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ABSTRACT
After the successful experimental demonstration of the
prior published concept on laser-based monitoring of
space debris in early 2012, we will present further
technological and conceptual advancements of this
position sensing scheme. The laser based measurement
of LEO space debris positions in general offers the
potential of a very high accuracy on the order of
10 meters in 3D, which in turn is the input for orbit
processing of objects which are seemingly on collisional
course.
We argue that it is beneficial for the photon budget to
make use of the so called fundamental wave, which is
present in frequency doubled laser systems anyway.
Thus, the here proposed move to near infrared
wavelength is technologically easy to achieve and
promising towards an operational laser-based debris
ranging and tracking system.
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Introduction

As the space debris problem is a growing concern to
operators of satellites as well as to users of satellite
based data products, solutions towards high accuracy
position sensing are sought after. Besides Radar
approaches for LEO debris tracking (e.g. the German
TIRA [1]), laser-based systems are discussed. The latter
approach offers the potential of a very high accuracy on
the order of meters [2, 3]. Within the laser-based
approach, two different implementations have been
followed so far: (i) a low pulse repetition rate (frep), high
pulse energy (Epulse) scheme, and just recently
experimentally validated [4] (ii) a high frep, low Epulse
setup. Setup (i) (low frep, high Epulse) has the advantage
of a strong signal level but the drawback that the
chances to hit the target with the laser are limited due to
the low number of laser pulses. Setup (ii), however, is
complementary to the afore mentioned: the high amount
of laser pulses increases the chances to illuminate the
debris object, but the weak laser pulses reduce the signal
strengths.
Obviously, it is desirable to combine the advantages of
both approaches. This would, of course, require a laser
system offering a high pulse repetition rate and a high
pulse energy. In [2], a system pulsing at a frequency of
frep = 1 kHz with a pulse energy of Epulse = 1 J is
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proposed for the observation of 10 cm LEO debris. As
such a laser system is not available to date - and as a
future system should be optimised towards best possible
results as well - we assess in this paper the influence of
the laser wavelength on the achievable results. Since
laser development for space debris laser ranging
(SDLR) is ongoing at the DLR Institute of Technical
Physics, we will use the emitted wavelength of the
chosen material system (i.e. Ytterbium YAG
(Yb:YAG), λ = 1030 nm) for the discussion conducted
below.
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Wavelength of the laser system

Since the above mentioned experiments of SDLR have
been performed at satellite laser ranging (SLR) stations,
we will discuss briefly the dedication and the technical
layout of such stations. SLR is performed (for instance
by the members of the International Laser Ranging
Service, ILRS [5]) in order to support geodetic analyses.
Hence, best possible range-resolution and accuracy is
necessary. Driven by this needs, and due to the early
availability of single photon counting detectors in the
green spectral region, the historical evolution of SLR
systems led to silicon-based detectors as tool of choice.
As a consequence, the wavelength of the pulse laser had
to be adjusted to the central wavelength of the detector.
Because lasers directly emitting in the green spectral
range are not available with sufficiently high pulse
energy, the well-known nonlinear optical process
second harmonic generation (SHG) is employed to
transform the wavelength of a near infrared laser
(fundamental wave) to the green (second harmonic
wave). The wavelength of a Yb:YAG laser (i.e.
1030 nm) can in such way be frequency-doubled to
515 nm.
This approach requires a nonlinear optical host material.
Usually crystals like Potassium Titanyl Phosphate
(KTP) are used for this purpose. Whereas momentum
conservation has to be adjusted by phase matching,
energy conservation is fulfilled automatically: it needs
two photons from the near infrared to excite the
nonlinear oscillation process in the material which emits
one green photon. The latter photon possesses twice the
energy compared to one photon at the near infrared
wavelength.

The SHG process is usually conducted at an efficiency
of approximately 50%. Hence, if it is desired to generate
a particular pulse energy in the green, it is necessary to
offer the doubled energy in the near infrared and thus
four times the number of photons. This means, by
moving from the due to historical reasons (c.f. above)
widely used green wavelength towards the fundamental
wave, there are four times more photons available. We
want to point out that this basically just requires the
removal of the frequency doubling crystal from the laser
system.
3
3.1.

Figure 1. Ratio of double-path transmittance for
λ =1030 nm and λ = 515 nm as a function of elevation
angle.

Photon budged considerations
Transmission aspects

After the above conclusion that the fundamental wave at
λ = 1030 nm offers inherently an almost quadrupled
photon number compared to the second harmonic wave
at λ = 515 nm, we will compare the atmospheric
transmission of these two wavelengths.
The spectral properties of light scattering and absorption
of the atmosphere are well described by the Air Force
Phillips Laboratory’s FASCOD3P model [6]. Ontar
commercialized this model within the software
PCLnWin [7], which can be used to simulate
atmospheric transmission properties. The advantage of
PcLnWin is that properties of the transmitted beam can
be analysed with high spectral resolution for certain
visibilities, site altitudes, aerosol densities, and elevation
angles.
Results show that the single pass transmittance τfund for
the fundamental wavelength is about 86%, whereas the
transmittance at 515 nm is about τsh = 61% [2]. Both
values are generated for vertical propagation from sea
level in cloud-less conditions and visibility of 23 km.
By applying a planar atmospheric assumption, the
transmission as a function of elevation angle evolves as
follows [8]:
τ(λ, Θ) = 𝜏(𝜆)90°
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where τ denotes the transmission and Θ the elevation
angle versus horizon. In order to get access to the
double-path transmission, the value τ(λ,Θ) has to be
squared.
Figure 1 shows the ratio of the double-path
transmissions of the fundamental and the second
harmonic wave. It can be observed that the gain from
working at λ = 1030 nm is approximately a factor of
two at high elevation angles. However, decreasing the
elevation angle, the gain dramatically increases towards
a value of 10 at 20° elevation angle thanks to the longer
path through the atmosphere.

3.2.

Reflection features

The spectral reflection features of space debris is not
conclusively clarified in literature. While there are
some hints that the reflection coefficients in the visible
and the near infrared spectral range are close to
identical, there are as well reflection spectra which
reveal a different behaviour. For instance, Africano et
al. show spectra where the reflectance at 900 nm is more
than two times higher than at 500 nm [9]. Kapton is
reported to show comparable behaviour, both pre-flight
and post-flight [10]. Jorgensen et al. are reporting about
a “reddening seen in many space objects” [11], meaning
a higher reflectance at wavelength above the visible.
Concluding from this literature data, we expect more
reflected near-IR photons than reflected green photons.
However, as this positive effect can’t be quantified, we
do not assign any numbers to this aspect of the photon
propagation chain.
3.3.

Consequences for the photon budget

The above claimed impacts of the lasing process
(including second harmonic generation) and the spectral
transmission can simply be multiplied to get an
impression how the number of photons at λ = 1030 nm
(#Ph1030nm) exceeds those when the SHG process is used
to work at a wavelength of λ = 515 nm (#Ph515nm).
Hence, the following relation for the number of
returning photon is valid:
#𝑃ℎ1030𝑛𝑚 ≈ 10 ∙ #𝑃ℎ515𝑛𝑚 .

(2)

This ratio of 10 holds for vertical laser illumination; for
elevation angles unequal to 90° the situation gets even
more positive with a functional dependency as described
in Figure 1. Thus, the advantage of factor 10 at vertical
emission increases to a factor of 50 at an elevation angle
of approximately 20°.
Referring to the above given comparison of the
fundamental wave to the second harmonic wave
regarding the number of returning photons, we can
obviously expect well beyond magnitude more photons

at λ = 1030 nm depending on the particular elevation
angle.
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Detector for the near infrared

The requirements on the detector for SLR and SDLR are
similar, but not identical. While it is - driven by the
geodetic background - necessary for SLR to have
~100 picosecond timing accuracies, this is certainly not
the case for debris observations. For this application, the
timing jitter should be smaller than the laser pulse
duration, which is intended to be on the order of 10 ns.
This relaxes the requirements towards this aspect of the
detector and the supporting electronics.
The requirement of high detection efficiency and single
photon counting capability is the same for both
applications. Thus, it makes sense to rely for the debris
application on the same detection concepts as used for
SLR. For the latter, a lot of stations make use of “single
photon avalanche diodes” (SPADs). Briefly described,
these devices are photodiodes which are used such that
the high gain voltage induces one detection event to
completely saturate the detector. Thus, one photon is
able to saturate the detector. The advantage of this is an
increased photon detection efficiency (PDE), which is
the product of the quantum efficiency (QE) of the
detector material and the trigger probability. The latter
depends on the gain voltage.
In order to maximize the QE, it is a reasonable strategy
to match the bandwidth of the (semi conducting)
material of the detector with the energy of the impinging
wave. This leads typically to Silicon-based detectors for
visible wavelength, whereas Indium-Gallium-Arsenide
(InGaAs) is the material of choice for near infrared
waves.
A typical value of the photon detection efficiency of SiSPADs is 0.6 [12], meaning that there is a chance of
60% to detect a single incoming photon. InGaAsSPADs with a PDE of 0.3 at λ = 1030 nm are
commercially available [13].
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Benefits

The results of section 3 revealed, that the number of
returning photons is more than a magnitude higher when
the fundamental wave at 1030 nm is used compared to
the second harmonic wave at 515 nm. Furthermore, in
section 4 we showed that a suitable material system for
near-infrared detection exists and is commercialized.
Here, we will assess how the above discussed factors
influence the detectability of space debris using pulsed
lasers. For this purpose, we employ an approach similar
to the one described in [2] for both wavelength of
interest.
In Figure 2 the system performance for a 10 cm sized
debris object is shown. Here, the elevation angle under

which such an object is expected to be detectable is
shown as a function of the laser pulse energy for both,
λ = 515 nm (green curve) and λ = 1030 nm (red curve).
The space debris (1000 km orbital height) is considered
as “detectable”, if a detection rate of 10% is achieved at
minimum (the Poisson distribution is used to account
for the photon statistics). The divergence angle of the
emitted laser is in both cases set to 10 µrad, the receiver
telescope had an aperture 0.5 m and a transmittance of
60%. The PDEs of the detectors are 0.6 and 0.3, as
stated in section 4. The black star and the black square
denote one possible pair of values for the Epulse of the
fundamental and second harmonic wave, respectively. It
can be seen that the utilization of the fundamental wave
with Epulse = 1 J leads to a detection possibility of the
10 cm- object down to elevation angles of 20° (black
star), whereas the same object could be laser ranged
using the second harmonic wave (at 0.5 J) only just
down to 50° elevation angle (black square).

Figure 2. Assessment of the system performance for a
10 cm debris object in terms of elevation angle of a
detectable object vs. necessary pulse energy. Green
curve: λ = 515 nm, red curve: λ = 1030 nm. For further
explanation, please see text.
In Figure 3, the detectable debris size at a fixed
elevation angle of 45° is shown as a function of the
pulse energy. Again, the red and the green curve
indicate the fundamental (1030 nm) and the second
harmonic wave (515 nm), respectively. Apparently,
smaller objects can be observed at the near infrared
wavelength. We want to point out, though, that at lower
elevation angles than 45° the discrepancy between the
detectable objects spreads even more than shown here.
Since future SSA networks should include SDLR
stations, it is highly aspired that these station are usable
on an operational level. This means, that they need to be
reliably working for small objects observable under low
elevation angles with sufficiently high return rates. As
can be seen in Figure 2, at a wavelength of 1030 nm it is
possible to use the SDLR system at dramatically lower
elevation angles compared to the green wavelength.
Besides this, using the fundamental wave facilitates the

measurement of smaller debris objects compared to the
second harmonic wave (c.f. Figure 3).
As shown above, in such an operational scenario it
makes highly sense to not use the frequency doubled
wave (at green wavelength), but instead make use of the
fundamental wave (at near infrared wavelength),
especially as this wave with the above deduced
performance advantages is existing anyways in laser
systems typically used.
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