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ABSTRACT

The Leonid meteor shower is characterised by an
intense, albeit irregular, flux rate. Forthcoming
showers from 1997 to 2000 have the potential to
exceed the sporadic meteoroid background by several
orders of magnitude at peak, and high velocities can
lead to very high efficiency of charge generation. This
paper considers effects such as penetration damage
to satellites in LEO and GEO. Impact velocities are
considered, and formulae for penetration and plasma
charge and current production are presented. It
is found that the Leonids exceed any other stream
in terms of plasma current generation even under
normal ‘quiescent’ conditions. During the storm flux
enhancement, several catastrophic events might be
expected in the satellite population.

1. INTRODUCTION

The possibility of meteoroid-related loss of a satellite
has been examined in relation to the Olympus com-
munications satellite and the Perseid meteor shower
(Caswell et al. 1995). In next few years, the Leomd
meteor shower offers the potential of considerable
risk to the satellite population (Beech & Brown 1994;
Beech et al. 1995). In this paper we consider specii-
ically, the impact effects that will be encountered
during the Leonid activity.

Meteor detection rates for previous apparitions of
the Leonid shower are given by Jenniskens (1999;
see Fig. 2 in that paper) for 1866, 1867, 1966 and
1969. Essential to the prediction of potential damage
effects in space is the peak height (zenithal hourly
rate, ZHR) and its width. An exceptionally high
peak rate of 150,000 (ZHR) was observed in 1966
(compared to normal activity of around 25 ZHR),
although Jenniskens notes this rate may be 1n error,
and the actual rate might have been around 15,000

(ZHR). The width of the ‘storm’ activity was less
than 0.1° of solar longitude which translates to < 2.4
hours on Earth. Thus only for specific longitudes will
the storm activity be visible in the 4 years considered
(1997 to 2000). For GEO satellites, the danger will
be predictable in terms of preferred impact direc-
tions.
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Figure 1: A comparison the impact effects when
considering penetration (F), charge production (Q)
and plasma current (I).

2. IMPACT EFFECTS

Although light gas guns have limited velocity range
and certainly do not extend to the Leomid impact
speed of some 71 km s™', we have, using other tech-
niques, studied penetration to 16 km s~* (Gardner et
al. 1997) and impact plasma to > 100 km s~ using
the University of Kent’s 2 MV dust accelerator. In
light of this it is sufficient, for a first prediction of
likely effects, to use velocity scaling to extrapolate to
the required impact velocity relevant for the Leomids.
We use the penetration formula given by McDonnell
& Sullivan (1992) based on penetration studies up to
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where particle diameter d, and Fy,,, are in cm, and
velocity V is in kms™!. A velocity exponent of 0.806
applies and only a weak dimensional scaling of d}°°.
For plasma charge production, which is exploited on
real-time detectors such as the Ulysses and Galileo

missions in deep space, the charge produced gener-

ally follows a relationship proportional to ~ mV?>-®
(Dietzel et al. 1973). However incorporating further

calibration from accelerator tests, we use the explicit
relationship:

Q:O.lm( m )0.02 (%}-)3-43 | )
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where () 1s 1n coulombs, mass m 1s in g and particle
velocity V, is in km s~!. This charge is detected
under the application of a small electric field (~ 5V
cm™!) and leads to approximately equal positive and
negative charges on the relevant electrodes. In the
absence of an applied field a charge 1s still generated
due to the differing velocity of the electron and ion
components although the main velocity involved 1s
that of the bulk plasma/ejecta expulsion velocity.
On a spacecraft pre-existing surface charges from ex-
posed dielectrics can provide adequate electric fields
although the resistivity will readily limit the current
which can be drawn from the plasma. Certainly the
plasma can neutralise such surface charges in a time
of order microseconds. However, where we do have
exposed conductors such as solar array bus structures
or unprotected umbilicals the current pulse may be
high. Since the current pulse is given by the rate
of change of charge arriving at a conductor and the
arrival velocity is related to the ejecta velocity, the
velocity exponent 1s effectively increased by 1, in the
current dependence. The characteristic time over
which @ is measured is ~ L/V,, where L is the plasma
path length and hence a functional form for this

current [ (which i1s 0Q)/0t) 1s

m 002 [V, \ 348
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where m isin g, L is in km, V}, is in km s™', and [
1s In A.

For momentum transferred to the target we have a
weaker velocity dependence. The momentum en-
hancement, €, relative to the incident particle has

been measured during calibration of the Giotto shield
sensor of DIDSY. This gives an empirical relation

(see McDonnell et al. 1984)
e=14+0.3(V, —2) , (4)

where V, is in km s~!. We can use these functional
relationships to establish appropriately weighted ve-
locities and their effect on spacecraft for both the
sporadic meteoroids, space debris or a meteoroid
stream such as the Leonids. Appropriate parameters
for selected typical orbits are now presented.

3. ENCOUNTER VELOCITIES

Using a geocentric encounter velocity for the Leonid
meteoroid stream of V' = 71 km s~! (at the top of
the atmosphere), we can consider the typical impact
velocity to a LEO spacecraft, with inclination 28.5°
at an altitude A = 500 km (in a circular orbit).
We find a mean impact velocity of ~71.2 km s~ 1.
The maximum and minimum impact velocity, as
the spacecraft orbits, gives a variation of +7.6 km

s™!. For a geostationary orbit the corresponding

velocity is 70.3 &+ 3.1 km s™!, and for a LEO polar
orbit of 500 km, the value is 71.4 + 7.6 km s~!.
In the ~10pm-mm impactor size range the distri-
bution 1s dominated by meteoroids, the global mass
distribution of which is well described by Grin et
al. (1985). The velocity applicable to this impactor
range 1s derived from radar meteor data. We use
the distribution from Taylor (1995a; 1995b) which 1is
from a re-analysis (and correction) of the Harvard
Radio Meteor Project data (Southworth & Sekanina
1973; Sekanina & Southworth 1975).

Spacecraft Sporadics Leonids Leonids
effect mean vel. vel. E factor
True mean = 17.9 71 4.0
(const. mass)

Penetration 25.8 71 10.2
(v = 2.29)

Plasma charge 31.0 71 16.9
(v = 3.41)

Plasma current 36.1 71 19.5
(v = 4.39)

Table 1: Velocity weighted means, appropriate to
given detection techniques, and the mass threshold
enhancement factor E of the Leonids over the spo-
radics (see text).

The velocity distribution is derived, in the first in-
stance, at the top of the atmosphere (where the
meteors are produced i.e. ~100 km altitude) but



can be transformed to V., or applied to arbitrary
satellite positions and orbits (see McBride et al.
1996). The velocity distribution re-analysis now
shows a higher proportion of faster meteoroids. For
any observational technique the limiting threshold
i1s a combination of factors and the derived mass
distribution and fluxes reflect the method of acqui-
sition. If a mean velocity is needed to represent the
entire velocity distribution, then the mean should be
calculated, weighted with the various factors relevant
to the detection technique.

If the cumulative flux of particles over a given mass
range can be described by F(m) = km™%, where a
is the cumulative mass distribution index and k 1s
a constant, then the ratio of fluxes for masses m;
and ms is simply given by F(ms)/F(m;) which 1s
(ma/my)~%. However a sensor detects parameters
such as penetration limit, plasma production etc,
which depend on mass and velocity such that

signal = ¢ M V° (5)
whete ¢ is a constant. Hence the ratio of the number

of detections for two particle velocities V; and V; will
be given by

F(Va) (Vo \*¥%
RV = (Tff) (6)

where the ratio b/a is often referred to as the factor .
Thus in order to convert from an equal mass velocity
distribution to an equal detection threshold velocity
distribution one must weight the distribution by the

factor V*Y. For example, it is seen from Eq. 1
that Fiar o« di056V 0806 4 m0352Y050%  hence

~ = 0.806/0.352 = 2.29. Table 1 gives the weighted
mean velocities (calculated using o = 1.1 which
is applicable to the mass regime being considered)
which can be used as a single velocity in the re-
spective formulae for particular phenomena (Eqgs. 1-
4). The table also shows the ‘enhancement factor’
that occurs when considering the Leonid meteoroid
stream. This can be thought of as the factor (in
mass) by which the detection threshold shifts for a
given detection threshold system. For example, the
‘qust detected’ particles from the Leonids will be a
factor 19.5 less massive than the typical sporadic
component, and thus detections will be more numer-
ous by the appropriate factor governed by the mass
distribution index.

4. ENCOUNTER EPOCH AND GEOMETRY

Detailed analysis of the expected solar longitude of
Leonid storm activity was performed by Beech et al.
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" Year Radiant Greenwich Longitude of
from apex from apex visibility
1997 2.8° 72.5° 210°E-270°E
1998 2.8° 164.2° 125°E-185°E
1999 2.8° 255.6° 30°E-90°E
2000 - 2.8° - 349.3° 295°E-355°E

Table 2: Useful geometry information for the 1997,
1998, 1999 and 2000 Leonids. Angles of radiant
and Greenwich are measured from the Earth apex
direction, towards the solar direction.

(1997), and was found to be 235.16 & 0.04°. The
epoch of the stream’s arrival at the Earth 1s readily
computed and the radiant established. Fig. 2 shows
the geometry for 1999. The radiant is 2.8° sunwards
of the Earth Apex of motion direction and inclined at
+10° from the ecliptic. Also shown are the position
of potentially favourable night time visibility from
the Earth. Table 2 shows useful geometry informa-

tion for potential storms for 1997, 1998, 1999 and
2000.

l Ieonids 1999
Nov 17th 23:00 UT

Apex
direction

Greenwich

Figure 2: The geometry of the 1999 Leonid encounter
at time of storm maximum. The region of good visi-
bility is indicated. Note LEO satellites are generally
shielded from the stream for half their orbit.

5. IMPACT PHENOMENA

Consider first the effect of impact penetration of a
spacecraft surface. We can consider the role of the
annual Leonids stream (z.e. not enhanced) by com-
paring the instantaneous flux at a given penetration
limit from all the major meteoroid streams, and also
from the sporadic dust environment in general.
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Figure 3: Instantaneous flux throughout the year, of stream meteoroids that penetrate 1 mm of aluminium foil
(2.e. Finaz = 1 mm). The arrows indicate the peaks of all 50 streams used (following Jenniskens 1994), with the
10 most important streams labelled: Ursids (Urs), § Aquarids South (dAZ), w Scorpiids (0Sc), Geminids (Gem),
daytime Arietids (Ari), Leonids (Leo), Bootids (Boo), Orionids (Ori), Monocerotids (Mon) and ¢ Eridanids

(eEr).

McBride (1997) used the 50 most prominent an-
nual meteoroid streams, as compiled by Jenniskens
(1994). A consideration of meteor shower fluxes and
stream speeds etc, led to a determination of the
flux distribution of the streams. For the Leonids
(not enhanced), the flux distribution was given by
a relation F(m~=%s7!) = 3.4 x 1072°M~1-2? where
M (kg) is the meteoroid mass (and this relation-
ship is likely to hold down to about 10~7 g, with
value of o being accurate probably to £0.1). By
use of the penetration formula given in Eq. 1, and
integrating over each stream’s mass distribution, the
instantaneous flux as a function of solar longitude,
for a penetration limit Fj,,, = 1 mm was obtained.
This is shown in Fig. 3. The upper, solid curve
shows the results obtained for a detector mounted
perpendicularly to all streams, and hence gives an
upper level for any instantaneous exposure. The
lower, dotted curve 1s for a detector mounted on the
space face of a gravity stabilised LEO spacecraft (like
the Long Duration Exposure Facility) with its orbit
parallel to the ecliptic plane (hence the contribution
from very northern showers is greatly reduced). The
model accounts for full impact geometry and Earth
shielding effects. The mean value of this curve 1s
shown, with the annual mean level also shown for

comparison, as derived for the space face detector
using the Grun flux (with gravitational enhancement
to LEO). It is seen that at this size regime, ~10%

of the Grun flux prediction is obtained purely from

the 50 streams. It is also seen that the instantaneous
contributions of some 7 or 8 streams (including the
Leonids) would just exceed the background, although
by detector collimation the ‘background’ could be
readily suppressed.

The results in Fig. 3 are calculated at a given pene-
tration limit. However we can consider the relative
contributions of the streams if using the various
detection techniques discussed above. Fig. 4 shows
the the mstantaneous flux throughout the year, for
meteoroids in the Fi,,, = 1 mm size regime, but now
also with the relative strengths based on detection
thresholds applicable to plasma charge production,
and plasma current production. Note the importance
of the Leonid stream (shown here without any storm
enhancement) which exceeds all others in the ‘plasma
regime’. In the event of a Leonid storm, the peak flux
could increase by orders of magnitude. To calculate
the maximum meteoroild mass intercepted we can
‘invert’ the Grun flux distribution. This 1s shown
in Fig. ba. We can also consider the maximum
penetration in aluminium to a real space face surface
orbiting in LEO or GEOQO, as a function of the area-
time product a; (m? s); shown in Fig. 5b. Functions
are fitted to the curves in Fig. 5 over the range shown,

for the LEO surfaces:

[(1340{115)"0‘126 +
(202 ¢ 10_4ﬂit)_0'620]_2'193 (7)

Faz (ﬂ-m) —
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Figure 4: The instantaneous flux throughout the year, for meteoroids in the Fi,,.; = 1 mm size regime, but now
also with the relative strengths based on detection thresholds based on plasma charge production, and plasma
current production. Note the importance of the Leonid stream (shown here without any storm enhancement).

[(5.02 x 10~ 154,)=0-152 4
(449 v 10-—8{%)—0.716]—5*128 (8)

M(g) =

where a; is the area-time product (m? s). For
GEO surfaces, the functions still apply, but instead
of using a;, we use a;/1.67. Examples using this
formulae, are shown in Table 3, for a typical Shuttle
2-week mission and LDEF’s 5.78 year exposure.

M_i_ssion Ar?a-fime ) Mass (g) Fraz
Shuttle 7.3x 105 54x10"° ~2mm
LDEF  2.7x10'° 9.7x107* ~6 mm

Table 3: The maximum meteoroild mass, and alu-
minium penetration depth Fp, ., for a typical Shuttle
mission (2 weeks) and LDEF’s 5.78 year exposure.
For the Shuttle, half the total surface area was as-
sumed (600 m?), and for LDEF an effective exposure
area of 150 m? was assumed.

Ma,ssJ (g) Finaz

i

Source
Sporadics 4%x107° < 2mm
Leonids 15,000 ZHR 2x10~%* ~ 3 mm
Leonids 150,000 ZHR 4 X 107° ~ 9 mm

Table 4: Exposure of 1 day including the Leomid
storm; the maximum penetration for a suite of satel-

lites offering 5000 m? exposed area. The 15,000 ZHR
is equivalent to ~ 10 days of sporadic flux, whereas

the 150,000 ZHR is equivalent to ~ 350 days.

For the Leonid stream, we can note the similarity
between the stream mass distribution index and the
Grun flux at the larger sizes, and hence deduce a
similar formula to estimate the maximum penetra-
tion limit for a given exposed area, exposed for the
1 day incorporating the Leonid storm. If the peak
ZHR reaches 15,000 then the function becomes:

[(1.35 x 10%a;)~ %126 4
(204 < 10—3at)—0.620]—2.193 (g)

Fraz (ﬂm) —

Whereas if the peak ZHR reached 150,000 then the
formula 1s

[(4.66 x 10%a,)=0-126 4
(7.03 x 10~ 2a,)~0-620]-2:19%1 )

Fraz(pm) =

In this period of 1 day at that time, exposure to the
sporadics would yield considerably smaller penetra-
tion and plasma effects. Table 4 shows maximum
penetration for predicted Leonid peak ZHR rates
of 15,000 and 150,000 respectively, as well as the
sporadic prediction. The area-time product used
corresponds to 5000 m? over 1 day, and could apply
to some 1,000 satellites of 5 m? area — perhaps not
atypical of the active suite in operation currently.
The potential effect of the shower is readily observed.
Less obvious is the enhancement of plasma signals
displayed in Fig. 4 (shown without the storm en-
hancement). With a flux enhancement of even 500
(for ZHR 15,000) the peak rate of plasma current
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Figure 5: (a) The largest meteoroid mass encoun-
tered, and (b) the maximum aluminium penetration

limit, for space pointing detectors, as a function of

the exposed area-time product.

events will exceed any other stream in the year by
a factor of > 1000, and the larger meteoroids im-
pacting a spacecraft could produce a plasma current
of several hundred amps if the full charge separating
fields were applied by appropriate conductors.

6. CONCLUSIONS

A consideration of meteoroid flux and subsequence
spacecraft effects has highlighted the significance of
the Leonid stream. In storm conditions, potentially
occurring in the next few years, the peak rate could
well increase by a factor of 1000, and clearly domi-
nate over the sporadic background even when inte-
grated over a period of some days. Combined with
the susceptibility of spacecraft to both penetration
and to plasma effects it 1s appropriate to extend
the modelling to predict better the likely effects and
identify mitigation procedures.
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Chapter 5

Hypervelocity Impacts and Fragmentation



