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ABSTRACT

Calculations were performed using the PUFF-TFT code to determine the
thermo-mechanical response arising from incident mono-energetic X-rays on a
beryllium substrate with a thin (300A) impurity layer. The impurities were
introduced into the material during typical fabrication processes. Responses were
calculated for 5 nanosecond square wave pulses of monoenergetic X-rays (1 and
2 keV) with fluence levels corresponding to surface loadings of 1 and 5 cal/cm?.
The presence of these surface impurities was found to significantly alter the thermal
response of the medium. As the concentration of surface impurities increased, the
energy deposition increased, and the temperature gradient increased. In some cases,
additional impurities resulted in a phase change in the medium. For the most part,
the mechanical response was unaffected by the surface impurity concentration.
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1. INTRODUCTION

When a surface is polished to attain a high degree of reflectivity, small amounts
of impurities are introduced into the material substrate. These impurities may have
an insignificant effect on the optical properties of the medium, and their presence
may be considered negligible. However, in the presence of incident X-rays, the
impurity concentrations may be large enough to generate an energy deposition
gradient of sufficient magnitude to induce stresses that result in deformation of the
geometry or result in a phase change in the material, thereby altering the reflective
properties of the medium.

The presence of the surface impurities affects not only the survivability of the
mirror, but also impacts the machining process. For example, if the surface impurity
concentrations play a minimal role in the hydrodynamic or thermal response of the
medium, then other, less expensive or faster machining processes may be utilized.
Conversely, stricter process control may be in order if the existence of surface
impurities is considered detrimental.

This report examines the effect of a thin layer of surface impurities on the
hydrodynamic response of a mirrored beryllium surface. To gauge the severity of
the response, identical calculations were performed for beryllium media without
surface impurities (bulk impurities only) and with triple impurity concentrations
in the surface layer. Impurity concentrations, for both the surface layer and bulk
impurities, were obtained by Rutherford backscatter spectrometry.

Results for this study were generated using a hydrodynamic computer code,
or hydrocode. Hydrocodes solve the set of differential equations arising from the
conservation of mass, momentum, and energy, coupled with an equation of state
and a constitutive relation. The equation of state relates the materials density
(or volume) and internal energy (or temperature) with pressure. A constitutive
relation describes the particular nature of the material by relating the stress in
the material with the amount of distortion (strain) required to produce this stress.
The constitutive relation may include strain rate effects, work hardening, thermal
heating/softening, etc.

The formulation of the differential equations follow either Eulerian or
Lagrangian descriptions. The Eulerian description is a spatial description; the
Lagrangian is a material description. In an Eulerian framework, all grid points,
and consequently cell boundaries, remain fixed with time. Mass, momentum, and
energy flow across cell boundaries. In a Lagrangian description, the grid points are
attached to the material and move with the material. In this formulation, mass
within a cell is invariant, but the volume of the cell may change with time because
of expansion or compression of the material.

In the theory of elasticity, a material will undergo complete recovery from the
strained state to the undeformed configuration upon removal of the applied loads.
A one-to-one stress—strain relationship exists; the stress-strain-state point moves
along the same characteristic curve for load increases or decreases. When stress
intensities exceed a certain threshold value known as the elastic limit, or yield
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stress, the deformation becomes permanent, and a transition is made to the plastic
region. Now upon unloading a permanent plastic strain remains.

The remainder of this paper discusses the numerical methodology employed in
this study to characterize the thermo-mechanical response of the medium, including
a discussion of the input parameters and their values (Section 2), the presentation
of the results and discussion (Section 3), and conclusions (Section 4).



2. METHODOLOGY

The PUFF-TFT code was used to assess the hydrodynamic response of a
beryllium substrate with a thin surface impurity layer. The coupling of the TFT
(Thin Film Transport) module with the PUFF74 code has been performed by Ktech
Corporation.! The TFT package accounts for the effects of dose enhancement due to
the transport of secondary particles with ranges comparable to the thickness of the
thin material layers and thermal conduction between thin material layers. These two
modifications (among others) more accurately portray the degree of energy sharing
between thin layers, thereby modifying the expected energy depositions based on
normal X-ray interactions and possibly altering the anticipated thermo-mechanical
response of the medium.

The PUFF74 code,? originally developed in the mid-sixties, has undergone
a number of revisions to become a flexible material response code that includes
the effects of material strength, porosity, and fracture for both homogeneous and
composite materials. The code calculates stress wave formation and propagation
by numerical integration of the conservation equations in a one-dimensional
Lagrangian coordinate system. In addition to the hydrodynamic equation of state,
which is required for all materials, the code contains an elastic—plastic model for
strength effects, a P—a porosity model for treating irreversible compaction, and four
models for treating strain-rate dependent or dispersive effects.

This study examines the effect of a thin (3004) surface impurity layer on the
response of a beryllium substrate to incident monoenergetic X-rays. The substrate
was arbitrarily subdivided into two layers of thickness 0.0001 ¢m and 0.01 em for
calculational purposes. Elemental concentrations of the surface impurity layer and
beryllium substrate are provided in Table 1. Thermo-mechanical responses were
calculated for 5 nanosecond square wave pulses of monoenergetic X-rays (1 and
2 keV) with fluence levels corresponding to surface loadings of 1 and 5 cal/em?. X-
ray temperatures and fluence levels were varied to better characterize the material
response.

Of great importance to a material response code are the values of the input
parameters. Aside from the usual parameters such as density, latent heats
of vaporization and fusion, etc., the PUFF-TEFT code requires coefficients for
quadratic equations modeling thermal conductivity and specific heat, coefficients
for the cubic equation modeling the Hugoniot data, yield strength, shear modulus,
and a host of additional input values. Input values are also required for porosity
models and dispersive medium models, if these options are selected. The significance
of this is the difficulty in obtaining accurate values for these parameters. In many
cases, such data is unavailable and values must be assumed. As is well known, code
results are only as good as the code input.

Material property data for this analysis was generally taken from three sources.
Most of the thermophysical data was taken from Childs.?'* The equation of state
(EOS) data was obtained from Rice.® Values for the remaining material property
input parameters were obtained from Sauer.® A complete PUFF-TFT input deck

3



Table 1.

Material Compositions
(mass fraction)

300A Surface Layer

Element Bulk 1X 3X
Be 0.9928 0.8460 0.5374
C 0.0243 0.0729
0 0.0035 0.1013 0.3039
F 0.0096 0.0288
Al 0.0030 0.0034 0.0102
Si 0.0036 0.0108
P 0.0023 0.0069
S 0.0024 0.0072
Cl 0.0018 0.0054
Cr 0.0039 0.0117
Fe 0.0006
Cu 0.0016 0.0048

is provided as Appendix A. Note that the equation of state data is unchanged for
both material types, i.e., the thin impurity layer and the beryllium substrate. The
prescnce of the increased impurity concentrations was not considered significant
enough to warrant an extensive literature search for revised EQS or thermophysical

input data.



3. RESULTS AND DISCUSSION

Three geometries were considered in this study: case 1, a beryllium slab with
bulk impurities; case 2, a beryllium slab with bulk impurities and a 300A thick
impurity layer; and case 3, a beryllium slab with bulk impurities and a 300A
thick layer with impurity concentrations 3 times those of case 2. There were four
permutations on X-ray sensitivity for each geometry: two temperatures, 1 and
2 keV, and two fluences, 1 and 5 cal/em?, were considered. The problem was
initiated at time 0.0 with a 5.0 nanosecond square-wave X-ray pulse.* In each
PUFF-TFT run, detailed edits and plots were requested at 7 times: 0.1, 0.5, 1.0,
2.0, 3.0, 4.0, and 5.0 nanoseconds after problem initiation. At each edit, tabular
data was listed for 20 variables. The mesh spacing for cases 2 and 3 was extremely
small, with cell sizes ranging from 20 A near the front surface to 5 pym at the back
surface. Approximately 160 mesh cells were required for these geometries.

To minimize the amount of data presented in this report, it was decided to focus
on graphical output, resorting to tabular data only when necessary. Plots have been
prepared for energy deposition as a function of depth; for axial and lateral stresses,
temperature, and dose/enthalpy as a function of depth at each of the above listed
times; and for axial and lateral stresses and temperature versus time at specific
locations in the medium. Not all of the data available will be presented in this
report. Only those plots that illustrate the thermo-mechanical response of the
medium will be utilized.

3.1 SOURCE TERM NO. 1: 1 keV, 1 cal/cm?

This will be the reference source term: a temperature of 1 keV and a surface
loading of 1 cal/cm?. Figures 1 through 3 depict the energy deposition for the three
geometries: case 1, case 2, and case 3, respectively. The significance of the impurities
in the surface layer is clearly evident. The dose received by the geometry with the
triple concentration of surface impurities is nearly four times that of the dose to the
bulk material. The dose enhancement effect is also shown, illustrating the energy
transported out of the surface layer into the bulk material by secondary particles.
The dotted line in these figures represents the dose received by the material if
particle transport were neglected.

With such a significant difference in energy deposition, some change in the
material response may be anticipated. Two competing effects are examined. At
early times, the stress response is predominant in the surface layer. The axial stress
wave moves into the material at approximately the speed of sound, quickly passing
through the thin surface layer. For each geometry, the lateral stresses have reached
and exceeded the yield stress, 4 kbar, for the material, indicating the generation of
permanent plastic strains. The transition to the plastic regime may indicate some
deterioration in the optical properties of the medium. Figures 4 through 9 show the

* The use of a square wave pulse resulted in conservative estimates of the peak
stresses and peak temperatures.
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axial and lateral stress waves for each geometry at 0.5 nanoseconds. The vertical
dashed lines in each of these figures denote material interfaces. Recall that the
beryllium substrate has been subdivided into two layers of 0.01 and 0.0001 cm.

At longer times, temperature effects dominate the system. The temperature
gradient follows the energy deposition gradient. Maximum temperatures are not
obtained until the end of the energy deposition cycle at 5 nanoseconds. Figures 10
through 12 show the temperature for each geometry as a function of depth at
specific times. The increase in temperature as a function of time is clearly shown for
each geometry. What is most significant is the change in the temperature gradient
and maximum temperature due to the increase in surface impurities. In the worst
case, triple impurity concentrations, the surface temperature approaches the melting
point.

To summarize the response of these geometries, it is noted: (a) the surface
impurities do not play a significant role in the mechanical response of the media, i.e.,
magnitude and propagation of stresses; however, the yield point has been exceeded
in all three cases; (b) the surface impurities contribute strongly to the thermal
response, with texuperatures approaching melting in the geometry with the highest
surface impurity concentrations.

3.2 SOURCE TERM NO. 2: 1 keV, 5 cal/cm?

This 1s the most stressing source term. The high fluence coupled with the
low temperature means most of the energy is deposited in a very narrow range
near the surface. Because of the magnitude of the energy deposition, the problem
becomes less meaningful: even the bulk material shows considerable degradation,
with melting occuring as early as 2 nanoseconds and axial and lateral stresses well in
excess of yield point. The presence of the surface impurities magnifies these effects.
At 2 nanoseconds there is extensive spallation for both the reference impurity
concentration and triple impurity concentration, in addition to extensive melting.
This is in contrast to the previous discussion where the impurity concentration was
not a factor in the mechanical response. Figures 13 through 15 show the energy
deposition for each case, Figures 16 through 21 show the axial and lateral stresses
in the medium at 1 nanosecond, and Figures 22 through 24 show the temperature
as a function of depth at specific times for each geometry.

3.3 SOURCE TERM NO. 3: 2 keV, 1 cal/cm?

This 1s the most benign source term. The higher energy X-rays, because
of smaller interaction cross sections, penetrate further into the material, thereby
reducing the energy deposition and temperature gradients seen with the 1 keV,
1 cal/cm? source term. About 23% of the incident energy is now lost due to leakage
from the back face, as compared to approximately 3% for the reference source. The
dose enhancement is more clearly evident, reducing the magnitude of the energy
deposited in the surface impurity layer and increasing the dose to the substrate.
Axial and lateral stresses exceed the yield point, but the magnitudes are smaller
and the time frame is longer, i.e., the transition to the plastic region occurs at later
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times. There are no phase transitions; the maximum temperature remains below
250 °C. The presence of the impurities in the surface layer affects only the thermal
response, as before. Figures 25 through 27 show the energy deposition for each
case, Figures 28 through 33 show the axial and lateral stresses in the medium at
3 nanoseconds, and Figures 34 through 36 show the temperature as a function of
depth at specific times for each geometry. ‘

3.4 SOURCE TERM NO. 4: 2 keV, 5 cal/cm?

The thermal response of the media to this source was less than that from the
1 keV, 1 cal/cm? source. The magnitude of the mechanical response, however, is
similar to the 1 keV, 5 cal/cm? source. The presence of the surface impurties did
not alter the mechanical response significantly, and the temperature gradients and
energy deposition gradient were smaller. There were no phase changes, but large
axial and lateral stresses were calculated. Figures 37 through 39 show the energy
deposition for each case, Figures 40 through 45 show the axial and lateral stresses
in the medium at 1 nanosecond, and Figures 46 through 48 show the temperature
as a function of depth at specific times for each geometry.



4. CONCLUSIONS

The purpose of this study was to ascertain the effect of surface impurities on
the thermo—mechanical response of a beryllium medium. Although some impurities
were already present in the material, polishing processes, etc., contributed
additional impurities within a thin surface layer. To characterize the effect, impurity
concentrations were parameterized. Three cases were examined: no additional
surface impurities, a reference surface impurity concentration, and triple surface
impurity concentration. The presence of these surface impurities was found to
significantly alter the thermal response of the medium. As the concentration of
surface impurities increased, the energy deposition increased, and the temperature
gradient increased. In some cases, the additional impurities resulted in a phase
change in the medium. For the most part, the mechanical response was unaffected
by the surface impurity concentration. However, with one source, there was a large
degree of spallation in the two cases with surface impurities and much less spallation
in the geometry without the surface impurity layer.

One critical characteristic was noted in the mechanical response of the medium:
stress levels exceeded the elastic limit of 4 kbar for each of the source terms
and geometries. The transition from the elastic to the plastic regime results in
permanent deformations within the material and the potential degradation of the
optical properties of the medium.

One of the chief assumptions made in this effort was the invariance of
the material properties with impurity concentration. There was no available
information on this subject. But the question remains as to the effect of changes
in elemental concentrations on the material properties. If the material properties
are significantly altered by small changes in composition, then the results of this
study are less valid. An associated question relates to the availability of material
properties in general. In order to model physical systems, accurate data must be
utilized. The absence of such data severely hampers the effort to characterize the
response of a material to some external perturbation such as incident X-rays.

Future work will not only include one-dimensional material response studies,
but will also investigate multi-dimensional effects. Material deformations can be
more easily quantified with a multi-dimensional hydrocode. Ktech Corporation is
currently preparing a TF'T module for incorporation into a 2D hydrocode and this

package, when available, will be used to further characterize radiation effects in thin
films.
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Figure 1. Energy deposited as a function of depth for the 1 keV, 1 cal/cm?
source incident upon the beryllium substrate (no surface impurity layer).
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1250-0 L) 1 T ¥ ¥ T 1) LS 1
1000.04/ | .
750.04 ;
' —

500.0 - .
250.0 .

0.0 T T T 1 T T T T Y

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0_
Depth {cm) *10

Figure 2. Energy deposited as a function of depth for the 1 keV, 1 cal/cm?
source incident upon the 300A thick surface impurity layer with the base
impurity concentrations.
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Figure 3. Energy deposited as a function of depth for the 1 keV, 1 cal/ cm?
source incident upon the 300A thick surface impurity layer with triple impurity
concentrations.
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Beryllium Substrate Only2
1 keV X—Rays @ 1 cal/cm
Axial Stresses at Cycle 115  Time 5.01e-10 sec
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Figure 4. Axial stress as a function of depth at 0.5 nanosecond for the

1 keV, 1 cal/cm?® source incident upon the beryllium substrate (no surface
impurity layer).
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Beryllium Substrate Only
1keV X—Rays @ 1 cal/em?
Lateral Stresses at Cycle 115 Time 5.01e—10 sec
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Figure 5. Lateral stress as a function of depth at 0.5 nanosecond for the

1 keV, 1 cal/em? source incident upon the beryllium substrate (no surface
impurity layer).
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Beryllium Substrate with 300A !mpzuriiy Layer
1 keV X—Rays @ 1cal/cm
Axial Stresses at Cycle 3024  Time 5.00e-10 sec
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Figure 6. Axial stress as a function of depth at 0.5 nanosecond for the
1 keV, 1 cal/cm? source incident upon the 300A thick surface impurity layer
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Beryllium Substrate with 300A lmpi.zrify Layer
1keV X—Rays @ 1cal/cm
Lateral Stresses at Cycle 3024  Time 5.00e-10 sec
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Figure 7. Lateral stress as a function of depth at 0.5 nanosecond for the
1 keV, 1 cal/cm? source incident upon the 300A thick surface impurity layer
with the base impurity concentrations.
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Be Substrate with 300A Triple Impurity Layer
1keV X—Rays @ 1 cal/cm?
Axial Stresses at Cycle 3008 Time 5.00e—10 sec
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Figure 8. Axial stress as a function of depth at 0.5 nanosecond for the
1 keV, 1 cal/cm?® source incident upon the 300A thick surface impurity layer
with triple impurity concentrations.
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Be Substrate with 300A Triple Impurity Layer
' 1keV X~Rays @ 1cal/em’
Lateral Stresses at Cycle 3008 Time 5.00e—10 sec
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Figure 9. Lgteral stress as a function of depth at 0.5 nanosecond for the
1 _keV, _1 ca!/cm source incident upon the 300A thick surface impurity layer
with triple impurity concentrations.
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Beryllium Substrate Only
1keV X—Rays @ 1cal/cm?
Temperature vs. Depth as (1)
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Figure 10. Temperature as a function of depth at specific times for the

1 keV, 5 cal/cm? source incident upon the beryllium substrate (no surface
impurity layer).
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Beryllium Substrate with 300A Impurity Layer
1keV X—Rays @ 1 cal/em?
Temperature vs. Depth as (1)
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Figure 11. Temperature as a function of depth at specific times for the

1 keV, 5 cal/cm? source incident upon the 3004 thick surface impurity layer
with the base impurity concentrations.
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Be Substrate with 300A Triple Impurity Layer

1keV X—Rays @ 1 cal/cm?
Temperature vs. Depth as (1)
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Figure 12. Temperature as a function of depth at specific times for the
1 keV, 5 cal/cm? source incident upon the 300A thick surface impurity layer
with triple impurity concentrations.
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Beryllium Substrate Only
1keV X~Rays @ 5 cal/cm’
Cumulative Dose vs Depth
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Figure 13. Energy deposited as a function of depth for the 1 keV, 5 cal/cm?
source incident upon the beryllium substrate (no surface impurity layer).
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Beryllium Substrate with 300A Impurity Layer
1keV X—Rays @ 5 cal/em?
Cumulative Dose vs Depth
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Figure 14. Energy deposited as a function of depth for the 1 keV, 5 cal/cm?
source incident upon the 300A thick surface impurity layer with the base
impurity concentirations.
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Be Substrate with 300A Triple Impurity Layer
1keV X~Rays @ 5 cal/cm’
Cumulative Dose vs Depth
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Figure 15. Energy deposited as a function of depth for the 1 keV, 5 cal/cm?
source incident upon the 300A thick surface impurity layer with triple impurity
concentrations.
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Beryllium Substrate Only
1keV X~Rays @ 5 cal/cm?
Axial Stresses at Cycle 211 Time 1.00e—09 sec
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Figure 16. Axial stress as a function of depth at 1.0 nanosecond for the
1 keV, 5 cal/cm? source incident upon the beryllium substrate (no surface
impurity layer).
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Beryllium Substrate Only
1keV X—Rays @ 5 cal/cm?
Lateral Stresses at Cycle 211 Time 1.00e—09 sec
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Figure 17. Lateral stress as a function of depth at 1.0 nanosecond for the
1 keV, 5 cal/cm? source incident upon the beryllium substrate (no surface
impurity layer).
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Beryllium Substrate with 300A Impurity Layer

1keV X—~Rays @ 5 cal/em?
Time 1.00e~-09 sec

Axial Stresses at Cycle 5925
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Figure 18. Axial stress as a function of depth at 1.0 nanosecond for the
1 keV, 5 cal/cm? source incident upon the 300A thick surface impurity layer

with the base impurity concentrations.
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Beryllium Substrate with 300A lmptz,urify Layer
1keV X—Rays @ 5 cal/cm
Lateral Stresses ot Cycle 5925 Time 1.00e—09 sec
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Figure 19. Lateral stress as a function of depth at 1.0 nanosecond for the
1 keV, 5 cal/cm? source incident upon the 300A thick surface impurity layer
with the base impurity concentrations.
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Be Substrate with 300A Triple Impurity Layer
1keV X—Rays @ 5 cal/em’
Axial Stresses at Cycle 5899 Time 1.00e—09 sec
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Figure 20. Axial stress as a function of depth at 1.0 nanosecond for the
1 keV, 5 cal/cm? source incident upon the 300A thick surface impurity layer
with triple impurity concentrations.
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 Be Substrate with 300A Triple Impurity Layer
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Figure 21. Lateral stress as a function of depth at 1.0 nanosecond for the
1 keV, 5 cal/cm? source incident upon the 300A thick surface impurity layer
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Beryllium Substrate Only
1keV X—Rays @ 5 cal/cm’
Temperature vs. Depth as (1)
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Figure 22. Temperature as a function of depth at specific times for the
1 keV, 5 cal/cm? source incident upon the beryllium substrate (no surface
Impurity layer).
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Beryllium Substrate with 300A Impaeriiy Layer
1 keV X—Rays @ 5 cal/cm

Temperature vs. Depth as (1)
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Figure 23. Temperature as a function of depth at specific times for the
1 keV, 5 cal/cm? source incident upon the 300A thick surface impurity layer

with the base impurity concentrations.
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Be Substrate with 300A Triple Imp%rity Layer
1keV X—Rays @ 5 cal/cm
Temperature vs. Depth as {(t)
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Figure 24. Temperature as a function of depth at specific times for the
1 keV, 5 cal/cm source incident upon the 300A thick surface impurity layer
with tnple impurity concentrations.
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Beryllium Substrate Only
2 keV X—Rays @ 1 cal/cm?
Cumulative Dose vs Depth
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Figure 25. Energy deposited as a function of depth for the 2 keV, 1 cal/cm?
source incident upon the beryllium substrate (no surface impurity layer).
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Beryllium Substrate with 300A Impurity Layer
2 keV X—Rays @ 1 cal/cm’
Cumulative Dose vs Depth
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Figure 26. Energy deposited as a function of depth for the 2 keV, 1 cal/cm?
source incident upon the 300A thick surface impurity layer with the base
impurity concentrations.
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Be Substrate with 300A Triple Imptérﬁ’ry Layer
2 keV X—Rays @ 1 cal/ecm
Cumulative Dose vs Depth
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Figure 27. Energy deposited as a function of depth for the 2 keV, 1 cal/cm?

source incident upon the 3004 thick surface impurity layer with triple impurity
concentrations.
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Beryllium Substrate Only
2 keV X—Rays @ 1 cal/cm?
Time 3.00e-09 sec

Axial Stresses at Cycle 610
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Figure 28. Axial stress as a function of depth at 3.0 nanoseconds for the
2 keV, 1 cal/em? source incident upon the beryllium substrate (no surface

impurity layer).
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Beryllium Substrate Only
2 keV X~Rays @ 1 cal/cm?
Lateral Stresses at Cycle 610 Time 3.00e—09 sec
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Figure 29. Lateral siress as a function of depth at 3.0 nanoseconds for
the 2 keV, 1 cal/cm? source incident upon the beryllium substrate (no surface
impurity layer).
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Beryllium Substrate with 300A Impterify Layer
2 keV X—Rays @ 1cal/cm
Axial Stresses at Cycle 18142  Time 3.00e—-09 sec
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Figure 30. Axial stress as a function of depth at 3.0 nanoseconds for the

2 keV, 1 cal/cm? source incident upon the 300A thick surface impurity layer
with the base impurity concenirations.
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Beryllium Substrate with 300A Impurity Layer-
2 keV X—Ravs @ 1 cal/cm? |
Lateral Stresses at Cycle 18142 Time 3.00e~09 sec
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Figure 31. Lateral stress as a function of depth at 3.0 nanoseconds for the
2 keV, 1 cal/cm? source incident upon the 300A thick surface impurity layer

with the base impurity concentrations.
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Be Substrate with 300A Triple lmptirify Layer
2 keV X—Rays @ 1cal/cm
Axial Stresses ot Cycle 18145 Time 3.00e—09 sec
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Figure 32. Axial stress as a function of depth at 3.0 nanoseconds for the

2 keV, 1 cal/cm? source incident upon the 300A thick surface impurity layer
with triple impurity concentrations.
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Be Substrate with 300A Triple lmpgrify Layer
2 keV X—Rays @ 1cal/cm
Lateral Stresses at Cycle 18145  Time 3.00e-09 sec
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Figure 33. Lateral stress as a function of depth at 1.0 nanosecond for the
keV, cal/cm? source incident upon the 300A thick surface impurity layer with
trxple impurity concentrations.
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Beryllium Substrate Only
2 keV X—Rays @ 1 cal/cm’
Temperature vs. Depth as ()
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Figure 34. ’I‘elnperature as a function of depth at specific times for the
2 keV, 1 cal/cm?® source incident upon the beryllium substrate (no surface

unpunty layer).
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Beryllium Substrate with 300A impgri’ry Layer
2 keV X—Rays @ 1 cal/em
Terperature vs. Depth as f(1)
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Figure 35. Temperature as a function of depth at specific times for the

2 keV, 1 cal/cm? source incident upon the 300A thlck surface impurity layer
with the base impurity concentrations.
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Be Substrate with 300A Triple lmpgrity Layer
2 keV X—Rays @ 1 cal/ecm
Temperature vs. Depth as f(1)
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Figure 36. Temperature as a function of depth at specific times for the
2 keV, 1 cal/ecm? source incident upon the 300A thick surface impurity layer
with triple impurity concentrations.
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Beryllium Substrate Only
2 keV X—Rays @ 5 col/em?
Cumulative Dose vs Depth
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Figure 37. Energy deposited as a function of depth for the 2 keV, 5 cal/cm?
source incident upon the beryllium substrate (no surface impurity layer).



Energy (cal/g)

46

Beryllium Substrate with 300A Imptzjrify Layer
2 keV X—Roys @ 5 col/em
Cumulative Dose vs Depth
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Figure 38. Energy deposited as a function of depth for the 2 keV, 5 cal/cm?
source incident upon the 300A thick surface impurity layer with the base
impurity concentrations.
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Be Substrate with 300A Triple !mpuzarity Layer
2 keV X—Rays @ 5 cal/cm
Cumulative Dose vs Depth
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Figure 39. Energy deposited as a function of depth for the 2 keV, 5 cal/cm?
source incident upon the 300A thick surface impurity layer with triple impurity
concentrations.
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Beryllium Substrate Only
2 keV X—Rays @ 5 cal/cm?
Axial Stresses at Cycle 214  Time 9.99e-10 sec
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Figure 40. Axial stress as a function of depth at 1.0 nanosecond for the

2 keV, 5 cal/cm? source incident upon the beryllium substrate (no surface
impurity layer).
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Beryllium Substrate Only
2 keV X—Rays @ 5 cal/cm’
Lateral Stresses at Cycle 214 Time 9.99e-10 sec
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Figure 41. Lateral stress as a function of depth at 1.0 nanosecond for the
2 keV, 5 cal/em? source incident upon the beryllium substrate (no surface
impurity layer). ‘
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Beryllium Substrate with 300A Impurlty Layer
2 keV X—Rays @ 5 cal/em?®
Time 1.00e—09 sec
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Figure 42. Axial stress as a function of depth at 1.0 nanosecond for the
2 keV, 5 cal/cm? source incident upon the 300A thick surface impurity layer

with the base impurity concentrations.
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Beryllium Substrate with SOOA Impurity Layer
2 keV X—Rays @ 5 cal/cm?
Lateral Stresses at Cycle 6037 Time 1.00e—09 sec
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Figure 43. Lateral stress as a function of depth at 1.0 nanosecond for the
2 }ceV, 5 cal/cm? source incident upon the 300A thick surface impurity layer
with the base impurity concentrations.
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Be Substrate with 300A Triple Impurity Layer
2 keV X—Rays @ 5 cal/cm
Axial Stresses at Cycle 5976 Time 1.00e—09 sec
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Figure 44. Axial stress as a function of depth at 1.0 nanosecond for the
2 keV, 5 cal/em? source incident upon the 300A thick surface impurity layer

with triple impurity concentrations.
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' Be Substrate with 300A Triple Impuzrify Layer
2 keV X—Rays @ 5 cal/cm
Lateral Stresses at Cycle 5976 Time 1.00e—09 sec
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Figure 45. Lateral stress as a function of depth at 1.0 nanosecond for the
2 keV, 5 cal/cm? source incident upon the 300A thick surface impurity layer
with triple impurity concentrations.
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Beryllium Substrate Only
2 keV X—Rays @ 5 cal/cm?
Temperature vs. Depth os (1)
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Figure 46. Temperature as a function of depth at specific times for the

2 keV, 5 cal/cm? source incident upon the beryllium substrate (no surface
impurity layer).
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Beryllium Substrate with 300A Impurity Layer
2 keV X—Rays @ 5 cal/em’
Temperature vs. Depth as (1)
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Figure 47. Temperature as a function of depth at specific times

for the

2 keV, 5 cal/cm? source incident upon the 300A thick surface impurity layer

with the base impurity concentrations.
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Be Substrate with 300A Triple Impurity Layer
2 keV X—Rays @ 5 cal/cm’
Temperature vs. Depth as (1)
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Figure 48, Temperature as a function of depth at specific times for the
2 keV, 5 cal/cm? source incident upon the 300A thick surface impurity layer

with triple impurity concentrations.
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Appendix A.
PUFF-TFT Sample Input

Be Substrate with 300A Triple Impurity Layer
1 keV Blackbody 1 cal/cm&eh0.7)28&exhx)
1 3 -2 6 0 0 0 0 2 0

100040000 -1 0 0 0

1 40000 1.000e+00 5.000e-09 1.000e-13 0. 00000 0 0 0 01 1002
0 0 6 0
1 0.50000 1 1.00000
1.000e-10 5.000e-10 1.000e-09 2.000e-09 3.000e-09 4.000e-09
1.000e-10 5.000e-10 1.000e-09 2.000e-09 3.000e-09 4.000e-09
0. 1.000e-04
be imp  3.000e-06 1 0 0 0 1 0 0 0.0-6.000e+09 0.
8.800e+02 0. 0. 0. 0. 0. 0. 0.
4.000e+09 1.505e+12 O. 1.329e-03 0.
0. 0. 0. 0. 0.
4.501e-01 4.915e-04-1.46%e-07 5.850e-01 3.240e+02 5.570e-01 7.816e+03
4.402e-01-4.394e-04 1.588e-07 1.240e-01
be imp 11 1-2.000e+00 0. 0. 1.204e+03-2.000e+00 1.204e+03
4 5.374e-01 6 7.290e-02 8 3.039e-01 9 2.880e-0213 1.020e-0214 1.080e-02
15 6.900e-0316 7.200e-0317 5.400e-0324 1.170e-0229 4.800e-03
1.848e+00 1.147e+12 1.893e+12 3.550e+11 1.450e+00 2.500e-01 0.
beryl1ium 1.000e-04 1 0 0 0 1 0 0 0.0-6.000e+09 0.
8.800e+02 0. 0. 0. 0. 0. 0. 0.
4.000e+09 1.505e+12 0. 1.329e-03 0.
0. 0. 0. 0. 0.
4.501e-01 4.915e-04-1.46%e-07 5.850e-01 3.240e+02 5.570e-01 7.816e+03
4.402e-01-4.394e-04 1.588e-07 1.240e-01
bery1lium 4 1-2.000e+00 ©. 0. 1.204e+03-2.000e+00 1.204e+03
4 9.928e-01 8 3.500e-0313 3.000e-0326 6.000e-04
1.848e+00 1.147e+12 1.893e+12 3.550e+11 1.450e+00 2.500e-01 0.
berylTium 1.000e-02 1 0 0 0 i 0 0 0.0-6.000e+09 0.
8.800e+02 0. 0. 0. 0. 0. 0. 0.
4.000e+09 1.505e+12 0. 1.329e-03 0.
0. 0. 0. 0. 0.
4.501e-01 4.915e-04-1.469¢e-07 5.850e-01 3.240e+02 5.570e-01 7.816e+03
4.402e-01-4.394e-04 1.588e-07 1.240e-01
beryllium 4 1-2.000e+00 O. 0. 1.204¢+03-2.000e+00 1.204e+03
4 9.928e-01 8 3.500e-0313 3.000e-0326 6.000e-04
1.848e+00 1.147e+12 1.893e+12 3.550e+11 1.450e+00 2.500e-01 0.
3 1.000e+00 0. 5.000e-09 0 1.000e+00 O.
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