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Satellite Laser Ranging (SLR) is a widely used technique for determining the orbits
of objects in space with high accuracy. There are at least 40 satellite laser ranging
stations located in 23 countries. These stations are part of an international scientific
collaboration, the International Laser Ranging Service, based at the Goddard Space
Flight Center in Maryland, USA, which collects, merges, analyzes, and distributes data.

There are seven known laser ranging stations in China. The average laser power
employed at most of the of the Chinese stations is below 1 watt, although experimental
systems of approximately 40 watts have been used to characterize objects such as space
debris.

This paper describes the potential effects of satellite laser ranging on earth-
imaging satellites. It posits that although there are some circumstances that will re-
sult in permanent damage, in most cases laser ranging would have a low probability of
permanent damage to the satellite’s sensitive imaging sensor (detector). Due to the low
probability of damage, laser ranging is an ineffective anti-satellite weapon. Nonethe-
less, the potential for even some damage warrants development of international rules
governing satellite laser ranging.

INTRODUCTION

Satellite Laser Ranging (SLR) is a precise method for determining a satellite’s
orbit and is of scientific value in a number of fields, primarily earth and lunar
geodesy.! For example, SLR is a useful tool for determining the earth’s gravi-
tational field and detecting movements of tectonic plates. The principle behind
SLR is to precisely determine a satellite’s location by measuring the distance
from a ground station to a satellite by the time an ultra-short laser pulse fired
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from the ground takes to reach and be reflected back from the satellite. This
process is called “ranging” to the satellite. By combining multiple measure-
ments from worldwide time-synchronized stations, a satellite’s orbit can be
determined with sub-centimeter precision.

Beginning in September 2006 reports surfaced that, on multiple occasions,
China aimed ground-based lasers at U.S. satellites. Few details emerged, lead-
ing to speculation and confusion about what actually occurred. Some claimed
that these incidents were evidence that China was testing laser anti-satellite
(ASAT) weapons. In particular, a story appearing in the Defense News claimed
that China had recently “fired high-power lasers at U.S. spy satellites flying
over its territory in what experts see as a test of China’s ability to blind the
spacecraft.”?

Shortly after the release of the Defense News report, Command Sergeant
Major David Lady of the Joint Functional Component Combat Command for
Integrated Missile Defense, stated at the Strategic Space and Defense confer-
ence (October 2006) that these incidents were also detected, most likely by data
obtained by the National Reconnaissance Office, after U.S. satellite operators
observed that the satellites occasionally failed to perform over China.? “There
had been times when we wondered at the sudden decline in effectiveness as
the satellites passed over China.” Major Lady stated that these anomalies were
also detected by satellite tracking sensors at the Reagan Test Site on Kwajalein
atoll. “We sensed the projection of beams against the spacecraft and could iden-
tify the streams of photons.” According to Jane’s, he stated that this was evi-
dence of a Chinese laser countermeasure system. However, Donald Kerr, Di-
rector of the Pentagon’s National Reconnaissance Office, while acknowledging
that something had occurred, said that “it did not materially damage the U.S.
satellite’s ability to collect information.”* In addition, Gen. James Cartwright,
who was in charge of U.S. military operations in space at the time, said that
the United States had not seen clear indications that China had intentionally
disrupted American satellite capabilities.’

The details released to the public were insufficient to determine what ac-
tually happened. One theory is that China was testing laser weapons intended
to disrupt the satellites. However, there are other reasons to illuminate satel-
lites with lasers, and here we present analysis of a different possibility—laser
ranging to determine satellite orbits—which appears to be compatible with the
statements of Kerr and Cartwright, but is not evidence of laser ASAT weapons.
Moreover, based on our analysis, we suggest a way to distinguish whether the
lasers used were appropriate for ranging or for a laser ASAT weapon.

LASER RANGING CAPABILITIES IN CHINA

The worldwide network of laser ranging stations is part of the Interna-
tional Laser Ranging Service® (ILRS), based at the Goddard Space Flight
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Center in Greenbelt, Maryland, USA. The ILRS collects, merges, analyzes, and
distributes SLR data from 40 stations in 23 countries (see Figure 1). These
SLR stations track approximately 31 satellites that support passive geodetic,
remote sensing, navigation, and engineering missions.

This paper discusses two classes of satellites, cooperative and uncooper-
ative. Cooperative satellites are fitted with passive retro-reflecting mirrors
providing strong reflected signals. Uncooperative satellites do not have retro-
reflecting mirrors resulting in much weaker return laser pulses.

The ILRS primarily tracks cooperative satellites. There are seven SLR sta-
tions in China that are members of the ILRS. These seven stations are engaged
in geodetic research using pulsed lasers of roughly 1 W average power. Five
stationary stations are located in Shanghai, Changchun, Beijing, Wuhan, and
Kunming (see Figure 2). There are at least two functional mobile stations. Dur-
ing 2000-2001 these mobile units were deployed in Western China, in Lhasa,
Tibet and Urumchi, Xinjiang.” One mobile station may be located northeast of
Changchun, close to the North Korean border and the town of Tonghua.?

Although the SLR stations normally range to cooperative satellites,
the Shanghai station has the capability to range to orbital debris on an
experimental basis. In late 2005, as part of a cooperative effort between the
two countries; China installed an SLR station in San Juan, Argentina, simi-
lar in design to the other fixed stations in China.? The authors are not aware
of any additional SLR stations that might, for example, be operated by the
Chinese military.

DAYTIME vs. NIGHTIME SLR

Conducting SLR during the day is more complicated than at night since the
much brighter sky background during the day increases the difficulty of de-
tecting a weak laser return signal reflected by a satellite. However, collect-
ing SLR data during the day as well as night permits a better determination
of the satellite’s orbit. Wavelength filters and electronic “range-gates” on the
satellite can suppress sky noise dramatically, and post-processing permits the
extraction of the true reflected laser signal photons from random background
photons. Daylight SLR does not requires a more powerful laser due to these fil-
tering technologies and post processing techniques. Many of the ILRS stations
regularly track cooperative satellites during the day (Figure 3).

The Shanghai Astrophysical Observatory pioneered daylight SLR capabil-
ity for China in 1996 but daylight tracking has reportedly been suspended

International Laser Ranging Service, ILRS Governing Board Meeting, Vienna, Aus-
tria, April 2006, <http:/ilrs.gsfc.nasa.gov/docs/gbinfo060407.pdf> (March 2009).
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Figure 2: Distribution of Chinese fixed satellite laser ranging stations and the planned mobile
sites.2

since 2001. Recently the Changchun Observatory!! in northeast China near
North Korea (Figure 4) acquired daylight SLR capability.!?~1* The Kunming
SLR station has been reported to be preparing for daytime SLR.

Ranging to uncooperative satellites may be useful for tracking and main-
taining a catalog of space objects such as the orbits of reconnaissance satellites
passing overhead.

It is not known whether any of the Chinese SLR stations regularly range
to uncooperative satellites. Shanghai has the capability to collect orbital infor-
mation on space debris on an experimental basis using a 40 watt (W) average
power pulsed laser. It is possible that similar lasers are now operational at
other Chinese SLR sites and may be an effective method of obtaining orbital
information on large satellites in low earth orbit (LEO).1?

’International Laser Ranging Service, ILRS 1999 Annual Report, Section 4. Network
Reports, 116, http://ilrs.gsfc.nasa.gov/reports/ilrs_reports/ilrsar/1999/ilrsar99_section4.
pdf> (March 2009).
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Figure 3: Daytime vs. nighttime SLR capability for International Laser Ranyging Service
stations worldwide. Normal points (y-axis) are averages (approximately 2 minutes long) of
multiple single shot ranges to a given satellite.?

IMPACTS OF LASERS ON GROUND-IMAGING SATELLITES IN LOW
EARTH ORBIT

If lasers similar to those used in the Chinese SLR stations were used for rang-
ing to a ground-imaging satellite in LEO, and the SLR operators were careful
to avoid ranging when the satellite was overhead (i.e. near the zenith, when
its detectors could view the laser), it would be essentially harmless — although
potentially noticeable. If the SLR operators were not careful, and they ranged
to an imaging satellite close to the zenith, then there is an approximately 1
in 1,000 chance that they could cause some damage to the filters covering the
sensors, or possibly to a small section of the sensor itself, if the ground region
viewed by the satellite as it passed overhead included the location of the laser
(see the following sections for details on how this was derived). (This also as-
sumes that the satellite does not have shutters or other systems that would
protect the detector from high-intensity light.) The power of the 1 and 40 W
SLR systems is too low to interfere with the satellites through heating effects
or to cause physical damage to components other than the sensitive imaging
Sensor.

Researchers and SLR operators in China are aware of these dangers and
are likely to follow established operational guidelines to prevent occurrences
of potentially harmful illuminations.'6

3International Laser Ranging Service site list, <http:/ilrs.gsfc.nasa.gov/stations/
sitelist/> (March 2009).
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Figure 4: Changchun station.4

China’s currently known SLR ranging stations should not be considered
ASAT weapons due to the low probability of assured damage to a ground-
imaging satellite’s imaging sensor. However, even the slightest probability
of sensor damage in an inadvertent or improper laser ranging argues for

“International Laser Ranging Service, ILRS 1999 Annual Report, Section 4. Network
Reports, 118, http://ilrs.gsfc.nasa.gov/reports/ilrs_reports/ilrsar/1999/ilrsar99_section4.
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development of international rules governing the use of SLR, such as prohibit-
ing unauthorized SLR or allowing SLR only when the satellites are away (i.e.,
30 degrees or more) from the local zenith, as viewed from the SLR stations.

CHINESE SLR STATION LOCATIONS AND SPECIFICATIONS

The Chinese SLR stations typically use a solid-state Neodymium-doped Yt-
trium Aluminum Garnet (Nd:YAG) pulsed laser to generate 0.532 micrometer
(0.532 x 1078 m) wavelength green light with a 200 picosecond (200 x 10~12
sec) pulse width. This laser has an energy of 0.1 J per pulse and possible rep-
etition rates of 1, 2, 4, 5, 8 and 10 Hz (pulses per second), corresponding to a
maximum average power of 1 W (for the maximum 10 Hz rate). In practice, a
repetition rate of 4 to 8 Hz is used.!” The aperture of the transmitting and re-
ceiving telescope is 15 cm and 60 cm respectively. The lasers at the Changchun
station operate with these parameters. Lasers at other Chinese fixed SLR sites
are similar in design. The Chinese SLR systems currently operate with one
pulse at a time during transit between the ground and the satellite. Systems
with higher repetition rates are more complex because multiple pulses are in
transit between the ground and the satellite and sophisticated techniques are
necessary to correlate transmitted and received pulses in order to determine
the time of flight.

The Shanghai Astronomical Observatory is experimenting with a higher
powered laser at the same wavelength, producing 2 J pulses of 10 nanosecond
(10 x 107° sec) duration at a 20 Hz repetition rate corresponding to an aver-
age power of 40 W. This experimental laser is focused through a 21 cm aperture
telescope and is reportedly used for ranging to orbital debris.'® A similar sys-
tem at Mt. Stromlo in Australia is reported to track 15 cm debris fragments
at about 1250 km altitude.'® A 40 W laser with these parameters is capable of
ranging on an uncooperative satellite, depending on its size and altitude.

Lasers at the mobile stations are reported to have an average maximum
power of about 0.4 W2° with 15-40 mJ per pulse and a 10 Hz repetition rate.

EFFECTS OF 1 to 40 W LASERS ON IMAGING SATELLITES

High-resolution earth-imaging satellites orbit at altitudes of 1,000 kilometers
or less and travel at approximately 7 km/sec, relative to the surface of the
earth. An SLR station can view the satellite for approximately 15 minutes dur-
ing each orbit. Most earth-imaging satellites use imaging sensors (linear detec-
tors) to produce their images using the “pushbroom” method (Figure 5).2! The
sensors contain an array of light-sensitive elements, or pixels, that measure

pdf> (March 2009). More detailed information can be found at <http:/www.cho.ac.cn/>
(March 2009).
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Figure 5: An illustration of the “pushbroom” method of satellite imaging.®

light at different wavelengths. As the satellite orbits over the earth, the sensors
collect a series of linear images that are combined to form a two-dimensional
color image, in a method similar to a desktop scanner.

Most sensors are covered by filters that permit only a specific range of vis-
ible light frequencies to reach the sensors. Narrow-band filters allow a limited
range of frequencies to be collected, for example, only the red part of the light
spectrum.

The satellite’s telescope collects light from the ground and focuses it on the
sensor. It has a total field of view of about 1 degree, corresponding to 10 km on
the ground (Figure 6). It moves along the ground at approximately 7 km/sec,
imaging a thin strip of the ground as it moves, utilizing approximately 10,000
pixels of the linear detector array. Each pixel corresponds to approximately a
1l-meter x 1-meter region on the ground. A spot on the ground will remain in
the telescope’s field of view for about 1.5 sec if it passes through the center
of the field of view, even though it is only imaged by the sensor strip for 10—+
seconds. A ground based laser from an SLR station can illuminate an LEO
satellite during the 15 minute interval that it is in view of the station.

As an example, Geoeye/Space-Imaging’s IKONOS satellite has a resolution
of approximately 1-meter. Its imaging sensor contains a strip of 13,500 pixels

5Figure from SPOT website: <http://spot4.cnes.fr/spot4_gb/hrvirhtm> (March 2009).
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Figure 6: A schematic of the field of view of an imayiny satellite’s telescope and the linear
detector array that collects the signal from the ground. Three locations of the laser aimed at
the satellite are shown corresponding to the three cases examined in the text.

and views a swath on the ground 10km wide and approximately 1-meter in the
direction of motion.2? At a speed of 7 km/s, the swath passes over a 1-meter
area in approximately 10~* sec.

When a ground-based laser is trained upon an earth observing satellite, it
can have one of several effects, in order of severity:

a) If the laser is outside the field of view of the satellite’s telescope, then a
small amount of laser pulse may reach the satellite’s imaging sensor and
has the potential to scatter into the telescope optics. This small amount
of light may produce slight changes in the background noise level of the
sensor pixels, which are potentially detectable by the satellite operators.??
If a filter effectively excludes the laser’s frequency then these effects may
be reduced or eliminated altogether.

b) If the satellite’s telescope views the region on the ground that contains the
laser illuminating the satellite, but the image of the laser does not fall upon
the linear detector (see Figure 6), then it is still possible that a small frac-
tion of laser light will be diffracted onto the detector.2* For low laser power,
if this light is transmitted through the filter, it would result only in a region
of enhanced brightness in the reconstructed image. However, if the laser
source is powerful enough, then the laser light that is diffracted onto the
detector can be strong enough to overwhelm the light collected from the
ground in the area immediately around the laser and obscure the image
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in that small area, while not damaging the detector. This is referred to
as “dazzling,” and is temporary and reversible.?? Dazzling only occurs in
a small area near the source of the laser during the single second that the
laser is in the visible field of the telescope—it does not obscure images at
greater distances. A more detailed description of dazzling can be found in
the Appendix.

¢) Ifthe satellite’s linear detector views the spot on the ground where the laser
is located, then a bright image of the laser will be focused onto the detector,
assuming the laser is pulsing at the time. This will occur only during that
short period (~10~* sec) when the satellite’s detector directly views the re-
gion on the ground containing the laser (see Figure 6). In this case, the effect
on the satellite will depend on the power of the laser. Assuming the filter
is transparent to the laser light, at sufficiently low laser power, this would
result only in a bright spot on the image of the ground. At somewhat higher
power, the laser light can be strong enough to overwhelm the light reflected
from the ground scene and obscure the image in a small region around the
location of the laser, while not damaging the pixels. As in (b) above, this
latter case is called dazzling and it is a temporary and reversible effect.

If the filter covering the detector does not transmit the laser light’s wave-
length, then it will keep this light from getting to the detector pixels and
dazzling will not occur. If the power of the laser is sufficiently high, and if
the thin filter covering the detectors is not transparent to the laser light, the
laser may permanently damage the filter. If instead, the filter does trans-
mit the laser light, a small number of pixels around the location of the laser
image may sustain permanent damage.?627 In this case, the affected pixels
would be “blinded” permanently. For the laser powers considered here, only
a few pixels could be damaged. As noted, for a pulsed laser operating at the
low repetition rate considered here, the chance that a pulse is present at
exactly the right time to damage the detector is very low.

Although there are no reports that Chinese SLR stations are illuminating
uncooperative space objects besides debris, it is worth examining the potential
for dazzling or blinding by pulsed lasers.

If a pulsed laser with a repetition rate of 10 Hz and short 0.1 J ranges an
imaging satellite while the laser is in the field of view of the telescope, and the
sensor is unfiltered, the sensor will be dazzled at each pulse. The image will
be impacted approximately 10 km from the laser (Appendix 1). If a satellite
with a 1 degree field of view passes over the laser, the laser will remain in the
satellite’s field of view for up to two seconds. For a 10 Hz pulsed laser, if the
laser were in the field of view for 1.5 seconds, the telescope would see 15 pulses.
Consequently, this would lead to 15 instances of dazzled pixels interleaved
within the 15,000 linear images the detector would collect during that time
that would be used to construct the ground image, which would therefore have
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a very minor effect on the reconstructed ground image. This assumes that the
filters are transparent to laser light’s frequency; if not, the dazzling will be less
severe or possibly undetectable.

If the laser’s pulse coincides at exactly the moment (10~* sec) that the
satellite’s telescope is viewing the laser, it is likely that the filter and/or the
pixels viewing the laser and a few surrounding pixels may sustain permanent
damage. The energy delivered by a 0.1 J pulse is approximately 100 times
greater than the energy that is required to cause permanent damage. However,
because the laser emits pulses every 0.1 seconds, the probability of the laser
damaging the sensor or the filter in a single pass is only 10~* sec/0.1 sec =
0.1%, or 1 in 1,000.

20 Hz, 40 W lasers have a greater probability of damaging the filters or the
sensor because each pulse contains 2 J. If a 40 W laser passes through the filter,
an area in the several tens of kilometers around the laser?® will be intermit-
tently dazzled.?® In the unlikely event that the laser emits a pulse during the
10~ seconds that the sensor is in view of the laser, the filter and/or the pixels
viewing the lasers and adjacent pixels are likely to sustain permanent damage.
Assuming that the laser fires every 0.05 sec, the probability that the laser will
cause permanent damage to the filter and/or the sensor is 10* sec/0.05 sec =
0.2%. This example assumes the satellite is equipped with a robust Silicon
based sensor; other sensor materials typically have lower damage thresholds.?’

Even if the laser is outside the view of satellite’s telescope, stray light from
the illumination may scatter within the satellite optics and, if unfiltered, may
alter the background levels of the sensor. Any anomalous background levels
are likely to be detected by the satellite operators during the regular (typically
daily) health and status monitoring.?!

CONCLUSION—POSSIBLE “RULES OF THE ROAD”

If an SLR station illuminated an imaging satellite when the satellite was not
viewing the ground region containing the laser, any stray laser light reach-
ing the detector or filter would not be intense enough to cause damage. Thus,
assuming that the satellites image sections of the earth directly below them,
SLR could be conducted safely when the satellite was low in the sky relative to
the SLR station. For example, the French SPOT4 satellite has an oblique view-
ing capability of a maximum of 27 degrees on each side of its local vertical.3?
Therefore, creating a “no-SLR” exclusion zone of 30 degrees about the local ver-
tical for an SLR station ranging to uncooperative satellites (i.e. those without
retro-reflectors and not designed to be ranged-to) may be reasonable enough to
ensure that the detectors of imaging satellites will not incur damage. However,
if a given country is interested in ranging to its own uncooperative satellites,
exceptions could be approved and catalogued via some agreed-upon forum such
as the ILRS.
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Finally, we note that the laser powers used for SLR are low enough that
they would not interfere with satellites through heating effects or by causing
physical damage to parts of satellites other than the sensors.

Future SLR systems may reduce concerns of damaging space based detec-
tors by significantly reducing the power per pulse and increasing the pulse
repetition rate. NASA has developed the SLR2000 system that operates with
two hundred times the repetition rate (2,000 Hz) of the systems discussed pre-
viously with approximately one-thousandth of the energy per pulse (135 mJ).33
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APPENDIX: LASER DAZZLING AND DAMAGE ESTIMATES

Dazzling

Dazzling is a temporary and reversible phenomenon and occurs when the
intensity of the—direct or scattered—laser light incident on a given pixel is
strong enough to overwhelm the light that would have been collected from
the region on the ground corresponding to that pixel. In effect, the laser light
“swamps” the signal from the ground.

Scattering of the laser light in the satellite optics occurs due to two main
mechanisms. Firstly, the finite diameter of the telescope mirror leads to diffrac-
tion, which spreads roughly 16% of the incoming laser intensity into a pattern
of concentric rings around the main image of the laser spot. Secondly, imperfec-
tions in telescope optics lead to “leakage” of intensity from a perfectly point-like
image of the laser spot into a slightly extended region. Such imperfections can
also result in “glints” or bright reflections from edges of the optical elements
and/or their support structure.?* We estimate the size of the region of the sen-
sor that would be dazzled by a pulsed laser in the following manner. A satellite
in LEO will pass over a 1-meter area on the ground in roughly 10~* sec. For
a satellite with 1-meter ground resolution, we would therefore expect that the
pixels that make up the sensor would collect photons for approximately that
same length of time before reading out the value and resetting to collect pho-
tons from the adjacent 1-meter area.

A pixel detecting a 200 picosecond pulse with energy of 0.1 J collects the
same number of photons as a 1 kilowatt continuous laser for 10~# sec. The
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dazzling effect is the same in both cases and the image will be impacted for
approximately for 10 km from the laser.?® The maximum region that can be
dazzled cannot exceed the field of view of the sensor.

The duration of the dazzling is determined by the cycle time of the pixels
rather than the length of the pulses, so dazzling will last approximately 10~*
sec rather than 20 picoseconds.

Damage

If a laser is illuminated for 10~ sec or less, the damage threshold for
silicone-based sensor materials is®® 100 J/cm?, or 10® J/m?. This applies both
to the pulsed and continuous lasers because the duration of the illumination is
determined by the time it takes the satellite to cross one resolution unit on the
ground, 10~ sec.

Assuming a A = 0.5 micrometer wavelength laser and a Dy, = 15 cm di-
ameter focusing mirror, similar to the lasers at the Chinese SLR stations,, the
laser will be focused at range R = 800 km into a spot of diameter 1.22AR/Dr,,
or:

1.22(0.5 x 107® m) x (8 x 10° m/0.15 m) = 3.25 m.

To be conservative in the damage estimates we have not considered the
effects of atmospheric defocusing of the laser, which broadens the spot size at
the satellite.

Assuming a 0.1 J pulse (and atmospheric transmission of 1)37, and a 1-
meter diameter mirror on the satellite’s telescope, then the amount of that
energy going through the telescope is:

0.1J x (1/3.25)>~ 0.01 J

This energy will be focused by the satellite optics onto one pixel, which for
imaging satellites is approximately 10 micrometers (10~°m) on a side. Focusing
0.01 J on an area of 1071° m? gives a power density of:

0.01J/(1071°m?) = 108 J/m?2.

This density is 100 times the damage threshold of 106 J/m?, and will dam-
age the pixel unless the laser light is filtered. In this case both the pixels and
the filter may be damaged. As noted above, the probability of such a laser pulse
being fired just as the satellite is viewing the spot on the ground containing the
laser is only 0.1%.

Note that silicon based sensors are at least an order of magnitude more
robust against laser damage than other typical sensor materials.38
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