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Dust Grain Damage to Interstellar Laser-Pushed Lightsail

James T. Early* and Richard A. London’
Lawrence Livermore National Laboratory, Livermore, California 94550

Lightsails pushed by laser beams to velocities around 0.1c have been proposed as propulsion systems for inter-
stellar travel. These lightsails will undergo high-energy collisions with small (~ 1-0 m) dust grains in the interstellar
environment. For a very thin beryllium sail, the grains pass through the sail with only 10~ * of the energy coupled
into the sail. The resulting damaged area is not significantly larger than the cross section of the dust grain. Only
a small fraction (10~ 6-10~4) of the sail will be destroyed by these 1-0 m-sized grains during the sail acceleration.
For thick sails or larger grains, the damage can be more significant.
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= atomic number

Bohr radius, 0.53 X 1078 cm

= impact parameter, cm

speed of light

ion-acoutic velocity, cm/s

electron thermal diffusivity, cm?/s
ion or electron energy, eV

= energy/volume, erg/cm?

= charge of electron, 1.6 X 1071° C
radiation flux, erg/cm? s
Boltzmann’s constant, 1.380 X 107'6 erg/K
= luminosity, erg/s

= total mass, g

= mass per particle, g

=1.67 X107 g

= total number of ions or electrons

= number density, number/cm®

= distance from grain to foil surface, cm
= radius, cm

= temperature, eV

= time, S

= ratio of particle velocity to electron thermal velocity, v/v,,
volume, cm?

velocity, cm/s

distance, cm

number of electrons per atom

= fine structure constant, #

= velocity ratio, v/c

— 1/[1 _ (V/C)2]1/2

= thickness, cm

= bremsstrahlung emissivity, erg/cm?® s
=8.85X107"> C/Vm

= impact parameter ratio

= debye length, cm

= mass density, g/cm?

= cross section, cm?
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Subscripts

bremsstrahlung
= collision

= electron

= foil

= grain

= hydrodynamic
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Introduction

OR travel to nearby stars, velocities around 0.1c¢ will be the

minimum required for missions of the order of a human life-
time. Higher velocities and shorter mission times can be achieved
only at horrendouscosts in energy. There are relatively few technical
concepts that hold out the possibility of accomplishing this objec-
tive, and all of the options have extraordinary technical challenges
and expected expense.

One option is to use the momentum transfer from reflecting
laser photons off a very light weight sail to propel a vehicle. This
concept'*? requires large space-based optics, laser powers, and sail
designs that are all far beyond today’s technology but that are con-
ceivable. For this concept the laser light absorbed by the sail will
resultin a thermal limit on the maximum possible laser power den-
sities and, as a result, a maximum acceleration. The resulting low
acceleration then requires distances up to 0.1 light year to achieve
the cruise velocity. The lightsaildoes not need to be deployedduring
the cruise phase of the voyage, but it must be deployed again if the
lightsail is also used to decelerate at the target star.?

The laser sail will interact with the local interstellar environment
during these acceleration periods. The large velocity difference be-
tween the sail and local dust particles results in the potential release
of significant energies during these collisions? If much of this en-
ergy were coupled into the sail, there could be significant damage.

In this paper we will first specify typical mission parameters.
The collision mechanisms will be analyzed to determine the energy
released by collisions. Finally, the impact on the lightsails of this
energy release will be discussed.

Local Interstellar Environment

Local interstellar dust properties can be estimated from dust im-
pactrates on spacecraftin the outer solar system and by dustinterac-
tion with starlight. The mean particle masses seen by the Galileo and
Ulysses spacecraftwere 2 X 10712 and 1 X 107!2 g, respectively. A
107"2-g dust grain has a diameter of approximately 1 gm. The me-
dian grain size is smaller because the mean is dominated by larger
grains. The Ulysses saw a mass density of 7.5 X 107* g -cm™ or
a mean particle number density of 7.5 X 10715 cm™3. A sail accel-
erating over a distance of 0.1 light years would encounter 700 dust
grains/cm? at this density.

Note that neither Voyager spacecraft saw any dust grains larger
than 1 pum at distances beyond 50 astronomical units. A report by
Frisch et al.* on the state of knowledge of interstellar dust grain
distributions shows a flat distribution from 10~ to 107! g, with
some grains as large as 107! g.

For this reporta 1-um-diam grain will be used for impact calcu-
lations.
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Typical Laser Sail Properties

Laser sail performanceis driven by the ratio of the thermally lim-
ited laser power density divided by the mass per unit area. Reviews
of possible laser sail materials by Landis®¢ show three general sail
types. First are the very thin (~20 nm), low-density metal sails such
as the aluminum sail proposed by Forward.> Beryllium appears to
be the best material in this category. Very thin refractory metals such
as niobium or tantalum, which could operate at higher temperatures
and power densities, are a second option. Dielectric thin films at
one-quarter wavelength thickness for the laser light have good op-
tical reflectivity. The dielectric materials require thicker sails, but
their low absorption and refractory behavior give good thermal per-
formance and result in potentially better accelerations. In addition,
carbon sails suggested by Forward have low reflectivity but can
operate at a very high temperature.

The thin beryllium sail is currently the best characterizeddesign,
and it will be used as a reference case. The sail is assumed to be
20 nm thick, and the normal bulk properties of beryllium are used.

Electron Heating During Collisions

Collisions between nuclei will be ignored in this problem due to
the low probability of such events. If we assume a 10 barn cross sec-
tion for such momentum scattering collisions, then the probability
of large angle scattering is very small:

noAx ~ (5 X 10%/cm*)(107% cm?)(10™* cm)(Ax/1 pum)
=5 X107°(Ax/1 um)

The main coupling of translational energy between the foil and
grain will be due to ion-electroncollisions. The grain and foil atoms
are strippedof bound electronsearly in the collision. The energyloss
rate for high-energy collisions between ions and free electrons can
be calculated using the simplifying assumption that the fractional
energy loss per collision is small, and, thus, the particle paths are
approximately straight during the collision. The electron is then
given a small net impulse in the direction perpendicular to the line
of flight of the ion. Because we are interested in the heating of both
the foil and the grain, we consider ions in a particle and electrons
in a target. The particle and target can be the grain and foil or vice
versa. From Refs. 7 and 8 the ion energy loss dE while passing a
distance dx through a target material is then

dE 47re4Zf,n,Z,
—_— =—-G b A 1
( - ) = 6w (1)
pi
where
n; =pt/Atmta Vie =(2kTe/me)%a A =bmax/bmin

Dimax/ bmin 1s the maximum impact parameter/minimum impact pa-
rameter and G (u) is a factor accounting for the electron velocity in
target’:

G(u) =erf(u) — u erf'(u) ~ 2u°

for u < 1, where the coulomb logarithm term (o A) is usually de-
termined by an ionization limit or by electron debye shielding; in
this case we must consider the ion sphere cutoff due to the high
density of ions in the particle. The maximum impact parameter is,
therefore,

Buax = Fion = (471,/3)73

where rio, is the ion sphere radius of particle and the density of
particle atoms is used because ions would shield each other for
larger b.

The minimum impact parameter is set to the radius at which the
coulombic potential energy is equal to the kinetic energy and where
large angle electron scattering would occur®:

— 2 2
buin =Zpe | ym,v

Therefore, we have

1l
A = oo _ ymevi(n,/4n/37E yp? (r—> 2)

2 - 2
bpmin Z,e Z,0*\ a,

The resulting heating of target can be calculated from the energy

loss:
dE Ax,;N;
AE, = (£ ) 22T 3)
dx i N,

which is equal to the energy change per target electron. Similarly, to
find the velocity change of target, we use momentum conservation:

Av, =Av,M,/ M,

N, AE,, =%M,,A(v]2,) ~ M,vAv, for (Av, <v)

Av, =N,AE, /My )

and substitute into Eq. (4) for the foil,

dE 4
v, =(9EY 4., puler )
dx i 3 m ;v

Put constants into Eq. (1):

dE\  _spe XV o, (£ )52
(dx ),,i =306 — 7,7, (A, )ﬂ G(u) b A 6)

This formula may be applied to either the foil or the grain as the
target, with the otheras the particle. The electron-electroncollisions
that have been ignored do not contribute as much to the heating due
to their lower charge relative to the nucleus, that is, Z, =1 for
electrons.

Results for a Typical Example

As an example we assume a 20-nm beryllium foil that is travel-
ing at 0.1c and that collides with a 1-um-diam dust grain. We will
assume silicon as typical of dust grain atoms. The following param-
eter values are assumed: Z, =4, A, =9, p, =1.85 glem?, n;=
1.23 X10% cm™, Z, =14, A, =28, p, =2.3 g/cm’, n, =4.97 X
102 cm™, Ax;~20 nm=2X10"¢ cm, r, =0.5 pm =0.5 X
107 cm, r;; =1.7 X108 cm, r;; =1.25 X107* cm, and v =0.1c.

First consider heating of the foil. The beryllium foil is the target,
and the silicon grain atoms are the particles. Equation (2) for A
becomes

A = (vl 22, 1ay) =43(B10.1Y2(Z,/14)" (1, /1.7 A)

By the use of A, Eq. (6) for the 131-MeV silicon ion becomes

EN | MV (Z N (2N (B
dx i "7 oum \ 14 4 1.23 X 10 0.1
b A

Then the heating of foil is from Eq. (3):

dE Ny  my (dE\ 4
AE, =(=) Ax, - == =22 (Z2) .2,
dx /. Ny ngp\de ). 3
8t gi
A 4rgl3 dE 4rgl3 dE
=£-'/ = dx=0.10/ =) ax
prf/Af 0 dx i 0 dx i

forr, =0.5 pm,

31tm
AE,; =185 keV/ G(u) dx 7)

0
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The heating of the foil electrons to energies where their thermal
velocity is greater than v, that is, u < 1, results in lower heating
rates as reflected in the lower values of G (u). Numerical integration
of Eq. (7) yields AE,; ~ 21 keV and T,, =§A E,; ~ 14 keV. Also
from Eq. (5), Av, =3 X 10° cm/s =0.001v.

Next, consider heating of the grain. The grain electrons are the
targets, and the beryllium atoms are the particles. By using the same
numerical example, the coulomb term becomes A =110, and the
beryllium particle energy loss from Eq. (6) is

(E) —265 Vg0 ®
dx fi nm

The grain electron velocities remain below the collision velocity, so
that u is greaterthan 1 and G ~ 1:

dE\ 4 Ny
BB =(d—x) 3N,
fi

eg

dE Axy dE
AEeg = (d_x> 'nif - = (d_x> .
fi 8 fi
0.179 (dE) A 9)
=0. = -Ax;
dx fi

Equations (8) and (9) then yield AE,, =0.95 keV and T,, =
0.63 keV.

The electron heating can be evaluated for a range of collision
velocities for this example. The results are shown in Figs. 1 and
2 for the grain electrons and Figs. 3 and 4 for the foil electrons.
Figures 1-4 do not extend below velocities of 0.02¢ because the
high collision energy assumptions in Eq. (2) are not valid for lower
velocities.

In these calculations we have ignored the possibility of electron
exchange between foil and grain electrons. As long as the grain
electron thermal velocity is less than the collision velocity (u > 1 in
Fig. 1), electron exchange would require a significant acceleration

PriAr s
Zypgl Ay !

@

u

o T T T T T T T T T
0 02 04 06 08 1 12 14 6 18 2

Foil velocity (v/c)

Fig. 1 Velocity ratio u (foil velocity/electron velocity) for grain
electrons.
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Fig. 2 Grain electron energy.
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Fig. 3 Velocity ratio u (foil velocity/electron velocity) for foil electrons.
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Fig. 4 Foil electron energy.

of the grain electrons, and the no-exchange approximation appears
reasonable. For collision velocities below 0.07c, the grain electrons
have adequate thermal velocities to exchange with the hotter foil
electrons. Because the number of grain electrons is much larger
than the number of foil electrons, the additional energy supplied
to the grain electrons by electron exchange is relatively small, as
can be seen in Fig. 2. By contrast this exchange mechanism will
have a strong impact on the foil electron energy at low collision
velocities. The foil electronenergyis effectivelyclampedat the grain
electron energy because the electrons now move freely between the
two populations. The impact is illustrated in Fig. 4 by plotting the
average electron energy for v < 0.07¢. To more accurately calculate
the foil electron heating at low velocities requires a complicated,
coupled solution.

Explosion of the Heated Foil

In the region where the dust grain passed, the foil electrons are
left at very high temperatures. The high energy of the foil electrons
will take them beyond the surface of the foil. The lowered electron
density in the foil will give a surface charge density that sets up an
electric field to retain the electrons, that is, an ambipolar diffusion
field. This field then accelerates the ions to high velocities and con-
verts the electron energy into ion kinetic energy. The high aspect
ratio of this geometry should make this a primarily one-dimensional
expansion.

References 9 and 10 give a detail analysis of a one-dimensional
plasma expansion into a vacuum. A simplified self-similar solution
to the ion equations of motion gives

v, =¢, + x/t, n; =ngexp[—(1 + x/c )]

The expansion wave propagates into the foil at the ion-acoustic
velocity ¢, givingthe linearion velocity and exponentialdensity pro-
file (Figs. 5 and 6). A more complete description of the expansion
may be found in the references, but the simple self-similar solu-
tion will suffice for this paper. When both expansion waves reach
the opposite sides of the foil, most (2/¢) of the foil ions have ex-
panded beyond the original boundaries. After this time the reflected
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expansion waves create a more complex solution. We will define
this as the foil hydrodynamic time #:

¢ = (2 kT,/m;)? ~ 7.72 X 107 cm/s
thy =Axplcy ~ 2.6 X107 s =26 fs

The time required to heat the ions by collisions with the electrons
is orders of magnitude longer than the time required to accelerate
the ions with these electron generated electric fields. Thus, the en-
ergy of the hot electrons is almost totally converted into the kinetic
energy of this one-dimensional expansion of the ions. This expan-
sion should result in negligible damage to the remainder of the foil
outside of the area contacted by the dust grain. We shall next con-
sider two mechanisms that could couple the collision energy into
the remainder of the foil.

Electron Thermal Diffusion During Foil Explosion

While the expansion of the heated foil is occurring, the hot elec-
trons can also heat the adjacent foil area by thermal diffusion. The
electron thermal diffusivity D, is'!

D, ~ v/ ni(4nb*) ta(Ap/b) oc T>?
where b is the minimum impact parameter equal to z ;€*/(47&,)
3kT,; and Aj is Debye length equal to [g,kT,/e?n,]"2. For T, ~
10keV, D, ~ 10° cm*/s =0.1 um?/fs.

b v;
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Fig. 5 Linearly increasing ion velocity v;.
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Fig. 6 Plasma expansion generates exponential density profile.
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Because the electron diffusivity has a strong temperature depen-
dence, the thermal diffusion equation must be solved numerically
(Fig. 7). The high thermal diffusivity in the heated region flattens
the central temperature profile. The temperature dependence also
causes the sharp temperature profile near the edge. The impact of
thermal diffusion does not lead to a substantial increase in the foil
damage area.

Bremsstrahlung Radiation Effects

The high-energy free electrons will generate significant
bremsstrahlungradiation during their interaction with the ions. This
radiation will not significantly cool the foil before it explodes. The
grain, however, will take longer to explode, and the radiation from
the grain could continue to heat the foil outside the collision region
after the collision.

The emissivity of bremsstrahlung radiation from a hot, optically
thin plasma!'? is

1
& =1.4 X107 T2 n,n; Z? (erg/em’ s)

where n is in cm™3 and 7, in Kelvin. The electron cooling time ¢, is
then

1
ty =3n,kT,/2, =1.5kT,7 /1.4 X 1070, Z? s

=(8.43 X 107'%) -Tkév(n,./n{,)-lzl.-2
For the foil, n; ~ 1.23 X 10%, Z; =4, T, =14 keV, and
By ~ 0.96 X 107 s
For the grain, n; ~ 0.49 X 10?3, Z; =14, T, =0.63 keV, and
fpg ~ 42.0 X 107" s
The collision duration is short compared to these cooling times:
1, =2r,/V =107*/3 x10° =0.3 X 107 s =33 fs

If, like for the foil, we define a characteristic hydrodynamic flow
time for the grain #,

Iy =Tl Cop ~ 2.9 X107"%s =29 ps

where ¢, ~ 1.7 X 107 cm/s, then the radiationefficiencyis ~f,,/ t, ~
2.7 X 1073 for the foil and ~0.069 for the grain.

The foil energy will be convertedto kineticenergy beforeradiative
cooling plays a significant role. Most of the grain energy will also
go into kinetic energy. Because the grain velocity is much larger
than the resulting ion velocities ~ c;, the grain ions will not collide
with the foil. The radiation from the grain, however, could heat the
foil.

v by
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Fig. 7 Temperature distributions with electron thermal diffusion after collision.
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grain
R X
foil
r
Fig. 8 Geometry after collision.
If we compare the total energy in grain and foil using
Ey = A E.-N,
we find
Ey =21.keV - n:r;nL,fof
Eqy =0.95keV 477l 3-n,,
The ratio is
E, 4r,n, Z,p,/ A
2o 0,045 - —tles 51 28R e gy
Ei s 3n,Ax, ZipslA;

Becausethe grain may have similar energy to the foil and radiates
that energy efficiently, the reradiation of grain energy could be im-
portant if it couples into the foil. For radiation at % keV the optical
depth 7 of cold Be is small for the thin foil:

T =pkAx ~ 0.0185

where « is the opacity equal to 5 X 10° cm?/g (Ref. 13).

To calculate the recoupling of grain radiation to the foil after a
collision, we must calculate the rate of energy absorption as the
particle moves away from the foil (Fig. 8). The heating rate of the
foil is

where Ey is the energy/volume and F is the flux of radiation from
grain to foil,

F =L/4n R?
where L is grain luminosity, and R is the distance from the grain to

a position r on the foil surface, R? =x2 + r? =r? + v2¢2,
The internal energy increase of the foil is

thg
pxL dr
AE = F, dt = — —_—
_/ PE 47 _/ rr +v2t?

L t
4 ry r
where for the grain,

Vihg _ Ve 3X10° re o ere
r Cygl 1.7 X107 r r

forr <176 r,, tan“(vthyd/r) ~n/2,and AE, =pxL/8rv.
Defining V, as the volume equal to 47r;/3 =0.52 X 107"* cm’,
we find
L=¢g-V, =(252X 10% erg/cm® s) -V, =131 X 10" erg/s
This gives

AE, ~ 506 X10"° (r/1 um)~" erg/cm’

10

8
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velocity (v/c)

Fig. 9 Diameter of hole melted in foil by radiation from 1-6 m grain.

Using pC, ~ 3n;;k =5.1 X 107 erg/cm’/K, we find
AT =AEy/pC, ~ 992K(r/1 pm)~"

where r/1 pm~ 992 K/AT.

Because the melting temperature for Be is 1278 K, the radiative
heating froma 1-pum-diam particle will not be an issue much beyond
the area already heated by the grain passage.

The scaling of the region of the foil melted by thermal radiation
from the grain is

72 Axy
,x(,;z;ngg)v-Z(m) [ owar| o

Because the radiative heating from the grain is proportional to
the grain volume rg, for larger grains the radiative heating would
melt areas larger than the grain cross section. The values of n and
z for the grains should be close to the values used in this exam-
ple. The velocity dependence results in more radiation damage in
low-velocity collisions. The G(u) term lowers the grain electron
temperature and the resulting damage. Figure 9 shows the damage
from a 1-pum grain.

ol—

Summary

The scaling of the melting due to thermal radiation [Eq. (10)] may
influence the design of laser sails. There have been three generic
types of laser sails considered. For the ultrathin, moderate melting
pointmetal shield, berylliumappears to be the best material because
of its low atomic mass and its high melting point. Increasing the
beryllium sail thickness, if necessary, will not rapidly increase the
damaged area. The second sail type was ultrathin refractory metal
foils such as tantalum that could operate at higher temperatures and
higher laser power densities. It can be seen that the higher atomic
mass would result in more damage to such sails. The damage will
be tempered by the G(u) term, which lowers the particle energy
loss rate when the grain electron velocities approach and exceed
v. In general the level of damage to thin laser lightsails appears to
be quite small; therefore, the design of these sails should not be
strongly influenced by dust collision concerns.

The final sail typeis thicker(~ 1 pm)and is made with one or more
optical layers of refractory oxides to achieve very low absorbtivity.
This type of foil would also suffer more thermal radiation damage
from heated dust grains due to the greater thickness and molecular
weights. The more important damage mechanism for these thicker
sails would be the blastdamage caused by the explosionof the heated
foil section. With the foil depth comparable to the diameter of the
heated section, the explosion of this section will no longer have the
primarily two-dimensional character of the thin foil. The resulting
three-dimensional explosion will couple more kinetic energy into
the adjacent foil area. A more complete analysis of the blast wave
dynamics will be required for these thicker sails.
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