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ABSTRACT 

There is little potential of action in case of conjunctions where neither chaser nor target can be controlled by 
spacecraft operators. Nevertheless, potential collisions between such objects pose a significant threat to the 
space environment. In view of that, some recent studies and developments addressed the concept of momentum 
transfer (MT) from ground-based lasers for orbit modification and, therefore, collision avoidance. However, 
achievable 𝚫𝒗 increments are highly constrained (pass geometry) and uncertain (object properties, cloud cover, 
atmospheric turbulence, orbit uncertainty). Therefore, we present and study a probabilistic model for MT-
based collision avoidance. In doing so, we derive requirements in terms of laser power, MT success rate, and 
orbit prediction uncertainty as a function of turbulence compensation capability, time to event, conjunction 
angle, and area-to-mass ratio. Our results demonstrate limitations of the method given currently available 
technology. 

1 INTRODUCTION 

Using ground-based lasers to exert photon pressure (momentum transfer – MT) is a promising concept to avoid 
collisions between pairs of uncooperative objects [1,2,3]. While achievable velocity changes (Δ𝒗 maneuvers) per 
station pass are small (e.g. 1mm/s at best), their effects accumulate over time.  Hence, in particular when MT is 
performed across multiple station passes (either during ascending or descending pass arcs), one may achieve 
sufficiently large b-plane (perpendicular to the objects’ relative velocity at the time of closest approach) separations 
to reduce collision probabilities below the required threshold. While the effective per-pass Δ𝒗 vectors (direction and 
magnitude) are constrained by the pass geometries, they are still highly uncertain. In particular, cloud cover and 
atmospheric turbulence may adversely affect MT endeavors [4]. On top of that, predicted orbit uncertainties must be 
small enough to reduce the required b-plane separations to make collision avoidance (CA) via MT possible.  

In this paper we consider pairs of uncooperative conjunction objects, which we refer to as chaser and target. The 
nudged object is the chaser if the orbit of only one object shall be modified, while the target remains untouched. 
Otherwise, MT will be applied to both objects. We assume that objects subject to MT are tracked by a tracking laser 
at the same time, which results in improved orbit predictions. In turn, this decreases collision probabilities yielding 
higher collision avoidance success rates. 

In view of the aforementioned challenges, we study MT system requirements in terms of laser power, MT success rate 
(percentage of effective MT passes among all passes), MT strategy (ascending/descending pass arcs of one or both 
objects), and orbit prediction uncertainty as a function of network topology, area-to-mass ratios, object sizes, and 
conjunction angle. To do so, we propose a probabilistic model where a single sample corresponds to a set of Δ𝒗 
vectors. A linear relation between impulsive Δ𝒗 maneuvers and b-plane displacements is leveraged to quickly evaluate 
the collision probability of such a sample. Based on Monte-Carlo simulations we eventually determine the percentage 
of samples leading to successful CA for a given parameter setup. Using root search we identify parameter values that 
lead to a desired CA success rate. 

The remainder of this paper is organized as follows: In Sec. 2 we provide a description of the probabilistic CA model 
that is used for the Monte-Carlo simulations. After that, we describe the simulation setup and discuss some of its most 
important parameters in Sec. 3. Our simulation results are presented in Sec. 4 before we finish with some concluding 
remarks in Sec. 5. 
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2 STATISTICAL MODEL FOR MT-BASED COLLISION AVOIDANCE 

In this section we derive a generative probabilistic model for collision avoidance. With various adjustable parameters 
a single sample from this model consists of a set of per-pass Δ𝒗	vectors noted in the local orbital frame (LOF). We 
use this set of Δ𝒗	impulses to determine whether it sufficiently decreases the probability of collision below a given 
threshold (given orbital elements, conjunction geometry, object shapes and orbital uncertainties). At best, such a 
sample corresponds to a favorable situation, where many Δ𝒗	maneuvers are imparted rather early in the window from 
alert to conjunction (cumulative effect of the altered orbital period). The generative model may also yield unfavorable 
samples, which might correspond to multiple missed passes due to weather constraints or due to station-orbit 
combinations resulting in low revisit frequencies. 

2.1 Sources of randomness 

In our probabilistic setting, the expected number of potential station passes (until time of event) is obtained from an 
analytical model for the mean (long-term) revisit frequency (see Sec. 2.2). The number of potential MT passes is then 
reduced by the number of missed passes, a Poisson-distributed random number, where the complement of the MT 
success rate is the only parameter (which is equal to the expected value and the variance). The epochs of the remaining 
passes are distributed uniformly at random within the time to event (see Sec. 2.3). In the next step, simplified pass 
geometries are sampled from a probability distribution that is derived from the mean revisit frequency model. These 
pass geometries are completely characterized by the maximum elevation an object reaches during a pass (see Sec. 2.4). 
With analytical approximations of the simplified pass geometries we determine the direction of the photon-induced 
acceleration and approximate the integral for the per-pass Δ𝒗 vector (see Sec. 2.5). Eventually, the effects of all per-
pass Δ𝒗	maneuvers on the displacement Δ𝒓% in the conjunction plane are summed and the updated up (after MT) 
collision probability is computed (see Sec. 2.6). 

2.2 Mean revisit frequency 

The long-term mean revisit frequency of an Earth-orbiting object with respect to a fixed station location is defined as 

𝜈 = limt→∞
𝑁(𝑡)
𝑡  (1) 

where 𝑁(𝑡) expresses how many times the satellite is visible at the ground station during the elapsed time 𝑡. 
Reference [5] presents an expression for ν	given the station latitude 𝜙 and the object’s Keplerian elements. It is 
formulated as a double-integral over a discontinuous function, which is straightforward to evaluate numerically. The 
expression is derived assuming non-repeating ground tracks, which holds true if the ratio of the orbital period and 
Earth’s rotation period is an irrational number or if additional orbit perturbations are taken into account. However, for 
simplicity the model assumes a spherical Earth and no orbit perturbations but it can be easily extended to an oblate 
Earth model with 𝐽4 perturbations. Under these assumptions, the mean revisit frequency 𝜈, can be computed as a 
function of the orbital elements, namely the semi-major axis 𝑎, the eccentricity 𝑒, the inclination 𝑖, and the argument 
of perigee 𝜔9: 

𝜈(𝜑, 𝜀=>?, 𝑎, 𝑒, 𝑖, 𝜔9) =
1

4𝜋𝑇DEF
G H

𝜕v(ω, αMN(ω, αMN,9))
𝜕𝜔 + P

𝜕v(ω, αMN(ω, αMN,9))
𝜕𝜔 PQ

4R

9
d𝜔d𝛼UV 

(2) 

𝜀=>? is the minimum pass elevation, 𝑇DEF 	is the orbital period of the considered object, 𝛼UV 	is the right ascension of 
the ground station and 𝛼UV,9 ∈ [0,2𝜋]	 is the offset of the right ascension of the ground station with respect to an 
arbitrary reference value. 𝛼UV 	is expressed as a function of the elongation 𝜔 ∈ [0,2𝜋] of the object in its elliptic orbit. 
The scalar-valued function v(𝜔, 𝛼) is a binary mapping on the two-dimensional domain of (𝜔, 𝛼)	and takes the value 
1 if there is potential visibility of an object at the considered ground station and 0 otherwise. Hence, integrating over 
the sum of the value and the absolute value of the derivative of this piecewise constant function corresponds to 
counting the number of times the combination of 𝜔	and 𝛼UV 	enters a two-dimensional area of visibility along the 
integral. 

2.3 Statistical model of pass epochs 

Given time to event 𝑇	we obtain the expected number of 𝐾] = 𝜈𝑇	(see Eq. (2)) passes over a specific station. In a 
realistic scenario, many of these (expected) 𝐾] passes might not be efficiently usable for momentum transfer. For 
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example, this may be due to weather limitations (clouds, turbulence), scheduling constraints, operational issues, and 
laser system issues. As the number of missed passes 𝑘	is a discrete value that is lower bounded by zero, a Poisson 
distribution is deemed the most suitable model, i.e. 𝑘 ∝ Poisscd(𝑘). Consequently, the actual number 𝐾e] of MT passes 
is given by the following expression: 

𝐾e] = max(0, 𝐾h − 𝑘) 
(3) 

Eventually, we distribute the actual epochs 𝑡>	(𝑖 = 1,… , 𝐾e]) of these passes according to the uniform distribution 
𝑡> ∝ 𝒰(0, T). 

(4) 

2.4 Relative frequency of passes exceeding a given elevation 

In what follows, we drop the orbital elements, i.e. 𝜈(𝜙, 𝜀=>?, 𝑎, 𝑒, 𝑖, 𝜔9) = 𝜈(𝜙, 𝜀=>?), for notational convenience. This 
quantity is the reference value for the mean frequency of passes, i.e. given a period of interest 𝑇	we expect 𝑁(𝑡) =
𝑇𝜈(𝜙, 𝜀=>?) passes within this period. Passes not reaching the required minimum elevation 𝜀=>? 	are not considered 
here. Now let us assume that we are interested in passes reaching an elevation 𝜀∗ > 𝜀=>?. The relative revisit frequency 
of the considered object under this constraint is given by 𝜈(𝜙, 𝜀∗). Consequently, we obtain the relative frequency of 
passes 𝑓rstu(> 𝜀∗) that exceeds the elevation 𝜀∗ 	as 

𝑓rstu(> 𝜀∗) =
𝜈(𝜙, 𝜀∗)
𝜈(𝜙, 𝜀=>?)

 (5) 

Ultimately, we want to sample pass geometries. Under the assumption that the change of geometry due to Earth 
rotation is small during an object pass, our parameter of interest characterizing the pass geometry is the maximum 
elevation that the object reaches during the considered pass. Therefore, we aim to sample exactly this value. To do so, 
we require an expression for 𝑓rstu(= 𝜀∗) instead of 𝑓rstu(> 𝜀∗), i.e. the relative amount of passes reaching but not 
exceeding a given elevation 𝜀∗. For this reason, we first note that the relative number of passes 𝑓rstu(= 𝜀∗) not 
exceeding the elevation 𝜀∗ 	is readily available as 

𝑓rstu(< 𝜀∗) = 1 −
𝜈(𝜙, 𝜀∗)
𝜈(𝜙, 𝜀=>?)

= 𝐹rstu(𝜀
∗) (6) 

We then already arrive at our goal by noting that 𝑓rstu(< 𝜀∗) is essentially a cumulative distribution function 𝐹rstu(𝜀
∗) 

telling us the likelihood of a pass to reach a maximum elevation between 𝜀=>? 	and 𝜀∗. Eventually, we can apply inverse	
transform	sampling, which is a basic method to sample pseudo-random numbers from any probability distribution 
given its cumulative distribution function. 

2.5 Per-pass 𝚫𝒗 model 

For the simple pass geometry model, we assume that the orbits are spherical (so that the orbital velocity is constant) 
and sufficiently low (so that the Earth’s curvature can be neglected within an object’s visibility range). Moreover, we 
assume that the orbital altitude is low, and hence the object is close to the station during the pass. Thus, the line 
connecting the object with the geocenter intersects the locally planar approximation of the Earth’s surface at a 90° 
angle. Under these assumptions we obtain approximate values for the three angles 𝜀 (object elevation with respect to 
the station position), 𝛼 (angle between line-of-sight and flight direction projected onto locally planar approximation 
of the Earth at the station location), and 𝛾 (angle of attack of the flight direction with respect to the locally planar 
approximation of the Earth at the station location). It is then possible to express 𝛼 and 𝛾 as a function of 𝜀. 
Consequently, the three angles 𝜀, 𝛼(𝜀), and 𝛾(𝜀) fully determine the rotation matrix 𝑹	that aligns the laser frame with 
the local orbital frame: 

𝑹 = 𝑹z(𝜀)𝑹{|𝛼(𝜀)}𝑹z(𝛾(𝜀)) 
(7) 

With that, an acceleration 𝑎~�V exerted by the momentum transfer laser along the first dimension in the laser frame 
(las) can be rotated into the LOF (qsw) as follows: 
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𝒂�V� = 𝑹] �
𝑎~�V
0
0
� = 𝑎~�V𝑹]𝒏~�V = 𝑎~�V𝒏�V� (8) 

While 𝑹 accounts for the variation of the direction of 𝒂�V� with 𝜀, 𝛼(𝜀) and 𝛾(𝜀), its magnitude 𝑎~�V is a function of 
target distance 𝜌, the adaptive optics system, atmospheric conditions (beam wander, extinction), pointing jitter, and 
many more parameters summarized in the vector 𝒑. With the PIB (power in the bucket) that quantifies the relative 
amount of laser power effectively impinging on the target in presence of these parameters we get 

𝒂�V� = PIB(𝜌, 𝒑)
𝐶�
𝑚
1
𝑐 𝑃𝒏�V�. 

(9) 

Equation (9) contains the object-specific radiation pressure coefficient 𝐶� and mass 𝑚, the speed of light 𝑐	 (or 
momentum coupling coefficient 1/𝑐), and laser power 𝑃. 𝐶� depends on the optical properties of the target's surface 
and amounts to 0 - 2 for a flat object with its normal alongside the beam propagation axis. In our simulations, a value 
of 1.2 has been chosen.   

To obtain the per-pass Δ𝑣 we need to integrate the instantaneous acceleration vector 𝒂�V� either over the ascending 
or over the descending half of the pass, depending on whether the object shall be decelerated or accelerated. To do so, 
one needs to relate the variable 𝜀 to the temporal variable 𝜏 (time of pass) as 𝒂�V�  is the temporal derivative of Δ𝒗�V�. 
With 𝜕𝜏/𝜕𝜀 from the pass geometry and the circular Keplerian motion the integral for the ascending half of the pass 
reads 

Δ𝒗�V� = � 𝒂�V�
rs��	

rstu

(𝜀, 𝛼(𝜀), 𝛾(𝜀))
𝜕𝜏
𝜕𝜀 d𝜀. 

(10) 

2.6 Collision probability model 

Assuming Keplerian orbits and a generic impulsive collision avoidance maneuver, [6] and [7] derive a linear relation 
between a maneuver 𝛥𝒗�V� noted in the local orbital frame (qsw) and a displacement 𝒓% noted in the b-plane (b): 

𝒓% = 𝑴Δ𝒗�V� = 𝑹𝑲𝑫(Δ𝜃)Δ𝒗�V� (11) 

The overall mapping matrix 𝑴	decomposes into a purely rotational part 𝑹	(conjunction geometry), a kinematics part 
𝑲	(relating target and chaser states near the conjunction event to their relative position in the b-plane), and a dynamics 
part 𝑫	(post-maneuver dynamical state of given the magnitude, direction and orbit location of the impulsive Δ𝒗), 
where Δ𝜃 = 𝜃� − 𝜃= is the angular distance between the performed maneuver and the expected collision (conjunction) 
at the time of closest approach 𝑡�. Due to linearity of this relation and the small accelerations exerted by the momentum 
transfer laser, the effects of multiple such maneuvers are approximately additive. Hence, we obtain the following 
overall displacement vector 𝒓%,h�h 	with 𝑁	impulse-like per-pass Δ𝒗	maneuvers: 

𝒓%,h�h =� 𝑴(Δ𝜃>)𝛥𝒗�V�,>
𝑵

𝒊�𝟏
 (12) 

We then use target and chaser position-velocity states 𝒙](𝑡�) and 𝒙¢(𝑡�) as well as their corresponding covariance 
matrices (i.e. uncertainties) 𝑷](𝑡�) and 𝑷¢(𝑡�) to obtain their combined covariance 𝑷%,]¤¢ in the b-plane. Eventually, 
for a fast evaluation of the collision probability 𝑝� (based on 𝒓%,h�h, 𝑷%,]¤¢, and the object diameters 𝑆] and 𝑆¢) under 
the short-term encounter hypothesis we make use of Chan’s approach [8]. This method is sufficiently fast and accurate 
for the Monte-Carlo studies in this work. 

3 SIMULATION SETUP 

Definition of collision avoidance success rate. With the methods described above we can determine the collision 
avoidance success rate 𝑝�� 	using Monte-Carlo (MC) simulations. Samples of Δ𝒗	sets are drawn for given scenarios, 
with which collision avoidance is deemed successful if the probability of collision 𝑝� 	falls below the threshold of 
𝑝�,h§¨EV = 10©ª. Consequently, 𝑝�� 	refers to the relative number (or percentage) of such successful samples (among 
𝑁«¢ 	Monte-Carlo trials), given with the indicator function 𝐼 as follows: 
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𝑝�� =
1
𝑁«¢

� 𝐼(𝑝�,> < 𝑝�,h§¨EV)
®¯

>�°
 (13) 

MT network definition: Fig. 1 illustrates the two MT networks as assumed in our simulations. Both networks 
provide proper global coverage with 4 stations and 7 stations, respectively. 

 
Fig. 1. MT network definitions used for the simulation studies. 

Initial miss distance and orbit prediction uncertainties. Throughout our simulation studies, the initial miss 
distance (reference conjunction without MT) is assumed to be zero to account for orbit uncertainties in a conservative 
manner. We assume two types of orbit prediction uncertainties as given by Fig. 2. SP (Special Perturbation) refers to 
uncertainties that we expect from a general SP orbit determination and prediction framework that uses radar 
observations from a global space surveillance network. By contrast, LT (laser tracking) refers to uncertainties one may 
obtain using from orbit determination and prediction based on dedicated laser tracking observations in a global 4-
station network as in Fig. 1. We assume that SP uncertainties are associated with the target object (upon which no 
laser photon pressure is exerted if not indicated otherwise), while LT uncertainties are associated with the chaser 
object (subject to laser MT). The orbit propagation duration is obtained as the duration from the last MT epoch until 
the time of closest approach. 

 
Fig. 2. Orbit prediction uncertainties given in the local orbital frame (radial, along-track, and cross-track directions) 

of the objects involved in our simulated conjunctions. 

Laser power on the object. To account for (atmospheric) beam propagation effects summarized by the PIB value, 
we assume two extreme cases for a 1m diameter telescope; one without atmospheric turbulence and one with 
completely uncompensated atmospheric turbulence. Fig. 2 shows the corresponding PIB values as a function of object 
distance assuming an object cross section of 1m2. In both cases pointing jitter is considered due to instability in the 
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telescope mechanics (𝜎jitter= 0.1arcsec). In this work we assume that the case without atmospheric turbulence and a 
1m-diameter telescope is an upper bound of what might be achievable with a larger telescope (e.g. 2.5m diameter) 
and an adaptive optics system for turbulence compensation under real conditions. With uncompensated turbulence 
(average intensity assumed in the Hufnagel-Valley model) the PIB refers to an average value taken over beam wander. 
Atmospheric extinction by aerosols and molecules, however, is not considered here. A more rigorous approach would 
demand to take into account laser wavelength, weather conditions and beam elevation angle. As a rule of thumb, 
however, a transmission of approximately 80% can be assumed. 

 
Fig. 3. Fraction of transmitted laser power on 1𝑚4 target cross-sectional area. 

4 SIMULATION RESULTS 

Required laser power. For a required collision avoidance success rate 𝑝��,¨E� we determine the necessary laser 
power 𝑃 which is related to the per-pass Δ𝑣 according to Eq. (9) and Eq. (10). To do so, we employ root search on the 
function 𝑓(𝑝��) = 𝑝�� − 𝑝��,¨E�. Tab. 1 summarizes our results as a function of multiple parameters such as 
conjunction angle 𝜓, MT strategy, atmospheric conditions (adaptive optics compensation), MT success rate 𝑝«], and 
time to event. MT strategy refers to whether MT is only applied to one object (chaser) or whether MT actions are split 
among chaser and target (one accelerated, the other decelerated). In the latter scenario LT orbit prediction uncertainties 
are assumed for both objects. 

Tab. 1. Required laser power [kW] at the telescope aperture for 𝑝�� = 80% and different MT strategies, i.e. MT on 
chaser vs. MT on chaser and target. In the latter case accurate orbit predictions are available for both objects. 

 

Required MT success rate. As for the required laser power we employ root search to find the MT success rate 
𝑝«], i.e. the relative number of object passes that must be successfully used for MT, so that a desired CA success rate 
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laser power [kW] MT success [%] time to event [d] only chaser target + chaser only chaser target + chaser
no atmosphere 50 6 8 4 22 14
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50 4 125 62 334 205
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25 4 318 226 849 754
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6063.pdfFirst Int'l. Orbital Debris Conf. (2019)



𝑝��,¨E� is achieved. The MT success rate 𝑝«] may incorporate factors like cloud cover, failed target acquisition, 
unsuccessful turbulence compensation, and operational or scheduling constraints. Obviously, such a parameter does 
heavily depend on station location. While there is data on global cloud coverage, to the best of our knowledge, there 
is no spatio-temporal atmospheric turbulence data to infer meaningful statistics for a MT network. Based on internal 
studies we can safely assume that laser powers ranging from 20-40kW are technologically feasible or can be achieved 
in the near future – also under consideration of laser system constraints such as air breakdown, Kerr-induced self-
focusing, and laser ablation thresholds.  

Tab. 2 summarizes our results for the required MT success rates 𝑝«] as a function of conjunction angle 𝜓, network 
size, atmospheric conditions (adaptive optics compensation), laser power 𝑃, and time to event. Again, different area-
to-mass ratios and combined object diameters are considered. With the orbit prediction uncertainties as given by Fig. 2 
even 𝑝«] = 100% is not sufficient to achieve 𝑝��,¨E� = 80% for most parameter combinations in case of 
uncompensated turbulence. However, with 40kW laser, turbulence compensation and more than 4-6 days time to 
event, there is a good chance to achieve CA even with the 4-station MT network and the small area-to-mass ratio 
objects. The 7-station network is still too small to achieve this with only 2 days time to event. Tab. 2 also shows the 
sensitivity of the results with respect to object sizes, which enter in the collision probability evaluation. 

Tab. 2. Required MT success rates [%] for different chaser and target diameters S_T and S_C and 𝑝�� = 80%. 

 

Required orbit prediction uncertainty. Finally, with a fixed MT success rate of 𝑝«] = 25% we study the 
necessary orbit prediction uncertainties assuming target and chaser uncertainties are equal. The results are given in 
the form of the parameter 𝜌 scaling a reference position uncertainty matrix 𝑷�V�,¨E¹ to give the actual position 
covariance matrix 𝑷�V�: 

𝑷�V� = 𝜌4𝑷�V�,¨E¹ = 𝜌4 º
(0.1𝑚)4 0 0

0 1𝑚4 0
0 0 (0.1𝑚)4

» (14) 

required MT success rate [%] for 80% CA success
chaser altitude 850km, inclination 65°, psi 45°
only chaser nudged via MT

laser power [kW] atmosphere time to event [d] 2m S_T+S_C 10m S_T+S_C 2m S_T+S_C 10m S_T+S_C
40 none 6 18 11 24 29

4 19 24 41 52
2 60 78 - -

uncompensated 6 43 53 97 -
4 83 - - -
2 - - - -

20 none 6 18 20 42 28
4 34 43 70 52
2 - - - -

uncompensated 6 75 - - -
4 - - - -
2 - - - -

40 none 6 1 4 9 15
4 9 12 23 31
2 34 45 80 -

uncompensated 6 24 32 56 74
4 50 64 - -
2 - - - -

20 none 6 6 11 21 28
4 16 24 47 55
2 61 80 - -

uncompensated 6 45 57 -
4 90 - - -
2 - - - -

network
4-station network

7-station network

A/m = 0.003A/m = 0.008
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Tab. 3 summarizes our results as a function of conjunction angle 𝜓, network size, atmospheric conditions (adaptive 
optics compensation), laser power 𝑃, and time to event. Different area-to-mass ratios considered for a combined target 
and chaser diameter of 5m. Uncompensated atmospheric turbulence leads to unrealistically small orbit 
prediction uncertainties for all nearly all parameter combinations in case of 𝑝«] = 25%. Moreover, 2 days 
time to event tends to be too short as the small orbit modifications require very small orbit prediction uncertainties – 
even for the best parameter setup with a 40kW laser, atmospheric turbulence compensation, large area-to-mass ratio, 
and small conjunction angle. Tab. 3 further shows the of the results with respect to the conjunction angle 𝜓. 

Tab. 3. Required orbit prediction uncertainty scale factor 𝜌 (see Eq. (14)) for both conjunction objects, i.e. target 
and chaser (𝑝�� = 80%). 

 

5 CONCLUSIONS 

The design of a collision avoidance system based on laser momentum transfer for pairs of uncooperative conjunction 
objects involves a myriad of parameters. Therefore, we developed a probabilistic model facilitating fast Monte-Carlo 
analyses with respect to these parameters to provide insights into system requirements and technical limitations. We 
found that sufficient performance might be achievable even with relatively small networks comprising of 4-7 stations 
and with 2-4 days time to event for many objects (characterized by size, area-to-mass ratio, and radiation pressure 
coefficient). However, achieving this limit of feasibility requires approximately 40kW laser power on ground, good 
atmospheric turbulence compensation (adaptive optics system), MT success rates 𝑝«] of at least 25%, and accurate 
orbit predictions (e.g. achievable with simultaneous laser tracking). 

While the other studied parameter values are based on literature surveys, simulations, and well-grounded assumptions, 
the parameter 𝑝«] summarizes many largely unknown and uncertain limiting factors. For example, based on [1] and 
our own internal studies, a very demanding beam pointing precision (in the order of 0.1arcsec) might be required to 
hit an object with the narrowly focused MT laser beam. In this respect, turbulence compensation is particularly 
challenging: Typical state-of-the-art adaptive optics systems are built for astronomical applications that lack our 
requirement of fast telescope slewing. A laser guide star must be pointed ahead of the MT laser introducing issues 

required orbit prediction uncertainties of chaser and target at TCA [scale factor rho] for  80% CA success
chaser altitude 850km, inclination 65°, 5m chaser+target diameter
25% MT success, only chaser nudged via MT

laser power [kW] atmosphere time to event [d] psi 45° psi 135° psi 45° psi 135°
40 none 6 455 275 92 77

4 101 87 31 27
2 17 16 5 5

uncompensated 6 29 24 8 7
4 10 9 3 3
2 2 2 - -

20 none 6 126 107 37 32
4 44 38 14 10
2 7 6 2 2

uncompensated 6 12 10 3 3
4 4 4 1 1
2 1 - - -

4-station network 40 none 6 127 111 39 33
4 48 40 14 11
2 8 7 2 2

uncompensated 6 12 10 4 3
4 4 4 1 1
2 - - - -

20 none 6 52 50 16 14
4 19 16 5 5
2 3 3 1 1

uncompensated 6 5 5 2 2
4 2 2 - -
2 - - - -

A/m = 0.008 A/m = 0.003
network

7-station network
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regarding spatio-temporal correlation of the measured wave front distortions. Moreover, even if atmospheric effects 
on beam pointing accuracy can be largely compensated, the electro-mechanical control/tracking system must satisfy 
exacting technical demands (e.g. high encoder resolution and mechanical stability). Nonetheless, object acceleration 
is approximately linearly proportional to the laser power as we operate in the below-air-breakdown and non-ablative 
regime. Hence, increased power, also achievable by coupling multiple beams, may compensate technical issues with 
the aforementioned system components by allowing broader beam widths. Eventually, one may always improve 
system performance by increasing the network size. 
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