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Hazardous non-trackable debris poses a signi�cant threat to active satellites. This is debris

that is too small to track and avoid, but large enough to damage a satellite if it hits a sensitive com-

ponent. However, multiple events have occurred where satellites are struck by debris but damage is

minor and operations continue nominally. A 2017 NASA report recommends monitoring satellites

for abrupt, unexpected momentum changes to collect data on debris populations. Following the

recommendation of the 2017 NASA report, this research develops methods to detect minor debris

strikes in typical spacecraft telemetry.

The intention is not to develop new hardware for spacecraft to 
y, but rather to develop

new processing techniques to determine ifin situ data on minor debris strikes can be obtained

using telemetry that satellites already collect. While several e�orts have investigated telemetry

when an anomaly occurs and found indications of a debris strike, this method proactively looks for

perturbations indicative of minor debris strikes, even if the strike does not cause an anomaly in

spacecraft performance.

Four key developments are made in this research. First, algorithms are developed to detect

subtle, unexpected perturbations in attitude control system telemetry. A spacecraft dynamics

model is developed to simulate the e�ects of a debris strike, then digital signal processing and change

detection techniques are leveraged to develop algorithms for identifying subtle indications of strikes.

Second, an extended Kalman �lter with dynamic model compensation is developed and augmented

with various techniques to identify subtle, abrupt changes in orbit produced by a debris strike.

Third, these techniques are applied to the telemetry of a variety of NASA spacecraft to investigate

the challenges of real-world application and obtain some preliminary results. Fourth, a tool is
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developed to predict rates of detectable perturbations on various space systems and investigate

the changes to underlying models and assumptions that could be informed by data collected using

these techniques.

The emerging space era requires new methods for ensuring space sustainability with regard to

debris; heritage methods are inadequate with dramatically increasing populations of satellites. To

motivate appropriate design, operation, policy, regulation, mitigation, and remediation a thorough,

validated understanding of the debris environment is required, particularly for non-trackable debris

which cannot be avoided by active satellites. These methods develop a capability to use these

proliferated satellite architectures to collect data on debris, producing a new type of debris mea-

surement to aid in understanding the small debris environment thereby incentivizing appropriate

space sustainability practices.
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Chapter 1

Introduction

1.1 Prelude

In April of 2017 Donald Kessler, the retired senior scientist from NASA's Orbital Debris

Program O�ce, gave the keynote address at the 7th European Conference on Space Debris. He

praised the worldwide e�orts in space debris research, but said there were still gaps in research and

technical capabilities that he was concerned about. In his presentation, he highlighted his concerns

for the assembled global community of debris researchers.

In a nutshell, the issue is hazardous non-trackable (HNT) debris. This is debris that is too

small to track and therefore spacecraft cannot maneuver to avoid it, but it is still large enough to

damage a spacecraft. A substantial percentage of debris falls into this category, as less than 10%

of the hazardous population is trackable. Kessler discussed a study by the NASA Engineering and

Safety Center (NESC) which compared predictions of risks to on-orbit assets to anomalies experi-

enced on orbit. The debris environment model is used to predict expected rates of perturbations

and anomalies, and these predictions are compared to data from on-orbit operations. The results

are hardly reassuring, with predictions sometimes di�ering from measured events by an order of

magnitude [1]. In one case study an adjustment to two model parameters, the momentum enhance-

ment factor and the assumed shape of the debris, is used to adjust the model output to obtain a

much better match to the dataset.

In his keynote, Kessler discussed the methods that were used in the NESC report. In one

study abrupt, unexpected momentum perturbations were cataloged by a spacecraft operator and
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compared to model predictions. The NESC report consisted of a handful of limited datasets,

but Kessler emphasized the implication that \Over 100 debris-producing collisions per year" are

expected and \The environment could be measured by observing momentum changes . . . on existing

intact population or possibly by ground sensors." He concluded that \Monitoring the changing

debris environment over all size ranges . . . continues to be a pressing need!"

A few months before the conference the European Space Agency had announced a debris

strike on their Sentinel-1A spacecraft. Like many of the events cataloged in the NESC report,

the strike did not cause substantial damage to the spacecraft and operations continued nominally.

The operators shared telemetry, shown in Figure 1.1, which indicated an abrupt change in rotation

rate that was corrected by the attitude control system. An orbit change was also observed. The

Sentinel-1A spacecraft happened to have a camera for observing the solar array deployment, and

this camera was used to verify the strike by observing damage to the array.

Figure 1.1: Graphics published by ESA [2] showing e�ects from debris strike. Solar array was
damaged and various telemetry points showed strike e�ects, but satellite operations continued
without signi�cant impacts

The intention of this research e�ort, accepting Kessler's challenge, is to develop methods to

detect minor debris strikes on spacecraft using typical spacecraft telemetry. In studying typical

spacecraft telemetry this research utilizes telemetry collected by most spacecraft, like attitude and

orbit information; this approach is fundamentally di�erent from developing specialized hardware to

detect debris strikes. The Sentinel-1A telemetry provides an example of the type of features that are
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expected in the event of a strike, and the NESC study illustrates an example of model adjustments

that could be supported by data collected using these methods. At the 2017 conference several

presentations expressed consternation over the proposed megaconstellations{a reality that we are

now experiencing in 2022{and concerns about the implications for the debris environment. While

these concerns still must be addressed, this research presents a silver lining to the emerging space era

of proliferated satellite constellations: the satellites themselves may be used as sensors to monitor

the small debris environment, and a validated understanding of the small debris environment can

incentivize all actors to take appropriate actions for space sustainability.

1.2 Hazardous Non-Trackable Debris: an Overview

1.2.1 Origins of Debris

A growing public awareness of space debris provides some entertaining (and often frustrating)

reading to technical professionals in the �eld. The articles typically begin by addressing where space

debris comes from { often a cursory mention of paint 
ecks and collisions is made along with some

fun whizz-bang facts: one time an astronaut lost their glove! Maybe some day we won't be able

to launch through the `debris cloud' ! In the movie gravity (2013), a Russian anti-satellite (ASAT)

test immediately sends large pieces of debris visibly whizzing past and impacting the International

Space Station.

As usual, the reality is perhaps less glamorous but also far more complicated. The exist-

ing population of debris, shown in Figure 1.2, comes mostly from fragmentation events { human

space
ight activities are not a meaningful contributor. The mechanics of fragmentation events

are discussed in Section 1.2.3, but the main contributors (roughly in order) are ASAT tests, the

explosion of derelict satellites and rocket bodies, one major on-orbit collision, and several minor

events that might be collision or explosion. Non-fragmentation debris is typically larger and easier

to track, consisting of old rocket bodies, defunct spacecraft, and mission-related debris, i.e, debris

that is intentionally released. Mission-related debris has been more-or-less static for over 20 years,
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space players have mostly learned not to release intentional debris. Contributions from uninten-

tional explosions leveled o� in the late nineties as the global space enterprise learned to passivate

spacecraft at end of life, dumping fuel and discharging batteries to avoid future explosions. In 2009

an active Iridium satellite collided with a defunct Russian satellite, creating over 2,000 pieces of

tracked debris but also sparking a new era of collaboration between operators and government to

ensure that the most relevant information is shared and tools are used to avoid collisions. With

proliferated constellations space tra�c management remains an ongoing concern, but collisions

between well-tracked objects and maneuverable spacecraft can generally be considered avoidable.

Figure 1.2: Graphic published by NASA's ODPO [3] showing number of tracked objects in orbit
over time. Annotation 1 denotes the 2007 Chinese ASAT test, 2 denotes the Iridium-Cosmos
collision, and 3 denotes the recent Russian ASAT test

This leaves three problems: collisions with untracked (or poorly tracked) debris, collisions

between derelict objects, and destructive ASAT activities. This research focuses on the collisions

with untracked debris, and untracked debris mostly comes from fragmentation events. To start,

consider a recent high-pro�le fragmentation event: The Cosmos-1408 Russian ASAT test.
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1.2.2 Fragmentation Event Case Study: Cosmos 1408 ASAT test

Figure 1.3: USSF tweet regarding COSMOS

1408 breakup

On November 15th 2021 the USSF 18th

Space Defense Squadron issued the tweet shown

in Figure 1.3. After the event, NASA released a

statement indicating that the ISS crew closed air-

locks and took shelter in their spacecraft for the

�rst couple orbits. NASA states that \As the Cos-

mos 1408 fragment cloud dispersed, risks to the ISS

decreased and reached a quasi-stable state, which

was about two times the pre-ASAT level"[3]. Com-

mercial and amateur observers began sharing their observations and analyses of the event, while the

resultant trackable debris gradually showed up in the public catalog. The Commercial Space Oper-

ations Center (COMSPOC) predicted based on analysis that the event would produce `conjunction

squalls' for active satellites, and within a few months these conjunction squalls were observed, as

the planes of active satellites began periodically lining up with the trackable debris' orbits.

While the event was extremely concerning, one silver lining in the reporting was that several

sources speci�cally mentioned the small debris hazard. Notably, in a State Department press

brie�ng the spokesperson stated \The test has so far generated over �fteen hundred pieces of

trackable orbital debris and hundreds of thousands of pieces of smaller orbital debris that now

threaten the interests of all nations" [4]. This high-pro�le acknowledgement of HNT debris is

refreshing, because historically discourse has focused on the trackable debris, while the untrackable

debris presents a much more signi�cant risk to spacecraft.

1.2.3 Fragmentation Event Mechanics

To illustrate, note that Figure 1.2, which is a classic �gure used in many presentations at

debris conferences, only represents tracked debris. Unfortunately, fragmentation events, either
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collisions or explosions, create debris such that the relationship between the number of pieces and

the size of the debris tends to follow a logarithmic function, i.e,far more small pieces are created

in an event than large pieces. NASA's Standard Satellite Breakup Model (SSBM) is typically used

to model these fragmentation events, and is shown applied to the Cosmos-1408 event as the black

line in Figure 1.4.

Figure 1.4: Base graphic published by NASA ODPO [3] showing measurements of debris from
Cosmos-1408 debris cloud, annotated with tracking capabilities and full estimated debris population
(per ESA [5]) plotted on 2nd axis.

Note the numbers on the horizontal and vertical axis of the graphic - with about 1,500

pieces of trackable debris, the event likely created 200,000 pieces 5 mm or larger. While the

black line shows the SSBM model results, the green line represents the legacy tracking system the

Space Surveillance Network, with a clear sensor roll-o� causing the count to plateau at around ten
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centimeters. Somewhat better, the red line shows the results from the newest ground radar of the

US Space Force, Space Fence. This represents the current state of the art in small debris tracking,

although one commercial operator (LeoLabs) describes a tracking capability down to 2 cm. Below

these thresholds debris is untracked, so active satellites cannot be maneuvered to avoid it. This

population, therefore, represents the hazardous non-trackable (HNT) debris risk. The blue and

pink lines represent two radars which are used for characterizing but cannot track debris { these

are discussed further in the next section.

Figure 1.4 also shows some aggregate debris population numbers plotted on a second log

axis. The decades of the axis (in blue) are o�set from the primary axis, but the size of each decade

is matched (i.e, the whole line would be moved up by about an inch to plot on the same chart,

but it is lowered to see the correspondence to the slope of the Cosmos-1408 debris). These debris

population numbers are published routinely by the European Space Agency[5], these estimates are

current as of 10 May 2022. These proportions provide a useful example of the quantity of small

and large debris in a typical fragmentation event, although there may be additional sources for the

small particles, like material degradation or solid rocket motor slag.

This chart highlights an important nuance in terminology: the di�erence between tracking

debris and characterizing debris. The green and red lines indicate debris sizes that are trackable

by legacy and emerging systems. For a well-tracked piece of debris, the orbit is known well enough

that active satellites can maneuver to avoid collisions. The debris too small to track must be

characterized. Since the small debris cannot be avoided, the goal is to design and operate spacecraft

such that the probability of a signi�cant collision is below a certain threshold. This risk assessment

is conducted using a combination of debris environment models, which predict the expected 
ux,

and risk assessment models, which assess the risk of spacecraft damage from impacts. Section 1.2.7

discusses this process in more detail while Section 1.2.10 discusses how tracking and characterization

�t into the bigger picture of debris e�orts. The next section discusses the measurements that are

used to produce these debris environment models.



8

1.2.4 Sources of Debris Measurements

The sources of debris measurements are an important consideration for understanding HNT

debris. Figure 1.5 shows the heritage sources of data for NASA's orbital debris environment model,

ORDEM. The teal area shows the debris that is tracked. The tracked debris is included in ORDEM,

although obviously it represents a very low 
ux and can be avoided by maneuverable satellites.

Note the altitude on the (log) y-axis. The radar measurements andin situ measurements provide

information for the models, but there is a data gap known as the `interpolation region' between the

in situ and radar measurements, in the 1-3 mm range [6]. At this size low-density materials do not

present a serious hazard to well-designed spacecraft, but ORDEM models a signi�cant population

of high-density particles in this range which has a substantial impact on overall risk to spacecraft.

Also note the dates on the sample return missions. Additionalin situ measurements from the ISS

have been conducted, but in generalin situ data is often stale and is always constrained to the

altitude of the object which was returned to the ground for analysis.

An even more concerning measurement gap occurs in the GEO region, at the top of the

chart. The space surveillance network tracks debris down to about 70 cm [8], but the SSN data

is augmented by the MODEST telescope measurements which can observe debris down to about

30 cm. The MODEST telescope measurements of GEO debris occurred in multiple campaigns,

the �rst set from 2004 to 2009 and the second from 2013 to 2014. The �rst campaign was used

to build the populations, which were then validated using the second campaign a few years later.

Concerningly, in the years between the campaigns the debris populations increased noticeably, so

much so that ODPO added two additional `simulated' breakups to the model to account for the new

debris observed in the second campaign[9]. Fortunately, a new GEO observation asset, ES-MCAT,

is coming online which will provide additional debris data collection in the GEO regime on a more

persistent basis. Unfortunately, this asset's detection thresholds are only a modest improvement

over the previously used MODEST telescope, so debris less than about 10 cm will still be almost

entirely unobserved in the GEO region.
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Figure 1.5: Graphic from NASA ODPO showing sources of data on which ORDEM is based. Some
annotations added to highlight interpolation region and GEO debris [7]

\We can never measure what we want to measure"

-Mark Matney, NASA ODPO, 2019 presentation at Spacecraft Anomalies and Failures Workshop

As a �nal note about debris measurements, it is important to consider the speci�c measure-

ments that are returned by each system. Radars send out pulses of radio waves and then receive a

re
ection, from which an object's radar cross section can be deduced, and from that an estimate

of its size. Optical sensors observe light re
ected from an object, likewise deducing an optical

cross section that corresponds roughly to size. Returned samples are assessed for craters, and an

estimate of the particle's size can be made but is likewise uncertain. Further analysis can ascertain

the material composition of the impacting particle.

However, none of these measurements correspond directly to an object's ability to damage

spacecraft, which is a complex, probabilistic interaction dependent on the particle's mass, shape,
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material, size, and density. Therefore, assessing a spacecraft's risk of damage based on debris 
ux

models which are built from radar, optical, and in situ measurements is an exercise which relies

heavily on a long chain of assumptions. This is discussed further in Section 1.2.7.

To illustrate, Figure 1.6 shows debris resulting from two hypervelocity impact tests against

cubesats, indicating an abundance of 
at and/or thin fragments. These fragments are mostly

CFRP and MLI, which are both low-density materials. An aluminum sphere, or perhaps even a

low-density sphere, with an equivalent radar cross section would produce substantially more damage

if impacting a satellite. This clearly indicates the complexity in shape, material, and aspect ratio

of debris created in a fragmentation event with modern satellite construction.

Figure 1.6: Hypervelocity impact test against two cubesat mockups, [10]

In ORDEM, the debris 
ux is returned in terms of characteristic length, since that is the

variable which corresponds most closely to the available measurements. ORDEM then splits debris

into various density classes, including high- medium- and low-density objects, but the decision of

how to estimate damage from each characteristic length for assessing spacecraft risk is left to the

analyst. Sections 1.2.7 and 1.2.8 discuss this topic in more detail. This brings up an important

concept: determining what e�ect a piece of HNT debris might have on a satellite.
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1.2.5 Classes of Debris Events

Determining what e�ects a debris impact will produce on a spacecraft is a complicated

question, and the answer, as with many questions, is `it depends'. To begin,in situ sample return

missions indicate vast numbers of minor strikes which did not a�ect mission performance. The

Hubble solar arrays came down with more than 3,600 craters after 
ying for 4 years, while the

Long Duration Exposure Facility (LDEF) had over 600 after 6 years. However, Hubble continued

(and still continues) to function, 32 years later. Therefore, while objects on orbit are routinely

impacted by small particles, the results are generally benign. Figure 1.7 shows LDEF and other

examples of each class of debris events.

Figure 1.7: Debris impacts are not always catastrophic, e�ects vary widely and can be benign

Moving up the spectrum, the Sentinel-1A event provides one well-studied example of a debris

impact that caused enough damage to produce o�-nominal behavior such that the event was noticed,

but nevertheless operations continued nominally. Other events in this class include strikes on

NASA's Magnetospheric Multiscale Mission (MMS), 6 of the strikes cataloged in the NESC report,

a strike on Maxar's Worldview-2 satellite, and a strike on NASA's Terra satellite. However, it's

important to remember that not all anomalies get reported. In conversations with six major

operators, some government and some commercial, I have not yet talked to any who have never
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seen an event like this.

If a debris strike permanently disables a spacecraft it is often di�cult to attribute that

anomaly de�nitively. There are several abrupt major anomalies that might plausibly be caused

by a debris strike, including on Telkom-1, AMOS-5, and Intelsat-29e. Sometimes debris is created

during these events, and it was also created during the Sentinel-1A strike and the Worldview-2

strike. However, the quantity of debris is relatively low compared to events which completely

fragment a satellite.

The primary example of a major unintentional fragmentation event is the Iridium-Cosmos

collision in 2009. The operational Iridium satellite collided with a defunct Russian satellite, creat-

ing over 2,000 pieces of trackable debris and of course many more pieces of non-trackable debris.

Figure 1.8: Graphic published by Iridium[11]

showing analysis results from Iridium-Cosmos

collision with new system

This event emphatically disproved the `big sky' the-

ory popular in the early days of space
ight, that

space was too big for satellites to collide and there

are no concerns about creating debris. However, it's

important to note that the failure which led to this

event was a matter of policy, not technology. At the

time the US Air Force space tracking service only

shared general perturbation ephemerides, not the

more accurate special perturbation ephemerides.

Also, operators did not typically share their ma-

neuver plans, and in the Iridium-Cosmos event the

spacecraft inadvertently maneuvered onto a colli-

sion trajectory during a routine station keeping maneuver. After this event policy was changed

to share special perturbation ephemerides and maneuver plans, the resultant system returned a

chance of collision (Pc) of 56% for this particular maneuver. The maneuver would never have been

conducted. This distinction - that the largest accidental debris-causing event in space
ight history

was a policy failure, not a technical failure - is worth noting.
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\U.S. Government policy did not then allow sharing SP data with commercial

operators who had no choice but to accept the `Big Sky Theory'"

-Ryan Sheppard, Iridium SSA lead

International Conjunction Assessment Workshop, Paris, France, 2019

1.2.6 E�ects of Untracked, Damaging Debris

With e�ective space tra�c management preventing collisions with trackable debris, risk to

active spacecraft comes from debris too small to track but still large enough to cause damage. The

exact damaging boundary is di�cult to specify precisely, especially for smaller debris sizes.

On the lowest end of the spectrum, impacts onin situ sample return missions have been

carefully cataloged to facilitate understanding of the environment of very small debris. These

sample return missions are fairly rare and have only been recovered from low orbits, mostly the

400 km ISS orbit, though a couple from the Hubble orbit were returned via the space shuttle.In

situ sample returns inherently have a limited collection area, so data provided by these missions

has a maximum size of around 1 mm or a little below. This extremely small population is unlikely

to cause signi�cant damage to a spacecraft.

On the other end of the HNT spectrum, a full scale hypervelocity impact test, DebriSat, was

conducted to characterize the fragments produced in an impact from a large non-trackable piece

of debris (Figure 1.9). The projectile was a hollow aluminum cylinder, 8.6 cm x 9 cm, weighing

570 g. Note that this is below the trackable limit of the legacy space surveillance network but may

be trackable at some altitudes with emerging capabilities. The target was a small 56 kg spacecraft

model, with a high degree of �delity in its construction including solar panels, instruments, multi-

layer insulation, CFRP structure panels, etc. The impact occurred at 6.8 km/s, which was the

maximum practical velocity for launching such a large projectile but still well below a typical LEO

impact of 10-12 km/s [12].

The test resulted in a massive fragmentation event, producing far more debris pieces than

predicted via the standard satellite breakup model (SSBM), which was tuned using fragmentation
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data from legacy satellites. Newer construction involving CFRP and other lightweight materials

tends to produce more fragments, as has been observed in on-orbit fragmentation events like the

2007 Chinese ASAT test. The SSBM predicted 85,000 fragments larger than 2 mm, as of FY19

193,000 fragments had been collected from the test. Concerningly, rigorous characterization of

these fragments indicates a signi�cant population of high-mass metal fragments as well as small

lower density fragments. As of 16 Jan 2020, over 1,000 pieces heavier than 1 g had been cataloged,

mostly metal [13].

Figure 1.9: DebriSat: Hypervelocity impact test of large non-trackable object vs. smallsat target

These two examples bound the problem of hazardous non-trackable debris. While spacecraft

are impacted routinely by small objects the resultant damage is inconsequential. However, large

objects just barely too small to track can cause catastrophic fragmentation events. As two further

examples, consider Figure 1.10. On the left a composite overwrapped pressure vessel (COPV) tank

experiences a rupture event when a 2 mm aluminum sphere impacts at 7 km/s. Note that this

COPV tank, which might typically be used as a pressurant tank for a satellite's propulsion system,

has no structure between the impacting particle and the exterior surface of the tank, as if the

tank were mounted on the external surface of the satellite. This is thus a conservative worst case

scenario, as placing a pressurant tank on the external surface of a satellite is a highly questionable

design practice, although SMEs insist that some spacecraft 
y like this. This serves as a useful



15

example of the importance of designing spacecraft with passive shielding, to protect the sensitive

components of the satellite by placing them behind less-sensitive components or in places less likely

to be struck.

The right side of the �gure shows a Li-ion battery impacted by a 1 cm aluminum sphere at

6.86 km/s. In contrast to the pressurant tank, the battery is shielded by a typical structure panel

and some layers of fabric to provide additional shielding. A typical spacecraft might have a structure

panel like this with some exterior MLI, but no fabric. The test was designed to overwhelm the

shield and assess the reaction of the batteries to an impact, and observed that \The impacted cell

contents were energetically ejected ... Hundreds of metal fragments, many with dimensions greater

than one centimeter, littered the target chamber 
oor after the test." However, the batteries did

not rupture or explode. Note that with the structure panel and some light shielding it took a much

larger impacting projectile to produce a signi�cant event from the energetic spacecraft component.

Referring to Figure 1.4, the models predict roughly an order of magnitude more 2 mm debris pieces

than 1 cm, so this improvement in shielding represents a signi�cant reduction in risk.

Figure 1.10: Two hypervelocity impact tests against energetic spacecraft components: pressure
vessel (left) and battery (right)

Note that the impacting particle in both of these tests is an aluminum sphere, which brings

up an important aspect of identifying the hazard that any given piece of debris presents to a

spacecraft: A sphere maximizes the mass for a given characteristic length, and thus represents the
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most conservative assumption. A scrap of MLI or CFRP which is 2 mm or 1 cm long will return a

radar signature similar to an aluminum sphere of the same size, but would produce substantially

less damage if impacting a spacecraft. Determining the exact extent of that damage is di�cult,

because launching a piece of MLI in a light gas gun would be a non-trivial challenge. However,

debris researchers are moving out strongly to address these concerns. Recent e�orts by NASA's

hypervelocity Impact Technology (HVIT) team have involved launching cylindrical CFRP and high-

density metal objects to study the e�ects of shape, and \On-going e�orts within the NASA ODPO

to update the next version of ORDEM include a new parameter that highly a�ects the damage risk

{ shape."[13].

The Sentinel-1A strike provides a useful example of this uncertainty. Based on the transferred

momentum the calculated mass is 0.2 g, which would imply an aluminum sphere of diameter 5.2

mm. However, this projectile would tend to perforate the array[14], but camera observations

indicate \A notable absence of visible penetration damage." [2]. The damaged area appears to

be about 35-40 mm, but this may be due to spallation and cracking. NASA's SSBM predicts a

range of about 4 mm to 40 mm for a debris object of 0.2 g, with a most probable object being

around 1 cm. Thus, the Sentinel-1A strike was likely a larger, 
atter projectile than an aluminum

sphere, with less ability to perforate panels and damage the spacecraft than might be implied

by the mass of the object. Hypervelocity impact test results as shown in Figure 1.6 remind us

that larger, lighter debris pieces are to be expected, while the DebriSat results remind us that

nugget-shaped metal may also be present in abundance, especially for objects with larger masses.

These examples illustrate the complexity of the problem, since the ultimate goal is to assess risks

to spacecraft accurately to support and motivate safe, sustainable spacecraft operations, and all of

these uncertainties complicate that task.

1.2.7 Uncertainties in Assessing Damage

A 2017 JPL paper[15] provides a useful study on typical conservative debris risk assessments

and the limitations thereof. In this paper the authors conduct a risk assessment on an electronics
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box that is known to be operational after 18 years on orbit. They assess various conservative and

less-conservative assumptions and calculate the expected chance of failure using the then-current

NASA debris environment model ORDEM3 and penetration risk assessment tool Bumper3-lite. The

authors test various assumptions for assessing the risk, including treatment of the MLI covering

the box as a dual-wall bumper vs. single wall, assuming that a detached spall causes failure vs.

complete perforation, and assuming that an estimated 16% of the circuit card area is susceptible to

failure vs. 100% of the area resulting in failure. The results show a widely varying chance of failure,

with the most optimistic indicating a 20% chance of failure after 15 years and the most conservative

assumptions producing an incredulously high 99.999% chance of failure for an electronics box that

is known to be still functional. The authors conclude:

\Often when performing impact risk assessments on spacecraft, con�gurations are
encountered with geometries and materials that fall outside the set of those in-
cluded in the tests. This makes the applicability of the tools more uncertain, which
often results in several plausible treatments of the problem. The predicted chance
of failure can vary signi�cantly from treatment to treatment, and the most conser-
vative analyses often predict incredulously high probabilities of failure. Optimistic
assumptions become necessary to achieve reasonable risks, potentially leaving the
spacecraft vulnerable to failure."

By a similar token, overly optimistic assumptions by emerging commercial companies may be

used to check the box on licensing requirements to allow 
ight for a system that does not really meet

the required speci�cation. This may not even be intentional on the part of the operators, the point

is that the correct answer is simply not known. At the Kinetic Space Safety Workshop (Lausanne,

Switzerland, 2022) Prof. Shannon Ryan's presentation provided examples even more compelling

than the ones listed here. Transitioning to the next section Dr. Tim Maclay o�ered a tongue-in-

cheek conclusion: \So the biggest risk is LNT, and the way to �x it is to change your model."

The question that remains is how to change the model - if the current assumptions are overly

conservative, new methods are required to produce more accurate results without over-correcting

the problem and underestimating risk to spacecraft.
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\It's not based on measurements, it's based on assumptions. How correct are

those assumptions? *shrugs*"

-Prof. Shannon Ryan, Deakin Universisty

Kinetic Space Safety Workshop, Lausanne, Switzerland, 2022

The risk assessment tool used by the JPL authors (and many others in the space industry)

is Bumper, produced by NASA's hypervelocity impact technology (HVIT) team. A diagram of

Bumper's inputs, outputs, and analysis process is shown in Figure 1.11 (from reference [16]). Like

any model, Bumper is only as good as its inputs. The right side of the �gure shows the inputs

traded by JPL to produce these drastically di�erent results. The failure criteria were tuned -

perforation vs. rear-side spall, 16% vulnerable area vs. 100%.

Figure 1.11: Schematic of Bumper's inputs and analysis process for assessing spacecraft risk

Bumper relies fundamentally on Ballistic Limit Equations (BLEs) for assessing whether a

given debris impact will damage the spacecraft. BLEs are described in more detail in Section 1.4.4.1,

for the purposes of this discussion it is su�cient to understand that a BLE describes whether or

not a certain projectile is expected to overcome a given target.

Bumper has an extensive library of BLEs, but the JPL authors discuss the limitations of
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the available BLEs at length. In particular, they lament the lack of relevant test results for their

spacecraft con�guration. They use a fairly typical industry con�guration, but test data on this

con�guration is limited, as many BLE developments are focused on shielding for human space
ight.

The authors also mention uncertainty in environmental models as a potential contributor in addition

to the uncertainty in failure criteria and BLEs. One uncertainty contributor not addressed by the

authors is that most BLEs are developed with spherical projectiles, which maximize mass for a

given diameter, whereas in reality the shape of the object has a signi�cant e�ect on its damage

potential. Fortunately, HVIT is hard at work conducting hypervelocity tests with non-spherical,

non-aluminum projectiles to support ORDEM's upcoming shape updates. However, as if things

weren't already complicated enough, hypervelocity impacts are inherently probabilistic: the same

impact might generate a di�erent result if repeated, but since tests are expensive repetitions are

rare, and BLEs approximate a deterministic solution to a probabilistic phenomenon.

As a �nal note, Bumper assesses the risk based on the provided environmental models, and

can be used to assess micrometeoroid models as well as debris risks. Depending on the orbit,

micrometeoroid risks are often more substantial than debris risks, but of course all spacecraft

have been 
ying successfully in the micrometeoroid environment for all of space
ight, and that

environment will likely be stable in the future. Contrast this to debris, which is produced by

human activity, and thus opportunities exist to shape the future debris environment in various

ways. Micrometeoroid impacts can be di�cult to distinguish from debris impacts, but some orbits

and directions are more susceptible to one than the other. This topic of micrometeoroids vs. debris

is referenced throughout, but some key notes are discussed in Section 1.3.2.1, after the research

concept is introduced.

1.2.8 Lessons from Comparing Modeled Expectations to On-Orbit Experiences

With this background, it is time to circle back to the NESC report mentioned by Kessler at the

2017 debris conference, as described in the Prelude. This report introduced a few key concepts which

motivate this research e�ort: First is the chain of uncertainties inherent in predicting spacecraft
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risks, second is the dependence on shape for predicting anomaly rates, third is some �ndings

regarding risk drivers, and fourth is a recommendation which this research is directed toward.

The NESC report provides the graphic shown in Figure 1.12 to illustrate the multistep process

for assessing spacecraft risks, and one observation after all the above background information is

that every single one of these steps provides the opportunity for uncertainty to creep in. With

heritage assessment strategies the response to this uncertainty is typically to make conservative

assumptions. This was an adequate approach when there were small numbers of satellites mostly

�nanced by governments, but in the emerging space era it is insu�cient for motivating adequate

space sustainability practices. As the previous section illustrates, there are multiple plausible

assumptions that can be made in spacecraft risk assessments, and without better data assumptions

can be chosen to obtain the desired risk pro�le. Whether or not the calculated risk is accurate is

an open question.

Figure 1.12: Illustration from [1] showing the process for determining rates of spacecraft anomalies

The bottom row of Figure 1.12 shows the process of attributing mission anomalies to debris.

Comparing anomalies was the primary focus of the NESC report, the perturbation dataset was only

one of several studies. As mentioned in Section 1.2.5, when an event produces an abrupt failure

of the satellite it is often di�cult to attribute the cause de�nitively. This may result in debris-

related anomalies being undercounted, although the opposite error, misattributing other issues like
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manufacturing defects to debris impacts, is certainly possible as well. An important note from

this graphic is that perturbations occur `upstream' from anomalies, so there will be higher rates

of perturbations than anomalies, as not every impact will necessarily cause an anomaly. Some

implications of this are discussed further in Section 1.3.2.2.

The second key �nding, as pertains to this research, is the impact that shape assumptions

have on the correlation between expectations and experiences. As previously mentioned, the report

cataloged seven perturbations on a constellation, while the models predicted 24-164. This range

in prediction exists because momentum enhancement factor (MEF) is highly uncertain. The MEF

captures the e�ect that, in a hypervelocity impact, target material is expelled `backward' from

the impact location which enhances the total momentum delivered to the satellite - this concept is

discussed further in Section 1.4.4.3. If an MEF of one is assumed (i.e, no momentum enhancement),

the models predict 24 impacts. If MEF=2 is assumed, the prediction is seventy - a clear order of

magnitude above the number of actual events. This is likely the closest to the true MEF value based

on test and simulation results. Assuming MEF=3 to bound the problem results in a prediction of

164 perturbations.

However, even with an order-of-magnitude mismatch between expectations and experiences,

it takes a surprisingly small change in the shape assumption to tweak the model output such that it

matches the data. The NESC published a paper to accompany their report, and this paper shows

(Figure 1.13) that by modifying the shape of the debris a much closer match between the model

output and the data can be obtained. The black lines show various voided sphere assumptions,

where the sphere is assumed to be hollow to decrease the mass per characteristic length. In the

report, a more precise voided sphere relationship derived from the SOCIT debris tests also shows

a reasonable relationship between ORDEM output and on-orbit data.

This is encouraging, and means that there is de�nitely progress to be made in tweaking

assumptions that go into these risk assessment e�orts to bring predictions closer to reality. But

of course, not every piece of debris is a voided sphere, as shown in Figure 1.6, any more than it

is a sphere. Debris comes in all sorts of shapes, and a given characteristic length can map to a
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Figure 1.13: Illustration comparing model output with various shape assumptions to on-orbit data
from [17]

wide range of shapes, masses, and therefore damage potential. Reality is more well-modeled by a

Monte-Carlo analysis, but the parameter distributions to use for this Monte-Carlo analysis are not

easy to come by. Figure 1.14 shows results from the DebriSat experiment, which are an extremely

useful guide in determining the fragment distribution for the breakup of a modern smallsat during

a hypervelocity impact. It also plots (in red) the results from the older SOCIT test series, which

conducted hypervelocity impacts against older styles of satellite construction.

These test results are a good starting point, but it would be useful to compare them to on-

orbit data to validate that the debris e�ects experienced by spacecraft align with the expectations

from these ground test results. To illustrate, when NASA upgraded the debris model to ORDEM

3.0 analysts found that it predicted substantially higher risks to assets - this motivated the JPL

electronics box study [15] and the NESC report [1]. A major driver to these increased risks is a

high-density population of very small pieces, 1-5 mm. Referring to the sources on which ORDEM

is based, it's worth noting the lack of measurements in the 1-3 mm regime (see Figure 1.5). This
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Figure 1.14: Plotting the DebriSat and SOCIT test fragments' characteristic length vs. mass. Base
graphic from [12], high-density sphere annotations added

steel population is based onin situ measurements of smaller particles, measured from sample

return missions, and the model assumes that these smaller particles imply larger particles at higher

altitudes. This is a pretty major assumption for something that a�ects the risk to spacecraft so

dramatically, so one of the recommendations of the NESC report is to identify a source for this

high-density population. This example illustrates that assumptions based on measurements, since

\We can never measure what we want to measure," may not be aligned with on-orbit experiences,

similar to the JPL electronics box example which returned \incredulously high" probabilities of

failure for a box that is known to be operational.

Based on the damage prediction uncertainties and associated potential corrections, the utility

of the NESC report's recommendation is established: satellites can be monitored for momentum

perturbations to collect more data about the HNT debris environment, and this data could be used

to re�ne uncertain assumptions for damage analysis. This recommendation is the inspiration for

this research.
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1.2.9 Putting it All Together: Understanding HNT Debris Risks and Mitigation

Limitations

Concatenating these concepts a few things become apparent. First, tracking capabilities

are not su�cient to alleviate risks from debris. Due to much larger numbers of small objects than

large, untracked debris represents more than 90% of the collision risk to spacecraft. Therefore, space

tra�c management e�orts { maneuvering satellites to avoid tracked debris { are not su�cient to

mitigate risks from debris.

Second, spacecraft cannot be fully shielded from this hazardous non-trackable debris. The

International Space Station, which is the largest and likely most well-shielded object on orbit, can

withstand impacts from debris up to about 1 cm for some modules. For a robotic spacecraft the

risk threshold is much lower, and high density 1-3 mm particles are a major driver to overall risk

[6].

Third, the local debris environment becomes dramatically worse every time there is a major

on-orbit fragmentation event. This can be mitigated signi�cantly with debris mitigation practices

like passivating and deorbiting spacecraft at end of life, and continued e�orts in space tra�c man-

agement can (in theory) prevent collisions between active spacecraft and tracked objects. However,

the large population of derelicts already on orbit results in a situation where, even with no addi-

tional launches, the debris population will continue to grow in some orbits. Active debris removal

can mitigate this situation by removing high-risk derelicts, but this is a high-cost endeavour and

thus needs a very compelling case to motivate this behavior. It is also a di�cult, risky mission for

the biggest and most critical derelicts.

Maclay and McKnight [18] developed a useful graphic for visualizing this, Figure 1.15 shows

a slightly modi�ed version of their concept. The horizontal and vertical axes illustrate size and

number of objects, similar to the typical cumulative number graphics like Figure 1.4. The solid

black line illustrates the baseline population of debris objects of each size. This population is

currently expected to increase over time (upward arrow showing expected growth), but this may be
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mitigated by active debris removal or just-in-time collision avoidance (JCA). However, if additional

major breakups occur, the population could increase dramatically. Examples include kinetic ASAT

activities (i.e, not e�ectively deterred), ine�ective space tra�c management, or derelict-on-derelict

collisions. ADR/JCA are designed to mitigate this risk and keep debris population growth in

check, but it's important to remember that two out of the three biggest debris-causing events were

deliberate, and accept the geopolitical/military forces that must be applied to prevent those types

of activities.

Figure 1.15: Summarizing in
uences on risk to spacecraft from HNT debris. Boundaries are ap-
proximate.

Beneath this line indicating the population are a few shaded areas representing various classes

of debris. The large gold shaded area in the center is the hazardous non-trackable debris population.

The curves on either side are not straight lines because, as previously discussed, a 5 mm piece of

debris may or may not be damaging depending on the shape and material of the object. However,

a very small steel or copper sphere may be damaging. Also, the impact location is important - if

a spacecraft is 
ying with pressurant tanks, batteries, or instruments exposed in the ram direction

it will be much more susceptible to damage than a spacecraft with these sensitive components

within the structure or on a less impact-prone surface. Therefore, the location of this curve may
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be in
uenced by satellite design, as shown in the graphic.

The right side of the HNT debris region represents the threshold of trackability. This is

orbit and system dependent, heritage systems track down to 10 cm in LEO, 70 cm in GEO, while

emerging systems track down to (optimistically) 2 cm in LEO, maybe 30 cm in GEO. If these

emerging systems can maintain custody of these smaller objects with a su�ciently small covariance

that operators can take action to avoid them, the curve on the right side of the chart will move

toward the center signi�cantly. However, it is important to remember that even a `trackable' object

can be so poorly tracked that it's covariance is larger than an operator's control box. This means

�rst that the probability of collision is never large enough to warrant a response from the operator,

depending on the threshold, and even if they did respond they would have to take the satellite o�

station to prevent the collision, potentially leaving their users with compromised capability during

a critical situation. Therefore, an object needs to not just be tracked, but be tracked well enough

that space tra�c management can successfully mitigate collision risks. A recent example illustrates

the risks, as China's Yunhai-1 (02) satellite broke up last year (March, 2021) due to a collision with

an small object associated with a Russian launch. The impacting object was not su�ciently well

tracked to avoid, but the fact that the breakup was attributed to a collision with a certain object

indicates that it was at least somewhat trackable.

Note that most researchers refer to the hazardous small debris population as `Lethal Non-

trackable' (LNT) debris. This term is explicitly avoided in this research, replaced with `Hazardous

non-trackable' (HNT) debris, because the entire research concept focuses on debris which is large

enough to a�ect a spacecraft measurably, but not so large that it causes a major anomaly. An

important aspect of this is that the same piece of debris which might cause devastating damage

to an instrument could impact a solar array or antenna with only minor e�ects to the mission,

as demonstrated in the Sentinel-1A strike. This concept is depicted in the green and red shaded

regions on the chart. Smaller hazardous non-trackable debris may cause a minor perturbation, which

may go unnoticed, or a recoverable disruption, if it hits a location without sensitive components

(which is a large percentage of spacecraft area). This portion of the population corresponds to
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the green shaded area. The red shaded area, on the larger size of the HNT region, represents

debris that is just barely too small to track and thus large enough to cause substantial damage to a

spacecraft, creating a signi�cant population of additional fragments, and likely causing the demise

of the satellite. One note is that this type of event is di�cult to attribute de�nitively as a debris

strike, many spacecraft have failed spontaneously, sometimes creating fragments, but with limited

telemetry available from the event it is di�cult to tell if an onboard issue or external forces were

to blame.

It is important to note, putting emerging sensor system capabilities together with the NASA

battery test in Figure 1.10, that there remains a gap between shielding capabilities and debris

trackability. The gap is smaller on emerging systems than heritage systems, but a gap remains,

and hazardous non-trackable debris will continue to be a concern for the forseeable future. Since

non-trackable debris is handled with statistical models to assess the probability of mission failure,

characterizing these risks accurately will remain important. To characterize this risk e�ectively,

accurate models and methods are necessary, and therefore additional measurements are necessary.

1.2.10 Zooming Out: Framing research within Space Environment Management

Pivoting from the technical aspects of understanding HNT debris risks to the management

aspects of the debris environment, Figure 1.16 shows a schematic organizing various debris-related

e�orts under an umbrella of space environment management. This is similar to content in [18],

but the organization is shifted around somewhat. With the broader optic of space environment

management, this research falls as a tiny microcosm under `characterization'.

Two bold statements are made in this graphic, deliberately. First, small debris removal is

listed as \Not technically feasible." Nobody will be more thrilled than this researcher if the laser

researchers (or someone else) �gures out how to remove small debris. But there are substantial

challenges standing between the state of the art and operational technology capable of a having

a signi�cant impact on the small debris population, i.e. leading to a meaningful reduction in

spacecraft risk. This bold claim is made because some sources [19] insist that a `dragnet' solution
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Figure 1.16: Conceptual diagram organizing debris-related activities

to debris, i.e, removing small objects after fragmentation, will undoubtedly be developed if the

need arises. In fact, they even state that if debris were really that bad commercial industry would

already have solved it, so it must not be that bad. It is dangerous to make predictions about

technology development, but it is the opinion of this researcher that these `dragnet' solutions are

not technically feasible, and are so far over the horizon that policy should unequivocally assume

that small debris will not be removable other than by natural perturbations. Similarly, debris

repurposing may be nice in theory but the practicalities of the technical developments render it

well over the horizon. Lumping recycling in with ADR tends to make ADR seem futuristic, not

urgent and within reach, which is not helpful for motivating necessary remediation investments and

activities.
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An additional aspect of this chart needs to be highlighted: the distinction between derelict

ADR and constellation management. Government o�cials from both the White House (in 2019)

and DoD [20] have made statements indicating that they expect commercial industry to �nance

ADR e�orts{they expect the business case to close. More recent e�orts, like the Orbital Prime

initiative, have begun providing tiny amounts of funding to small business to try to kickstart the

industry, applied broadly to in-space servicing, manufacturing, debris removal etc. The structure

outlined in Figure 1.16 very deliberately separates constellation management{including servicing,

life extension, and using ADR to deorbit failed satellites within the constellation {from the

more di�cult problem of removing existing derelict satellites and rocket bodies. ADR technology

is maturing rapidly and on-orbit capabilities will quickly follow the current suite of on-orbit demon-

strations, but it is important for policymakers to understand the di�erences between constellation

management ADR and derelict ADR.

Removing a failed satellite from a constellation is good business, and will likely be a�ordable.

But this is a very di�erent task from removing derelict satellites and rocket bodies that have been

in space for decades and were never designed with removal in mind. But these derelicts present a

substantial risk to the future debris environment as they have a signi�cant probability of colliding

and could potentially double the population of trackable debris in a single event. Unfortunately

these are massive objects weighing sometimes thousands of kilograms, a system that can easily

remove a failed modern commercial satellite is not the same system that is required to remove

(or maneuver) these massive derelicts. Policymakers need to take this into account - commercial

industry can be expected to do constellation management ADR, but governments need to �nance

derelict ADR before collisions render orbits unsafe to use.

Unfortunately, a lack of consensus within the space community impedes e�orts to make

progress on debris-related policy, regulation, and technology development. Brian Weeden, an in-

dustry expert who lives at the intersection between space operations and policy, described this as

a situation where the policy makers, prepared to write legislation, ask him, \What do we do?"

Weeden tells them \Well, we have twelve ideas, the scientists don't entirely agree on which ones
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are highest priority." At which point the policymakers lay their pens down: \So you're telling

me it's not that important." Weeden's response, to a room full of industry experts at the Kinetic

Space Safety Workshop in Switzerland, was that we need to have a clear consensus on what to tell

policymakers. To establish clear consensus, unequivocal, consistent data on debris is required.

\If I told you I could remove 3,000 pieces of small debris, would you pay me

to do it? Well I can deorbit one object before it becomes 3,000 objects"

-ADR panelist at Kinetic Space Safety Workshop, Lausanne, Switzerland, 2022

1.2.11 State-of-the-Enterprise: Emerging Trends and Implications for Debris

It's unlikely that anybody reading this dissertation needs to be told that the space industry is

changing. The exponential growth in number of spacecraft shown in the past 5 years of Figure 1.2

is unlikely to slow down, and the global space enterprise needs to �gure out how to 
y that many

spacecraft safely and sustainably. Fortunately, operators are mostly doing their part and shar-

ing space
ight safety data like precision ephemerides. The Department of Commerce has rolled

out their initial Open Architecture Data Repository to begin the process of transitioning space

tra�c management capabilities from the DoD to Commerce. Commercial operators are delivering

exquisite Earth observation and communications capabilities previously unique to governments,

enhancing global transparency and communication and providing signi�cant value from space to

various industries which support humanitarian endeavors, environmental e�orts, safety, etc. Com-

mercial SSA providers are serving a similar role on orbit, using their observation systems to call

out misinformation and expose on-orbit shenanigans, providing an unprecedented level of public

attribution for questionable space activities. The era of commercial on-orbit servicing has begun,

and ADR demonstrations are proceeding apace.

Concerningly, the Cosmos 1408 shootdown demonstrated that geopolitical instability and

con
ict can have drastic e�ects for the debris environment, potentially impacting all space opera-

tors. An interesting tidbit from the State Department press brie�ng which decried the event is that
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one of the reporters argued with the State Department spokesperson at length about their state-

ments on the event - this started with an incredulous "Are you doing space diplomacy now?" and

involved no less than four interruptions in a lengthy back and forth, to address the question: Why

is the State Department talking about this? Why not the Pentagon or NASA? Another reporter

presses the spokesperson on his claim that \We will not tolerate this kind of behavior", asking him

to be explicit: \What does not tolerating this actually mean?" So far as I can tell we're still waiting

on an answer to that question, although Vice President Kamala Harris's announcement that the

United States unilaterally \commits not to conduct destructive, direct-ascent anti-satellite (ASAT)

missile testing" is a step in the right direction.

For the purposes of this research, the point of this is that space isbigger than it used to be.

Space decisionmakers are no longer limited to niche military and civil agency roles. The global econ-

omy is coupled to space capabilities, and maintaining safe space
ight is inherently a transnational

e�ort involving both public and private entities. The traditional instruments of national power -

diplomatic, information, military, and economic - must all be applied, e�ectively and in balance,

to maintain and enhance global space capabilities underpinned by space
ight safety. This research

represents a tiny but potentially useful cog in this massive machine: obtaining more information

about hazardous orbital debris.

\Engineering is the art of modelling materials we do not wholly understand,

into shapes we cannot precisely analyze, so as to withstand forces we cannot

properly assess, in such a way that the public has no reason to suspect the

extent of our ignorance."

-Dr. A. R. Dykes, British Institution of Structural Engineers
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1.3 Research Concept

From the recommendation of the NESC report, collecting data on momentum changes for

comparison to modeled expectations, a straightforward research goal is articulated:

Develop methods to detect minor debris impacts

using typical spacecraft telemetry.

There are four core aspects to this concept that di�erentiate this research from other e�orts.

ˆ This research requires no specialized hardware, no speci�c instrumentation. The goal is

to develop techniques using normal telemetry, of types that lots of spacecraft collect, to

develop a broadly applicable capability.

ˆ This research looks for perturbations instead of analyzing a known anomaly. There are

several examples of cases where anomalous behavior sparked a deep investigation into

spacecraft telemetry and found a debris strike. There are fewer examples of actively looking

for debris strikes even when they do not cause anomalies. The details of these and the

di�erence between them and this research are discussed in Section 1.4.3.

ˆ This research applies techniques that have not been applied to this topic. Several techniques

from various �elds are applied to this problem: digital signal processing, change detection

algorithms, and modi�cations to a navigation �lter.

ˆ This research is a general solution. These techniques are applied via simulation to teleme-

try that is fairly typical for many spacecraft. The base techniques can be applied on

various spacecraft con�gurations, and applications to a few unique spacecraft are shown.

Simulations and tools are designed such that they can be rapidly modi�ed for alternate

spacecraft. Key considerations for broader applications and lessons learned from applying

these techniques to real telemetry are discussed throughout.
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1.3.1 Core Concept

With this research goal, the �rst task is determining how a minor debris strike a�ects the

spacecraft. In several cases (details provided in Section 1.4.2), a change in rotation rate and often

a change in orbit are described. These features correspond to a change in angular momentum and

change in linear momentum. When a piece of debris impacts a spacecraft it imparts momentum

to a spacecraft, as shown in Figure 1.17, since momentum is, of course, always conserved. In a

hypervelocity impact the momentum can be enhanced by a factor of two or more due to backscat-

tered ejecta from the impact. This concept is discussed in detail in Section 1.4.4.3. The linear

and angular momentum transferred to the spacecraft are calculated as a function of the mass of

the debris, the relative velocity of the debris, the momentum enhancement factor, and the strike

location on the spacecraft.

Figure 1.17: Debris impacts spacecraft, causes rotational and translational momentum transfer
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Based on the strike's e�ects, the measurable features in spacecraft telemetry can be assessed.

Strike e�ects vary, and while all impacts produce some level of momentum transfer other features

can also occur. Various interplanetary spacecraft have had instrumentation such that the plasma

produced in hypervelocity impacts from micrometeoroids can be detected. However, the intention

of this research is not to detect impacts using specialized hardware, but using typical spacecraft

telemetry. As such, the two types of information that nearly all spacecraft collect are information on

pointing, rate and momentum and information on orbit state. The �rst comes from attitude control

system (ACS) telemetry, the second from navigation telemetry, which can be either on-board or

ground based solutions.

This research applies various techniques to this telemetry to develop methods to detect subtle

perturbations from debris impacts. After a survey of digital signal processing techniques, a matched

�lter is selected for applying to spacecraft rate telemetry. Various change detection techniques are

applied to look for subtle changes in the inertial angular momentum. For navigation telemetry, an

extended Kalman �lter with dynamic model compensation is augmented with various test statistics

to process the telemetry and identify subtle, abrupt orbit changes. These techniques are developed

and assessed using simulated data.

But the problem isn't solved with a nice method. Applying these techniques to real telemetry

is complicated, murky, and full of surprises. Several case studies on applying these techniques to

various spacecraft are discussed with the resultant data and lessons learned. Furthermore, while

these techniques can return perturbations the next question becomes how to use that data. A

perturbation assessment tool is developed to explore the tradespace implied by all the uncertainties

discussed throughout Section 1.2, in the context of using spacecraft perturbation data to learn

about the hazardous non-trackable debris environment.
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1.3.2 Challenges Inherent in Research Concept

1.3.2.1 Local-Scale Challenges

\Awesome in theory, kind of a mess in practice"

-Unacknowledged source

Applying these methods to simulated telemetry is beautiful. Each of the algorithms shows

promising abilities to accentuate subtle e�ects from strikes. However, applying these to real teleme-

try is substantially more challenging; each spacecraft has its unique idiosyncrasies which need to be

�ltered or accommodated in the algorithms in order to obtain clean data for strike detection. E�ects

that may cause false alarms include on-board events like thruster �ring, planned and unplanned

appendage motions which change the apparent angular momentum of the spacecraft, component

data 
uctuations or biases caused by thermal or other e�ects, electrostatic discharges which can

actually impart momentum to the spacecraft, external perturbations like drag or solar radiation

pressure, or unanticipated perturbations like, in one case, the spacecraft apparently interacting

with Earth's electromagnetic �eld. This �nding, that this concept is challenging to apply in the

real world, is consistent with e�orts by other operators to apply techniques, which are discussed in

more detail in Section 1.4.2.

Another major factor in using these techniques to gather data about the debris population

is micrometeoroids. In this research the impact e�ects are uniformly referred to as debris strikes,

but in reality a micrometeoroid strike would look very similar in spacecraft telemetry. For a

single strike di�erentiating de�nitively whether it's a debris strike or a micrometeoroid may not be

possible. However, with a su�ciently large body of data from diverse orbits it would be possible to

understand more about the various environments spacecraft 
y through. Interplanetary missions

could be used to understand micrometeoroid perturbations, and then compared with data from

LEOs and GEOs to understand the di�erences between those orbits. Also, micrometeoroids and

debris both have their own expected directions, so some strikes may at least be able to determine

which population is most probable depending on the impact direction.
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Applying these techniques to a single day or week of data is not too complicated, but in

order to develop a meaningful body of data they must be applied over long time spans - years of

telemetry at data rates of 1 Hz or so. This is a solvable problem, but it does introduce an extra

level of complexity to the process, as it involves far more data than can �t in memory. This data

must be stitched together, not processed in discrete chunks, since most techniques require a span

of data so results would be lost at the junctions between datasets. The algorithms must be robust

to idiosyncracies in the data, gaps in collection, or unanticipated spacecraft behaviors. All this

infrastructure makes debugging a lot harder, and renders any sort of data cleaning issues (i.e, data

gaps, etc) complicated to deal with. Again, this is not a technical roadblock, it just adds to the

challenge.

A �nal challenge is determining the utility of the data. With so many uncertainties in

the chain of analysis{debris size, shape, mass, velocity, strike location, estimation of imparted

momentum, etc{with all of these uncertainties in every strike, fully determining the parameters of a

single strike is not possible based on perturbation data. However, as the NESC report demonstrated,

the data can be combined with models to learn about the consistency of the models compared to

expectations. By changing the underlying assumptions, the the model output can be changed, which

provides insight into what might be causing the discrepancies between expectations and experiences.

From a handful of datapoints on one system the NESC report learned valuable lessons about the

e�ect of momentum enhancement factor and the relationship between mass and characteristic

length. From larger datasets on more diverse systems more could be learned. The NESC report

o�ered a single case study, a more general capability would expedite lessons as additional data is

collected.

This outlines the challenges expected for a single operator applying these techniques on

an individual system. There is utility for an operator collecting this type of data, as it can be

used for state of health monitoring, anomaly resolution, and to enhance understanding the local

debris environmnet, especially for constellations. However, to fully leverage the potential of this

data broader data collection and sharing would provide more impactful insights, but there is an
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additional layer of challenges pertaining to sharing data.

1.3.2.2 Global-Scale Challenges

Traditionally, space operators (and manufacturers) are extremely averse about sharing data.

This absolutely applies to anomalies, as it is assumed that acknowledging issues will make the

operator or manufacturer look bad and impede their future business opportunities. People also

frequently cite space insurers as a reason to avoid discussing anomaly data, though in my experience

insurers tend to have a practical attitude toward anomalies and behave in ways that make them

part of the solution, not part of the problem. Note that this hesitation about anomaly sharing is

in contrast to the aero industry, which has established and required mechanisms for reporting and

resolving anomalies to learn and share industry best practices supporting 
ight safety.

By studying perturbations instead of anomalies, this may reduce some of the barriers to

reporting. Instead of operators having to disclose a major issue which impacts mission performance,

they can deliver information indicating that their spacecraft encountered external hazards, but was

robust enough to keep 
ying. This may be more palatable to operators, but is probably not a

su�cient solution.

\Who's gonna be brave enough to step out �rst?"

-Comment during discussion at Kinetic Space Safety Workshop, 2022, regarding using satellites as

sensors to return data relevant to environmental modeling and safety e�orts

Commercial operators are reluctant to share data because they are concerned about the

impact it may have on their business. In some ways this is typical of a `Prisoner's dilemma.' In

a prisoner's dilemma, shown in Figure 1.18 two prisoners have the option of either choosing to

testify or not. If neither testi�es, there is only a weak case, and both serve minimal sentences.

This is the best outcome for both. However, if only one testi�es, that one gets o� free, while

the one who chooses not to testify serves a long sentence. Therefore, both typically testify, which

results in a sub-optimal solution of medium sentences for both. Similarly, operators are currently



38

taking the less optimal solution of not sharing spacecraft data, which protects themselves at a cost

of more uncertainty in space
ight safety. This is a di�cult situation to mitigate, as whichever

operator chooses to share data takes on a risk to their business, so there is limited incentive to do

so. A mutually bene�cial solution would be to share data, as better information about the debris

environment would allow operators to manage their risk appropriately.

Figure 1.18: Prisoner's dilemma: currently a suboptimal data sharing norm is in e�ect

1.4 Related E�orts

The �rst section provided a narrative to motivate this research topic and highlight some

important elements of the problem. This section takes a deeper dive into several sub-topics that

are relevant to this research. Note that several of these are entire research topics in themselves, the

points that are summarized here are the concepts that are relevant to future developments in this

research.
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1.4.1 Detecting Particle Impacts Using Specialized Hardware

As previously mentioned, the NESC report made a recommendation to monitor existing

assets for momentum perturbations, and that is the recommendation toward which this research is

directed. Another recommendation was \Consider adding technologies to future spacecraft to detect

and characterize MMOD impacts, especially for missions above 600 km. These technologies include

external high-�delity video cameras, micro-electro-mechanical systems (MEMS) accelerometers,

acoustic sensors, 
ash detectors, dedicatedin situ impact sensors, etc." However, this is speci�cally

not the targeted topic for this research, the goal of this research is to determine what can be learned

from data that is already typically collected in the course of missions, not designing additional

hardware to 
y. Per SME request, this section provides a list of references for various hardware

that has been used to detect strikes on various missions.

The NASA Orbital Debris Program O�ce 
ew a dedicated impact detector on the Interna-

tional Space Station. This space debris sensor was a 1 m2 technology demonstration consisting of

a resistive-acoustic grid to provide information on the sub-mm scale orbital debris environment. It

was designed to capture data on the projectile's direction, speed, size, and density, but was unfortu-

nately lost due to an anomaly after approximately 26 days of on-orbit operations [21]. With lessons

learned from this experiment the underlying sensor technology may be 
own again. The bene�t

of a detector like this is the exquisite information obtained about multiple debris parameters, the

drawback is that the limited collection area makes it di�cult to obtain signi�cant information about

debris large enough to harm a spacecraft due to the relatively low 
ux of larger debris (i.e,> 1

mm).

One concept from the German Aerospace Agency (DLR) is to add hardware to a solar array

to allow detection of impacts, as shown in Figre 1.19. The idea is that basically all satellites have

solar arrays, frequently with large areas, so adding a minimal amount of hardware to a solar array

has little impact on size and weight but can provide data on the debris environment. DLR has

conducted ground-based hypervelocity impact tests and a 4-year on-orbit experiment with a small
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satellite, with a total detection area of 0.755 m2. The pre-
ight analysis showed a fairly high

probability of detectable impacts, but this was based on future model assumptions that introduced

an expected breakup which did not actually occur. With the environment that the spacecraft

experienced about 2 detectable impacts were expected, zero impacts are con�rmed. Some changes

in panel characteristics were observed, but are \quite likely" due to a hardware related failure, not

an impact [22]. However, despite these limited results, with lessons learned from the �rst 
ight

this represents a strong concept for operators/manufacturers who want to incorporate anin situ

detection capability for future 
ights.

There are also concepts involving hardware that can be placed on a spacecraft to detect

impacts at other locations via various phenomonologies. Invocon o�ers a few technologies for im-

pact detection for manned space
ight and unmanned spacecraft. Examples of technologies include

acoustic emission transducers, accelerometers, grid-based systems, and grid-less acoustic and RF

sensing systems[23]. Applications seem to be mostly on systems with a smooth outer structure, i.e,

rockets, planes, and shuttle, but this provides one option to look into if there is interest in placing

dedicated hardware for impact detection. A similar concept, developed by Fraunhofer EMI and

funded by ESA, suggests an array of small antennas forin situ detection of hypervelocity impact

e�ects [24].

A dedicated dust detector, SPADUS, was 
own in the early 2000s and detected 368 dust

impacts over an interval of 739 days in an 850 km nearly polar orbit. The instrument had a

collection area of 576 cm2, and collected data on particles in the� m size range. Some velocities

were recorded, some of which were clearly interplanetary particles (20-36 km/s) [25].

When a hypervelocity impact occurs it produces a various e�ects which can be detected by

non-purpose-built instruments. Frequently, the plasma produced by the impact can be measured by

sensors with a su�ciently high data rate - an experimental measurement of this expanding plasma

cloud is shown in Figure 1.19. The Wind spacecraft and the STEREO mission both recorded

impacts by observing jumps in the relative potential on their antennas [26]. Wind recorded impact

rates at a couple dozen per day, and variations in impact rate showed a consistent annual 
uctuation
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on all three spacecraft. The MAVEN spacecraft in Mars orbit also recorded dust impacts using

the Langmuir Probe and Wave instrument, at rates of nearly 100 per day, with the hit counts

at lower altitudes even higher due to atmospheric dust in addition to the interplanetary dust[27].

Fortunately, the majority of interplanetary dust impacts have masses around 10� 9 g or less [28]

so the ability of this population to harm spacecraft is limited.

Figure 1.19: Various existing solutions for impact detection. Left: experimental result from Fraun-
hofer EMI investigating the ability of antennas to detect plasma clouds from hypervelocity impacts
[24]. Center bottom: diagram of Invocon's Distributed Impact Detection Sensor [23]. Center top
and left: DLR's solar-array based impact detector [29]

All of these types of hardware provide useful data for understanding various aspects of the

environment, but the mission �rst has to decide to 
y the hardware, which is a non-trivial e�ort.

These capabilities de�nitely have the potential to provide complementary data for validation, by

establishing when impacts happen and seeing if those match up to perturbations that are near the

noise 
oor and therefore di�cult to de�nitively establish as an impact. However, extra hardware

is not the focus of this dissertation.

One interplanetary spacecraft demonstrated an ability to detect dust impacts without using

specialized hardware. The Juno mission found routine observations of non-stellar objects appearing

in the �eld-of-view of its startrackers. Attributing this to ejecta from micrometeoroid impacts, the
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tally per day was logged and found that variations in the number of events per day correlated

somewhat with known dust distribution features. The paper describes collection of data to char-

acterize the distribution and proposes some e�ects to explain the observed dust distribution [30].

Similar events have been observed by similar sensors on at least two non-Earth-orbiting spacecraft.

This concept provides an interesting opportunity to potentially allow con�rmation of debris impact

events, if lighting angles, camera positions, etc are favorable.

1.4.2 Analyzing Observed Perturbations

Several missions have observed anomalous events and found a debris strike as the root cause.

Similar to the Sentinel-1A anomaly, NASA's Magnetospheric Multiscale (MMS) constellation ex-

perienced anomalous behavior that was attributed to a particle impact but the mission continued

nominally [31]. The strike, which may have been debris or a micrometeoroid, was observed as a

loss of one shunt resistor and a spike in the ambient plasma coupled with a dynamic event. On the

spin-stabilized MMS spacecraft the dynamic event caused ringing in the accelerometer telemetry,

excitation of boom vibration resulting in atypical nutation of the transverse rotation rates, and

temporary loss of valid startracker attitude �x. With the lessons learned from the anomalous par-

ticle impact, a few other impact events have been observed in the accelerometer telemetry. After

the strike, one MMS operator began leveraging digital signal processing techniques to try to �nd

additional impacts, but the work was never published.

On another NASA spacecraft, the Terra Earth observation spacecraft observed anomalous

cooling of their batteries, indicating a fault in battery temperature control. One of the battery cells

also failed shortly thereafter. Close-out photos showed that the a�ected heater harness bundle was

close to the a�ected cell. After multiple heater control resets the 
ight operations team \asked to

examine observatory 3-axis rate information for timeframe of anomaly." IRU rate data showed a

signi�cant rotation increase and correction, similar to the Sentinel-1A telemetry, and the anomaly

was attributed to a micrometeoroid or orbital debris impact. With a 700 km high-inclination orbit,

an HNT debris impact is fairly likely.
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The Sentinel-1A strike has already been discussed in detail, but a similar lesson is learned,

that anomalous behavior prompted a thorough investigation of the telemetry and was ultimately

attributed to a debris strike. Similar to the MMS operator, Sentinel-1A operators leveraged their

datamining tool for anomaly investigation[32] to try to identify additional strikes that had not

caused enough damage to be noticed. The results were inconclusive, and the number of events

found varied with the threshold applied, without a concrete way to distinguish between events

which might be a small impact or might just be noise. Like MMS, the results of these e�orts were

never published.

\We have tried this, and I can con�rm that it is indeed di�cult ... The

�ndings were not very satisfying or conclusive."

-Dr. Vitali Braun, Space Debris Engineer, ESA/ESOC Space Debris O�ce

Besides these, several other operators have mentioned similar events on other spacecraft,

both government and commercial, which have not always appeared in the public literature. Several

strikes which do appear in the public literature are listed in Table 1.1, which highlights the common

feature of angular rotation and any anomalous behavior, if disclosed. However, smaller strikes which

do not damage components and thereby cause anomalous behavior may go unnoticed.

Mission
(Number of Strikes)

Anomalous Behavior
Additional Telemetry Fea-
tures

MMS
(2 known strikes +

3 likely strikes)

Shunt resistor failure, wireboom
breakage, loss of startracker atti-
tude �x

Plasma variation, change in
rotation rates , accelerometer
variation, apparent momentum
oscillation (boom vibration)

Sentinel-1A
(1 known strike, other
indeterminate features)

Solar array power degradation,
debris pieces

Angular rate increase and
correction , orbit change, dam-
age con�rmed with on-board
camera

NESC Report Spacecraft
(7 known strikes)

Not disclosed?
Angular rate increase , orbit
perturbation (change in satellite
mean altitude)

Terra EOS AM-1
(1 known strike)

Failure of battery thermal con-
trol harness and one battery cell

Angular rate increase and
correction

Table 1.1: Publicized debris strikes which perturbed but did not cause mission loss
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1.4.3 Work Involving Detection of Momentum Perturbations

There are a handful of e�orts from various entities to detect unexpected momentum pertur-

bations. These are described in su�cient detail to establish the di�erences between these e�orts

and this research. The NESC report covered both anomalous events and one dataset on momentum

perturbations, but it has already been discussed in detail as it is the primary motivation for this

research.

\Anne's work did not slip our attention ...

Her paper is sitting on my desk"

-Operator who contributed data for NESC report

Figure 1.20: Graphic published by ExoAn-

alytic Solutions[33] showing �lter residuals

with and without an estimated MITE

Some key related work has been done by Exo-

Analytic Solutions on detecting momentum impulse

transfer events (MITEs) on GEO objects using

their global telescope network. They have demon-

strated a capability to detect orbit perturbations

with in-track velocity changes of 0.2 - 10 mm/s

[33]. Some of these are explained with rigorous

high-�delity modeling of solar radiation pressure,

but others remain unexplained and could be caused

by on-board systems or, potentially, debris impacts.

Figure 1.20 shows an example of one MITE, as indi-

cated by the measurement residuals from ExoAn-

alytic's ground-based network, where modeling a small �V resulted in an improved �t for the

residuals. This allows estimation of the size of the event, in this case a �V of 0.7 mm/s is esti-

mated. While ExoAnalytic obtained these impressive results using external observations of GEO

objects from their ground based optical sensors this research focuses on using a system's knowledge

of its own orbit, and develops methods to enhance detectability beyond what can be attained by
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observing measurement residuals.

A recent study by ESA conducted at the Fraunhofer Ernst-Mach-Institut assesses the mo-

mentum transferred during small hypervelocity impacts on spacecraft materials via modeling and

test and then develops software to simulate the dynamic response of the a spacecraft to these dis-

turbances. Measurements are planned for an upcoming mission which will derive the momentum

transmitted into the spacecraft by microparticle impacts based on these models and analysis [34].

On the LISA Path�nder, located around L1, mission data was used to identify 54 micrometeoroid

impact events imparting momentum between 0.2 and 230� Ns[35]. This is a similar concept to

this research but uses LISA's exquisite ACS precision to identify strikes instead of post-processing

typical telemetry with dedicated algorithms to accentuate subtle features.

Another ESA spacecraft, GAIA, located at L2, has released occasional information indicating

that it observes higher than expected rates of micrometeoroid impact events by observing small

changes in the spacecraft rate and sunshield thermal pro�le, and giving an example of one rate

perturbation event likely from the Persieds meteor shower [36, 37, 38]. Speci�c comparisons of

impact rates, detection thresholds, and comparison to models have not yet been found, although it

appears that work may still be ongoing [39].

Similarly, a paper by the Institute for Defense Analyses (IDA) discussed methods to monitor

satellites for small changes in orbit[40] with the intent of cataloging minor debris impacts and feeding

back the results to debris models. Methods proposed for detecting orbit changes include changes to

satellite mean altitude (dSMA), crosslink disruption, and coarse GPS single-point measurements

assessing a discrepancy from the satellite's nominal orbit. The concept in this paper is the most

similar to the topic of this research, but the analytical developments are dramatically di�erent.

This research develops speci�c algorithms to process simulated telemetry, whereas the IDA paper

speculated generically on feasibility based on coarse estimates of capabilities. Also, this research

applies the concept to a swath of on-orbit telemetry, in particular considering detection of rotational

momentum transfer in ACS telemetry which is not addressed by the IDA paper.

Included in this category of similar research are several papers published in the course of this
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research e�ort. An October 2019 conference paper applied change detection algorithms to simulated

attitude control system telemetry, showing that the algorithms have a strong ability to accentuate

minor 
uctuations in the inertial angular momentum, which would indicate the presence of an

external torque[41]. This development is described in Section 2.3.2 of this dissertation. A follow-on

conference paper in December 2019 applied these techniques to NASA spacecraft and found several

interesting features [42], described in Section 4.1. A February 2020 conference paper presented

a trade study to characterize the sensitivity of these methods to various system parameters [43],

results are shown in Section 2.5.

Two journal papers have discussed the primary developments of this work. A 2020Acta

Astronautica paper discussed the development of methods for detecting rotational momentum [44],

and a paper describing development of methods to detect translational momentum changes is

currently in peer review with the Journal of Spacecraft and Rockets (as of October 2022).

1.4.4 Peripherally Related Work

This section includes brief summaries of topics that are entire research areas in their own

right, but insight from these topics is relevant to the development of these methods.

1.4.4.1 Ballistic Limit Equations

The ballistic limit represents the ability of a shield to withstand an impacting projectile. The

term has been used in literature dating back to at least the 1930s to describe work characterizing

an armor's e�ectiveness in stopping bullets. In space, ballistic limit equations (BLEs) saw use in

the 1960s to estimate the micrometeoroid hazard to the Apollo command service module, with

continuing development since that time. As Section 1.2.7 described, ballistic limit equations still

underpin debris risk analyses, albeit now wrapped in software, not typewritten.

Ballistic limit equations (BLEs) are used to express whether or not a given projectile will

penetrate a given target. For a given projectile/target combination, i.e, aluminum sphere vs. CFRP

panel, BLEs are typically plotted with velocity on the x-axis and the projectile diameter on the



47

y-axis. The ballistic limit is plotted such that a projectile with characteristics above the curve

(i.e, velocity and diameter) is expected to overcome the target, while projectiles below the curve

are not expected to overcome the target. The failure criteria can be de�ned in di�erent ways,

either complete penetration (hole through the target) or rear-side spall (material ejected from back

of target due to shock wave). Reference Figure 1.23, which shows an attached spall caused by

stress waves propagating through the target from the impact. When this spall detaches, it can be

considered a target failure, even when there is no penetration of the target.

Various BLEs exist with various input parameters, which can include a variety of speci�ca-

tions like material densities, strength, shield con�guration, and impact angle. These equations are

typically empirically derived based on test data, and are thus are speci�c to certain shield/projectile

combinations. They can be applied under di�erent conditions, but `results may vary.' Figure 1.21

shows an assortment of ballistic limit equations for various shapes, indicating the variability in the

results due to projectile shape. Also note that this graph plots the ballistic limit for a variety of

shapes against one target with normal impact, and yet it is only for one set of BLEs. Multiple sets

of BLEs exist, and which to use is a choice by the analyst.

Figure 1.21: Examples of BLEs and test results. Figures from Schonberg [45]

Also, while the BLEs generate a deterministic solution, where one set of inputs provides one

result, the actual results are inherently probabilistic. Repeated tests to characterize this variance
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are rare, as tests are very expensive. Figure 1.21 shows test data normalized to a ballistic limit

curve. If the equation perfectly predicted target response (fail/no fail), then all the points below

the line would be un�lled, all points above the lines would be �lled. Unfortunately, results vary

widely, showing projectiles which di�er from anticipated behavior by as much as a 30%.

A further complication is that the maximum velocity for ground tests is around 7 km/s for

most test equipment, some can push to around 10 km/s with a very small projectile. Orbital

collisions can be in excess of 14 km/s, so test results aren't able to fully replicate orbital conditions.

In the testable regime there are multiple non-linearities in ballistic limit as the physics of the

impact changes with increasing energy, and there is an inherent assumption that target response

in non-testable regimes is similar to target response in testable regimes.

1.4.4.2 Micrometeoroids

Micrometeoroids o�er an additional complication. A micrometeoroid impact can deliver mo-

mentum to a spacecraft similar to a debris impact. Therefore, to draw useful conclusions about

the debris environment from perturbation data the micrometeoroid environment must also be un-

derstood. A few relevant aspects of the micrometeoroid environment are discussed here.

Like debris, the micrometeoroid 
ux model is based on various measurements and has a degree

of uncertainty. MEM3 [46] is NASA's latest micrometeoroid environment model, and is used for

modeling micrometeoroid impact risks to spacecraft. MEM3 incorporates 
ux down to a size of

10� 6 g because it is concerned with damage, but as mentioned above there are surprisingly high

rates of dust impacts detected on several missions, which are thought to be much smaller particles.

The micrometeoroid environment has preferred directions, as does the debris environment, and this

can be used to identify the likelihood of a particular strike being debris or micrometeoroid if the

strike direction can be established. Figure 1.22 shows some measurements of variations in sporadic

micrometeoroid 
ux. These annual variations can also give some clues regarding whether detected

impact populations are debris or micrometeoroids.

The momentum imparted by the strike is of course a function of the micrometeoroid's mass
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and velocity. The density of micrometeoroids is bimodal, with some micrometeoroids having ap-

proximately the density of water and some being 3-5X heavier. With the density and the size the

mass can be computed, and the shape of micrometeoroids is likely closer to spherical than the

shapes of debris, which are often 
at or elongated due to manufacturing features. The velocities of

micrometeoroids, however, are thought to vary between 12 km/s and 72 km/s. Therefore, microm-

eteoroid velocities are much higher than the regime where impact mechanics can be tested with

large particles, some implications of this are discussed further in the next section.

Another peculiarity is the variation in micrometeoroid 
ux. While easily-visible meteors

come from comet tails and have known showers, like the Perseids, there is also a `sporadic annual

variation in micrometeoroid 
ux' which is separate from known comet tails. This has been measured

via radar, and it is found that the variation is somewhat repetitive year over year[47]. A similar

annual variation is shown in dust impacts on the two Stereo spacecraft and the Swift spacecraft [26].

While a major meteor shower may increase the 
ux temporarily by 10X or so, the timespan of these

showers is not long so the total risk is driven by the sporadic background. Attitude disturbance

rates and likelihood of damage may be lower, only increasing by about 2X for the duration of a

meteor shower, based on examination of the momentum-limited and mass-limited 
ux [48].

Figure 1.22: Examples of micrometeoroid 
ux and interplanetary dust impact data. left: [26],
center and right: [47]

The takeaway is that yes, separating debris impacts from micrometeoroid impacts is a chal-
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