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Directed energy propulsion of a spacecraft, such as that proposed by Breakthrough Starshot and NASA Starlight,
necessarily exposes the spacecraft to MeV-energy collisions with particles in the interstellar medium (ISM). As a result, the
spacecraft must be designed to be resilient to those collisions and the damaging effects they can have over long-duration
interstellar missions. In this work, the effect of cumulative ISM gas implantation along the leading edge cross section of a
standard relativistic spacecraft is discussed. Expected effects include bubble formation, blistering, and exfoliation due to
slowly diffusing gas atoms implanted deep below the surface. As predicted by Bethe-Bloch stopping and numerical binary
collision approximation (BCA) simulations, hydrogen and helium implant at similar depths, producing a mixed hydrogen-
helium-material system similar to those observed in plasma-facing components (PFCs) in fusion reactors. A model of the
stress exerted by the local gas concentration below the surface of a thin spacecraft and mission failure scenarios which

require mitigation strategies are presented.
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1 INTRODUCTION

In baseline mission proposals [27][25][45], a gram-scale space-
craft is accelerated via a directed energy system to 0.05-0.2c.
The spacecraft is composed of a thin, circular semiconductor
wafer with a nominal diameter of ~100 mm and thickness
~100 um. Around the circumference of the spacecraft will be a
shield to protect sensitive components from direct exposure to
the interstellar medium. An illustration of this spacecraft de-
sign and an artist’s rendering of the mission profile are shown
in Fig. 1. For the analyses in this paper, this spacecraft design is
adopted as a standard target for ISM impacts.

1.1 The Local Interstellar Medium (LISM)

The LISM is composed of roughly 99% gaseous matter and
1% granular dust by mass. The gaseous matter is composed of
approximately 70% hydrogen and 28% helium by mass, while
the remaining 2% is composed of trace amounts of heavier ele-
ments, including carbon, oxygen, and iron [13][24]. According
to work done by Hoang et al., damage by heavy atoms is lim-
ited to track formation to depths of ~0.1 mm [22]. Interstellar
dust is composed largely of hydrocarbons, silicates, and ices in
the form of grains with characteristic size ~1 um [13]. Impacts
with many small dust grains or single large dust grains may

This paper was first presented 6th Interstellar Symposium and NASA
Interstellar Propulsion Workshop (formerly formerly the Tennessee
Valley Interstellar Workshop), Wichita, USA 10-15 November, 2019.

cause the destruction of relativistic spacecraft, but the estimat-
ed probability of total spacecraft destruction is low [22].

On large scales (~10 to 100 ly), the ISM is inhomogeneous
and can vary greatly in density. While the majority of the ISM
by volume is composed of ionized hydrogen with a density of
approximately 1 cm™, common measurements of LIC densi-
ties, such as those performed by Gloeckler and Geiss, report
combined H and He densities as low as ~0.26 cm™ [18].

From Figure 2, it can be seen that for local stars within 50 ly,
the hydrogen column density falls in the range

1017.5 < NHI < 1018.3 Cm_2 (1)

which is numerically equivalent to the total hydrogen fluence,
or dose, ®H, incident on a spacecraft travelling along that line-
of-sight upon arrival at the target star [38][37].

1.2 Damage to Interstellar Spacecraft by Light lon Impacts

At speeds relevant to an interstellar mission, 0.05-0.2c, the ISM
in the reference frame of a spacecraft appears as a constant-ve-
locity, MeV beam composed primarily of hydrogen and helium
that spans the entire front-facing cross section of the spacecraft.
At MeV energies, ISM particles impacting the spacecraft will
be immediately stripped of their electrons. To investigate the
effect of damage by gas accumulation during interstellar flight,
the ISM can be treated as a fully ionized, spacecraft-spanning
wide beam of hydrogen and helium.
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Fig.1 (a) An illustration of a typical Starshot-style spacecraft design. (b) An artist’s rendering of
a typical Starshot-style mission profile, including the phased laser array for directed propulsion
and the spacecraft and solar sail (inset).

Damage caused by heavy ion impacts and dust grain impacts
on relativistic spacecraft has been investigated [22]. Therefore,
this work will focus on the cumulative effect of light ion inter-
actions with spacecraft shields.

Modeling of ion-solid interactions is commonly done

with Binary Collision Approximation (BCA) codes, such as
TRIM, TRIDYN, and MARLOWE [4][14][40]. Used here,
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SRIM is a free-use Monte Carlo, BCA implementation of
TRIM that has been in continuous development since 1985
[53][54]. SRIM includes models of nuclear and electronic
stopping valid for energies below the sputtering threshold
(10s-100s of eV) through the GeV range for light ions [52],
and produces detailed information about ion-solid interac-
tions, including reflection coeflicients, sputtering yields, va-
cancy production, implantation distributions, and detailed
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Fig.1 Positions of local stars within ~50 ly from the Sun. The origins of all lines-of-sight vectors
correspond to the location of the Sun. The color scale corresponds to the atomic hydrogen
column density along the line-of-sight to each star. Data reproduced from [38][37]. The names
and characteristics of the stars numbered above are listed in Table 9 in the Appendix.
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trajectory information of collision cascade.

To prevent high energy hydrogen and helium from damag-
ing spacecraft components and instruments, it will be neces-
sary to shield the front-facing cross-section of the spacecraft.
Metallic shields, due to their high strength, high density, good
thermal conductivity, and relatively low sputtering yields
when irradiated with light ions, are a natural choice. Fusion
plasma-facing components (PFCs) face a similar irradiation
environment to relativistic, interstellar spacecraft travelling
through the ISM. Both will be exposed to high-fluence simul-
taneous hydrogen and helium bombardment and undergo a
significant number of radiation-induced defects [7]. In par-
ticular, ITER will use metallic plasma-facing components, and
the response of these materials to simultaneous hydrogen and
helium bombardment has been well studied [34]. Several dis-
tinct differences between the fusion environment and an ISM
exposed relativistic spacecraft deserve mention. First, the par-
ticle flux in the latter case will be significantly lower: 10°-10°
cm ™! compared to 10 cm™s™' for a DEMO style divertor
[23]. Second, the energy of hydrogen and helium will be in
the MeV range, compared to the eV-keV range for a fusion
divertor between disruptions. Third, the temperature of an
interstellar spacecraft will be relatively low, at or below room
temperature (say, 20 °C) compared to 700-1000 °C in a fusion
divertor [22]. These differences will influence the nature of
damage caused by particle flux to the material, but damage
mechanisms such as blistering happen universally at nearly
all irradiation energies. Due to their success in resisting the
damaging effects of light ion damage in fusion PFCs, metallic
shields are considered here to protect interstellar spacecraft.

2  DAMAGE TO INTERSTELLAR SPACECRAFT BY LIGHT
ION IMPACTS

21 Physical Sputtering by Light lons

Physical sputtering is a process by which incident energetic
ions transfer kinetic energy to material atoms, displacing them
from their original positions, and through momentum transfer
back to the exposed surface, removing atoms therefrom. An
atom displaced directly by irradiation is referred to as a prima-
ry knock-on. Primary knock-ons with sufficient energy con-
tinue to travel through the material, displacing other material
atoms in what is referred to as the collision cascade. If sufficient
energy is transferred to atoms in the first few mono-layers to
overcome the surface binding energy, they may be removed
from the surface of the material. For sputtering from normal
incidence irradiation, the sputtering yield in atoms removed
per ion decreases sharply with increasing energy beyond the
energy of maximum sputtering, which is typically in the 100s
to 1000s of keV, depending on the incident ion species and tar-
get material [30][6]. At high energies, above approximately 1
MeV/amu, ions interact with materials primarily through elec-
tronic stopping, not collisions with material atoms. The cross
section for nuclear stopping, and thus the likelihood of trans-
ferring sufficient kinetic energy to material atoms, only be-
comes significant when the ions have been sufficiently slowed
down by electronic interactions. In the case of MeV light ions,
this happens microns to millimeters below the surface. For
material atoms displaced from this position, it is unlikely that
there will be sufficient backwards momentum to reach the
front-facing surface to remove atoms by sputtering. Measured
sputtering yields for MeV protons at normal incidence on met-
als are as low as 10~ atoms/ion, which would result in negligi-
ble mass loss from an interstellar spacecraft for total fluences in

the range of Equation 1[39].

There may be sputtering from the sides of a relativistic
spacecraft, since some portion of incident ions will effective-
ly be grazing the surface, slowing down to speeds where the
nuclear cross section is significant very close to perpendicular
surfaces. To estimate the amount of grazing-incidence sputter-
ing, consider the lateral distribution of implanted particles at
relativistic speeds. The material and spacecraft velocity con-
sidered in this work that results in the largest lateral project-
ed range is copper at 0.2¢, for which the lateral range is about
30 pm, as determined by SRIM. As a first-order approxima-
tion, no hydrogen atom impacting further than 30 um from
the nearest perpendicular surface will reach that surface with
enough energy to cause sputtering from it. Only approximately
40% of incident hydrogen meets this criterion, as illustrated in
Figure 3.

Using Equation 2 to estimate the depth AXerosion Of eroded
material:

Y (E,0) 2

AZerosion =

from the fluence @, the sputtering yield Y (E,0) for the ion-ma-
terial pair, and the atomic density of the material #, the total
effect of grazing-incidence sputtering can be estimated. Us-
ing the maximum sputtering yield of hydrogen on copper as a
worst-case value, ~0.1 atoms per ion, the total depth of erod-
ed material from grazing incidence sputtering will be no more
than 4.7 °A per 1x10" cm™ total hydrogen fluence. Based on
this analysis, erosion from light ion sputtering will be negli-
gible, and the attention should be devoted to damage via gas
accumulation.

2.2 Damage via Gas Accumulation

Implanted gas atoms in solids can drive damage through a
number of distinct mechanisms: embrittlement, crack nucle-
ation, swelling, bubble formation, blistering and flaking, exfo-
liation, and changes to macroscopic material parameters [44].
Which damage mechanism occurs depends on the implanta-
tion energy, angle, and fluence, the material’s intrinsic strength
and temperature during bombardment, and the chemical in-
teractions of gas atoms with the material lattice [11]. At MeV
energies and target temperatures well below melting, blistering
is the most prevalent damage mechanism.

Blistering is a process through which gas atoms coalesce into
bubbles, which grow and exert stress on the surrounding mate-
rial [19]. If the internal bubble pressure reaches a critical value,
inter-bubble cracking leads to the formation of large voids and
deforms the surface nearest to the bubble layer [29][15]. Once
a blister layer has formed, subsequent irradiation can result in
significant, uncontrolled mass loss from that surface, through

~ 30 pm

Front-facing cross-section of spacecraft shield

Fig.3 Illustration showing proportion of spacecraft front-facing
cross section for which incident hydrogen and helium are within
a suitable distance from a perpendicular surface to cause grazing-
incidence sputtering.

Vol 73 No.12 December 2020 JBIS



SURVIVABILITY OF METALLIC SHIELDS FOR RELATIVISTIC SPACECRAFT

AMERICAN CHEMICAL SOCIETY

Fig.4 (a) Gold sample before exposure. (b) Gold sample after
exposure to ® =4 x 107 cm™ He ions at 4 keV. Blistering occurs
at the depth of the projected range of He ions in the material.
Reprinted with permission from [33].

repeated blister bursting and flaking of blister caps [47]. Blis-
tering has been observed in spacecraft components [32] and in
thin films tested for spaceflight [46]. An example of blistering by
low energy helium bombardment is shown in Figure 4. At a flu-
ence of 4x10?' m?, blistering was observed; below this fluence,
no blistering was found. At MeV energies, single large blisters
have been observed that span the entire beam diameter [3]. If
ISM exposure were to cause blistering on the front-facing shield
of a gram-scale interstellar spacecraft, the potential for uncon-
trolled mass loss leading to non-correctable attitude deviations
would result in direct irradiation of crucial spacecraft compo-
nents and instruments and potential loss of communications.

At 0.05¢-0.2¢, hydrogen and helium will impact the front
of the spacecraft with 1.176-19.36 MeV and 4.669-76.88 MeV
respectively. At energies for which electronic interaction of
hydrogen and helium in solids is dominated by Bethe-Bloch
stopping (approximately 1 MeV/amu), helium implants with
a depth distribution that lies within that of hydrogen, as seen
in Figures 5 and 6. This leads to a mixed hydrogen-helium im-
planted layer that spans the entire front-facing cross section of
the spacecraft at the depth of the ion range at that energy. In
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Fig.5 Hydrogen and helium implantation distributions in niobium
at velocities from 0.05-0.2¢. The helium distributions (shaded) lie
within the hydrogen distributions, leading to the mixed hydrogen-
helium layer.

contrast to an ion beam target experiment, where blisters affect
only a surface up to the size of the beam width the region ef-
fected by gas accumulation below the surface would span from
one side of the shield to the other, causing lateral deformations
and bulges on the sides of the spacecraft, with consequent for-
mation of large blister caps and their removal via bursting or
flaking, as shown in Fig. 7.

Co-implanted hydrogen and helium have a synergistic effect
on gas accumulation-driven damage in metals and in semicon-
ductor materials [20], [10], [1]. Determining the precise nature
of the hydrogen-helium-material interaction is an ongoing ef-
fort, particularly in the research of potential PFCs for future
fusion reactors [49], [9], [5] and in silicon, where co-implanted
hydrogen and helium is used to exfoliate whole surface layers
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Fig.6 Range and straggle of hydrogen and helium in
molybdenum at velocities from 0.05 - 0.2c. The banded regions
are centered on the range R, and extend to +AR. The helium
distribution (shaded) lies within the hydrogen distribution.

All materials simulated show the same general behavior, with
differences in the magnitude of the range and straggle.
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Fig.7 Illustrated comparison of implantation distributions for
the case of wide-beam exposure (such as that experienced by a
relativistic spacecraft traveling through the ISM) and for an ion
beam target. In the spacecraft case, the gas accumulation layer
spans the entire front-facing cross section.
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as part of a process referred to as Smart-cut [8]. In metals, hy-
drogen is found to be trapped near helium bubbles [2], a po-
tential mechanism for the observed lowering of the critical
concentration of blistering for hydrogen and helium co-impla-
natation [19], [29]. In silicon, the interaction of hydrogen and
helium can reduce the critical fluence required for exfoliation
by a factor of 2-3 compared to hydrogen or helium alone [31].
This interaction is greater than would be expected by the sum-
mation of the internal pressures of each species individually.
Due to a lack of first-principles models and experimental re-
sults available in the literature on MeV-range hydrogen-helium
co-implantation in metals, a quantitative estimate of this effect
is difficult to make. For this study, a synergistic effect resulting
in a critical fluence reduction factor of 2 is used, but further
work is needed to determine the strength of this effect in po-
tential shield material candidates.

To determine critical fluences for blistering on metal shields
for interstellar spacecraft, the internal gas pressure model for
homogeneous materials is used [29]. In its simplest form, the
model estimates the local gas pressure in a solid, p,, from the
local gas concentration, ¢,, and the energy of dissolution of
that gas in the material, E,, as seen in Equation 3. Dissolution
energies for a number of pure metallic shield material can-
didates are shown in Table 1. Blistering occurs when the lo-
cal gas pressure exceeds a critical value. Note that significant
figures of the values listed in Table 1 are taken directly from
the literature, but only 3 significant figures are propagated
through calculations.

Pg = CgEd (3)

An estimate of the local gas concentration can be found
from the total fluence, or dose, of the gas incident on the target,
®, and the standard deviation of the projected range of the gas
atoms in the material at the irradiation energy AR, also known
as the straggle, as shown in Equation 4. Straggle increases with
incident energy, since energetic particles travel through more
of the material before stopping and experience more collisions
resulting in small-angle deviations. Higher speeds result in a
higher critical fluence, because the wider implantation distri-
bution lowers the average gas concentration in the material.
Surface roughening or material preparation such as sintering
will increase straggle in materials, leading to an increased crit-
ical fluence.

(0]
%= 3% @

In the original model, the yield strength, oy, was proposed
as the critical pressure for inter-bubble cracking and blister
formation. Critical fluence dependence on temperature does
follow the dependence on temperature of the yield strength in
many metals [19]. However, examination of empirical critical
fluences performed at low energy (keV range) suggested that
the critical pressure for blistering was instead best estimated
by 0.1g, where E is the elastic modulus of the material [29].
At higher energy irradiations, however, this estimate no longer
holds [16]. For 2.2 MeV proton irradiation of tungsten, the
critical fluence for blister formation was < 3 x 10" cm™, which
is at least an order of magnitude below the critical fluence of
keV-range irradiation [17]. This is a surprising result since the
straggle at 2.2 MeV is an order of magnitude larger than that of
50 keV, so by Equation 3 and using the estimate of the critical
pressure as 0.1E, the critical fluence should have been = 2x10"
cm™, two orders of magnitude higher. Segev et al. hypothesize

TABLE 1: Dissolution energies of hydrogen and helium in a
selection of pure, homogeneous metallic shield candidates

Material EsnleV] Eqne[eV]
Cu 0.5032" 0.891@
Al 0.71® 0.792
Nb -0.35¢ 0.280®
w 1.04% 7.83©
Be 1M 0.492%

Dissolution energies from Terreault et al. and Langley are back-calculated
using the internal gas pressure model and Martynenko’s empirical
estimate of 0.1E as the critical pressure for low-energy experiments,
where E is the elastic modulus of the material. '[28] 2[48] 3[51] *[35] 5[43]
§[21]7[36] [ 26].

that the difference in critical fluence between keV- and MeV-
range irradiations is due to gas atom escape to the surface, re-
combination of radiation induced defects with the surface, and
significantly more sputtering at low energy.

Using the internal gas pressure model, Equations 3 and 4,
the critical pressure for blistering for the experimental MeV ir-
radiation was ~480 MPa. This value is within about 10% of the
yield strength, oy, of tungsten, suggesting that for MeV irradi-
ation, a good estimate for the critical internal gas pressure for
blistering is the yield strength. Thus, for the following analysis,
the yield strength will be used as the critical pressure for blis-
tering for metals exposed to MeV range light ion irradiation.
Yield strengths and critical gas concentrations for candidate
shield materials are shown in Table 2.

At low flux and long irradiation times, such as those ex-
perienced by a relativistic, interstellar spacecraft travelling
through the ISM, diffusion may play a critical role in the
development of gas accumulation damage. Diffusion coeffi-
cients of gas atoms in materials depend on the material tem-
perature, the energetics of gas atoms in the material, the lat-
tice structure of the material, and defects such as vacancies,
interstitials, and grain boundaries. At MeV energies, signifi-
cant damage is produced around the implantation distribu-
tion peaks of hydrogen and helium, which will limit diffusion.
At concentrations above 0.1 ppm, helium tends to self-trap
in metals, leading to helium clusters and eventually helium
bubbles that are not mobile at low temperatures [50]. For an
interstellar spacecraft with a copper shield traveling through
the ISM with an average helium density of 0.03 cm™, 0.1 ppm
helium concentration will be reached after travelling only
~38 AU. Hydrogen is strongly trapped by helium clusters and
bubbles, also reducing diffusion. Interstellar spacecraft trav-

TABLE 2: Yield strengths and critical local gas
concentrations for blistering of pure metals from Equation
3 and Table 1°

Material oy [MPa] cH,c cm® cHe,c cm?
Al 20 1.76x10%° 1.58x10%°
Cu 33 4.09x10% 2.31x10%
Nb 414 n/a 9.21x10%
W 550 3.30x10? 4.38x10%
Be 240 1.50x10% 3.05x10%"

*Niobium, having a negative hydrogen dissolution energy, will not
blister from hydrogen accumulation alone [42].
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eling through ISM of densities below 1 cm™ will maintain a
temperature at or below room temperature, further reducing
diffusion [22]. For this analysis, due to radiation-induced va-
cancy production around the ion implantation distribution,
helium self-trapping and hydrogen trapping by helium clus-
ters and bubbles, diffusion will be neglected.

3 RESULTS
3.1 Implantation distributions

To determine the straggle of hydrogen and helium ions at rel-
ativistic speeds in materials, the BCA code SRIM is used. Sim-
ulation runs were performed using the standard lookup values
for material densities, binding energies, threshold energies,
and bulk binding energies included in SRIM. 10,000 compu-
tational ions are used for estimating range and straggle, and
100,000 computational ions are used to produce implantation
distributions such as Figure 5. At MeV energies, the straggle of
helium in metals is smaller than that of hydrogen. Lighter ele-
ments scatter light ions more, leading to a correlation between
atomic mass and straggle, as seen in Tables 3 and 5. Typically, at
0.05¢ hydrogen and helium straggle is on the order of 1,000 °A,
at 0.1c on the order of 1 pm, and at 0.2c on the order of 10 pm.

3.2 Critical Fluence for Blistering

Using dissolution energies for pure metals from Table 1 and
straggle from Tables 3-5, neglecting diffusion, and using the
yield strengths from Table 2 as the critical local gas pressure for
blistering, critical fluences for blistering for a number of pure
metallic candidate shield materials can be determined using
Equation 3. For materials that readily dissolve hydrogen, such
as niobium, no blistering is expected for hydrogen irradiation
[42]. Critical fluences at 0.05, 0.1, and 0.2¢ are shown for cop-
per, aluminum, niobium, and tungsten, four candidate metallic
shield materials with different material properties, in Table 6.
Shield materials that have low yield strength, such as copper
and aluminum, have relatively low critical fluences despite the
low dissolution energies for helium and the increased strag-
gle in copper and aluminum. Niobium, with its relatively high
yield strength, negative hydrogen dissolution energy, and rela-
tively low helium dissolution energy, seems to be a particularly
good choice for resisting blistering.

To estimate the effect of hydrogen-helium synergy in ma-
terials, critical hydrogen fluences for a simple summation of
hydrogen and helium internal gas pressure are found, as shown
in Equation 5, where x is the ratio of helium to hydrogen in
the beam. Additionally presented are critical hydrogen fluences
for hydrogen and helium with a synergistic fluence reduction
factor of 2.

Ty
E Eore (5)
At T T AT

o, =

4  DISCUSSION
41 Survivability of Metallic Shields

Survivability of simple metallic shields is investigated along
line-of-sight paths to the stars in Table 9. Using the line-of-
sight column density to each star as the total fluence for a
journey to that star, and the critical fluence for blistering as the
distance at which mission failure occurs, stars reachable with

TABLE 3: Straggle of hydrogen and helium at 0.05¢ from SRIM

Al 5040 °A 3840 °A
Cu 4090 °A 2870 °A
Nb 5210 °A 2940 °A
W 6140 °A 3980 °A
Be 4450 °A 2890 °A

TABLE 4: Straggle of hydrogen and helium at 0.1c from SRIM

Material ARH(0.1¢c) ARHe(0.1¢c)
Al 3.81pm 2.29 ym
Cu 2.28 ym 1.05 uym
Nb 3.46 pm 1.76 ym
w 2.98 ym 1.46 pm
Be 3.56 pm 2.42 ym

TABLE 5: Straggle of hydrogen and helium at 0.2c from SRIM

Material ARH(0.2¢) ARHe(0.2¢)
Al 34.8 pm 19.0 ym
Cu 17.0 ym 8.35um
Nb 23.4pym 10.4 ym
W 20.7 ym 9.82 ym
Be 35.9pm 18.9 ym

TABLE 6: Critical fluences for hydrogen alone and helium

alone at 0.05, 0.1, and 0.2c¢ for several shield candidate metals

Material B @c,H [cm-2] @c,He [cm-2]
Cu 0.05 1.67x10 6.64x10"
0.1 9.34x10' 2.42x10'

0.2 6.96x10" 1.93x10"

Al 0.05 8.85x10"® 6.05%10'"
0.1 6.69x10' 3.60x10'

0.2 6.12x10"7 3.00x10"

Nb 0.05 N/A 2.71x10"
0.1 N/A 1.62x10"

0.2 N/A 9.61x10"

W 0.05 2.03x10" 1.75x10'®
0.1 9.83x10" 6.39x10'

0.2 6.84x10" 4.31x10"

Be 0.05 6.76x10' 4.33x10'
0.1 5.33x10" 7.37x107

0.2 5.38x10' 5.76x10'"

each shield material are shown in Figure 8. Using an idealized,
homogeneous model of the ISM composed of 0.3 cm™ hydro-
gen and 0.03 cm™, critical distances for blistering for the shield
material candidates are shown in Table 8. Tungsten shields will
be susceptible to helium blistering, due to the high energy of
dissolution of helium in tungsten, 7.83 eV. Niobium, due to its
resistance to hydrogen blistering, is a promising shield materi-
al choice, although the synergistic effect with helium has not
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been investigated experimentally at MeV energies. No other
pure metallic shield material will resist blistering for a mission
to a nearby star traveling 0.05c.

Experimental work on the effect of this hydrogen-helium
synergy at MeV energies is needed to reach a definitive con-
clusion on the survivability of metallic shields on interstellar
spacecraft. Without such experimental work, internal gas pres-
sure models imply that metals that readily dissolve hydrogen
are a good choice for interstellar spacecraft shielding. Traveling
at 0.2¢ or faster spreads out the ISM implantation distribution
enough that many shield materials become viable for jour-
neys to several nearby stars. At slower speeds, many common
metals will experience blistering or flaking, and the resulting
uncontrolled mass loss may cause mission critical deviations
in attitude, leading to loss of communications or damage to
spacecraft components and instruments.

4.2 Mitigation Strategies

This analysis suggests a number of mitigation strategies to re-
sist blistering of interstellar spacecraft shielding. First, manu-
facturing spacecraft shields from metals that readily dissolve
hydrogen will limit the effect of blistering caused by ISM
impacts. However, choice of shield material candidates must
balance mass, cost of manufacture, and structural properties
against radiation resistance. Alternative strategies to mitigate
blistering and flaking may make lighter and cheaper materials
more resistant to blistering.

One choice is to use a sintered metal material in the shield
around the implantation distribution peak. Sintered alumi-
num exhibits a reduced blistering erosion rate by three orders
of magnitude [41]. Sintered beryllium exhibited a blistering
erosion yield reduced by one order of magnitude [12]. Addi-
tionally, microstructural effects on blistering in metals are sig-
nificant; single crystal tungsten displays a marked resistance to
hydrogen blistering at high energies, with a critical dose one
order of magnitude greater than that of polycrystalline tung-
sten at target temperatures of 450-600 K and a factor of two
larger at room temperature [17]. Using sintered materials or
surface treatment is a cheap and effective mitigation strategy,
although its effectiveness has not been experimentally investi-
gated for MeV irradiation.

Spacecraft geometry plays a role in how much material is
irradiated by travel through the ISM. An arrow or needle-like
configuration will expose significantly less spacecraft volume
to mixed hydrogen-helium-material conditions, and reduce
the effect of blistering or flaking even if the critical fluence is
reached [27].

Another option is to use metals with a low melting temper-
ature, such as mercury, gallium, or lithium. Lithium in particu-
lar is a candidate for liquid-metal plasma-facing components
in fusion reactors, because of its ability to readily absorb hy-
drogen and its low atomic number. At temperatures near the
melting point, irradiation blistering at keV energies is reduced
[19]. However, for tungsten irradiated with 2.2 MeV protons,
the critical dose was temperature independent up to tempera-
tures of 700 K [16]. More work on the effect of temperature on
high-energy radiation blistering is needed to determine if this
is an effective mitigation strategy.

Ceramics and porous materials offer a low-Z possibility for
interstellar spacecraft shielding. At MeV energies, however,

TABLE 7: Critical hydrogen fluences for blistering for a

beam of 10% helium”

Material B @, [em?] D./2
0.05 1.34x10' 6.68x10'

Cu 0.1 6.74x10' 3.37x10'
0.2 5.12x10" 2.56x10"

0.05 7.72x10" 3.86x10"

Al 0.1 5.64x10' 2.82x10'
0.2 5.08x10" 2.54x10"

0.05 2.71 107 1.36x10'

Nb 0.1 1.62x10" 8.08x10'%
0.2 9.61x10" 4.80x10'

0.05 9.38x10'" 4.69x10'

w 0.1 3.87x10" 1.94x10"
0.2 2.64x10'" 1.32x10"

0.05 6.20x10' 3.10x10'

Be 0.1 4.97x10" 2.49x10"
0.2 4.92x10' 2.46x10'

*for the summed gas pressure from Equation 5 and using a
hydrogen-helium synergy critical fluence reduction factor of 2

TABLE 8: Distance in an idealized ISM consisting of 0.3
cm- hydrogen and 0.03 cm-3 helium at which blistering
occurs for each ISM species and for a summed internal gas
pressure of the two at travel speeds of 0.05, 0.1, and 0.2c

Material B d.x[ly] d;. 4o [1y] dopane [1y]
0.05 0.0589 0.234 0.0471

Cu 0.1 0.329 0.853 0.238
0.2 2.45 6.80 1.80

0.05 0.0312 0.213 0.0272

Al 0.1 0.236 1.27 0.199
0.2 2.16 10.6 1.79

0.05 N/A 9.56 9.56

Nb 0.1 N/A 57.0 57.0
0.2 N/A 338 338

0.05 0.714 0.615 0.330

w 0.1 3.46 2.25 1.36
0.2 24.1 15.2 9.31

0.05 0.235 1.53 0.218

Be 0.1 1.88 26.0 1.75
0.2 18.9 203 17.3

ceramic materials exhibit blistering and exfoliation at similar
fluences to tungsten, with little dependence on atomic compo-
sition, due to the limited solubility of hydrogen and helium in
these materials [55].

5 CONCLUSION

Damage to a relativistic spacecraft via ISM gas implantation is
a potentially mission-threatening phenomenon. As has been
shown, sufficient sub-surface implantation of hydrogen and he-
lium in metallic materials leads to macroscopic damage includ-
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ing bubble formation, swelling, blistering, and exfoliation. These
effects can lead to trajectory alteration, loss of attitude control,
or damage to the spacecraft bus itself. In order to mitigate these
phenomena, various metallic materials were studied as candi-
dates for a circumferential shield. It was found that hydrogen
and helium implant in a thin enough layer to drive gas accumu-
lation damage such as blistering. Accounting for the synergistic
effect of hydrogen and helium in materials leads to reduced crit-
ical fluences for damage to occur. It was also found that, in gen-
eral, the yield strength of the given shield material is an adequate
approximation of the failure point with regards to inter-bubble
fracture leading to macroscopic blistering. This can lead to exfo-
liation of surface layers, bubble bursting events, and morpholog-
ical changes that pose a threat to interstellar missions.

It was found that the width of the gas implantation distri-
bution depends strongly on the spacecraft 8, or equivalently
the incident particle energies. Since higher energy impacts re-
sult in deeper implantation depths, these particles must travel
through more shield material before coming to a stop, and thus
experience more small-angle scattering interactions, increas-
ing the width of the implantation distribution. This reduces
the local gas concentration around the average implantation
depth, thus increasing the critical dose for the onset of dam-
aging effects like blistering. As a result, it was found that the
onset of blistering occurs later for faster travelling spacecraft.
Thus, in general, faster spacecraft can withstand larger doses

of incoming ISM gas and can thus effectively travel further.
This is shown in Figure 8, where it can be seen that for both
tungsten and beryllium shields, more stars can be reached at f3
= 0.2 than at 8 = 0.1. Shield materials that can effectively dis-
solve hydrogen, such as niobium, are a promising choice for
circumferential shielding of interstellar spacecraft. Mitigation
strategies, such as surface modification and using sintered met-
al powders, offer 1-3 orders of magnitude reductions in critical
fluences, allowing for the use of even poorly performing metal-
lic shield materials, such as aluminum. Without any consider-
ation or mitigation, gas accumulation poses a significant threat
to gram-scale, relativistic spacecraft, especially at speeds below
0.2c. A Starshot-style mission will depend on a light sail for di-
rected energy propulsion; however, our analysis on implanted
particle effects does not extend to that of a solar sail which is
thinner than the range of hydrogen and helium at relativistic
speeds; for this case, an analysis of the transmission, forward
and backward sputtering, reflection, and thermal spikes will
need to be completed.
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APPENDIX

TABLE 9: Profiles of stars plotted in Figures 2 and 8*

Dist. R.A. Dec. log10(NHI) Mass Radius Temp. Exoplanets Shield Material
(ly) (deg) (deg) (cm-?) Mo Ro 4] (#) (=0.2)
1 aCenA 4.40 219.9 | -60.8 17.6 1.100 1.22 5790 1 Al, Cu, Be, W, Nb
2 aCMaB 8.48 101.3 | -16.7 17.6 1.018 0.008 | 25,000 0 Al, Cu, Be, W, Nb
3 Eri 10.44 53.2 -9.5 17.8 0.820 0.735 5084 0 Cu, Be, W, Nb
4 61Cyg A 11.35 316.7 38.7 17.8 0.700 0.665 4526 0 Cu, Be, W, Nb
5 a CMi 11.42 114.8 5.2 17.9 1.499 2.048 6530 0 Be, W, Nb
6 Ind 11.74 330.8 | -56.8 18.0 0.754 0.732 4630 1 Be, W, Nb
Ji a Ceti 11.74 26.0 -15.9 18.0 0.783 0.793 5344 >1 Be, W, Nb
40Eri A 16.31 63.8 -1.1 17.8 0.840 0.810 5300 1 Cu, Be, W, Nb
9 X' Ori 28.38 88.6 20.3 17.8 0.979 1.081 5955 0 Be, W, Nb
10 S Eri 29.35 55.8 -9.8 17.9 1.330 2.327 5055 0 Be, W, Nb
" k! Ceti 30.01 49.8 3.4 17.5 1.037 0.950 5708 0 Al, Cu, Be, W, Nb
12 B Gem 33.59 116.3 28.0 18.0 1.910 8.800 4666 1 Be, W, Nb
13 HR 857 33.92 53.2 -9.5 18.0 0.840 0.750 5225 0 Be, W, Nb
14 HR 1925 39.79 85.3 53.5 18.3 0.871 0.810 5257 0 Be, W, Nb
15 a Aur 42.07 79.2 46.0 18.2 2.569 | 11.980 4970 0 Be, W, Nb
16 HR8 44.68 1.7 29.0 18.3 0.889 0.917 5509 0 Be, W, Nb
17 g Cas 54.47 2.3 59.1 18.2 1.910 3.43 7079 0 Be, W, Nb

* Suitable shield materials considered here are homogeneous, though it is likely that granular, powdered, or sintered materials will
better resist damaging effects like blistering and thus can likely travel to farther targets. Shield material choice at 0.2¢c does notinclude
hydrogen-helium synergistic effect
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Fig.9 Stars from Fig. 2 for which the HI column density along the line-of-sight is less than the critical dose of the shield material. Materials
and velocities shown are (a) aluminum at 0.2c, (b) copper at 0.2¢, beryllium at (c) 0.1c and (d) 0.2¢, and tungsten at (e) 0.1c and (f) 0.2c.
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