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ABSTRACT

After the successul experimertal demonstration of the
prior published concept on laser-based monitoring of
space cekhris in eaty 2012 we will presert further
tecmological ard concepual advarcements of this
position sensing scheme. The laser based measurement
of LEO space alris positions in general offers the
potential of a very high accuacy on the order of
10meters in 3D, which in tum is the input for orbit
procesing d objeds which are seemingly on oolli siond
course.

We argue that it is bereficial for the phaon budget to
make use of the so caled fundamental wawve, which is
present in frequeny doulbled laser systems anyway.
Thus, the here poposed move © near infrared
wavelength is techndogicdly easy to achieve and
promising towards an opeational laser-based debris
ranging and tracking system.

1 Introduction

As the gace ahris problem is a gowing concem to
operators of satellites as well as to users of satellite
based dda products, solutions towards high accuracy
position sendng ae sought &fter. Besides Radar
approacles for LEO delris trackng (eg. the Gemman
TIRA [1]), la®r-based systems are dscused The latter
approachoffers the potertial of a very high accuacy on
the ader of meters [2, 3]. Within the laser-based
approach two differert implemertations have been
followed so far: (i) alow pulse repetition rate (frep), high
pulse energy (Epus9 Scheme, and jus recently
experimentally validated [4] (if) a high fep, oW Eguse
setup. Setup (7) (low frep high Eyusd has the advantage
of a strong signd level but the drawbadk tha the
chanes to hit the farget with the laser are limited due to
the low number of laser puses. Setup (if), however, is
complementary to the afore mentioned: the high amourt
of laer pulses increa®s the charces to illuminate the
delris object, but the weak laser pulsesreduce the signal
strengths.

Obvioudy, it is desirable to combine the advantages of
both approaches. This would, of caurse, require a hser
system offering a high pulse repetition rate and a high
pulse energy. In [2], a system pulsing & a frequeng of
fep=1kHz with a pulse energy of Epuse=1J is
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proposed for the observation of 10cm LEO debris. As
such a laser system is not available to date - ard asa
future system shoud be optimised towards best possble
reallts aswell - we asess in this paper the influene of
the laser wavelength on the achievable results. Since
laer dewelopmernt for space elxis laer rarging
(SDLR) is ongdng a the DLR Institute of Tedchnical
Physics, we will use the emitted wavelength of the
chosen material  system (i.e. Ytterbium YAG
(Yb:YAG), A =1030nm) for the discusson conducted
below.

2  Wavelength of the laser system

Since the above mentioned experiments of SDLR have
beenperformed at satelite 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 Intematonal Laser Rarging
Sewice,ILRS[5]) in order to suppott geodeic analyses.
Herce, bed possble rarge-reslution ard accuacy is
necesary. Driven by this needs, ard due to the eaty
availability of snge photon courting detectors in the
green spectal regon, the histarical evolution of SLR
systems led to sliconbased deteciors astod of choice.

As a onsequene, the wavelength of the pulse laser hed
to be adusted to the cetral wavelength of the detecor.
Becawe lasers direcly emitting in the green spectal
range are not available with sufficiently high pulse
energy, the well-known norinea opticd process
second harmonic generation (SHG) is employed to
trarsform the wavelength of a rear infrared laser
(fundamental wave) to the green (second harmonic
wave). The wavelength of a Yb:YAG laser (i.e
1030nm) can in such way be frequeng-dowbled to
515nm.

This approachrequiresa ronlinearoptical host material.
Usually crystals like Potassiun Titanyl Phosphate
(KTP) are wsed for this purpose. Whereas momentum
conservation has to be adjuged by phase matching,
energy conservation is fulfilled automaticaly: it needs
two photons from the nea infrared to excite the
noninea oscillation processin the material which emits
one green photon. The latter photon possesses twice the
erergy compared to one photon at the rear infrared
wavelength.



The HG proces is usudly conducted at an efficiency
of approximately 50%. Hence, if it is desired to generate
a patticuar pulse energy in the geen it is necesary to
offer the doubled energy in the near infrared ard thus
four times the nunber of photons. This means by
moving from the due to historical rea®ns (c.f. alove)
widely used green wavelength towards the fundamental
wave, there ae four timesmore photons available. We
want to point out that this basicaly just reguires the
remova of the frequeng douling aystal from the laser
system.

3 Photon budged considerations
3.1. Transmission aspects

After the alove canclusion that the fundamental wave at
A = 1030nm offers inherently an amaost quadrupled
photon nunmber compared to the second harmonic wave
a A=515nm, we will compare te amospheric
transmission of these two wavelergths.

The spedral properties of light scatering and absorption
of the amosphere are well described by the Air Force
Philli ps Laboratory’'s FASCOD3P modd [6]. Ontar
commercialized this model within the ftware
PCLnWin [7], which can be used to smulate
atmospheric trarsmisson properties The adiartage o
PcLnWin is tha propertiesof the ransmitted bean can
be aralysed with high spectal rewlution for cettain
visibilities, site dtitudes, aerosol densities, and eevation
angles.

Results show that the single pass transmittance t,ng for
the fundamental wavelength is about 86%, whereas the
transmittance a 515 nm is abou ts,=61% [2]. Both
values are gererated for vertical propagation from sea
level in doudless condtions and visibility of 23 km.
By applying a planar amospheric assumption, the
trarsmisson as a function of elevation angle ewlvesas
follows [8]:

T, 0) = T(A)gq (27, @

where t denotes the transmisson and © the eevation
argle versus horizon. In order to get acces to the
dowble-path transmisson, the vaue t(A,®) has to be
squared

Figure 1 shows the ratio of the douwle-pah
transmissions of the fundamertal ard the scad
harmonic wave. It can be doserved tha the gain from
working & A =1030nm is approximately a fador of
two at high elevation argles However, decreasng the
elevation angle, the gain dramaticaly increasestowards
a value d 10 at 20° elevation angle thanks to the longer
pah throughthe aimosphere.
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Figure 1. Ratio of double-path transmittance for
A =1030 nm and A =515 nm as a function of elevation
angle.

3.2. Réeflection features

The ectal reflecion feaures of space elris is not
conclusively clarified in literature. While there ae
some hints that the reflection coefficients in the visible
ard the near infrared specral rarge ae cbse ©
idertical, there ae aswell reflecion specta which
reveal a dfferent behaviour. For instance, Africano et
al. show specrawhere the reflectarce at900 nmis more
than two times highe than a 500nm [9]. Kapton is
reported to show comparable behaviour, both pre-flight
and pos-flight [10]. Jorgensen & a. are reporting eout
a “reddening seen in many space djects’ [ 11], mearing
a higher reflectance atwavelength atove the visible.

Conduding from this literature data, we expect more
refleced nearIR photons than refleded green photons
However, asthis positive efect carit be quantified, we
do rot assgn any nunbers to this aspect of the photon
propagéation chain.

3.3.  Consequencesfor the photon budget

The alpve chimed impacts of the lasing proces
(including secand hamonic gereration) ard the gectal
transmission can simply be multiplied to get an
impresson how the number of photons a A = 1030nm
(#Ph1030nm) €XxCceed those when the SHG processis used
to work at a wavelength of A =515nm (#Phsi5m).
Herce, the following relaion for the number of
returning photon is valid:

#Phygzonm = 10 © #Phsisum. 2

This ratio of 10 holds for vertical laser illumination; for
elevation angles unequd to 90° the situaion gets even
more positive with afunctional deperercy asde<ribed
in Figure 1. Thus, the adrantage d facor 10 at vettical
emisson increagsto a facor of 50 atanelevation argle
of gpproximately 20°.

Referring © the above given comparison o the
fundamental wave to the semnd harmonic wave
regading the number of returning photons we can
obvioudy exped well beyond magnitude more photons



a A =1030nm depering on the patticular elevation
angle.

4  Detector for the near infrared

Therequirementson the detedor for SLR and SDLR are
similar, but not identical. While it is - driven by the
geoddic background - necessry for SLR to have
~100picosecand timing accuacies this is cetainly not
the case for debris observations. For this gpplication, the
timing jitter shoud be smaller than the laser pulse
duration, which is intended to be on the order of 10ns
This relaxesthe requirements towards this agect of the
detecor ard the suppating electronics

The requirement of high detedion ficiency and sngle
photon courting capability is the same for both
applicatons. Thus, it makesserse © rely for the cebris
applicaion on the same detecion concefs asused for
SLR. For the latter, alot of sations make use of “single
phaon avalanche dodes (SPADSs). Briefly described,
thee cevicesare photodiodeswhich are wsed such that
the high gan voltage induces one detection event to
completdy saturate the detecor. Thus one photon is
able 0 saturate the detecor. The advartage o thisis an
increagd phaoton detection efficiency (PDE), which is
the product of the quantum efficiency (QE) of the
detector material and the trigger probability . The latter
depenis onthegan vdtage

In order to maximize the CE, it is a ra®nabe grategy
to match the bandwidth of the (semi conducting)
material of the detecor with the erergy of the impinging
wave. This leads typically to Silicon-basd deteciors for
visible wavelength, whereas Indium-Galli um-Arsenide
(InGaAs) is the material of choice for near infrared
waves.

A typical value of the photon detection efficiency of Si-
SPADs is 0.6 [12], meaning that there is a dance d
60% to ddged a sngle incoming photon. InGaAs-
SPADs with a PDE of 03 & A=1030nm ae
commercially availade [13)].

5 Benefits

The resallts of secion 3 reveakd, that the rumber of
returning photonsis more than a magnitude higher when
the fundamental wave at 1030nm is used compared to
the £cand hamonic wave at 515 nm. Furthermore, in
sedion 4 we showed that a suitable material system for
nearinfrared detecion exists ard is commercialized
Here, we will assss how the albve dscussd facbrs
influene the detecbility of space ehbris using pulsed
lasers. For this purpose, we employ an agproachsmilar
to the ane described in [2] for both wavelength of
interest.

In Figure 2 the system performarce for a 10 cm sized
delris object is shown. Here, the ekvation argle under

which such an dbjed is expecied to be detecale is
shown as a function of the laser puse energy for both,
A =515nm (green aurve) and A = 1030nm (red curve).
The gace elris (L000km orbital height) is considered
as“detecade”, if a cetecion rate d 10% is achevedat
minimum (the Poison dstribution is used to accant
for the photon datistics). The divergen® ange of the
emitted laser is in both cases set to 10 urad, the recever
telecope had an aperture 05 m and a trangmittance of
60%. The FDEs of the cetecors are 0.6 ard 0.3, as
stated in sedion 4. The Hack star and the black square
denote ore posible par of values for the Epyse Of the
fundamental and second harmonic wave, repecively. It
canbe e tha the utili zaion of the fundamental wave
with Epue = 1J leads to a detection possilility of the
10cm objed down to devation anges of 20° (bladk
star), whereasthe same dject could be laser rarged
usng the seaond harmonic wave (at 0.5J) only jugt
down to 50° elevation argle (blacksquare)
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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: A =515 nm, red curve: A = 1030 nm. For further
explanation, please see text.

In Figure 3, the detecabe delris sze at a fixed
elevation ange of 45° is shown as a function of the
pulse energy. Agan, the red and the green curve
indicae the fundamental (1030nm) and the second
harmonic wave (515nm), regecively. Apparertly,
smaller objects can be diserved at the near infrared
wavelength. We want to point out, though, that at lower
elevation argles than 45° the discreparcy betweenthe
detectable dojects soreads evenmore tan shown hee.

Since future SSA neworks should indude SDLR
stations, it is highly aspired that these station are usable
on anoperational level. This mears, that they needto be
reliably working for small objeds observable under low
elevation angles with sufficiently high return rates. As
canbe seenin Figure 2, a awavelength of 1030nm it is
possilde to use the SDLR system a dramatically lower
elevaton angles compared to the green wavelength.
Besides this, using the fundamental wave fadlitates the



measirement of smaller delris objects compared to the
secand hamonic wave (cf. Figure 3).

As shown &ove, in such an operatonal scerario it
makes highly sense to nat use the frequeng doubed
wave (at green wavelength), but instead make use of the
fundamental wave (at near infrared wavelength),
egecially as this wave with the above deduced
performance adartages is existing anyways in laser
systems typicdly used.
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Figure 3. Detectable debris sizes using both wavelength
as a function of pulse energy. The elevation angle is set
to 45°. For further explanation, please see text.

6 Summary and Conclusions

Space celris lasr rarging has proven itself as
promising method for debris postion sensng. Since we
foreee Ioth a high pulse energy and a high pulse
repetition rate asnecesary for future DLR systems,
we explored furthe ways to improve the system
performance. This includes (besdes ongang laser
dewelopmert) the utilization of the fundamental wave
instead of frequeng doubed laser systems. This leads
inherently to a quadrupled number of photons an
atmospheric trarsmittarce ketter by a facior of 2 to 10
ard to an increa®d reflectivity of the debris. As
furthermore suitable cetecors are awailade, we asesed
tha the system performance dramatically berefits from
udng A =1030nm in favour of the frequengy doule
wave at515 nm.

For existing laser ranging stations, it would thus make
sense to remove the frequeng/ douling aystal from the
laer and to adopt the optics of the qotical path. Of
course, this doesonly affed the celris relaed acivities
ard not necesaiily the aiginal dedcaton, i.e. highly
accuate satelite lasrramging.

For debris laser rarging stations to be build, we
atticuate the adice b dedgn the system without a
frequeng douling dage in order to take benefits from
the fundamental wave.
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