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Figure 2. Microstructure of Cu after Helium implantation, characterized using Electron Back Scatter
Diffraction along with the texture plot. This shows that the grain size and texture of copper were not
altered due to the implantation process.

Figure 3. Small helium bubble (2-nm diameter) were observed in the implanted samples using
through-focus imaging (— 1 um). Bubbles are nearly invisible in the (a) focused image, but appear dark
and light in the (b) overfocused and (c) underfocused conditions, respectively. Additional displacement
related defects (e.g., dislocation loops) were observed, as seen in the (d) 4000 appm implanted sample.
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Figure 4. Helium concentration with depth into a copper target, as simulated using SRIM for each

energy used here.

2.2. Impact Experiments

Plate impact experiments were performed on these targets using the 80-mm bore single-stage
light gas-gun in MST-8 at LANL. The copper targets were bonded into a lexan plate, 152.4-mm wide
by 127-mm high, and 12.7 mm thick, to allow for mounting and alignment in the gas-gun target tank
(Figure 5, left). The impact face of the samples, i.e., the side with no perturbations, was 0.4-mm proud
of the lexan plate. To ensure a planar impact between the projectile and the target, a mirror was affixed
to the front of the target, and a laser was used to align a spot down and back along the 9.2 m barrel.
With this method, the deviation from parallel at impact is typically sub-milli-radian. The flyer-plates
were tantalum, 50-mm diameter by 2-mm thick, affixed to the front of a lexan projectile. With a
projectile velocity of 1.1 km/s, this generated an approximately 1 us duration square or flat-topped
shock in the sample with a peak stress of 30 GPa.

Figure 5. Left: Image showing the sample in the lexan plate that is used to mount the target in
the gun along and right along with full the diagnostic assembly. Right: the projectile with the

tantalum impactor.

The diagnostics package was mounted on the back of the lexan plate, such that it could cover the
rear of the sample where the perturbations were located. This consisted of a round disc with rows of
holes to mount either photon Doppler velocimetry (PDV) probes or lithium niobate (LN) pins. The
former are used to measure velocity through a noncontact-laser-based interferometric technique. A
narrow linewidth laser is used to illuminate the target, and the reflected light is collected by the probe.
If the target surface is moving, this reflected light is Doppler shifted. The collected light is mixed with
a reference source, producing a beat frequency that is proportional to the surface velocity. Fourier
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transform techniques are used to extract the velocity-time history. With a sufficiently high-bandwidth
oscilloscope, PDV can resolve velocities from rest to 104 m/s with excellent dynamic range. PDV is
able to resolve multiple velocities in the field of view at once, hence it is ideally suited to RMI work,
where we want to measure the velocities of the ejecta, bubble, and bulk surface. The probes were
supplied by AC photonics, part number 1CL15P020LCDO1. These are collimating probes with a spot
size of approximately 300 pm at a 20-mm distance, as such, each probe captures multiple wavelengths
of the perturbation region it is interrogating.

The LN pins were supplied by Dynasen, part number CA-1136-Li-1. They consisted of a 2.4-mm
diameter lithium niobate crystal at the end of a 25.4-mm-long brass tube. Lithium niobate is a
piezoelectric material, in that it will output a voltage when strained. This voltage can be used to infer
(through a series of assumptions such as conservation of momentum) the mass impinging on the LN
crystal, providing an estimate of the mass ejected from the perturbed regions of the sample.

A diagram of the diagnostics package is shown in Figure 6. For each perturbation, there was one
PDV probe and one LN pin in both the helium-implanted and -unimplanted regions. There were also
two PDV probes on the flat regions, one between kh values of 0.6 and 0.5 and the other between kh
values of 0.5 and 0.7, to provide a breakout time and the jump-off free surface velocity. A PDV probe
was placed looking through the entire target assembly (magenta circle in Figure 6) to measure the
projectile velocity. Similarly, another piezoelectric probe (orange circle, Figure 6) was glued onto the
lexan plate to provide a voltage spike at target impact to trigger all of the diagnostics. The alignment
of the PDV probes to the perturbations was checked with a red laser, to allow visible confirmation of
the spot on the desired region. The standoff height—the distance from the rear of the target to the front
face of the LN pins and PDV probes—was measured to be 22 mm for all targets. Images of the rear of
the mounted target, the diagnostics package, and the full target assembly mounted in the gas gun are
shown in Figure 7.

kh(0) value
0.5 ~
08%% 07090
[ONCRORON @ Lithium Niobate Pin
20006 ® PDV Probe; Perturbation
® 0°0°® © O PDV Probe; Flat region
o _?rpjechlg_\/eloclty
O Trigger Pin
@ alulubuly @ DHeglr%planted region
@)

Figure 6. Schematic of the rear of the diagnostics package and target.

Vo7 s

Figure 7. Images showing left—rear of the target mounted in the lexan plate, center—back of
the diagnostics package showing the LN pins (top two rows) and PDV probes (bottom two rows),
right—rear of the target and diagnostics assembly mounted in the gas gun.
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3. Results

The four experiments were performed; three at an impact velocity of 1.1 mm/us (0, 1000, and
2000 appm) and one at 1.0 mm/ ps (4000 appm). The velocity—time histories corresponding to these
experiments are shown in Figure 8. This data shows the breakout velocities to be "1.3 km/s for the
three samples (0, 1000, and 2000 appm) and 1.2 km/s for the 4000-appm copper.

Free Surface Velocity (m/s)
3
S

600
500
400
300 — 0 appm He
200 — 1000 appm He
—— 4000 appm He
100 — 2000 appm He
0 T - 1 et
0.0 1.0 20 3.0 4.0 5.0x107
Time (s)

Figure 8. Velocity—time history from one of the flat regions for each of the four experiments.

This difference in shock-breakout velocities is important to note when trying to compare the
four experiments to each other. Our results also show that perturbations with kh values of 0.8 and
0.9 went unstable and produced ejecta in all the samples, irrespective of helium concentration. This
is consistent with previous work performed by Buttler et al. [15]. Figure 9 shows the velocity—time
history corresponding to the perturbation with a kh of 0.9 on the four copper samples. We decided to
focus on discussing results from a kh of 0.9 in this paper, as the focus of this work is on the effect of
helium on ejecta production rather than the effect of kh on ejecta production.

This data shows the formation of a spike which is consistent with the perturbations inverting
and growing. There were only minor variations measured in the peak spike velocity as a function of
helium concentration. Specifically, the spike velocity was measured to be 2.48, 2.50, 2.48, 2.31 mm/us
with the helium concentration increasing from 0 to 4000 appm. The fact that there is no change in
the velocity of the spike, which is related to the high strain rate strength, suggests that at these high
He/Dpa ratios, there is almost no change in the material strength. This is in contrast to observations
at low strain rate, where an increase in flow stress is observed with helium implantation, especially
due to the formation of a gas-bubble superlattice [16,17]. This contrast could be because, in general,
the strengthening in materials with helium is due to the helium acting as obstacles to dislocation
motion. However, at high strain rates (in this experiment, the strain rate is 107/ s), dislocations do
not have time to actually move and interact with the bubbles. So, the instantaneous yield strength is
generally due to the shear modulus and the dislocation density of the material [18]. While altering the
helium concentration changes the dislocation density somewhat, we postulate that it is not enough to
cause a measurable difference in the strength of the material. It is important to note that the decrease
in the spike velocity for 4000 appm could be due to the lower shock-breakout velocity and not due to
the actual helium-concentration increase.
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Figure 9. Spectrograms corresponding to copper with (top-left) 0 appm, (top-right) 1000 appm,
(bottom-left) 2000 appm, and (bottom-right) 4000 appm helium.The spectrograms are colored by
intensity, which varies between experiments depending on the signal to noise ratio for that particular
experiment.

In addition to the spike velocity, data from Figure 9 can be integrated to extract position-time
history, which when coupled with the standoff distance of the LN probes, can be extrapolated to extract
an “expected” timing for the impact of ejecta cloud on the LN pins. The velocity-time data shows that
there is a slight change in the velocity at which these ejected particles were traveling as a function
of helium concentration. Specifically, the ejecta velocity was measured to be 1.72, 1.755, 1.715, and
1.460 mm/ us for the 0-, 1000-, 2000-, and 4000-appm copper, respectively. These velocities coupled
with the LN pin standoff distance of 21.8 mm are used to calculate the timing at which ejecta cloud
should arrive at the LN pins. This time was calculated to be 12.7, 12.4, 12.7, and 14.9 ps for the 0-, 1000-,
2000-, and 4000-appm copper, respectively. The increase in the timing for the 4000-appm copper is
attributed to the lower shock-breakout velocity.

This timing should be consistent with the timing when the LN pins are activated, unless there is
material present that is not measured by the PDV probes due to its extremely small size. Figure 10
shows the voltage-time history for the four shots obtained from the LN pins.

These plots show that the arrival time for ejecta on the pins was actually 10 us for the 0 appm, 12.5
us for 1000 appm, and 10.5 ps for 2000 appm copper instead of the times obtained from the PDV data.
This is an approximately 3 us difference in the arrival time of ejecta at the LN pins. We hypothesize
that this suggests the presence of a fine, atomic-size ejecta cloud that is traveling at a much higher
velocity and is too small to reflect light and be captured by the PDV probes. The most curious result is
the arrival of ejecta at the LN pins at 7 ps instead of 14 s for the 4000-appm copper. This is especially
interesting because the shock-breakout velocity was lower for the 4000-appm copper compared to
the others, which means the ejecta should have been traveling at a lower velocity. This could be due
to the presence of helium in the sample, which might be making the material brittle and leading to
the formation of finer ejecta that is then moving at a higher velocity. This is a question that is actively
being researched right now. It is important to note that ejecta in this work refers to copper atoms only.
The helium atoms are too light to be detected by the LN pins. In addition, with the discrepancy in
timing it is interesting to note the differences in the total time that signal is produced on the LN pins.
This difference in the total time, especially for the 4000-appm copper, suggests the presence of higher
amounts of ejecta in the form of copper atoms, leading to the conclusion that ejecta mass is increased as
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a function of helium concentration. This is somewhat consistent with our recent results from molecular
dynamics simulations that show a large difference in total ejected mass from copper with and without
helium [19]. Through our modeling work, we had hypothesized that the presence of helium bubbles
can lead to an increased ejected mass due to two reasons: (1) The bubbles alter the shock velocity in
their vicinity due to differences in their density as compared to copper. This leads to the formation
of a nonplanar shock front that can increase ejecta production. (2) The shock wave can compress the
bubble and lead to internal jetting, similar to shape-charge phenomenon. So scientifically, an increase
in ejecta mass is plausible and is supported by the increase in the time for which an increase in voltage
is observed with increasing Helium concentration.

a) b)
100 100 ..........
—— 0 appm He, kh 0.9 |—— 1000 appm He, kh 0.9
0.75 0.75 : :
@ 050 050
S S o
0.25 T - 0.25
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0255 5 10 15 20 -0-25 5 10 15 20
Time (us) Time (us)
c) d)
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@ 050
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0.00
-0.25; 5 10 15 20
Time (us) Time (us)

Figure 10. Voltage-time history corresponding to (a) 0 ppm, (b) 1000 ppm, (c) 2000 ppm, and
(d) 4000 ppm for the four shots obtained from LN pins placed at a kh of 0.9. The dotted boxes outline
the beginning and start times associated with ejecta at the LN pins. The late time signal is attributed to
the free surface of the copper impacting the LN pins.

4. Conclusions

The goal of this work was to understand the effect of heterogeneities like helium on ejecta
production in metals. OFHC copper was used as a model material for this study. Gas-gun driven RMI
experiments, which required special perturbations be machined onto the copper targets, were used to
investigate the effect of helium concentration on ejecta production. Four different concentrations of
helium—o0, 1000, 2000, and 4000 appm—were implanted into the copper sample at the Michigan Ion
Beam Laboratory. These samples were then subjected to shock loading using a gas-gun, and diagnostics
were used to measure the velocity—time history and mass-time history as the perturbations inverted,
grew, and eventually went unstable to produce ejecta. Our results show that kh values of 0.8 and 0.9
produced ejecta in all targets regardless of the presence of helium. Further analysis of the velocity and
mass data associated with kh of 0.9 showed (1) an increase in the production of finer ejecta traveling at
higher velocities as a function of helium concentration, and (2) longer times associated with a finite
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voltage, suggesting an increase in mass as a function of Helium concentration. These results are
significant and show that heterogeneities like Helium can actually alter important dynamic properties
like ejecta production from metals.
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