-value | p-value
764_5_1 1 kx 5.88 114.5x84.7 0.34 2202 1 0.87 0.649
764_5_2 1 kx 5.88 114.5x84.7 0.34 2611 1 -0.16 [k Hies

115. 6x84 8

-0 69

g

29.4 22.82x16.73
29.4 22.93x16.67
294 22. 96xl6 19

a S S A I Rt T O R N S
fé‘%m%?%%%#f\%%g’%%ﬁ&j 2 /11, ’gdt ok

58.8 11.46x8.40
58.8 11.45x8.27

58.8 11.36x8.44

a. minimum equivalent diameter particle counted havmg an area of at least 3.1 x 1/scale on a sxde
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Figure 3.2.12. ATJ graphite test (S764) button 7 particle size distribution.

S$764: ATJ Graphite

Button 7 Overall Distribution
{data displayed with 95% confidenca bounds and linear fit}

— : : anal):sts surrllmary : : :
— -_mcauon. B . counted size total b
number of photos | area (rmv) range (um) of particles
- 500%, 3 123,178.7 g >06 3,922
2,3 7,108.6 0.168 < d <06 2,034
10
E E 9 0.115 pm
‘: | 9 0.318 pm
% | d.. - 0.877 pm ,
5 GO 2.762
a —1 0.98026
o /
2 1 e —
g e
Z =
=
0.1 p .
5 = - ©»2 88 8 28 38 3 g 2
Percent less than indicated size
Data Summary Table:
.scale min. dg #of scale KW Test | Overall
photo mag (pixel/um) | size (um?) (um)* particles factor z-value | p-value
764_7_1 500 x 2.94 282.2x167.4 0.65 1231 1 1.39 0.161
764_7_2 | 500 x 294 | 227.6x167.3 | 0.65 1303 1 0.48 e
764_7_3 500 x 2.94 231.0x163.9 0.65 1388 1 -1.83

AT N oRT s P s A %
764_7 4 | 2kx 11.8 57.46x41.27 | 0.168 600 16 -0.45
76475 ] 2kx 11.8 57.2x41.19 0.168 493 16 1.96
764_7 6 | 2kx 11.8 5746x41.11 | 0.168 941 16 -1.22

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
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Figure 3.2.13. ATIJ graphite test (S764) button 9 particle size distribution.

$764: ATJ Graphite
Button 9 Overall Distribution

(data dislpayed with 95% cx bounds and finear fit)
1 _ . anaryx:s sumnl‘lary : . ‘ //
— magnification, 3 counted size total
aumber of photos | area (um’} range {(um) ol particlas “
| 500%, 4 155,609.0 d,>08 4,726
Tk, 4 38,7909 | 0.34<d <08 2377
10
—- (__§ distnbution p
5 T 4. | o0i57pm
N = 0544 pm
% ] du 1Y 1.884 pym
g D 3.464 //
a —1 & 0.96927
o / a//
2 1 /4
; p
o
e
— 7
0.1 / =
5 = - =2 88 8% 28 88 3 g g
Percent less than indicated size <
Data Summary Table:
scale min. d,, # of scale | KW Test | Overall
photo mag | (pixel/um) | size (um?) (um)® | particles | factor z-value | p-value
764_9_1 500 x 2.82 229.8x168.8 0.68 1346 1 -2.16 0.066
764_9_2 | 500x 2.82 230.1x169.9 0.68 1421 1 1.92
764_9_3 500 x 2.82 230.1x168.4 0.68 1124 1 0.22
7649 4 | 500x 2.82 230.9x168.8
AN T = L 22
764_9_5° 1 kx 5.64 115.2x84.4 0.34 707 4 -4.27 0.000
764_9_6" | 1kx 564 | 1154x84.93 | 034 433 4 e
764_9_T7° 1 kx 5.64 115.1x84.0 0.34 444 4
764_9_8* 1 kx 5.64 115.4x83.16 0.34 793 4

a. All images obtained at 1 kx failed the Kruskal-Wallis test (i.e. p < 0.05) but were used in generation of
the overall size distribution.
b. minimum equivalent diameter particle counted having an area of at least 2.9 x 1/scale on a side.
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4.0 Carbon / Copper Tests

Particle formation in the presence of two or more condensing species is of interest because several
different materials are present in the interior of a fusion reactor’s vacuum vessel that may be
exposed to heat loading and vaporization during disruptions. To investigate this situation, several
tests have been performed in SIRENS with multiple materials placed in the source section and
exposed to the high intensity arc. The first of these tests involved a mixture of Lexan (providing
the carbon species) and copper. Lexan was chosen as the carbon-based material because of its
convenience of use in the source section and the resulting carbon particles from the Lexan tests
were of similar size and shape as the particles generated in the graphite tests. Two different
configurations were chosen for the carbon / copper tests: a “short” configuration test to characterize
the particles formed when the condensing species is predominately carbon, and a “segmented”
configuration test to characterize particles formed from roughly equivalent surface areas of carbon
and copper exposed to a high heat flux. Table 4.0.1 displays a summary of mass loss data and
particle size distributions from the carbon / copper tests.

Table 4.0.1. Carbon / Copper tests comparison summary.

Short C/Cu Test (S765) Segmented C/Cu Test (S769)
Energy (J) 6822 7143
Fluence (MJ/m?) 6.22 6.51
Duration (lis) 80 60
Lexan sleeve #1 Am (mg) 37.16 12.56
Copper sleeve #1 Am (mg) 329.21 146.29
Lexan sleeve #2 Am (mg) 35.67 12.73
Copper sleeve #2 Am (mg) - 166.75
Lexan sleeve #3 Am (mg) - 12.21
Copper sleeve #3 Am (mg) - 196.5
Scaled Copper Am (mg/kJ/cm) 48.26 23.78
Scaled Lexan Am (mg/kJ/cm) 1.64 1.75
Cathod (mg) 59.36 63.8
Am (mg) | dsye (um) | GSD R? Am (mg) | dge (0m) | GSD R?
Button 1 0.17 0.123 2.313  0.997 0.77 0.356 2.451 0.995
Button 2 0.11 * * * 0.43 0.203 2.173 0.987
Button 3 0.15 0.119 2232 | 0.995 0.74 0.246 2.190 0.993
Button 4 0.13 * * * 0.62 * * *
Button 5 0.33 * * * 0.33 * * *
Button 7 0.16 * * * 0.33 * * *
Button 9 0.45 0.200 2.468 | 0.989 -5.25 * * *
Button 17 0.15 * * * 1.11 0.353 2.954 0.992

Note: Asterisk (*) denotes analysis not performed.
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4.1  Short Configuration: S765

The short configuration carbon / copper test was performed at a discharge energy of 6.82 kJ.
Voltage and current traces are displayed in Figure 4.1.1, followed by power and energy in Figure
4.1.2. These traces are not smooth because the data collection system was inadvertently set to
sample values every 10 ps rather than the usual 0.1 ps. Discharge energy calculated from
integrated power (6.45 kJ) is less than the energy loss from the capacitor bank (6.82 kJ) because
of the unaccounted area in the power curve from the slower sample rate. These values, however,
remain within 5% agreement.

Table 4.1.1 summarizes mass measurements of source section and button components associated
with S765. Mass loss from the copper sleeve was roughly ten times the loss from either of the two
Lexan sleeves, although some fraction of this mass loss may have resulted from melt layer
removal. Some sample material may melt if the arc comes in contact with its surface. An
investigation of the impact of this melting is presently underway. In normalized units, the copper
sleeve mass loss was 48.26 mg/kJ/cm, much higher than the value obtained in reference [3] for a
copper-only sleeve in the source section (17 mg/kJ/cm). Scaled mass loss of the Lexan sleeves
(1.64 mg/kJ/cm) is also greater in this tests than with Lexan-only sleeves in the source section (0.6
mg/kJ/cm). The general mass increase observed on the buttons from this test is greater than that
seen in the pure-carbon tests. This indicates deposition in some form of the heavier copper species
on button surfaces during the test.

Representative SEM micrographs of button 3 (Figure 4.1.3) shows the existence of somewhat
larger particles residing on the button’s surface, as compared to particles from the Lexan tests. A
qualitative indication that many of these larger particles contain copper is provided by Energy
Dispersive X-ray Analysis (EDXA). This analysis was performed on a region of button 2, and the
results are shown in Figure 4.1.4. From the secondary electron (SE) image taken at 2 kx, a
relatively large particle is observed on the mid-lower left side. EDXA image mapping showed this
region to be predominately Cu (in part b of the figure where more dark pixels appear), while the
surrounding area is significantly silicon from the glass substrate (in part ¢ of the figure where
fewer lighter pixels appear). Unfortunately, carbon is not readily detectable with the EDXA
technique; as a result no carbon X-ray lines were present in this image spectrum.

Particle size distributions were obtained for buttons 1, 3, and 9 of S765 and are shown in Figures
4.1.5-8. The count median diameters resulting from a log-normal distribution fit are slightly larger
than those seen for the Lexan-only tests, and the distribution widths as measured by the geometric
standard deviation (GSD) are roughly the same.
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Figure 4.1.1. Voltage and current traces for C/Cu short test (S765).
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Figure 4.1.2. Power and energy traces for C/Cu short test (§765).
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Table 4.1.1. C/Cu short test mass measurements.
S765: C/ Cu Short Configuration

Source Section Components:
pre-test wt.}post-test wt. | A wt.
component 4] ® (mg)
cathode 9.58260 | 9.52324 | 59.36
long maycor 2.91699 | -destroyed- -
Lexan sleeve #1 | 1.13513 1.09797 | 37.16
copper sleeve 244184 | 2.11263 [329.21
Lexan sleeve #2 | 0.96891 | 0.93324 | 35.67

Substrate Components:

wall pre-test wt. | post-test wt. A wt.
button @ 4] (mg)
1 0.48208 0.48225 0.17
2 0.44300 0.44311 0.11
3 0.46595 0.46610 0.15
4 0.43984 0.43996 0.13
5 0.48477 0.48510 0.33
7 0.47846 0.47862 0.16
9 0.43916 0.43961 0.45
17 0.48941 0.48956 0.15

Notes: (1) All weight measurements are taken 3+
times and averaged.

(2) Am uncertainty is + 0.05 mg.

Figure 4.1.3. Representative SEM micrographs from button 3 of S765.
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Figure 4.1.3.cont.
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Figure 4.1.4.

R A T S A

y Sdetst b % Py

8 g‘g’ﬁ P e
A

o8 M S it
e 3

A R
)
‘X‘;ﬁ‘fr»‘, 4
et ok g,
Jagve ol

2%

v )

‘«":g;;fr;“ g i
b ';s"g-;» 0k £
o R %& ‘:%3%

3 S St A e LT
o o L EE K et SO Sy
T Lot S I N R R i i
e I el G Tt o S S n 3 S U
A ARk TALTS R s NS S

(b) Cu Ko mapping

37




Figure 4.1.5. Carbon / Copper short test (S765) button 1 particle size distribution.

8$765: Lexan / Copper (short)
Button 1 Overall Distribution

10 {(data displayed with 95% bounds and linear fit)
1 analysis summary
] magnification, 2 counted size total number
= number of photos | area (um’) range (pm) of particles
| 2k, 2 4,823.0 d,>037 2,159
|| 5kx, 2 774.99 0.14 < d,, < 037 1,737 e
10 ke, 3 20184 | 0034 <d <014 816 éf/
g , ]
‘: — % d... 0.056 pm — :
o q. 0.123 ym i/
] | _g
g H 0.273 pm /,
‘: — (? oi;z;;,z r"
3 e
s 0.1
o
P
e v -
0.01
-~ o (223
5 = - ©©2 288 8 28 8% g g =2
(o]
Percent less than indicated size
Data Summary Table:
scale min. d # of scale | KW Test | Overall
photo mag (pixel/pm) | sjze (nm?) (pm) particles factor z-value p-value
765_1_1 10 kx 58.8 11.5x8.49 0.034* 192 25 -1.56 0.249
76512 | 10kx | 588 | 11.46x847 | 0034 | 332 25 020 [iEf G
765_1_3 10 kx 58.8 11.51x8.44 0.034° 292 25 1.18  ( /;%%f%
765_1.4 | 10kx | 58.8 11.48x8.40 | 0.034* | 362 - -failed- ;;%Z‘;Zg
e
765_1_5 29.4 22.99x16.87 | 0.068* 1054 6.25 0.17
765_1_17 294 22.99x16.84 | 0.068° 683 6.25 -0.17 } 3
765_1_11 23.06x16.94 - failed- |G
B K S e e v
é—;%k’imﬁi%k&%’% 23 ia i ol e (wfm}%?gg%%%%%% o ;%%%
765_1_8 11.8 57.29x41.86 0.22° 1154 1
765_1_9 11.8 57.2x41.86 0.22° 1210 -
765_1_10 11.8 57.46x42.2 0.22" 1005 1

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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Figure 4.1.6. Carbon / Copper short test (S765) button 3 particle size distribution.

$765: Lexan / Copper (short)

Button 3 Overall Distribution
(data displayed with 95% confidence bounds and linear fit)

10 “T t t 1 —T t T
_— analysis summary
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Data Summary Table:
.scale min. dq #of scale KW Test | Overall
photo mag | (pixel/pm) | size (um?) (um) | particles | factor | z-value | p-value
765_3_1 | 10kx 58.8 11.50x8.50 0.034° 212 - -failed- l .
765_3_2 | 10kx 58.8 11.53x8.45 | 0.034* 298 25 oy
76533 | 10kx 58.8 11.51x8.50 :
T IR B o P U %& T e
R e ]
76534 | 5kx 294 22.96x16.84 -2.27 5
76535 | 5kx 294 | 22.96x16.97 139 fiak ﬁwﬂ
765.3.6 | 5kx 29.4 | 22.99x16.84 096 |k
765.3_7 | 2kx 11.8 57.29x41.69 -0.76
765_3_8 2 kx 11.8 57.2x42.2 049 |pidi
765.3.9 | 2kx 11.8 57.37x42.37 1.31 |2
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Figure 4.1.7. Carbon / Copper short test (S765) button 9 particle size distribution.

S$765: Lexan / Copper (short)
Button 9 Overall Distribution

10 {data displayad with 95% confidence bounds and linear fit)
— e : analylsrs sunl'lmary . o ;
}_ magnufication, 2 counted size total number —
71 number of photos | 8rea (um’) range {am) of particles
| 2ke, 4 9,694.1 d,>038 3,926 a
- Skx, 4 1,557.2 0.068 < dw < 0.38 1,762 y
d:s‘m;uhon param;lers
T 1 4 9% 0.081 ym
et —
‘: 1 4. 0.200 pm 7
.g —4 4, | ocssapm —
E GD 2.468
g & 0.98934
2 _
s
s 0.1 “
Q.
0.01 = o
=]
5 - - w2 88 B8 f8 88 3 g &
D
Percent less than indicated size
Data Summary Table: -
.scale min. d,, # of scale KW Test | Overall
photo mag | (pixel/um) | = size (um?) (um) particles factor z-value p-value
765_9_1 5 kx 294 23.13x16.77 | 0.068* 422 6.25 0.60 0.0533
76592 | Skx | 294 | 23.03x17.07 | 0.068* | 502 625 | 221 [FmEEiig
76593 | Skx 294 | 22.99x16.87 | 0.068* | 426 6.25 223 | i
:;3‘
76594 | 5kx | 294 | 23.06x16.84 | 0068 | 412 625 | -049 B
N R L e IR R o SO L B PR S S O S S I S S S UM S
e e e
76595 | 2kx 11.8 57.2x42.12 0.22° 1040 1 -0.65 .
765.9.6 | 2kx 11.8 57.2x42.46 0.22" 957 1 1.65 :}6 %
76597 | 2kx 11.8 57.29x42.63 0.22° 1067 1 -0.71 tﬁ%
76598 | 2k | 118 | s72x422 | 022 | se2 1 026 [

a.

minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.

b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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4.2  Segmented Configuration: S769

A different test was performed using Lexan-carbon and copper in equal proportions within the
source section. This segmented configuration was exposed to an electric discharge with an energy
of 7.143 kJ. Voltage and current traces are displayed in Figure 4.2.1, and power and energy
traces are given in Figure 4.2.2. Note the energy determined from integrated power is larger than
the value calculated from capacitor bank energy loss, although only by 1.3%. This difference is
within measurement error (~5%), even though typically the integrated power value is lower than
the capacitor bank loss value.

Mass measurement information from S769 is summarized in Table 4.2.1. Each Lexan segment in
the source section lost approximately equal amounts of mass, while the copper segments were
observed to lose increasing amounts closer to the source exit. The total amount of copper material
removed from all sleeves at this energy (7.14 kJ) was 509.54 mg. This may be compared with a
result for a pure copper sleeve tested in reference [3] (i.e. S737, with 450 mg of mass lost from a
copper sleeve 6.0 cm length at an energy of 4.46 kJ ). In terms of mass loss per unit energy per
unit length, S769 produced a copper mass loss of 23.78 mg/kJ/cm, while the data from [3] gives
17.0 mg/kJ/cm. The Lexan sleeves’ mass loss value is also greater than the loss measured for a
Lexan-only sleeve (1.75 mg/kJ/cm versus 0.6 mg/kJ/cm) and is comparable to that measured in the
C / Cu short configuration test. The higher mass loss values from S765 and S769 possibly
resulted from improved heating of the surface due to the presence of hot carbon / copper mixed
species plasma in the arc. Another important mass difference was measured on the collection
buttons. Mass increases on the buttons from S769 with the segmented source configuration were
significantly greater than those associated with the short configuration of S765. This was expected
due to the greater amount of copper exposed to arc-plasma heat flux. For the buttons on the
chamber walls, mass gain decreases for locations further away from the source exit. End plate
button 17 showed a relatively large increase in mass (1.11 mg), while button 9 was decreased in
mass by 5.25 mg. This was caused by a large piece of the glass surface breaking away during the
test, possibly from an impact with debris.

Figure 4.2.3 contains micrographs from the surface of button 3, taken at different locations and
magnifications. These images show the distinct influence of increasing the amount of copper in the
region exposed to high heat flux. Many larger and non-spherical particles are observed, and
EDXA mapping indicates that some of the larger particles may contain both carbon and copper
components (Figure 4.2.4). This evidence is only qualitative because of the ineffectiveness of
EDXA to accurately detect carbon, as the carbon x-rays (0.281 and 0.291 keV) are at the edge of
low energy noise in the EDXA system. As seen in Figure 4.2.5, evidence provided by optical
emission spectroscopy obtained from the vaporized material expanding from the source section
does indicate a significant amount of hot copper vapor, leading to the possibility that carbon and
copper may both contribute to growth of individual particles. Carbon again goes undetected in
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optical spectroscopy because no emission lines exist in the spectral region investigated. Finally,
the resulting particle size distributions from buttons 1, 2, 3, and 17 are shown in Figures 4.2.6-9.

Figure 4.2.1. Voltage and current traces for C/Cu segmented test (S769).
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Figure 4.2.2. Power and energy traces for C/Cu segmented test (S769).
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Table 4.2.1. Carbon / Copper segmented test mass measurements.
S769: Carbon / Copper Segmented Configuration
Source Section Components: Substrate Components:
pre-test wt.Jpost-test wt. | A wt. wall | pre-test wt. | post-test wt. A wt.
component (2) (g) (mg) button (2) (g) (mg)
cathode 10.34379 |} 10.27999 } 63.80 1 1.26395 1.26472 0.77
long maycor 2.93284 | -destroyed- - 2 1.23819 1.23861 0.43
Lexan sleeve #1 § 0.33996 | 0.32740 | 12.56 3 1.29614 1.29688 0.74
copper sleeve #1 | 2.43863 2.29234 }146.29 4 1.19472 1.19534 0.62
Lexan sleeve #2 | 0.33675 § 0.32401 }12.73 5 1.19061 1.19094 0.33
copper sleeve #2 | 2.44141 2.27466 ]166.75 7 1.20527 1.20560 0.33
Lexan sleeve #3 | 0.33584 | 0.32363 }12..21 9 1.27968 1.27444 -5.25
copper sleeve #3 | 2.42624 } 2.22974 }1196.50 17 1.24502 1.24613 1.11
short maycor 1.02954 ] -destroyed- -
Notes: (1) All weight measurements are taken 3+

times and averaged.
(2) Am uncertainty is + 0.05 mg.

Figure 4.2.3.
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Representative SEM micrographs from button 2 of S769.
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Figure 4.2.5. Optical spectra of the expanding vapor from the S769 source section.

§769: Lexan/Cu Segmented Test
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Figure 4.2.6. Carbon / Copper segmented test (§769) button 1 particle size distribution.

S$769: Lexan / Copper (segmented)
Button i Overall Distribution

(data displayed witn 95% confidence bounds and linear fit)
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[}
£ [~ &0 2.451
[+
a 7 0.99483
o
2
5 o1 i
o V% Wt
%
v
]
0.01 — 4
5 = =~ ©2 88 8 R8s’ g g =%
[=2]
Percent less than indicated size
Data Summary Table:
.scale min. d,, # of scale KW Test | Overall
photo mag | (pixel/um) | size (um?) (um) | particles | factor z-value | p-value
769_1_1 6 kx 354 19.04x13.95 | 0.056* 87 9 1.66 0.1 13
769_1 2 | 6kx 354 19.07x14.07 { 0.056* 129 9 -0.84 i
769_1_3 6 kx 354 19.10x13.90 | 0.056* 160 9 -0.38
769_1_4 | 6kx 354 19.21x13.98 | 0.056* 200 9 -1.72
769_1 5 6 kx 35 4 19. 18xl3 87 0.056* 166 9 1 69
B N R T e N T g
e T fﬁ%
769_1.6 | 2kx 57.46x41.02 | 022 | 762 - failed- || 0.08
769_1_7 | 2kx 57.29x41.86 | 0.22° 868 1
769_1_8 2 kx 11.8 57.20x42.29 0.22° 902 1

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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Figure 4.2.7. Carbon / Copper segmented test (S769) button 2 particle size distribution.

$769: Lexan / Copper (segmented)

Button 2 Overall Distribution
{data displayed with 95% confidence bounds and linear fit)
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E T —T — 'yls BE‘" —— ) T— T
magnificaton, N counted size total number
™| number of photos | 8rea m’) range (pm) of particles
| 2k, 2 4,805.6 d >04 4,046
| ] 5kx, 2 774.1 022<d <04 1,544 ~ e
10kx, 4 385.5 0.034 < d’ <022 650
R R oy -
= — N T — ~
% —1 L 0.203 pm =
£ 4 | 0441um
2 —T
0 G0 2.173
o /7 0.98725
2
5 o1 |
n- B
P
0.01 o
& - - © 2 88 3 R8 8% 3 s 2
Percent less than indicated size @
Data Summary Table:
.scale min. d., #of scale KW Test | Overall
photo mag | (pixel/um) | size (um?) (um) particles factor z-value | p-value
769_2_1 | 10kx 58.8 11.51x8.35 0.034° 180 25 -0.84 .
76922 | 10kx | 588 | 11.56x835 | 0.034° | 164 25 071 |[Eare
769_2 3 | 10kx 58.8 11.55x8.38 0.034* 133 25 1.43 J 5?"" o
2 Wﬁr@ﬁ
769_2_4 § 10kx 58.8 11.51x8.35 0.034° 173 25 0.24 (fisanase
RS e S e G
7692 5 1 S5kx 29.4 23.03x16.84 509
7692 6 | 5kx 29.4 23.10x16.84
29.4 23.06x16.70
R
11.8 57.54x42.03
769 2 9 | 2kx 11.8 57.29x41.95
767 .9_10| 2kx 11.8 57.37x41.61 0.22° 1956
a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.

b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.

47




Figure 4.2.8. Carbon / Copper segmented test (S769) button 3 particle size distribution.

$769: Lexan / Copper (segmented)
Button 3 Overall Distribution
(data displayed with 35% confidence bounds and linear fit)

10 7 T T T T T T
] analysis summary
magnmcalion. B counted size total number
number of photos | 2763 (um’) range (m) of particles
| 2kx, 2 48119 d >04 1.553 /‘:v';'/
5kx, 4 1.606.4 0.068 < d < 0.4 1,078 .,'.
= <
dsstribution parameters
T 1 b 9, | otisum
3 —
~ — 0.246 pm
§ L1 o, | ossipm 2
-]
£ | G0 2.190
g 7 0.99258
-————————— |
o
2
s 0.1 —
a. —
//
0.01 2]
- o o o o o o w o i =)
o e - w 2 & 8 Ire) K @ o o & o P
o
Percent less than indicated size
Data Summary Table:
.scale min. dq # of scale KW Test | Overall
photo mag | (pixel/um) |  size (um?) (Lm) particles factor z-value | p-value
769_3_1 294 23.03x16.67 0.068° 247 6.25 0.66
769_3_2 294 | 22.96x17.04 | 0.068 | 293 6.25 -1.96 ; ,,;:;
769_3_3 29.4 23.03x16.46 0.068* 259 6.25 -0.10 o {f%%
769_3_4 294 26.96x16.94 0.068* 279 6.25 1.46 ‘%Mg’?ﬁ%
T e LT A SRR o S S G R e T
g:g@‘&%%%ﬁ“ SRR e %ﬁ%%_«“%&%@% e e |
769_3_5 11.8 57.29x41.86 0.22° 984 - -failed-
769_3_6 11.8 57.46x41.86 0.22" 833 1 0.71
769_3_7 11.8 57.37x42.12 0.22° 720 1 -0.71

a.

minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.

b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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Figure 4.2.9. Carbon / Copper segmented test (S769) button 17 particle size distribution.
$769: Lexan / Copper (segmented)

Button 17 Overall Distribution
(data disptayed with 95% confidence bounds and linear fit)

. : analy‘sis sumLmary _— :
magniTcation. 2 counted size total number
[—F number of photos | @rea um’) range {um) of particles
10 2%, 2 4,804.1 d>04 1.075
E 5kx, 4 1,545.2 0.068 < d < 04 590 é_.,
[~ distnbution parameters
E —1 dun 0.119 pm
= — d 0.353 pm v,
é ’ L 1.042 ym ,‘f
E —1 oo 2.9543
g — & 0.99239
K
2
g
0.1 e
0.01 L—<1 = &
5 =~ - w©»2 &8 2 28 8% 38 g 3
Percent less than indicated size
Data Summary Table:
scale min. d,, | #of scale | KW Test | Overall
photo mag | (Pixel/um) | size (um?) (um) | particles | factor | z-value | p-value
769_17_1| 5kx 29.4 22.99x16.84 | 0.068" 101 6.25
769_17.2| Skx 29.4 22.99x16.80 | 0.068° 127 6.25
769_17 3| Skx 29.4 22.99x16.80 | 0.068° 160 6.25
769_17_4| 5Skx 294 23.13x16.67 | 0.068° 202 6.25
St At e St oy SReTs ok G P N A 3 e
e i .
769_17_.5} 2kx 11.8 57.46x41.95 0.22° 701 -
769_17_61 2kx 11.8 57.12x42.03 0.22° 515 1
769_17_7| 2kx 11.8 57.29x41.95 0.22° 560 1

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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5.0 Carbon / SS316 Tests

The intended use of stainless steel type 316 (SS316) for many components internal to the ITER
vacuum vessel makes this material important in an investigation of disruption-induced mobilization
and safety analysis. Similar to the tests performed with Lexan carbon and copper, testing in
SIRENS of Lexan carbon and SS316 has been done in both the short and segmented source
section configurations. Stainless steel 316 is quite different from copper, however, because the
alloy is composed of several different elements (16-18% Cr, 10-14% Ni, 2-3% Mo, 2% Mn, 1%
Si, 0.08% C, with Fe as the remaining quantity) rather than a single element with copper. An
interesting question concerns the effect will various materials in SS316 have on particle formation
and growth. This issue will be qualitatively addressed in the following sections based on EDXA
mappings of particulate generated from the carbon / SS316 tests.

Displayed in Table 5.0.1 is a summary of mass loss data and particle size distributions from the
Lexan carbon / SS316 tests.

Table 5.0.1. Carbon /SS316 tests comparison summary.

Short C/SS316 Test (S766) Segmented C/SS316 Test (S770)
Energy (J) 7.127 7.055
Fluence (MJ/m?) 6.50 6.43
Duration (Us) 80 60
Lexan sleeve #1 Am (mg) 19.74 8.17
SS316 sleeve #1 Am (mg) 182.82 159.42
Lexan sleeve #2 Am (mg) 25.43 9.89
SS316 sleeve #2 Am (mg) - 178.99
Lexan sleeve #3 Am (mng) - 11.51
SS316 sleeve #3 Am (mg) - 177.08
Scaled SS316 Am (mg/kJ/cm) 25.65 24.36
Scaled Lexan Am (mg/kJ/cm) 0.975 1.40
Cathode Am (mg) 64.35 51.30
Am (mg) | dsos (tm) | GSD R? Am (mg) | dye (um) | GSD R?
Button 1 0.56 0.116 2.003 { 0.996 0.47 0.135 2.742 0.993
Button 2 0.18 0.116 2.133 | 0.998 0.52 * * *
Button 3 0.48 0.099 2.141 0.994 0.63 0.094 2.445 0.972
Button 4 0.16 * * * 0.73 * * *
Button 5 0.85 0.113 1.998 | 0.997 0.36 * * *
Button 7 0.08 * * * 0.48 * * *
Button 9 0.71 0.123 2.533 | 0.989 0.78 0.278 2.495 0.996
Button 17 0.27 * * * 0.85 * * *

Note: Asterisk (*) denotes analysis not performed.
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5.1  Short Configuration: S766

The short configuration Lexan carbon / SS316 test was performed with a discharge energy of
7.127 kJ. Resulting voltage and current traces are shown in Figure 5.1.1, followed by power and
energy in Figure 5.1.2. These traces are typical for this experiment configuration.

A summary of test component mass measurements is given in Table 5.1.1. Total mass loss from
the two Lexan sleeves in this test was lower than the corresponding loss associated with the carbon
/ copper short test S765, although discharge energy for S766 was larger. Mass loss of the SS316
sleeve, at 25.65 mg/kJ/cm, is lower than that observed in the carbon / copper short configuration
test (48.26 mg/kJ/cm), possibly because the sublimation enthalpy for Cu is lower than that for Fe
(5.7 kJ/kg versus 7.1 kJ/kg). For comparison, reference [3] gives a mass loss for a pure SS316
sample in the source section as 14 mg/kJ/cm. Again the presence of carbon / metal species in the
plasma seems to increase effective mass loss from the metal surface. Mass increase of collection
buttons was also observed, although unevenly for buttons at equal axial positions but different
azimuthal positions (e.g. buttons 1 at 0.56 mg versus button 2 at 0.18 mg). Both end plate buttons
displayed a significant increase. Relatively large gains in mass on these buttons indicate deposition
of heavy particles. Representative micrographs of button 3 are included in Figure 5.1.3 and show
the presence of a few larger particles somewhat spherical in shape. EDXA mapping (Figure 5.1.4)
indicates these particles to consist of a mixture of the SS316 components rather than particles of the
individual species.

Particle size distributions were obtained for buttons 1, 2, 3, 5, and 9 of S766 and are shown in
Figures 5.1.5-9. Count median diameters of the fitted log-normal distributions are close to values
obtained for most all tests in which Lexan was a component in the source section. Although a few
larger particles may be observed in the images, the underlying populations are dominated by
smaller particles of a size range corresponding those measured for Lexan carbon-only tests.
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Figure 5.1.1. Voltage and current traces for C/SS316 short test (S766).
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Figure 5.1.2. Power and energy traces for C/SS316 short test (S766).
$766 Discharge Power and Energy
10 — . , 600
r ! Discharge Energy (7.054 kJ) ]
[ | = — =Cap Loss Energy (7.127 kJ) i
8 -—I Power (MW) Il 480
—————————————————— ::__':_:'_:-A— TR SR
6 o 1 360
4 / ; 1 240
2 ;\ 1 120
0 ) \k 1 0
1
2 —_—— s e -120
50 75 100 125 150 175 200

time (us)

(v) jueungy uny

(MW) Jomod




Table 5.1.1. C/SS316 short test mass measurements.
S766: C/ SS316 Short Configuration

Source Section Components:

pre-test wt.Jpost-test wt. | A wt.
component @ ® (mg)
cathode 9.49281 9.42846 | 64.35
long maycor 2.92476 | -destroyed- -
Lexan sleeve #1 | 1.12123 1.10149 19.74
SS316 sleeve 2.15291 1.97009 ]182.82
Lexan sleeve #2 | 0.97372 | 0.94829 ]25.43

Substrate Components:

wall pre-test wt. J post-test wi. A wt.
button @ ® (mg)
1 1.25112 1.25168 0.56

2 1.16817 1.16835 0.18

3 1.22033 1.22081 0.48

4 1.30634 1.30651 0.16

5 1.23040 1.23125 0.85

7 1.22881 1.22888 0.08
9 1.20821 1.20892 0.71
17 1.23684 1.23711 0.27

Notes: (1) All weight measurements are taken 3+
times and averaged.

(2) Am uncertainty is £ 0.05 mg.

Figure 5.1. 3 Representatlve SEM rmcrographs from button 3 of S765.
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Figure 5.1.3.cont.
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Figure 5.1.5. Carbon /SS316 short test (S766) button 1 particle size distribution.

§766: Lexan / SS316 (short)
Button 1 Overall Distribution
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_'____ ___—'—— analysis summary
[~} magnification, 2 counted size total number
] number of photos | 2782 (1M} range (um) of particles
|| 2k, 2 4,825.6 d > 040 2,843
|| 5kx, 3 1.168.6 0.14 <d <0.40 6.062
10 kx, 3 202,07 | 0034 <d <014 1,764
g 1 }—{ distnbution p
s ]
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% — L 0.116 um /./
g 1 Y 0.233 pm el
a 2.003
o —1 & 0.99584 ”
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A
0.01 p R
& = - ©2 88 8 8% 88 8 g ¢
Percent less than indicated size
Data Summary Table:
.scale min. d,, # of scale KW Test
photo mag | (pixel/um) | size (um?) (um) | particles | factor | z-value
766_1_1 58.8 11.51x8.45 0.034* 639 25 -0.24
766_1_2 58.8 11.5x8.42 0.034° 687 - -failed-
766_1_3 58.8 11.45x8.5 0.034° 465
766_1_10 58.8 11.46x8.38 0.034* 408
766_1_11 58.8 11.51x8.47 0.034* 660
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b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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Figure 5.1.6. Carbon / SS316 short test (S766) button 2 particle size distribution.

$766: Lexan / SS316 (short)
Button 2 Overall Distribution

{data displayed with 95% confidence bounds and linear fit)

1 0 1] £ LI L] 1] L L
— analysis summary
[~ magnification, 2 counted size total number
[~ ] number of photos | area (km’) range (um) of patticles
. | 2k, 3 7,1502 d,>040 4.298
] 5kx, 2 772.7 0.12 < d° < 0.40 1,942
10 kx, 3 290.1 0.034 < d’ < 0.12 1,217
- L_—=
g 1 E 9 en ro.oss um {‘i
% ¥ o, | oreum -~
E : d.. | 0249pm
2 e /,/'
[3)
5 04
o
(
0.01 o ra
5 = - =2 88 8 28 8% % g 2
Percent less than indicated size
Data Summary Table:
'scale min. d g # of scale KW Test | Overall
photo mag | (pixel/um) | size (um?) (um) | particles | factor | z-value | p-value
766_2_1 10 kx 58.8 11.46x8.42 0.034° 336 25 0.48
766_2_2 10 kx 58.8 11.55x8.30 0.034* 445 - -failed-
766_2_3 10 kx 58.8 11.53x8.47 0.034% 313 - -failed-
766_2_4 10 kx 58.8 11.51x8.44 0.034* 468 25 -1.58
766_2_5 10 kx )L 58.8 11.55x8.35 0.034° 413 25 1.18 [k
ri e e e S
766_2_6 5 kx 29.4 22.96x16.63 T 0.068* 1132 - -failed- .
766_2_7 5 kx 294 22.93x16.63 0.068* 907 6.25 1.74 : WP ¢ 1
29.4 | 22.93x16.97 | 0.068" 1035 6.25 -1.74j G
N R R I e SR T b R A SO e APy o W R
S R _‘%%%% e R
11.8 57.54x41.36 0.22° 1 -1.52
766_2_10) 2kx 11.8 57.12x41.86 0.22° 1 1.67
765_2 11§ 2kx 11.8 57.29x41.53 0.22° 1 -0.18

a,

minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.

b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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Figure 5.1.7. Carbon / SS316 short test (S766) button 3 particle size distribution.

$766: Lexan / SS316 (short)

Button 3 Overall Distribution
(data displayed with 95% confidence bounds and linear fit)
1 0 1 1 1 R SRR | T 1

1 analysis summary
e magnihication, 3 counted size total number
I~ | number of photos | 2rea (um’) range (um) of particles
] 2K, 2 4,826.9 d,>038 3,318
] Skx, 3 1,166.2 0.11 < t{, <038 3,457
10 kx, 4 388.4 0.034 < dv < 0.11 2.089 /
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Percent less than indicated size
Data Summary Table:
scale min. d,, | #of scale | KW Test | Overall
photo mag | (pixelum) | size (um?) (um) particles factor z-value | p-value
7663_1 | 10kx | 588 | 11.48x8.49 | 0.03¢ | 623 25 | 200 || o230
766_3_2 | 10kx 58.8 11.5x8.38 | 0.034° 521 25 0.36 o
766_3_3 10 kx 58.8 11.5x8.42 0.034* 455 25 1.07
766_3_4 10 kx 58.8 11.5x8.5 0.034* 490 25 0.74 ; )’{%
58.8 11.51x8.44 0.034° 604 - -falled- é

S R S R R R R o e ATy o
N ”kmm%w G R s e 4 e b

SEEiide "%%i;’;‘mmmf% "‘?m% Sailatigran é%%z%?%? g r,%' “ﬁ{?’ﬁ%imf
294 22.93x16.97 0.068* 6.25 -1.06
294 23.03x16.97 0.068* 6.25 1.14

5 kx 294 22 99x16 8 0.068“ 1070 6.25 -O 09

2 kx 11.8 57.2x42.29 0.22h 1485 1 -2 72 I
766_3_10| 2kx 11.8 57.29x42.12 0.22" 1833 1 2.72
765_3_11 2kx 11.8 57.12x41.86 0.22° 1869 - -failed-

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a S|de
b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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Figure 5.1.8. Carbon / SS316 short test (S766) button 5 particle size distribution.

$766: Lexan / SS316 (short)

Button 5 Overall Distribution
(data displayed with 95% confidence bounds and linear fit)
T
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1 anafysis summary
[ §  magnification, 2 counted size total number
number of photos | 2rea (um’) range (um) of particles
| 2K, 3 7.136.8 d,>031 1,630
Sk, 3 1.160.3 013 <d <031 1,483
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Data Summary Table:

scale
photo mag | (pixel/pm) |  size (um?)

#of scale KW Test | Overall
particles factor z-value | p-value

145 25

766_5_1 | 10kx 58.8 11.50x8.30
766_5_2 | 10 kx 58.8 11.45x8.44
11 .48x8.38

23.03x16.8
29.4 23.03x16.8
29.4 23. lel6 73

. ;;We%i’;’ %?z»g%a;

AR s 1}{ o

R R S5y g
766_5_7 | 2kx 11.8 57.37x41.36 | O. 22h 644 1 0.43
766_5_8 | 2kx 11.8 57.29x42.20 | 0.22" 588 1 -1.70
76559 1 2kx 11.8 57.20x41.02 | 0.22" 698 1 1.20

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a sxde.
b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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Figure 5.1.9. Carbon / SS316 short test (S766) button 9 particle size distribution.

$766: Lexan / SS316 (short)

Button 9 Overall Distribution
10 (data displayed with 95% confidence bounds and linear fit)
I 1 T T T 7 T
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Data Summary Table:
scale min. d,, #of scale | KW Test | Overall
photo mag | (Pixelum) | size (um?) (um) particles factor z-value | p-value
766_9_1 5 kx 29.4 22.96x16.94 0.068* 861 39.1 -2.57 0.071
766.9_2 | 5 kx 29.4 | 22.99x16.84 | 0.068* | 757 39.1 0.17 | gs
766_9_3 5 kx 294 23.03x17.01 0.068* 577 39.1 1.00 %g’;
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>

765_9_10| 800 x 4.72 143.9x106.8 | 0.54" 1649 1 097 asid

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.

766.9.9 | 800x | 472 | 143.6x1053 | 0.54* | 1523 1 -1.20 Altﬁ%ﬂ s
b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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5.2 Segmented Configuration: S770

A second test was performed with Lexan carbon and SS316 combined in the segmented
configuration of the source section. The discharge energy for this test (S770) was 7.055 klJ.
Voltage and current traces are displayed in Figure 5.2.1, and power and energy traces are shown in
Figure 5.2.2. These traces are typical for this type of test.

Measured mass loss data for S770 are given in Table 5.2.1. The Lexan segments lost slightly
more mass towards the exit of the source section, and the first SS316 component lost less mass
than the remaining two by 19 mg. Significant difference in measured mass loss from the Lexan
and SS316 segments results from the much lower sublimation energy of SS316, based on a value
of 7.14 MJ/kg for the Fe component of SS316 compared to 54 MJ/kg for Lexan. In normalized
units, total mass loss from the SS316 sleeve (24.36 mg/kJ/cm) compares favorably to the results
from the short configuration test (S766 with 25.65 mg/kJ/cm) and is higher than that observed for
a SS8316 sleeve only in the source (14 mg/kl/cm from [3]). Lexan mass loss is also greater than
that observed for a Lexan-only sleeve. Measured mass increase of the buttons, however, does not
follow the trend found in the short test configuration, as the values of deposited mass are generally
greater and appear to peak around the mid-length distance. A somewhat similar deposition
distribution was observed in the segmented carbon / copper test S769.

Figure 5.2.3 gives representative micrographs from button 3 of S770. Larger particles are found
more frequently in this test than in the short segment test S766. This is expected because a larger
quantity of SS316 exiting from the source section has a greater influence on the particle population.
Many more spherical particles were found in this test compared to previous carbon / metal tests.
As with the short test configuration of Lexan / SS316, particles seem to be a mixture of component
material from the source section rather than particles of individual species, as shown in the EDXA
maps provided in Figure 5.2.4. Optical emission spectroscopy, however, indicates the presence of
individual components in the vapor plume exiting the source section during the shot (Figure
5.2.5). Mechanisms of particle formation and growth in this situation are very complicated.

Resulting overall distributions for buttons 1, 3, and 9 from S770 are given in Figures 5.2.6-8.
The count median diameters from log-normal distribution fits are very close to those observed for
the Lexan carbon-only tests. GSD values are somewhat greater, indicating a broader span of
particle sizes in the underlying distributions.
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Figure 5.2.1. Voltage and current traces for C/SS316 segmented test (S770).
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Figure 5.2.2. Power and energy traces for C/SS316 segmented test (S770).
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Table 5.2.1. Carbon /SS316 segmented test mass measurements.

S770: Carbon / SS316 Segmented Configuration

Source Section Components: Substrate Components:
pre-test wt.Jpost-test wt. § A wt. wall pre-test wt. |} post-test wt. A wt.
component @ (4] (mg) button 9] 3] (mg)
cathode 10.21376 § 10.16247 ]51.30 1 1.29144 1.29190 0.47
long maycor 291160 | -destroyed- - 2 1.01519 1.01571 0.52
Lexan sleeve #1 | 0.32056 0.31239 8.17 3 1.24010 1.24072 0.63
SS316 sleeve #1 | 2.14681 1.98739 {159.42 4 1.21681 1.21753 0.73
Lexan sleeve #2 | 0.31582 0.30593 9.89 5 1.16535 1.16571 0.36
SS316 sleeve #2 | 2.14767 1.96868 ]1178.99 7 1.18280 1.18329 0.48
Lexan sleeve #3 | 0.33396 0.32245 11.51 9 1.31203 1.31281 0.78
SS316 sleeve #3 | 2.14418 1.96710 §177.08 17 1.31206 1.31291 0.85

short maycor 1.02825 | -destroyed- -
Notes: (1) All weight measurements are taken 3+

times and averaged.
(2) Am uncertainty is + 0.05 mg.

Figure 5.2.3. Representative SEM micrographs from button 3 of S770.
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Figure 5.2.3.cont.
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Figure 5.2.4. EDXA mapping results of a button 9 region containing SS316 particles.

Figure 5.2.5. Optical spectra of the expanding vapor from the S770 source section.
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Figure 5.2.6. Carbon/SS316 segmented test (S770) button 1 particle size distribution.

S§770: Lexan / SS316 (segmented)

Button 1 Overall Distribution
{data displayed with 95% confidence bounds and linear fit)
T 7

10 T ¥ 1 1 1
1 analysis summary
I maghnification, 2 counted stze total number T
| number of photos | &rea (m’) range (um) of particles Py =
| 2kx, 2 47747 d >04 2,204
5kx, 2 73 0.16<d <04 1.007
10 kx, 3 289.9 0.034 <d <0.16 508
- P ———
E 1 T cowbw 2
= —]
~ 1 9. 0.049 pm
:_6 —1 9. 0.135 pm
Q
E . | 0369 pm
2 —
o GD 2.742
o — = 0.99346
S —
& 01
o
e
0.01 -
=y - - w © o o o ©c o 9o w @ pat -
4 - N M w ~ © (2} (=] 2] 8 g,-,
Percent less than indicated size
Data Summary Table:
'scale min. d g # of scale KW Test | Overall
photo mag | (pixel/um) | sjze (um?) (pm) particles factor z-value p-value
770_1_1 10 kx 58.8 11.56x8.40 0.034* 205 25 0.68 0.664
770_12 | 10kx | 588 | 11.63x820 | 0.034* | 207 25 0.16 éfff‘{%?i’%‘v
S
770_1_3 10 kx 58.8 11.53x8.45 0.034* 196 25 : : :
770_1_4 | 10kx 58.8 11.50x8.42 0.034* 236 - SR
e TR IR I St e P e S IO S D e e T T
B g e

770_1.5 | Skx 29.4 23.03x16.80 | 0.068*
770_1.6 | Skx 29.4 23.06x16.87 | 0.068*
770_1_7 | Skx 29.4 23.03x16.73 | 0.068*

0.618

LCrERnany
gg%fg‘?%;

AR

S

770_1.8 | 2kx 11.8 | 57.29x41.69 | 0.22° 1 0.46

770_1.9 | 2kx 11.8 | 57.37x4220 | 0.22° - -failed- %?ﬁ¢§§g
G

770_1_10| 2 kx 11.8 | 57.46x41.53 | 022° | 1219 1 046

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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Figure 5.2.7. Carbon / SS316 segmented test (S770) button 3 particle size distribution.

S§770: Lexan / $S316 (segmented)

Button 3 Overall Distribution
(data displayed with 95% confidence bounds and linear fit)

10 T 1 T | 1 T T
analysis summary
magnification, 2 counted size total numbar
[ number of photos | area (xm’) range (um) of particles
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|| 5kx, 3 1,165.6 02 < d’ <04 1,006 y
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- ———
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2 1 d_. | 0094um
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E | du.ls 0231 ym
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o — 1 & 0.97245 P f/
g ————— /
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&Z .
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= - o o o =) c o o w @ pt &
=} . - LR a4 ® I} K © o o =3 4 g
Percent less than indicated size
Data Summary Table:
'scale min. dq # of scale KW Test | Overall
photo mag | (pixelpm) | sjze (um?) (um) | particles | factor | z-value | p-value
770_3_1 10 kx 58.8 11.48x8.32 0.034° 258 25 0.12 0.268
77032 | 10kx | 588 | 11.51x842 | 0.034 | 166 25 0.57 | %?Z e
770_3_3 10 kx 58.8 11.58x8.33 0.034* 103 25 1.22 »« ] wﬁ
770_3_4 10 kx 58.8 ll 5x8 3 O 034"’ 154 25 -1.77 e :@}Q
’*’ f{gf*‘ iiiﬁ?ﬂ: 0 .?Q;?:?W %&@%W% : <
770_3_5 5 kx 294 23. 03x17 04 0.068“ 367 6.25
770_3_6 5 kx 294 23.03x16.77 0.068* 301 6.25

77037 | 5kx 29 4 23.13x16.73 | 0.068° 338 6. 25

Pnd o A
.
57:‘&"‘* 3‘« Rl %‘""Q&% :‘f'
P N SRR

S

e Ty ”
gj‘ }.,gz%w ﬁwz‘ Py ;m/m SR Yo R ST 4;%
% %" 2 Mﬁ$’“‘?¥ff&} % 3,93,,,&»)@%4‘6‘%% wsé (oI

77038 | 2kx 11.8 57.03x42.2 0.22° 591 -
7703.9 | 2kx 11.8 57.03x41.61 0.22° 646 1
770_3_10| 2kx 11.8 57.37x41.95 0.22° 589 1

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a sxde.
b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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Figure 5.2.8. Carbon / SS316 segmented test (S770) button 9 particle size distribution.

S§770: Lexan / SS316 (segmented)

Button 9 Overall Distribution
(data aisplayed with 95% confidence bounds and linear fit)

10 1 1 1 T T T 1
—1 analysis summary
: magnification, ) counted size total number <l
number of photos | area {um range (um) of particles o
L 2k, 4 9,583.0 d, >04 3,873 ﬁ
|| 5ke, 4 1,548.4 0.068 < d <04 960 léw
E 1 X e ] ottigm
E —]
~ 3§ d__ 0278 pm
§ 1 9. | os93um
g | o0 2.4953 o
-g ] 0.99574 /
_-_————— A
o /
L
& 0.1
o —
0.01 — .
5 =~ - =288 8 Rg 38 8§ g =
Percent less than indicated size
Data Summary Table: .
.scale min. d,, # of scale KW Test | Overall
photo mag | (pixel/um) | size (um?) (um) | particles | factor z-value | p-value
770_9_1 5 kx 29.4 23.13x16.77 | 0.068* 213 6.25 -0.70 0.353
77092 | 5kx 22.96x16.80 | 0.068° | 247 625 | 177 [ad
sy
770,93 | Skx 23.06x16.70 | 0.068* 250 6.25 -0.83 ’%ﬁf, Fgade
77094 | 5k 23.06x16.90 | 0.068* | 250 625 | 027 |ioisih
: A R R G RO G S G By SR DR o e T T S
eas meL e e S TR
2 kx 57.46x41.69 0.22° 944 1 -0.29
2 kx 57.12x42.20 0.22° 1042 1 -1.70
2 kx 57.37x41.95 0.22° 907 1 0.96
2 kx 57.20x41.44 0.22° 980 1 1.09

a.

minimum equivalent diameter particie counted having an area of at least 3.1 x 1/scale on a side.

b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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6.0

Carbon / Tungsten Test: S767

Another material of interest in disruption-induced mobilization studies is tungsten. A single test,
S767, has been performed in SIRENS with Lexan carbon and tungsten sleeves placed in the
source section. The configuration used for this test was different from the short and segmented
configurations of the other carbon / metal tests because only one sample sleeve length of tungsten
was available (3.0 cm). Figure 6.1 displays the source section configuration used for this test.
Table 6.1 gives the test summary.

Figure 6.1.

cathode
end

Table 6.1.

Source section configuration used in C/W test S767.

Lexan Carbon / Tungsten Configuration

4.3 cm 3.0cm 3.0cm 1.5cm
Carbon / Tungsten test results summary.
C /W Test (8767)
Energy (J) 7.302
Fluence (MJ/m?) 6.66
Duration (ls) 60
Lexan sleeve Am (mg) 17.89
Tungsten sleeve Am (mg) 369.03
Scaled Tungsten Am (mg/kJ/cm) 16.85
Scaled Lexan Am (mg/kJ/cm) 0.82
Cathode Am (mg) 58.21
Am (mg) | dge (um) | GSD R?
Button 1 0.13 0.097 2.028 | 0.992
Button 2 0.42 0.109 2.309 { 0.984
Button 3 0.52 * * *
Button 4 0.45 * * *
Button 5 0.07 0.139 1.927 ] 0.986
Button 7 0.32 * * *
Button 9 -5.99 0.121 2.493 1| 0.985
Button 17 -0.04 * * *

Note: Asterisk (*) denotes analysis not performed.
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The Lexan carbon / tungsten test was performed with a discharge energy of 7.302 kJ. Figure 6.2
shows the voltage and current traces resulting from the discharge, and Figure 6.3 displays the
electrical power and energy produced by the discharge. Integrated power gives a discharge energy
of 7.751 kJ, while only 7.302 kJ was measured as loss from the capacitor bank. The source of
this 6% discrepancy has not been found. Instruments used to measure the voltage and current
were found to be in calibration, and the signal recorder displayed negligible gain and offset.

Table 6.2 presents a summary of mass measurements from this test. Normalized mass loss from
the tungsten sleeve was found to be 16.85 mg/kJ/cm, and the Lexan sleeve normalized mass loss
was 0.82 mg/kJ/cm. Collection buttons mounted on the expansion chamber wall showed a
detectable level of mass gain from particulate deposit, appearing to peak at chamber mid-length.
Both end plate buttons were found to have lost mass as a result of chipping and breaking away of
the glass surfaces. Button 9 lost more mass (6 mg) because large pieces of the surface had been
removed, while button 17 lost nearly as much mass from glass breakage as was gained from
particulate deposit.

Representative SEM micrographs from button 2 of this carbon / tungsten test are given in Figure
6.4. These images show a large population to small, irregular particles at high magnification and
fewer large spherical particles at lower magnifications. EDXA was unavailable at the time these
images were obtained, thus distinguishing composition of these particles could not be achieved.
Particle size distributions for buttons 1, 2, 5, and 9 are given in Figures 6.5-8. The influence of
the many smaller sized particles may be seen in the count median diameter values (ds,,); these
values are on the order of sizes obtained from Lexan carbon-only tests.
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Figure 6.2.

Voltage and current traces for carbon / tungsten test S767.
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Figure 6.3.  Power and energy traces for carbon / tungsten test S767.
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Table 6.2. Lexan carbon / tungsten test mass measurements.
S767: C/ W Modified Configuration

Source Section Components:
pre-test wt.jpost-test wt. § A wt.
component (2) (g) (mg)
cathode 10.54769 | 10.48949 {§58.21
long maycor 2.91174 } -destroyed- -
Lexan sleeve 0.97291 0.95502 ] 17.89
tungsten sleeve | 15.51723 ] 15.14819 ]369.03
short maycor 1.02590 | -destroyed- -

Substrate Components:

wall pre-test wt. J post-test wt. A wt.
button @ @ (mg)
1 1.24013 1.24027 0.13

2 1.28643 1.28685 0.42

3 1.32915 1.32967 0.52

4 1.29388 1.29433 0.45

5 1.29123 1.29130 0.07

7 1.25020 1.25052 0.32

9 1.24658 1.24059 -5.99
17 1.20150 1.20146 -0.04

Notes: (1) All weight measurements are taken 3+
times and averaged.

(2) Am uncertainty is + 0.05 mg.

Figure 6.4  Representative SEM micrograph:
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Figure 6.5.  Carbon / Tungsten test (S767) button 1 particle size distribution.

8§767: Lexan / Tungsten

Button 1 Overall Distribution
{data displayed with 95% confidence bounds and linear fit)
1 1 L 1] T

10 T T
] analysis summary
4 magnification, 2 counted size total number
I~ § number of photos | 2rea (um’) range {um) of particles
| 2kx, 2 4,838.6 ¢ >030 2,267
| Skx, 2 770.6 0.12¢< d, < 0.30 3.073
10ke, 5 480.5 0.034 < <012 1,930 .
- - ———
E 1 ] distributi
=1 —
~ ¥ 9. 0.048 um
% I 0.097 pm /
E N
8 G0 2.028
) | -4 0.99176 //"’
(4] A
5 o1 el
o .
P
0.01
o (=]
5 -~ - ©2 %8 8 R8 8% 8 3 2
> =3
Percent less than indicated size
Data Summary Table:
'scale min. d., #of scale KW Test | Overall
photo mag (pixel/pm) | = size (um?) (Lm) particles factor z-value | p-value
767_1_1 10 kx 58.8 11.5x8.33 0.034° 798 25 3.95
767_1_2 10 kx 58.8 11.48x8.35 0.034° 623 25 -0.27
767_1_3 | 10kx 58.8 11.56x8.30 0.034° 581 25 -0.50
767_1_4 | 10kx 58.8 11.56x8.33 0.034° 416 25 1.72
767_1_5 58.8 11.5x8.4 0.034° 776 25 -4.64 |i e
wﬁm‘“‘*&«f : o mﬁ%@%ﬁ*@’%ﬁ&@%@;&%@w&%@ o Wl
“* M
767_1_6 5 kx 29.4 22.99x16.77 | 0.068° 1583 6.25 -1.05 0.294
767_1_17 S kx 294 23.13x16.53 0.068° 1169 - -failed- i
767_1_8 5 kx 294 22.96x16.77 1490
W I e “W%) s
767_1_9 2 kx 11.8 57.37x41.78 0.22¢ 1223 1
767_1_10] 2kx 11.8 57.37x42.37 0.22¢ 1161 -
767_1_11 2 kx 11.8 57.29x42.03 0.22¢ 1044 1

a. All images obtained at 10 kx failed the Kruskal-Wailis test (i.e. p < 0.05) but were used in generation
of the overall size distribution.
b. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.

c. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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Figure 6.6. Carbon / Tungsten test (S767) button 2 particle size distribution.

S§767: Lexan / Tungsten

Button 2 Overall Distribution
(data displayed with 95% confidence bounds and linear fit)
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Data Summary Table: -
.scale min. d, # of scale KW Test | Overall
photo mag | (Pixel/pm) |  size (um?) (um) | particles | factor z-value | p-value
767_2_1 10 kx 58.8 11.51x8.42 0.034° 322 25 1.05 0.279
767_2_2 10 kx 58.8 11.48x8.44 0.034* 396 25 -1.19 L :
58.8 11.48x8.42 0.034° 650 25 1.65
58.8 11.46x8.55 0.034° 361 25 -0.75
58.8 11. 56x8 33

hih ok

,Lz’( 03, -/,5/7({2

294 23.06x16.94 0.068“

29.4 22.96x16.94 | 0.068°

29.4 22.96x16.94 | 0.068°
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T T

767_2_9 2 kx 11.8 56.95x42.12 | 0.22° 0.10 0.742
767_2_10| 2kx 118 | 57.46x42.03 | 0.22° 0.62 |l
767_2_11§ 2kx 11.8 57.2x42.54 0.22° 914 1 -0.70 l"‘v %
a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.

b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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Figure 6.7.

S§767: Lexan / Tungsten

Button 5 Overall Distribution
{data displayed with 95% confidence bounds and linear fit)

Carbon / Tungsten test (§767) button 5 particle size distribution.

1 0 ] 1 T T 1 1 {
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Data Summary Table:
scale min. d,, #of scale | KW Test | Overall
photo mag (pixel/um) | size (pm?) (um) particles factor z-value p-value
767_5_1 10 kx 58.8 11.41x8.37 0.034° 327 25 -1.42 0.278
767_5_2 10 kx 58.8 11.46x8.45 0.034" 380 - -failed- &yl
767_5_3 10 kx 58.8 11.51x8.42 0.034° 374
767 _5_4 10 kx 58.8 11.53x8.37 0.034° 405
767_5_5 58.8 0.034° 338
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5% X PN
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S SR
767_5_6 0.068° 1467 6.25
”
767_5_17 0.068° 1349 6.25 2.10
767_5_8 0.068° 1217 6.25 -0.86 |Fadie
e ;&g‘\\' S YWy e —W;” R !"« v p,%.;,;,&-gz'%,,,ﬁx > : .;4;;) >
Soinan R

2

767_5_9* 1580 1 -3.84

767_5_10° | 2kx 11.8 57.54x41.61 0.22¢ 2233 1 -0.87 [fesia ’:
767_5_11* | 2kx 11.8 57.2x42.03 0.22¢ 2428 1 428 |¢ ‘/ _J
a. All images obtained at 2 kx failed the Kruskal-Wallis test (i.e. p < 0.05) but were used in generation

of the overall size distribution.
b. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
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Figure 6.8.

Carbon / Tungsten test (S767) button 9 particle size distribution.

8767: Lexan / Tungsten

Button 9 Overall Distribution
(data displayed with 95% confidence bounds and linear fit)
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| Skx,3 1,164.9 0.14 <d <038 2.845
10kx, 5 484.7 0.034 < d <0.14 1,437
T 1 | cooeion poemeor |
£ — P
~ 1 9. 0.048 pm
[ o~
% 1 4. 0.121 pm
E || L 0.300 pm /l"
=} G0 2.4926 "
o —1 = 0.98512
2
& 01 é
Q.
=V
0.01 = L
e ] - w 2 8 8 8 R 8 8 8 S g g
Percent less than indicated size
Data Summary Table: ’
‘scale min. dg # of scale KW Test | Overall
photo mag | (pixel/um) | size (um?) (um) | particles | factor | z-value | p-value
767_9_1 10 kx 58.8 11.56x8.21 0.034* 206 25 2.73
767.9_2 | 10kx 58.8 11.45x8.5 0.034* 277 25 0.23
76793 | 10kx 58.8 11.5x8.54 0.034° 305 25 -1.15
7679 4 | 10kx 58.8 11.51x8.50 0.034° 361 25 -1.60 :
767.9.5 | 10kx 58.8 11.55x8.35 0.034° 288 L 25 0.29 o Qf;
SR e e T e e e e R LR
o e S e
23.1x16.8 0.068* 1085 6.25 -0.20 0.158
23.06x16.9 | 0.068 | 870 6.25 Sty
22.99x16.84 | 0.068° 890 6.25 |
VR S e
57.29x42.29 0.22° 1467 1
767.9_10] 2kx 11.8 57.29x42.03 0.22" 1438 1
767.9_11} 2kx 11.8 57.37x41.95 0.22° 1763 1
a. minimum equivalent diameter particle counted having an area of at least 3.1 x I/scale on a side.

b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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7.0 Carbon / Aluminum Test: S768

The final carbon / metal combination investigated in SIRENS was Lexan carbon and aluminum.
Interest in aluminum results from the metal’s thermophysical properties being close in value to
those of beryllium, another material in the current ITER design. Both materials are of relatively
low densities (1850 kg/m® for Be and 2700 kg/m’ for Al) and melt temperatures (1560 K for Be
and 934 K for Al) when compared to other metals considered for ITER. Because of difficulty in
working with beryllium, aluminum has been used to simulate the thermal response of the low
density, low melting point material when exposed to high heat flux. A single Lexan carbon and
aluminum test (S768) was performed in SIRENS with sample material placed in the source section
in the segmented configuration. Table 7.1 gives the test summary.

Table 7.1. Carbon / Aluminum test results summary.

C/ Al Test (S768)
Energy (J) 7.068
Fluence (MJ/m?) 6.44
Duration (Ls) 70
Lexan sleeve #1 Am (mg) 8.82
Aluminum sleeve #1 Am (mg) 169.09
Lexan sleeve # 2 Am (mg) 11.99
Aluminum sleeve #2 Am (mg) 204.27
Lexan sleeve #3 Am (mg) 11.02
Aluminum sleeve #3 Am (mg) 212.40
Scaled Aluminum Am (mg/kJ/cm) 27.62
Scaled Lexan Am (mgM/cm) 1.50
Cathode Am (mg) 56.0
Am (mg) | dspe (um) | GSD R?
Button 1 0.69 0.281 3.0803 | 0.995
Button 2 0.79 0.216 3.1913 | 0.976
Button 3 0.59 0.154 2.421 0.977
Button 4 0.50 * * *
Button 5 0.57 0.126 2.890 0.942
Button 7 1.02 * * *
Button 9 -1.89 0.153 3.176 | 0.970
Button 17 -0.75 * * *

Note: Asterisk (*) denotes analysis not performed.
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The Lexan carbon / aluminum test was performed with a discharge energy of 7.068 kJ. Measured
voltage and current traces are given in Figure 7.1, followed by discharge power and energy in
Figure 7.2. Electrical energy obtained from integrated power is slightly greater than the value
obtained from capacitor bank loss (7.178 kJ versus 7.068 kJ). This 1.6% difference is within
experimental error. Both current and voltage traces are typical of tests with this configuration.

Table 7.2 contains the mass measurement data for source section and button component material.
Total mass loss from the aluminum sleeves was found to be 27.62 mg/kJ/cm; a test previously
performed in SIRENS with only aluminum in the source section gave a mass loss of 20.0
mg/kJ/cm [3]. Erosion from the Lexan sleeves in this test was measured to be 1.5 mg/kJ/cm, also
somewhat greater than the 0.6 mg/kJ/cm measured in S760 and S761 with only Lexan in the
source section. An important item must be noted regarding the expected response of Be to a
similar thermal loading. Sublimation enthalpy of Be (36 MJ/kg) is larger than the corresponding
value for Al (11.9 MJ/kg), meaning that less Be would be vaporized from the surface. The
contribution of melting to material erosion, however, remains an important issue for further
investigation. Button mass measurements included in Table 7.2 indicate significant particle mass
deposition on the button surfaces, with greatest deposition on buttons close to the source exit. End
plate buttons were again chipped and broken from debris and high velocity particulate, accounting
for the measured mass loss.

Representative SEM micrographs from button 2 of S768 are shown in Figure 7.3. A large
population of small particles is observed in the 3 kx images, and many large particles are observed
in the 1 kx image. Particle shapes are somewhat irregular and display hazy boundaries. This
could be the result of liquid material impacting and solidifying as it cools on the button surface,
with concurrent deposition of smaller particles. EDXA mapping shown in Figure 7.4 indicates that
carbon and aluminum are possibly mixed together in these particles. Although the carbon map
contains very few counts from the EDXA detector, they do appear to concentrate on regions where
Al resides. Particle size distributions from buttons 1, 2, 3, 5, and 9 are given as Figure 7.5-9.
Most of these distributions do not follow the log-normal approximation, given the poor fit and
large GSD values. This likely results from the hazy particle boundaries and irregular, extended
shapes.
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Figure 7.1.

Voltage and current traces for Lexan carbon / aluminum test S768.
§768 Gun Voltage and Current
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Figure 7.2.  Power and energy traces for Lexan carbon / aluminum test S768.
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Table 7.2.

S768: Carbon / Aluminum Seg

Lexan carbon / aluminum test mass measurements.

ented Configuration

Source Section Com

ponents:

Substrate Components:

Notes: (1) All weight measurements are taken 3+
times and averaged.

(2) Am uncertainty is + 0.05 mg.

Figure 7.3.  Representative SEM micrographs from button 2 of S768.

-
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N * . W
. o® A
WDZ3mm 25, Okt

(@) 3 kx

2, Ok

pre-test wt.lpost-test wt.§ A wt. wall pre-test wt. | post-test wt. A wt.
component (g) (8) (mg) button ( (2) (mg)
cathode 10.43571 } 10.37970 } 56.00 1 1.29043 1.29113 0.69
long maycor 2.92739 { -destroyed- - 2 1.30244 1.30323 0.79
Lexan sleeve #1 0.31891 0.31009 8.82 3 1.19476 1.19535 0.59
aluminum sleeve #1] 0.62125 | 0.45216 }169.09 4 1.17109 1.17159 0.50
Lexan sleeve #2 0.32850 } 0.31651 11.99 5 1.24126 1.24183 0.57
aluminum sleeve #2] 0.68511 | 0.48084 }204.27 7 1.31376 1.31478 1.02
Lexan sleeve #3 0.30213 | 0.29111 11.02 9 1.34776 1.34587 -1.89
aluminum sleeve #3] 0.67653 | 0.46413 §212.40 17 1.07173 1.07098 -0.75
short maycor 1.02266 |} -destroyed- -




Figure 7.3.cont.

(b) 1 kx

EDXA mapping results of a button 2 region containing Al particles.

Figure 7.4.

(a) secondary electron map @ 10 kx

(b) Al Ko map

(d) Si Ko map

(c) C Ko map
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Figure 7.5. Carbon/ Aluminum test (S768) button 1 particle size distribution.

$768: Lexan / Aluminum (segmented)

Button 1 Overall Distribution
{data displayed with 95% confidence bounds and linear fit)

|| —_ : anar;sis sur:xmary - : :
magnification, N counted size total number
—1 number of photos | 2rea (um’) range (um) of particles
10 1kt 3 28,706.7 d >08 2,813 4
E S5kx, § 1.934.9 0.068 < dp< 0.8 748
E [ 9o ro.091 um
: — <. 0.281 pm
% 1 L 0.866 pm
E = =) 3.0803 Z4
- — >4
a Y g 0.99484 ==
2
[4]
5 ]
0.1
0.01 @
5 - - © 2 88 8 28 88 2 s 2
Percent less than indicated size e
Data Summary Table:
'scale min. d.q # of scale KW Test { Overall
photo mag | (pixel/um) |  size (um?) (um) | particles | factor | z-value | p-value
768_1_1 5kx 294 23.06x16.77 0.068* 211 25 -1.25 0.509
768_1.2 | 5kx 29.4 | 22.96x17.01 | 0.068° 119 e

768_1_3 | Skx 29.4 22.96x16.70 { 0.068° 114
768_1_4 | 5Skx 29.4 22.89x16.97 | 0.068° 143

5 kx 22.96x16.8 0.068* 161
T

1 kx 5.88 ﬁ5.3x83.33 0.44° lOL48

1 kx 5.88 114.6x83.33 0.44° 857

1 kx 5.88 115.3x82.82 0.44° 908

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
b. minimum equivalent diameter particle counted having an area of at least 5.1 x 1/scale on a side.
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Figure 7.6. Carbon / Aluminum test (S768) button 2 particle size distribution.

S$768: Lexan / Aluminum (segmented)

Button 2 Overall Distribution
(data displayed with 95% confidence bounds and linear fit)

— . : anarysi's sumn"lary I : : It
— magniiication, 2 counted size total ber |}
number of photos § 8rea (im’) range {um) of particles
] 1k, 3 28,9863 d >05 3,032 "
3% 3 31930 | 012<d <05 1,612 "
10 }— —— =
g ¥ 9.0 r0.067 pm
: s B 0.216 ym
% | 9. | ossspum
,E, GO 3.1930
a 5] 0.97557
o 74
2 v
; y, 4
a Y,
A A~
vd
rd
.// /
0.1 = oy
3 - - w 2 8§ 8 2 R & 8 8 3 g 2
Percent less than indicated size
Data Summary Table:
.scale min. d.q # of scale KW Test | Overall
photo mag (pixel/pm) | size (um?) (um)? particles factor Z-value p-value
768_2_1 17.6 38.3x28.07 0.12 584 9 0.52 0.200
768_2_2 17.6 38.52x27.5 0.12 644 - -failed- |l5Ess ??;%
s\ ¥ ety
768_2_3 17.6 38.47x27.61 0.12 463 9 -1.76 e
768_2_4 17.6 012 | 565 9 114 |
3%2, 5 SPURCIR »,\« 2% 433;,«).,{3,?&:&“, T e 5 “’yf'\f,'fsz y%,? %; 0:33 Lt - “ﬁmﬁ'gﬁ
Bl s e
768_2_5 5.88 115.3x84.18 0.34 1165 - -failed- 0.857
768_2_6 588 | 1150x83.16 | 034 | 843 1 0.55 [@ger
768_2_7 588 | 115.7x83.16 | 034 | 942 1 028 [le s
s A
76828 | 1kx 588 | 115.5x84.86 | 0.34 1247 1 -0.24 }"%"g@j

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
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Figure 7.7. Carbon/ Aluminum test (S768) button 3 particle size distribution.

$768: Lexan / Aluminum (segmented)
Button 3 Overall Distribution

(data displayed with 95% confidi ds and linear fit)
1 0 t 1 13 3 11 1 !
— analysis summary
: magnification, 2 counted size total number
number of photos | 2rea (xm’) range (um) of particles
|| 1kx, 3 28,834.9 g >05 4,801 ; 2
5kt 5 19209 | 0088<d <05 3,751 y
1 1
— distnbution parameters
g_ 1 —f 9, | 0064pm -
S
N —] x| 0154pm —-
[ =
% —1 9. 0.374 pm .
aE, 2.421
o 7 0.97671 A
-]
=
@ 0.1 ——
o ——
0.01 -8
[}
- [=3 o w D . 5]
=} - - w 2 8 8 I.ro) E © o o =3 =24 o
o =
Percent less than indicated size
Data Summary Table:

scale
photo mag | (pixel/pm) |  size (um?)

scale KW Test | Overall
factor z-value | p-value

768.3_1 | 5kx 29.4 22.86x17.01 25 -1.56
76832 | Skx 294 23.10x16.67 25 -0.17
768_3_3 | S5kx 29.4 22.96x16.6 25 1.78
76834 | Skx 29.4 22.96x16.53 25 1.21
768.3.5 | S5kx 29.4 22.86x16.9 25

B A ) .z;&g,,n,gv Pyt T AN T AR ST m e
R Lo S e
2 %M RN B B R I T S R R AP G

768_3_6 5.88 113.8x83.67 1
768_3_7 5.88 115.0x84.18 1 S
768.3_8 | 1kx 5.88 115.1x83.33 | 0.34 1231 1 179 |3 i

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
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Figure 7.8. Carbon/ Aluminum test (S768) button 5 particle size distribution.
$768: Lexan / Aluminum (segmented)
Button 5 Overall Distribution
10 (data displayed with 95% confidence bounds and lingar fit)
_— analysis summary
m W e e I 77
| 800 x, 3 44,646.0 d >05 1,422 P
|| AL/
3k, 3 2,874.4 0.12<d <05 4,801 / /
—~ distn';ulion paramsllers /
:Ei | § 9. | o0s4ym
‘: d.. 0.126 pm / .:‘ 4
% du . 0.365 pm o..
E 1 | 2.690 / e,
a ] &’ 0.94211 ~ /{—}/
° L
;: — y. 4
a
|
il
r/
0.1 p= o
5§ - - ©=2 88 8 R3 8% & g 2
[=2]
Percent less than indicated size
Data Summary Table:
scale min. d,, | #of scale | KW Test [ Overall
photo mag | (pixel/um) |  size (um?) (um)® | particles | factor z-value { p-value
768_5_1 3 kx 17.6 38.58x26.65 0.12 1196
768_5_2 3kx 17.6 38.18x27.84 0.12 405
768_5_3 3 kx 17.6 38.64x27.39 0.12 383 .
R T T
SR e
768_5_4*| 800x 4.72 142.8x103.8 042 471 1
768_5_5*] 800 x 4.72 143.0x103.8 0.42 404 1
768_5_61 800 x 4.72 142.8x103.8 0.42 547 1

a. All images obtained at 800x failed the Kruskal-Wallis test (i.e. p < 0.05) but were used in generatio

of the overall size distribution.
b. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.
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Figure 7.9. Carbon/ Aluminum test (S768) button 9 particle size distribution.

S$768: Lexan / Aluminum (segmented)

Button 9 Overall Distribution
(data displayed with 95% confidence bounds and linear fit)

- : ' analys':s aumt:lary : : :
—1 magnification, N counted size total b
number of photos | &rea (um’) range (um) of particles
[} 800 x, 2 29,840.0 d,>05 1,734
3k, 3 32002 | 012<d <05 1,642
10 |—
T E 9n ro.om pm ]
=
= ] 0.153 um
-3 |1 Y 0.487 pm
g 3.176
=1 | 54 0.97032 ” 4
S //’
2 1 .
= y. 4
a s
A
j/
T |
0.1 = :
5 - - w2 288 8 283 8% 2 g g
Percent less than indicated size
Data Summary Table:
.scale min. d,, # of scale | KW Test | Overall
photo mag | (pixel/um) |  size (um?) (um)* | particles factor z-value | p-value
768_9_1 3 kx 17.6 38.35x27.61 0.12 370 14.1 -0.81
38.3x28.12 0.12 527 14.1 1.14

. 38.47x27.9 0.12 745

= ,\‘\ 'gf%%‘?;gi o— - v ,, m—
143.0x105.1 0.42 837
143.2x104.0 0.42 1454
142.4x104.0 0.42 897

a. minimum equivalent diameter particle counted having an area of at least 3.1 x 1/scale on a side.

-0.39

87

NI S IO NN $E42 7 Yo, TN TR T [P
A 302 U s et Gl NGUEA G r TE T I TFAD  n e Y R P R R TR TS TR ST SIS TN TR, YTt




8.0 Conclusion

Carbon-based materials, specifically graphite, are attractive for use as plasma facing components in
ITER since the advantages provided by carbon’s thermophysical properties are suitable to the harsh
conditions present in a fusion reactor. Extending the use of carbon to ITER, however, adds a level
of risk in accident scenarios because hazards are associated with the production carbon particulate
(i.e. dust) generated from vaporization of exposed surface material. Characterization of such
particulate is important for safety analysis. This report presents data relevant to disruption-induced
mobilization of carbon and carbon / metal mixtures of materials. Tests were performed with the
SIRENS high heat flux facility on Lexan polycarbonate, UTR-22 and ATJ grade graphite, Lexan /
copper mixture (two configurations), Lexan / SS316 (two configurations), Lexan / tungsten
mixture, and Lexan / aluminum mixture. Particulate produced from each test was collected and
analyzed to determine the underlying particle size distribution. Table 8.1 gives a summary of the
results obtained from each test.

Several important results were obtained from this experimental campaign. Carbon particles from
Lexan and graphite tests were consistently produced in the sub-micron range (~0.1 pm) and
displayed shapes that were neither spherical nor large, flat flakes. Tests with graphite carbon
produced two distinct particle size groups: one group centered about 0.1 pm and another centered
about 10 um. The larger particles were found only near the end plate of the collection chamber and
are possibly the result of severe internal heating and subsequent mechanical failure of the graphite
sleeve. Larger particles were also produced in the carbon / metal tests, although their contribution
to the overall count population was small. This tended to give CMD’s slightly greater than CMD’s
from the pure carbon tests but much less than CMD’s for pure metal tests [3]. Particle shapes were
not too different from that found in the carbon tests, although many more spherical particles were
observed. Another interesting observation from carbon / metal tests is increased sample sleeve
mass loss for both carbon sleeves and metal sleeves when compared to tests with a single material.
A reasonable explanation for this synergistic effect has not yet been discovered. Finally, EDXA
analysis of particulate collected from the carbon / metal tests indicates constituency to be both
carbon and metal species.

In addition to answering questions raised by the results of these experiments, future work in the
investigation of disruption-induced particulate mobilization include:

o improved characterization of energy transfer from the electrical discharge to the sample
materials in the SIRENS source section

e determination the contribution of a melt layer on a metal sample to particle production

e investigation of particle formation mechanisms responsible for the particulate size
distributions observed in these tests

e determination of the significance of these mechanisms to particle production in ITER
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Table 8.1. Summary test data and particle size distribution parameters.

c
H
v

Lexan Test 1 (S760) Lexan Test 2 (S761)

Energy (J) 6050 6423
Lexan Am
/o) 0.597 0.676
Rl .. | osD | R* | dow | GSD | R
e (Lm) (im) ' w,
Button 1 0.069 | 2.144 | 0.992 | 0.073 | 2.230 | 0.997 Loxan / Copper Test, | Lexan / Copper Test, w
Button 2 * * * * * * Short (8765) segmented (5769) 3
Button 3 * * * }0.079 | 2.056 | 0.997 FE— 6822 7143 :
Button 5 0.166 | 2.480 | 0989 | * * *
Button 7 * * * . - " %Jﬂw Am 48.26 23.78 !
g/kd/cm) :
Bution 9 0.097 | 2584 | 0994 | 0.081 | 1.96 | 0.987 Lexan Am » s é
Button 17 * * * * * * (mg/kl/cm)
dgw | GSD | R? dge | GSD | R?
UTR-22 Graphite Test ATJ Graphite Test (um) (um)
(5763) (s764) Button 1 0.123 | 2313 | 0997 }o0.356 | 2451 | 0.995
Energy () 7195 7162 Button 2 * * * 0.203 | 2.173 | 0.987 w
utton 0119 | 2232 | 0.995 ] 0.246 | 2.190 | 0.993 :
Mu:”amwm_\oﬂw -destroyed- -destroyed- Wc:on w " " " " " * 7
dos | GSD | R* | dw | GSD | R? Button 7 * * * * * * ]
(um) (um) Button 9 0200 | 2.468 | 0989 | * * *
Button 1 0.102 | 2.330 | 0993 } 0.115 | 2.130 | 0.996 Button 17 ¥ " * 10353 | 2954 | 0.992
Button 2 * * * * * *
Button 3 0.114 | 2.630 | 0.990 ] 0.086 | 2.521 | 0.982 -
Button 5 * * * 10075 | 2.970 | 0.996
Button 7 * * x 10318 | 2.762 | 0.980
Button 9 0.096 | 3.568 | 0.966 | 0.544 | 3.464 | 0.969 e
Button 17 * * * * * * a
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Table 8.1.cont.

Lexan / SS316 Test, Lexan / SS316 Test,
Short (S766) Segmented (S770)
Energy (J) 7127 7055
SS316 Am
(mg/kl/cm) 25.65 24.36
Lexan Am
(mg/kl/cm) 0.975 1.40
‘ GSD | R® | dy | GSD | R
(um)
Button 1 0.116 | 2.003 | 0.996 | 0.135 | 2.742 | 0.993
Button 2 0.116 | 2.133 | 0.998 * * *
Button 3 0.099 | 2.141 { 0.994 | 0.094 | 2.445 | 0.972
Button 5 0.113 | 1.998 | 0.997 * * *
Button 7 * * * * * *
Button 9 0.123 | 2.533 | 0.989 | 0.278 | 2.465 | 0.996
Button 17 * * * * * *
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Lexan / Tungsten Test

Lexan / Aluminum Test

(8767) (S768)
Energy (J) 7302 7068
Metal Am
16.85 27.62
(mg/kJ/cm) 8
Lexan Am
0.82 1.50
(mg/kJ/cm) 8
dspe GSD R? s GSD R?
! (m) (um)
Button 1 0.097 { 2.028 | 0.992 } 0.281 | 3.080 | 0.995
Button 2 0.109 | 2.309 | 0.984 | 0.216 { 3.191 | 0.976
Button 3 * * * 0.154 | 2.421 | 0.977
Button 5 0.139 | 1.927 | 0.986 | 0.126 | 2.890 | 0.942
Button 7 * * * * * *
Button 9 0.121 | 2.493 | 0.985 } 0.153 | 3.176 | 0.970
Button 17 * * * * * *
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Appendix: Associated paper presented at 1998 ANS Fusion Topical Meeting:

Sharpe, et al., “Generation and Characterization of Carbon Particulate in Disruption
Simulations,” presented at the ANS Thirteenth Topical Meeting on the Technology of
Fusion Energy, Nashville, TN, June 7-11, 1998, to be published in Fusion
Technology.
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GENERATION AND CHARACTERIZATION OF
CARBON PARTICULATE IN DISRUPTION SIMULATIONS"®

J.P. Sharpe, M. Bourham, J.G. Gilligan
Department of Nuclear Engineering
North Carolina State University
P.O. Box 7909
Raleigh, NC 27695-7909
(919) 515-2301

ABSTRACT

The SIRENS high heat flux facility at NCSU has
been used to generate particulate representative of material
mobilized during a hard disruption in a fusion reactor. The
electrothermal (ET) plasma source in SIRENS has been
found to be suitable for disruption simulation. Particulate
generation occurs in both the fusion reactor and the ET
source as material mobilized from the plasma-surface
interface expands into a large volume. The response of
carbon-based material and carbon/metal mixtures to
disruption simulation in SIRENS has been studied and the
resulting particle size data are presented in this paper.
Specific  materials  investigated include Lexan
polycarbonate, graphite grades UTR-22 and ATJ, and
combinations of Lexan with each copper, stainless steel
316, tungsten, and aluminum.

I. INTRODUCTION

Plasma-facing material in future tokamak reactors
will be subject to intense heat loading during hard
disruptions, causing severe erosion of exposed surfaces and
shortening of component lifetime. The International
Thermonuclear Experimental Reactor (ITER), for
example, has the potential for disruption heat loads up to
100 MJ/m” upon the divertor area over a 10 ms time
period. Candidate materials potentially in contact with
plasma during disruptions must have favorable
thermophysical properties to withstand extreme heat
loading. With acceptable heat capacity, thermal
conductivity, sublimation enthalpy, and low atomic
number, carbon graphite is often used for plasma-facing
surfaces in present tokamaks.

Carbon particulate (dust) generated from vaporization
during a disruption is a concern because of tritium

retention within the dust. If a release pathway is present,
the tritiated dust will contribute to the radiological source
term of the accident scenario. Another concern with the
presence of carbon dust is the effects of chemical
reactivity- specifically hydrogen production in a steam
ingress accident. In order to quantify each of these
concerns in a defensible safety analysis, physical
properties of the generated carbon particulate must be well
known!'.  Experimental investigation is required in a
device that is capable of simulating heat loads on the order
of those expected in hard disruptions.

One technique for disruption simulation and
subsequent particle formation involves the use of an
electrothermal (ET) plasma source. The ET facility
SIRENS at North Carolina State University has been
modified to study disruption-induced aerosol mobilization
for ITER relevant materials'¥, Electrothermal plasma
sources have been used to simulate disruptions because
magnitudes and physical mechanisms of heat transfer in
the ET source are similar to those in a tokamak
disruption. Changes to the SIRENS facility have allowed
experiments in which material is mobilized within the
narrow ET source and expanded into a large chamber.
This expansion generates particulate in a fashion similar
to that from hard disruptions expected in ITER.

A series of experiments have been performed with
SIRENS to simulate the erosion and mobilization effects
of carbon-based materials exposed to hard disruption
conditions.  Specifically, size distributions have been
produced for particulate generated by exposing carbon and
carbon/metal surfaces to heat fluxes on the order of 6
MJ/m? for 80 pus. This paper presents particle size
distributions obtained from testing polycarbonate (Lexan)
and graphitic carbon (grades UTR-22 and ATJ), as well as
Lexan-carbon and metal combinations with each copper,

* Work supported by the US Department of Energy, Office of Energy Research, under grant DE-FG02-96ER54363.
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stainless steel 316 (SS316), tungsten, and aluminum (for
beryllium simulation). A general discussion of the
experimental procedure is first given, followed by separate
discussions on each material or combination tested, and
concluded with a summary of overall observations.

II. EXPERIMENTAL PROCEDURE

The experimental configuration used to investigate
disruption-induced mobilization of carbon-based materials
follows that described in [2]. Optimal configuration for
particulate generation requires placement of the sample
material within the SIRENS plasma source section. To
this end, sample material was fabricated into a cylindrical
sleeve of 0.397 cm ID, 0.714 c¢cm OD, and a length
specified by application, and placed into a Lexan inner
insulator of 0.714 cm ID and 11.8 cm length. These
components are placed in a Lexan outer insulator and then
into a SS304 anode housing, which is bolted to a large
vacuum chamber and connected to a pulse power delivery
system. This entire assembly is referred to as the
SIRENS source section. High heat flux exposure to the
inner surface of the sample material is achieved by
drawing an intense electrical arc between the point cathode
and annular anode, separated by a length of 8.8 cm.
Similar to the expected response of an exposed surface in
an ITER disruption, radiant energy deposited on the
sample surface mobilizes material by ablation,
vaporization, and possibly melting; this mobilized mass
flows from the open end of the source section into a large
glass expansion cell (cylindrical chamber of 17.8 c¢cm ID,
76.2 cm length). Cooling of the vapor during expansion
allows particle formation and growth. This particulate is
transported to the wall of the expansion cell and is
intercepted at discrete locations by circular collection
substrates (buttons). Following the test, buttons are
removed, weighed for relative mass gain, and observed
under high magnification of a scanning electron
microscope (SEM). Photographic images of a button’s
surface are obtained and the particles are sized and counted
from these images, generating the particulate size
frequencies for that button!®, These measured frequencies
are then fitted to the log-normal distribution. The reported
values are the fitted size distribution parameters: count
median diameter (CMD), geometric standard deviation
(GSD), and linear correlation coefficient (R%).

Successful generation of carbon particulate required
utilizing various configurations in the placement, or
“stacking order”, of test material within the inner
insulator. Tests with Lexan-only sleeves were performed
with the entire exposed length (8.8 cm) consisting of
Lexan. For graphite, a series of tests was performed with
different configurations to find a stacking order that
generates a sufficient amount of particulate. Difficulties

encountered in the graphite tests will be discussed in
Section HI. These difficulties influenced the selection of
Lexan for carbon/metal mixture tests. Using Lexan as
the carbon-based material in these tests is justifiable given
that sufficient heat flux is available to completely
dissociate the polycarbonate into its elemental
constituents. Atomic and molecular hydrogen, oxygen
(H, H,, O and O,), and potentially molecular methane
(CH,) are non-condensables that have little impact on
particle formation of the dominant condensable species,
i.e. carbon. Water vapor is unlikely to form into an
appreciable amount because of the stoichiometic balance
of H and O. Two primary configurations were used in the
carbon/metal mixture tests: a “short” configuration test to
characterize the particles formed when the condensing
species is predominately carbon, and a “segmented”
configuration test to characterize particles formed from
roughly equivalent surface areas of carbon and metal
exposed to a high heat flux. The short configuration
consists of a 1 cm length of metal surrounded by two
Lexan sleeves 3 cm and 3.5 cm in length. The segmented
configuration is made of three sets of Lexan/metal pairs
with each component 1.0 cm in length, giving a total
exposed length of 6.0 cm. Figure 1 depicts both
configurations.

Relative position of collection buttons on the
expansion chamber inside wall are given in Table 1.
Buttons were constructed from 0.5 in. (1.27 cm) diameter
glass slides 0.1 mm thick mounted onto an equivalent
diameter washer (for structural support). Note the non-
conductive nature of the glass required a 200 nm layer of
sputtered gold coating of the button surface for analysis in
the SEM. This coating process was shown not to affect
particle size analysis.

Figure 1. Carbon/metal test sieeve configurations.
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Table 1. Collection Button Locations

Button number Axial distance Azimuth angle
from source (cm) (deg.)
1 12.7 0
2 127 180
3 3175 45
4 3175 225
5 50.8 90
7 69.9 135
End-plate at 73.66 cm
radius (cm) angle (deg)"”
9 3.0 0
17 4.5 224

* chamber top aligned to 0°
** end-plate 90" aligned to chamber 0°

III. CARBON RESULTS

Two different types of carbon-based material have
been used in SIRENS to produce particulate: Lexan
polycarbonate and graphitic carbon. Lexan is often
employed as the ablative surface in ET devices. It is
known to produce significant quantities of soot composed
of carbon particulate. This soot is generated from Lexan
by mechanisms similar to those that generate dust from
graphite exposed to disruption heat loads. Therefore
particulate produced from Lexan is of interest for the
purpose of comparison with that produced by graphite, and
because Lexan is a convenient substitute when graphite
cannot be used, as with the carbon/metal tests.

A. Lexan Polycarbonate

Two independent tests were performed in SIRENS
using Lexan as the carbon-based material. Table 2
displays total discharge energy, sample mass loss Am, and
particle size distribution parameters for each test. Sample
mass loss has been scaled to total discharge energy and
total exposed length of material (e.g. for S760, 31.77 mg
/ 6.050 kJ / 8.8 cm = 0.597 mg/kJ/cm). Button mass
increase from deposited carbon soot was negligible.

Particle size distribution analysis followed the
methodology developed by Carmack, et. al [3]. Analysis
for particle size distribution was performed on buttons 1,
3, and 9 for S760 and buttons 1, 5, and 9 for S761.
These buttons sufficiently represent different locations for
collection available in the expansion chamber. Although
the mass of deposited material was negligible, button
surfaces displayed a large number of particles when viewed
in the SEM. Figure 2 shows the resulting particle size
distribution found for button 1 of S760. An important
result is that generally for the Lexan tests the data are
reasonably well represented by a log-normal distribution,
as reflected in the values of R%.

B. Graphite Carbon

Particulate production from graphitized carbon was
investigated with two different grades: UTR-22 and ATJ.
Generating sufficient quantities of particulate required
electrical discharges of ~7 kJ, and because graphite is
electrically conductive, source section configuration was
slightly modified from that used for the Lexan tests.
Following a series of exploratory tests, the most useful
configuration placed short graphite sleeves near the exit of
the source section.

Table 3 gives a summary of important parameters
from the graphite tests. Mass loss from the graphite
sleeves was unobtainable because they were destroyed
during the discharge. This likely resulted from a current
path developing within the conductive graphite at some
point during the discharge. Resistive energy dissipation
within the sample caused intense internal heating and
vaporization, resulting in mechanical failure of the
material. In fact, particulate collected near the end of the
expansion chamber (buttons 7 and 9) for the ATJ graphite
test appeared to consist of two general particle groups:
very fine particles (~0.1 pum) possibly associated with
vaporized material and very large particles (~10+ pm)
resulting from the fragmentation of solid graphite grains.
A similar observation was made by a Russian group in
their plasma disruption simulator tests'*). Figure 3
displays the particle size distribution for button 9 of $764
(with ATJ graphite). There is an apparent shift in the
center of the distribution when compared to particulate
collected much closer to the exit of the source section. A
log-probability plot (part b of the figure) also shows the
overall shape is not well represented by a log-normal
distribution.

Size distributions for particulate collected close to the
source exit of the ATJ test and particulate collected from
the UTR-22 test reasonably compare to results of the
Lexan tests. Average CMD for the Lexan tests was 0.094
+ 0.033 pm and the graphite tests (excluding buttons 7
and 9 of the ATJ test) gave 0.098 + 0.014 pm as the
average CMD. An SEM micrograph from ATJ test
button 3 is shown in Figure 4, indicating the general size
and shape of particles collected from the graphite tests.
Although a few particles from the larger group are present,
the population is dominated by the number of particles in
the smaller group. Larger particles are represented in the
resulting size distributions by increased values of GSD.
This accounts for the greater GSD values from the
graphite tests compared those from the Lexan tests.
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Table 2. Lexan Carbon Test Summary

Lexan Test 1 (S760) Lexan Test 2 (S760)
Energy 605017 6423)
Am 0.597 mg/kl/em 0.676 mg/kl/cm
Button CMD CMD
(um) GSD R? (um) GSD R?
1 0.069 214 0992 0.073 223 0.997
3 - - - 0.079 2.06 0.997
5 0166 248  0.989 - - -
9 0097 258 0994 0.081 1.96 0.987
Test 1 Average CMD: Test 2 Average CMD:
0.111+0.041 um 0.077+ 0.034 pm

Overall Lexan CMD:

0.09410.033 pm

Figure 2. Particle size distribution for S760 Button 1.
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Table 3. Graphite Carbon Test Summary

UTR-22 Test (S763) AT]J Test (S764)
Energy 719513 71621J
Am -sample destroyed- -sample destroyed-
CMD CMD
Buton | 'm) GsD  R* | (um) GSD R
1 0.102 233 0993 0.115 213 0.996
3 0.114 263 0990 0.086 2.52 0.982
5 - - - 0.075 297 0.996
7 - - - 0.318 2.76 0.969
9 0096 357 0966 0544 3464 0969
UTR-22 Average CMD: ATJ Average CMD:
0.104+0.008 um 0.228+ 0.181 pm
Overall Graphite CMD": 0.098+0.014 pm

* Excludes data from ATJ Test buttons 7 and 9.

Figure 3. Particle size distribution for S764 Button 9.
$764: ATJ Graphite

Button 8 Overall Distribution
yed with 95% bounds and Inear 11}

(data
I

graph of carbon particles fro

L 1 13 1 5 1 b g . /
™1 analysss summary /
1 magmficabon, 2 cantedsze | lota] number 7
mamber of phokos | 2702 (1) | range (am) | of parnces
| soox 4 |15s.e000] 9208 4726
10 the, 4 38,790.9 0-31<d.<08 2,377
I I S
- [TaaUdubon parame eis
£ H Tere 0.157 ym "
H ] 9 0.544 pm|
2
E B dun 1.884 pm, 7
s
o —1 & 3.464 v
° R 0.96927 /
'}
= 1
]
&
o
0.1 .
b4 o g o © o090 o w @ @ @
=] k] - W - a0 n ~ 2 o o o 3 [
@

*

Percent less than Indicated size

e N

m the ATJ graphite test (S764, button 3).




Presented at the Thirteenth Topical Meeting on the Technology of Fusion Energy
June 7-11, 1998, Nashville, TN

IV. CARBON / COPPER MIXTURE RESULTS

Particle formation in the presence of two or more
condensing species is of interest because several different
materials are present in the interior of a fusion reactor’s
vacuum vessel which may be exposed to heat loading and
vaporization during disruptions. To investigate this
situation, several tests have been performed in SIRENS
with multiple materials placed in the source section and
exposed to the high intensity arc. The first of these tests
involved a mixture of Lexan and copper. Lexan was
chosen as the carbon-based material because of its
convenience of use in the source section and the resulting
carbon particles from the Lexan tests were of similar size
and shape as the particles generated in the graphite tests.

Two different source section configurations, short and
segmented, were tested with the Lexan-carbon/copper
mixture. Table 4 gives a summary of both tests. Sample
Am of the Lexan for each test was greater than that found
in tests with only Lexan in the source section (1.64 and
1.75 mg/k¥/cm versus 0.6 mg/kJ/cm). Total copper mass
loss from the short configuration test (S765) was much
greater than that from the segmented test. A reasonable
explanation for this has yet to be discovered, and more
tests should be performed. Size distributions generated for
particulate collected from the short configuration test have
an average CMD (0.147 um) slightly larger than that of
the carbon-only tests (0.096 pm), indicating a small
impact from the copper on overall particle size.
Increasing the amount of copper in the source section,
however, does have a noticeable effect on the resulting
size distributions, as found in the results from the
segmented configuration test. Here the CMD’s are
roughly a factor of 3 larger than for the short
configuration and carbon-only tests (average CMD of 0.29
pm vs. 0.096 pm).

Table 4. C/ Cu Test Summary

V. CARBON / S8316 MIXTURE RESULTS

The intended use of stainless steel type 316 (SS316)
for many internal components of the ITER vacuum vessel
makes this material important in an investigation of
disruption-induced mobilization and safety analysis.
Testing in SIRENS of Lexan carbon and SS316 has been
done in both the short and segmented source section
configurations. Table 5 shows test energy, sample mass
loss, and size distribution parameters for the two tests.
As with the carbon/copper tests, sample Am of the Lexan
carbon was greater than the mass loss found from tests
with Lexan-only sleeves. Unlike the carbon/copper tests,
however, the metal (SS316) mass loss for both short and
segmented configurations match.  Size distributions
generated from collected particulate of the short
configuration test (S766) are close to those found in the
Lexan and graphite carbon tests. Particulate collected
from the segmented configuration test have CMD values
close to the carbon-only tests, but the GSD values are
higher because of the contribution of large particles
associated with the SS316 metal. The mechanism leading
to the formation of these large particles has not yet been
uncovereg.

Table 5. Lexan-C / SS316 Test Summary

Short Config. (S766) Segmented Config. (S770)

Energy 71271 - 705513
CAm 0.975 mg/kl/cm 1.40 mg/kJ/cm
S316 Am 25.65 mg/kl/cm 24.36 mg/kJ/cm
Button CMD CMD

(um)  GSD R? (um) GSD R?

0.116 200 0996 0.135 274 0.993
0.116 213 0998 - - -
0.099 2.14 0994 0.094 245 0.972
0.113 120 0997 - - -
0.123 253 0989 0.278 2.50 0.996

O W W -

Short Average CMD:
0.113+0.008 pm

Segmented Average CMD:
0.169+ 0.079 pm

Short Config. (5765) Segmented Config. (5769)
Energy 6822J 7143)
CAm 1.64 mg/kl/em 1.75 mg/kJ/cm
Cu Am 48.26 mg/kl/em 23.78 mg/kl/lem
Button CMD CMD
(um) GSD R? (um)  GSD R?
1 0.123 231 0997 0.356 245 0.995
2 - - - 0.203 217 0.987
3 0.119 223 0995 0.246 2.19 0.993
9 0200 247 0.989 - - -
17 - - - 0.353 2.95 0.992
Short Average CMD: Segmented Average CMD:
0.147+0.037 um

0.290+ 0.067 pm

VI. CARBON/ TUNGSTEN MIXTURE RESULTS

Another material of interest in disruption-induced
mobilization studies is tungsten. A single test, S767, has
been performed in SIRENS with Lexan carbon and
tungsten sleeves placed in the source section. The
configuration used for this test was different from the
short and segmented configurations of the other
carbon/metal tests because only one sample sleeve length
of tungsten was available (3.0 cm). The tested
configuration consisted of sample sleeves in the lengths
(ordered from cathode to anode ends): 4.3 cm Maycor
insulator, 3.0 cm Lexan, 3.0 cm tungsten, and 1.5 cm
length Maycor. Table 6 contains a summary of test
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Table 6, Lexan-C/ W and Lexan-C / Al Test Summaries

C/W Test (S767) C/Al Test (S768)
Energy 7302J) 7068J
CAm 0.82 mg/kl/cm 1.50 mg/kJ/cm
metal Am 16.85 mg/kl/cm 27.62 mg/klem
Button CMD CMD
(um) GSD  R? (um)  GSD R?
1 0097 203 0992 0.281 3.08 0.995
2 0.109 231 0984 | 0216 3.19 0.976
3 - - - 0.154 242 0.977
5 0.139 1.93 0986 0.126 2.89 0.942
9 0.121 249 0985 0.153 3.176 0.970
C/W Average CMD: C/Al Average CMD:
0.117+0.015 pm 0.186+ 0.056 um

results. Lexan sample mass loss (0.82 mg/kJ/cm) was
less than values from the other carbon/metal tests, but
agrees well with the mass loss from Lexan-only tests.
Sample Am of the tungsten sleeve was also lower than
that found in other carbon/metal tests. Size distribution
parameters of collected particulate match reasonably well
with particulate from Lexan and graphite tests, possibly

indicating that tungsten has an insignificant effect on -

particle formation.
VII. CARBON / ALUMINUM MIXTURE RESULTS

The final carbon/metal combination investigated in
SIRENS was Lexan carbon and aluminum. Interest in
aluminum results from the metal’s thermophysical
properties being close in value to those of beryllium,
another material used in the current ITER design. Because
of difficulty in working with beryllium, aluminum has
been used to simulate the thermal response of the low
density, low melting point material when exposed to high
heat flux. A single Lexan carbon and aluminum test
(S768) was performed in SIRENS with sample material
placed in the segmented source section configuration.
Table 6 contains resulting mass loss and particle size data.
Lexan carbon sample Am matches Lexan mass loss from
the other carbon/metal tests and aluminum sample Am is
slightly higher. Size distribution parameters reflect the
contribution .large particles to the overall population.
CMD and GSD values are greater than those from Lexan
and graphite carbon, similar to the carbon/copper and
carbon/SS316 segmented configuration tests. An
investigation to discover the mechanisms responsible for
this result is presently underway.

VII. CONCLUSION

Disruption simulation tests have been performed with
the SIRENS high heat flux facility on Lexan carbon,
grades UTR-22 and ATJ graphitic carbon, and
carbon/metal mixtures with Lexan carbon and each copper,

e A, S

SS316, tungsten, and aluminum. Particulate produced
from each test was collected and analyzed to determine the
underlying particle size distribution. Lexan and graphite
carbon tests generated particles with comparable size
distributions.  Short configuration tests with Lexan
carbon and metals generated particulate with CMD’s
slightly greater than those of carbon-only tests, although
GSD’s of the mixture tests were greater due to
contribution of large particles. Segmented configuration
tests generally displayed greater difference from the carbon-
only tests, again reflecting the role of larger particles in
the overall distribution.
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