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THAADREFEEETHEMTNAAESESORE
Long Term Sustainability of Outer Space and Role of UNCOPUOS

)l E (FHEMTEFRAREZRES BR)
Yasushi Horikawa (Chair of UNCOPUOS)

Space science and technology and their applications, such as satellite communications, Earth
observation systems and satellite navigation technologies, provide indispensable tools for achieving viable
long-term solutions for sustainable development and can contribute more effectively to efforts to promote the
development of all countries and regions of the world, to improving people’s lives.

In recent years, the utilization of space has seen an increasing number of States, non-governmental
organizations, private sector entities and even universities expanding their presence.

In an era where we are seeing space becoming increasingly crowded with new players, the need to show
strong commitment to sharing responsibilities and acting responsibly in space to help prevent mishaps,
misperceptions and mistrust has never been greater.

The proliferation of space debris and the increased possibility of a collision interfering with or causing
damage to space objects raises concerns about long term sustainability of space activities, particularly the
low-Earth orbit and geostationary orbit environment.

With regard to the long term sustainability of outer space, the role of UNCOPUOS and the current status of
discussions among the related states will be presented.

Biography - - - - -

Yasushi HORIKAWA (Japan)

He is a technical counselor of Japan Aerospace Exploration Agency (JAXA), Tokyo

Japan. He graduated at Tokyo University and he received PhD from Tokyo University

on Electrical Engineering. He worked in the field of spacecraft design. He contributed

to the implementation of Japanese meteorological satellite programs and the Earth

observation programs. He also contributed to the achievement of the Japanese space

station program as the Program Manager. After that, he was responsible for the

application satellite programs as an executive director of JAXA, including Earth

observations, communications and broadcasting, and global positioning satellites and

those operation and utilization as well. At the present time, he is advising to the activities of the Japanese
application satellite development and utilization programs in JAXA. He is a president of Japan society of cost
estimate and analysis since 2011. He is a professor of Tokai University and he is a chairman of UN COPUOS
for 2012-2013.

He is a member of IEICE, JAAS, AIAA, IAA, JRS, JSCEA and SCEA.
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“Space is helping us to address some of today’s most
urgent problems. Space technology has produced
tools that are transforming weather forecasting,
environmental protection, humanitarian assistance,
education, medicine, agriculture and a wide range
of other activities.”

Former United Nations Secretary-General Kofi Annan, on the occasion of the World
Space Week, 2001

~Launch Activi

This document is provided by JAXA.
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---------—-Earth Observation
---------------------------- Global Positioning
WMO: CGMS- ----------Meteorological
Space Station Partners------ Space Station
Science Community---------- Science
Amateur Community--------- Amateur

ITU Frequency allocation----Most Satellites with Exception

No Coordination Mechanisms
Small Satellites
Commercially procured
Security
Military

~ Objectiv T

UNCOPUOS to facilitate;

O the activities and resources of the United Nations, the
specialized agencies and other international bodies
relating to the peaceful uses of outer space;

O international cooperation and programmes in the field
that could appropriately be undertaken under United
Nations auspices;

O organizational arrangements to facilitate international
cooperation in the field within the framework of the
United Nations; and

O legal problems which might arise in programmes to
explore outer space.

This document is provided by JAXA.
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UN and Outer Space: Early Years

* 1959: UN General Assembly resolution 1472 (XIV)
reaffirmed the role of COPUOS and mandated
the Committee to:

e Review international co-operation

 Study space-related activities that
could be undertaken under United
Nations auspices

e Encourage and assist with national
space research programmes

e Study legal problems which may arise
from the exploration of outer space;

This document is provided by JAXA.



* 1961: Establishment of two Subcommittees
¢ Scientific and Technical Subcommittee (STSC)
e Legal Subcommittee (LSC)

* Membership to date:74 member States and 32 organizations with
permanent observer status

* Reports to the Fourth Committee of the General Assembly

* Adopts an annual resolution on “International Cooperation in the
Peaceful Uses of Outer Space”

United Nations Office for Outer Space Affairs 8

— ___United Nations
mmittee on the Peaceful U:

=

= .»‘5:9-0

o

cé'?‘ 74 Participating Member States €
3 £,
ST for COPUOS

.. D

v A2
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Japan Aerospace
Exploration Agency

Space Treaty, Principle

Outer Space Treaty

1967 | Treaty on Principles Governing the Activities of States in the Exploration and Use of Outer Space,
including the Moon and Other Celestial Bodies

1968 | Agreement on the Rescue of Astronauts, the Return of Astronauts and the Return of Objects
Launched into Outer Space

1972 | Convention on International Liability for Damage Caused by Space Objects

1976 | Convention on Registration of Objects Launched into Outer Space

1984 | Agreement Governing the Activities of States on the Moon and Other Celestial Bodies

Principle and Guideline

1963 | Declaration of Legal Principles Governing the Activities of States in the Exploration and Use of Outer
Space

1982 | Principles Governing the Use by States of Artificial Earth Satellites for International Direct Television
Broadcasting

1986 | Principles Relating to Remote Sensing of the Earth from Outer Space

1992 | Principles Relevant to the Use of Nuclear Power Sources in Outer Space

1996 | peclaration on International Cooperation in the Exploration and Use of Outer Space for the Benefit and
in the Interest of All States, Taking into Particular Account the Needs of Developing Countries

2004 | Application of the concept of the “launching State”

2007 | Recommendations on enhancing the practice of States and international intergovernmental
organizations in registering space objects

2007 | Space debris mitigation guidelines of the Scientific and Technical Subcommittee of the Committee on
the Peaceful Uses of Outer Space

Framework
2009 \ Safety Framework for Nuclear Power Source Application in Outer Space

10

Highlights-an in results of COPUO
and its two Subcommittees

Recent achievements:

- Establishment of the United Nations Platform for Space-based Information for

Disaster Management and Emergency Response (UN-SPIDER), (2006)

- Establishment of the International Committee on Global Navigation Satellite Systems

(ICG) (2006)

- Space Debris Mitigation Guidelines (2007)

- GA Resolution on enhancing the practice of States and international

intergovernmental organizations in registering space objects (2007)

- Safety Framework for the Use of Nuclear Power Sources in Outer Space (2009)

Japan Aerospace
Exploration Agency

Current issues - Space Agenda Today:
Space applications for developing nations
Space debris
Long-term sustainability of space activities
Near-Earth objects
Space and climate change
National space legislation
Definition and delimitation of outer space

Use of Geospatial Data for Sustainable Development
11
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SPACE AGENDA TODAY

GREENING SPACE:
Mitigating Space Debris

»Space debris includes defunct satellites, discarded

sections of rockets and parts of satellites that have exploded.
Most numerous of all are tiny particles such as paint chips
and liquid droplets.

» Space debris orbits the Earth at incredibly high speeds,
normally several kilometres per second,

making even small particles a hazard to active satellites

and space missions.

Image: Artist’s impression ©ESA

»In 2007, COPUOS achieved a major result by adopting its own Space Debris Mitigation
Guidelines. There is general agreement among States that the implementation of these
voluntary guidelines for the mitigation of space debris at the national level would increase
mutual understanding on acceptable activities in space, thus enhancing stability in space
and decreasing the likelihood of friction and conflict.

12

THREATS FROM ASTEROIDS:
Near-Earth Objects

»Near-Earth objects (NEOs) are asteroids, comets
and large meteoroids whose orbit intersects

the Earth’s orbit and may therefore pose

a danger of collision.

» NEOs with a diameter of over 1 km hit
the Earth a few times in a million years.

»COPUOS works on establishing international
procedures and decision-making mechanisms for dealing
with a potential NEO threat.

Photo: Japan’s Hayabusa space probe travelled to the Itokawa asteroid and in 2010 returned the first
samples of an asteroid to Earth. Photo ©JAXA

13
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SPACE AGENDA TODAY

Long-term sustainability of outer space activities:
SUSTAINABLE SPACE = SUSTAINABLE DEVELOPMENT ON EARTH

Sustainable development on Earth is not possible
without sustainable space.

Space applications such as earth observation,
communications, navigation, timing and positioning
provide strong support for the implementation of the
actions called for in the United Nations development
agenda.

COPUOS works on issues such as:
“Space and sustainable development”
-the use of space technology and its applications
climate change, food security, monitoring of natural
resources, agriculture....

14

——  United-Nations Register ——
of Objects Launched into Outer Space

Established in 1962, the Register is the central repository of official
information provided by States on space objects in accordance with the
Registration Convention and on a voluntary basis.

The Register contains information received from the Member States and
also complementary information collected from external sources on all
functional objects launched into outer space since 1957.

Space debris and non-functional objects are not included.

Search could be performed using different parameters (name,
lnte)rnatlonal designator, launching State, date of launch, orbital status,
etc.

The links between space ob}jlgcts and their relevant registration
documents are provided. This way, every user can download and print
any registration document.

All information contained in the Register is publicly available via the

UNOOSA website:
> Since 1(91 7, about 38.300 space objects have been tracked in Earth orbit or
beyond. Approximately 6.400 are “functional” (i.e. satellites, probes,

5
manned spacecraft and/or space station components). The rest are sFent
rocket boosters, shrouds and detached components or other residua
nonfunctional components resulting from the launch, operation or
termination of the space object, collectively known as “non-functional”)

15
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" Domestic legisla

National legislation domesticates international treaty
obligations

National register of space objects

Licensing and other regulatory practices allows States
to implement non-binding international norms into
national practices

Non-binding does not mean non-legal

16

The growing population of space objects in orbit may in
time make activities in regions of near-Earth space
hazardous and extremely expensive

U.S. now tracks about 17,000 objects in Earth orbit
* ~ 1,000 working satellites

e ~ 21,000 debris pieces > 10 cm

17
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* Objects smaller than 10 cm are not consistently trackable
> There may be as many as 500,000 objects of 1-10 cm size
- Perhaps as many as 10s to 100s of millions <1 cm

* No active collision avoidance is possible for such
objects

* These objects can cripple or destroy spacecraft and
endanger astronauts

* Total mass ~ 6300 tons

18

rces of debris

* Defunct spacecraft

* Mission debris

* Rocket bodies

* Fragmentation debris
» Explosions
e Degradation

¢ Collisions

* Deliberate debris creation
o ASAT tests

19
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/)Number of Objects in Earth'Orbit by Objegyp

Collision accident in F
Anti-sat experiments %
in 2007

Total
]
oy
Spacecraft
Launch vehicle upper stage
(Low Earth orbit: over 10cm, geostationary orbit: over 1m) Catalog data of Space Surveillance Network, NASA 20

-

i : - — - /
ming Group on Long-term Sustainability of Outer Space

Objectives of the Working Group
- To identify and examine a wide range of issues and concerns
to the long-term sustainability of space activities
* To prepare a consolidated set of practices and operating
procedures and guidelines.

a. sustainable space utilization;

b. space debris mitigation;

c. safe space operations and collision avoidance;

d. space situational awareness;

e. impact of space weather phenomena on operational space
systems;

f. national regulatory frameworks, including guidance for
actors in the space arena and technical standards,

g. technical and legal capacity-building

21
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Clustering -

A. Expert group on sustainable space utilization supporting
sustainable development on Earth
Co-Chairs: Filipe Duarte Santos (Portugal) and Mr. Enrique Pacheco
Cabrera (Mexico)

B. Expert group on space debris, space operations and tools to support
collaborative space situational awareness
Co-chairs: Claudio Portelli (Italy) and Dick Buenneke (USA)

C. Expert group on space weather
Co-Chair: Takahiro Obara (Japan) and Mr. Ian Mann (Canada)

D. Expert group on regulatory regimes and guidance for actors in the
space arena

Co-Chair: Sergio Marchisio (Italy) and Anthony Wicht (Australia)

22

Aims towards a full knowledge of the dynamic near-Earth space
environment

Three main pillars of SSA
* Space weather
» Space debris
e NEOs

Makes use of a

variety of optical
and radar techniques

Requires coordinated,
multisite networks of
sensors

e On Earth (& in space)

http://globalssasensors.org/

23
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the SSA bas

* Currently, almost all SSA is done for military
purposes

* Emerging recognition of the need for

e Civil SSA to support safety
e Sharing of SSA between

« Government and commercial actors

« With other governments
« With the public

UN Group of Govt Experts on Transparency and Confidence
Building Measures (TCBMs) for Outer Space Activities

UN General Assembly Resolution A/Res/65/68 of 2010
15 Experts selected for geographical balance & knowledge

The GGE is to conduct a study on outer space transparency and
confidence-building measure

- making use of relevant reports of the UN Secretary-General

- without prejudice to the substantive discussions on the
revention of an arms race in outer space within the
ramework of the CD

- and to submit to the General Assembly at its sixty-eighth
session (in 2013) a report with an annex containing the study
of governmental experts

TCBMS are meant to be voluntary and not legally binding

25
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* Proposed by EU
* Principles
* freedom for all to use outer space for peaceful purposes

e preservation of the security and integrity of space objects in
orbit

* due consideration for the legitimate security and defence
interests of States

* All-encompassing in scope
* Focuses on establishing norms of behaviour and proscribing
irresponsible behaviours

* Not legally-binding, a political commitment

a multilateral mandate. Process needs to be “multilateralised”

26

Conference on Disarma

* Some States believe that conflict in outer space would have such
terrible consequences that they would like to ban the use of
weapons in space through a legally binding treaty

- However, there are definitional problems

* CD has discussed Prevention of an Arms Race in Outer Space
(PAROS) for a number of years

* However, CD is deadlocked because States cannot agree on its
agenda, so there has been no progress on PAROS

* In 2008 China and Russia introduced draft Treaty on Prevention
of the Placement of Weapons in Outer Space and of the Threat
or Use of Force against Outer Space Objects (PPWT)

* PPWT has support of many States, but not all, because of
definitional issued and verification concerns of the PPWT

27
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these i s relate to ea

Political

COPUOS

Technical

28

® To succeed world-class mission:

Firm advanced mission requirements, high reliability and assured
quality, operational life, and low life cycle cost

® Advancement of technical capability:

Well structured development process, standardization,
incorporation of lessons learned, and thorough review

® Advanced launch notification and information exchange of the
space objects for sustainable use of outer space

® Coordination for international cooperation and capacity building
for the long term sustainability of outer space

29
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Thank you for your attention!

Visit to UNOOSA Website :

http://www.o0sa.unvienna.org/oosa/COP
UOS/copuos.html

—_— [
f=_—== T =

"Bringing the benefits of space to humankind" 30
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Overview of JAXA's Space Debris related Activities

FREZ (FHMZETTABERME 0B FREAER)
Yasuyuki ITO (JAXA/ARD)

Space debris is a risk factor for all the countries and organizations who perform space activities. For example,
multiple collision damages are possible for satellites with projected areas exceeding 10 m”. Efforts are
required for mission assurance against debris. The protection design for critical components of a spacecraft,
adding functions to complete self-disposal actions, etc.are considered.

Almost all the debris experts in the world agree that the number of existing debris would continue to grow
and the environment would go worse. Therfor, in addition to the mitigation efforts, more positive measures to
remedy the environment should be globally discussed and implemented. In order to develop measures to
remove debris, technology development is needed as well as international cooperation.

Considering the above mentioned situation, JAXA’s debris related activities are introduced in this
presentation.

z&~x%“7“) ITFH B RAAEEN 21T T X TOE, #ICE> TIRAZ RS TEY, IyTa Oy
ZARFET DO NP ETH D, —FlEL T, ®m A 1000km Z & B3 2Wr#EfE 1m? OFF2EIZIE Imm ¢
OF T VNSFETLRIOHEE CREIZETHEHEE SN TRY, Y7-0FT A ENE N TR EOBRED — & HE 4
THILLID, LORENT T UNE 224 S E B Rk EEZE’H:%%SO
F 7 VIR HE LTI, Ok 1!:@13[13@“ TR D202, T 7 VIRARG 1L R AMEL
PRTHUTTRE720 L DOSRERIZBEICH RN E B SN TODA, ﬁﬁzﬁiﬁr‘é@/XTA@[&%f% 7% T IF
D2 ORI T IHRUE - BLE S M BRI TH D,
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Biography - - - - -

ITO, Yasuyuki

Place of birth: Osaka, Japan

Ms. and Bs. degree in Electrical Engineering at Kyoto University

1980 - 2003: National Space Development Agency (NASDA)

2003 - : JAXA

<R & D Career >

Earth Observation Instrumentation at R&D Directrate: Synthetic Aperture Radar,
Microwave Radiometer

Conseptual study of ENVISAT/AMI at ESA/ESTEC as Research Fellow

Earth Observation Satellite Project : ADEOS-II, Aqua/AMSR-E

< Administration/Management Career >

Strategic Planning Dept., Human Resorces Dept., Audit & Evaluation Office, Earth Obs. Science Team
Management
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Overview of JAXA’s Space
Debris related Activities

January 2013
5t Space Debris Workshop
at Chofu, Tokyo
Yasuyuki ITO, JAXA/ARD

1. about Space Debris
2. about JAXA
3. Goals and Topics of Research and

Table of contents

Development activities

This document is provided by JAXA.
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1. about Space Debris
— Basics updates
7 ”
— “Clear and present danger
Y.Ito : Jan. 2013 3
Manthly Number of Objects in Earth Orbit by Object Type
(Size: LEO larger than 10 cm, GEO Larger than 1 m)
17000
16000 e Tiotal Ojects . Y Y Y S T A S e Y
15000 _ _ Increased by colllision of —11
e Fragmeatation Debris US and Russian S/C -
£3000 —SQMEH ! ! 5 1 1 1 ] ! ! ! 3 1 ! !
12000 — Mission-relsted Debris Increased by Chinese 1 '
H1oac _ intentional destruction || | | 31T
; $O00D — Rocket Bodies P o S— —— —— =
E S - UTIYRERE
E oz ' 11
e T : - s g
oo | (Brorrems ] n SN _
00 | N N S — \ . il = ,__.,_.-.—— T e S| |
1030 ot — R { |
i ———

Y.Ito : Jan. 2013

1ara

Ref. NASA News Jan. 2012 4

This document is provided by JAXA.
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Causes of Generation of Debris
(ih_E &R R REZZIRIZDULNT)
Disposed Launch Vehicle

Spacecraft
(Operationg or

disposed) /%

20% /

_ Fragments

S 64%

\

Object \ |
2%

Ref. ESA Report to UN/COPUOS.”STSC Feb. 2011

Y.Ito : Jan. 2013 5

Prediction of Number of Orbital Objects
Increased bv Collision

25000
—intacts total number of orbital objects
—new fragments

20000 = ——=Total

“E0oa \/‘/\'ﬁ estimated numnber of fragments

generated by colision

12000

spacecraftand upper stages (intact) |

i

5000

Effective Number of Objects > 10cm

1]
20049 2059 2109 2159 2209
Year
Average number of objects analyzed by Monte-Carlo simulation 60 cycles by the following condition;
(1) number of explosion : no after 2009,

(2) number of launching operation : number of launch events from 2001 to 2008 will be repeated.
(3) compliance with 25-year-rule: 90% [Ref; Article by JAXA and Kyushu Univ.] .

This document is provided by JAXA.
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Mitigation Measures and their effects

[Ref. End-of-life Disposal of Space Systems in the Low Earth Orbit Region, IADC/WG 2, 1 March 2002,]
>1cm Population Evolution

EVOLVE Model Projections

2000000 Case A
o 1800000 | ——Business As Usual (BAU)
W 1600000 | —— MRO/Explosion Prevention Cose B
- —— MRO/Expl Prev, 0-yr De-orbit ase
= 1400000 |
£ —— MROJ/Expl Prev, 25-yr De-orbit
S 1200000 .
A —— MRO/Expl Prev, 50-yr De-orbit
,,3 1000000 [
2800000
o Case C
% 600000 Case D
200000 |
0

0 10 20 30 40 50 60 70 80 90 100
Projection Year
Case A: Any mitigation measures will not be applied.
Case B: Any mission related objects (MRO) will not be released, and on
orbital break—ups will be prevented.

Case C: Adding to case B, every objects will be removed within 50 years.
Case D: Adding to case B, every objects will be removed within 25 years.
Case k2 Adding to case B, every objects will be removed at the mission termination.

Estimated Annual Collision of Small Sized Debris
to a Operating Satellite
( 1m?2 cross section at 800km altitude orbit )

Debris SIZE 0.1 1mm| 1710mm | 1~10cm 10cm
over
Estimated Annual | 155 | 9.01* | 0.0001 | 0.00001
Collision (times) , | | A

=N

Orbit Maneuver

<>

Ref. : Analysis using ESA tool “MASTER”

Measures for Protection
Mission Assurance

* NASA analysis shows 0.1

This document is provided by JAXA.
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2. about JAXA

1. Japan’s government organizational

change

2. 9 years and half, next 5 years

3. Debris comittee

Y.Ito : Jan. 2013

Organization chart

( Space related ministries in Japan)

' Cabinet Office
 Office of National Space Policy

Committee on
National Space Policy

E Policy Coordination

All ministries and agencies

ieuntry of Edneahon, A . it 6 o
Affadry ang iy odiner
Craltvwre, Sparis, Scienmos Ciinirinadiid Trade and Indirsiryg i iriey
anud Techpology (IMEXT) e TR .
|
¥ ¥ Competent Ministers |,

Japan Aerospace Exploration Agency (JAXA)

i - Planning of basic policy
. - Policy coordination with
. related ministries

. - Implementation of

. interministerial policy

(including development and

- operation of the QZSS)

' - Planning and
implementation of
individual policy

Ref.: Presentation by Office of National Space Policy, CAO
Y.Ito : Jan. 2013

10

This document is provided by JAXA.
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Office of National Space Policy, Cabinet Office
---The Headquarter for Japanese Space Policy---

The Office of National Space Policy shall

» Assist the Strategic Headquarters for Space Policy (Chaired by the
Prime Minister / Constituted by all ministers of the Cabinet)

» Deal with the following issues by using the function of the
Committee on National Space Policy
* Formulate budget request policy and make follow-ups on each
ministry’s budget request to confirm their budget request is
consistent with the policy
* Revise the Basic Plan for Space Policy

» Develop and operate satellite systems for inter-ministerial use,
including QZSS

Ref.: Presentation by Office of National Space Policy, CAO —
Y.Ito : Jan. 2013
11

Japan Aerospace Exploration Agency (JAXA)

---The core implementing agency to support the development and
use of space by the entire government with technology---

The amendment of the law concerning Japan Aerospace Exploration

Agency (JAXA law)

» Aligns description of the “peaceful purpose” in JAXA law with the
Basic Space Law which is consistent with the Constitution

» Adds to JAXA’s authority to assist and advise matters related to

development, launch and operation of satellites in response to
request from industry

» Any ministry could become competent ministers for individual

projects when added by cabinet order. JAXA will develop satellites
based on the needs of each ministry.

Ref.: Presentation by Office of National Space Policy, CAO
Y.Ito : Jan. 2013

12

This document is provided by JAXA.
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Dr. Keiji
Tachikawa

Policy;Coordination AdminsManagementssilechnicaliManagement

JAXA Organizational Structure

Total personnel: 1,540

' Rresidentiny — (FY2012)
ey | [y Total Budget FY 2012:
Vigs dragidani | Mr. Kiyoshi ¥172.0B

Higuchi

Space Space Human UG EREM  Insiiiuie of  Aviation Lunar &
Transporiation Applications Space Research & Space & Prograrm Planegtary
Mission Mission System & |Rladdliil] Asironautical  Group Exploration

Directorate  Directorate  ytilization

%

Directorate Science Prograrm
Mission Sroun

Directorate =
Ty

:_--'1‘:
sty s W

Y.Ito : Jan. 2013

< 1996 : NASDA first Debris 1995 : NASA first Debris Standard
nwaQn Standard 1999 ~ 2007 : CNES first Debris
7))
nZL 1999 : Japan proposed Standard
Z a specific committee European Code of Conduct
2003 to UNCOPUOS for 2002 : IADC released the IADC
® E debris issue Debris Mitigation Guidelines
e
X2 2006 - JAXA Debris 2007 : UN adopted the COPUOS
- Committee Debris Mitigation Guidelines
2008
)
£ £
» @ 2011 : ISO released “Debris
< 5 Mitigation Requirements”
é = 2012 : ( Japan’s New Law )
- th :
2013 * 5t Debris Workshop >
)
e
<2
S = History of JAXA and World Debris Activities

14

This document is provided by JAXA.



26 FHAZE AT TR B SRR B kL JAXA-SP-13-018
[ JAXA Debris Committee ]
President
| Vice-President
Policy Coordination Admin. Management _Technical Management
; Depts. Depts. Depts. N\
| [
! | | | | :I::::::: 1,
Space Space Human Aerospace Institute of | | Aviation | Lurar &
Transgjort. Applications Space Research & Space & I‘Prr@@'@ml Plargetary
Mission Mission System & | |Development| |Astronautical| | Gioup :i Exploration
Directdrate| | Directorate | | Utilization Directorate Science i} ' | Profjram
Mission i I |  Ggoup
\ -y s - - ﬂirﬁﬁtorﬁtﬁ -I_ _____ —— . - li ] —ii })
Secretary ! !
_____ R —

Y.Ito : Jan. 2013

Safety and | /
Mission
Assurance
Dept.

S

15

Limiting ejection of slag

from solid motors

.
Prevention *Q*‘
of break-up Removal at %
EOL
% o
Collision avoidance * “, ~f\
— wiyh manned system p
\\
9 Re-entry
[ ]

avoiding Avoiding

»
’.

safety
release of parts. o1y collision *
Required measures for Debris Mitigation \
Avoiding Collsion Protection from Prohibition of intentional
release of avoidance at || impact of debris || destruction, prevention
I objects new launch from break-ups
1 Colision avoidance

¥

14

L
|

it \_

Removal form protective
region at EOL

Ensuring re-entry safety/

with obserbable olarge
bjects

Protection from
impact of tiny debris

Y.Ito : Jan. 2013

16
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Major Elements of Strategy

p
E’reventive} *Risk Identification = Observation, Modeling, Risk Analysiﬁ
Action

\-Protection measures = Protection Design STD

.

.

p
| =Conjunction Assessment & Warning =Monitoring,
Detection Conjunction Analysis

) \-Impact & Failure detection = On-Board Detector

1

Mission Assurance

-

Counter
Actions

I

Actions

evelopmen

\_1_/\

Corrective

N
Collision Avoidance = Avoidance Maneuver
-Damage Reduction = Separation of Function. etc.

-
Preservation & Ground Safety = Mitigation Design &

Operation Re-entry Safety Analysis
Prevention of Chain Reaction = Technology for Removal

-

Sustainable

D

|

Y.Ito : Jan. 2013

Red : Primary R&D items,

Blue : Vehicles and spacecraft projects team will promote. .

3. Research and Development activities

A

Y.Ito : Jan. 2013

Observation technology
Modeling

Protection design
Ground safety

Active removal

18
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Mission Assurance: Ground Observation

Goals in next 5-year-plan

1. Objects smaller than 10 — 20 cm in GEO can
be observed.

2. Conjunction with debris
can be assessed by
domestic facilities in
sufficient precisions
to support avoidance
maneuver.

Image of the automatic debris detection tool

Y.Ito : Jan. 2013 19

Mission Assurance: Modeling

Goals in Modeling

1. Future debris population can be prospected,
and adequate policy can be implemented in
advance.

2. Collision risk management will be conducted
by analyzing the impact probability, damage
estimation, and protection design.

—
o _3E _HE Egme  E___Jit _ .
- —

_ N

Ylto : Jan. 2013 JAXA debris collision risk analysis tool, TURANDOT 20

This document is provided by JAXA.
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Mission Assurance: Protection Design

Goals in next 5-year-plan
1. Establishment of a Protection Design
Standard
* |t enables adequate design depending
on the mission characteristics.

Mission Assurance: Debris Detector

Goals in Debris Detector
1. The debris detector will be launched to
confirm orbital debris distribution.
1. The debris larger than 100um will be
detected with its size
2. The data will
contribute to  _
the world debris : ..
models. :

ppppp

Al B

Disagreement in MASTER and ORDEM

This document is provided by JAXA.
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Ground Safety

Goals in Ground Safety after deorbit

1. More reliable re-entry risk analysis can be
done with improved database (material
properties, human distribution, etc.)

2. Risky devices that -
survive re-entry g
will be minimized.

- e
Titanium casing of the STAR-48B solid rocket motor found in

northeastern Argentina.
Y.Ito : Jan. 2013 23

Preservation and
improvement of the environment

Goals in Active Debris Removal

1. First step: Key technology
demonstration such as electro-
dynamic tether (EDT) as
economical deorbit devices.

2. Final Step: large intact debris

such as rocket upper stages will
be removed by international
project.

N

Y.Ito : Jan. 2013 24

This document is provided by JAXA.
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Summary

“Clear and present danger”
Japan’s organization change
JAXA Debris Committee

R & D for the future
— Mission Assurance
* Debris detector in orbit
— Preservation of environment and Ground
safety
— Improvement of environment
* Active debris removal mission study

This document is provided by JAXA.
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A3

The Long-Term Stability of the LEO Debris Population and the Challenges
for Environment Remediation

J.-C. Liou (NASA)

The near-Earth space environment has been gradually polluted with orbital debris (OD) since the beginning
of human space activities in 1957. The OD problem was highlighted by the collision between Cosmos 2251
and the operational Iridium 33 in 2009. This accidental collision underlined the potential of an ongoing
collision cascade effect (also known as the “Kessler Syndrome”) in low Earth orbit (LEO, the region below
2000 km altitude). Recent modeling studies conducted by major space agencies around the world indicated
that the current LEO environment had already reached the level of instability. Mitigation measures commonly
adopted by the international space community, such as the 25-year decay rule, will be insufficient to stabilize
the LEO debris population. To better limit the OD population growth, more aggressive actions must be
considered.

There are three options for OD environment remediation: (1) removal of massive intact objects with high
collision probabilities to address the root cause of the long-term OD population growth problem, (2) removal
of the ~5-mm-to-1 cm debris to mitigate the main mission-ending threats for the majority of operational
spacecraft, and (3) prevention of major debris-generating collisions as a temporary means to slow down the
OD population increase. The technology, engineering, and cost challenges to carry out any of these three
options are monumental. It will require innovative ideas, game-changing technologies, and major
collaborations at the international level to address the OD problem and preserve the near-Earth environment
for future generations.

Biography - - - - -

Dr. J.-C. Liou is a member of the NASA Orbital Debris Program Office. He is the

Lead Scientist for long-term environment modeling, and for MMOD in-situ

measurements. He also serves as the Chief Technologist for the Astromaterials

Research and Exploration Science (ARES) Directorate at the NASA Johnson Space

Center.

Dr. Liou led the development of the NASA Orbital Debris Engineering Model,

ORDEM2000, and NASA’s long-term debris evolutionary model, LEGEND. He has

authored more than 80 technical publications, including 40 papers in peer-reviewed

journals, and is the Technical Editor for the NASA Orbital Debris Quarterly News. Dr. Liou was the recipient
of NASA Exceptional Engineering Achievement Medal in 2012.

Dr. Liou earned his B.S. degree in Physics from the National Central University in Taiwan, and his M.S.
(1991) and Ph.D. (1993) degrees in Astronomy from the University of Florida.

This document is provided by JAXA.
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National Aeronautics and Space Administration @

Long-Term Stability of the LEO Debris
Population and the Challenges for

Environment Remediation

J.-C. Liou, PhD

NASA Orbital Debris Program Office
Johnson Space Center, Houston, Texas
jer-chyi.liou-1@nasa.gov

JAXA Space Debris Workshop
JAXA HQ, Chofu Aerospace Center, Tokyo, 22-23 January 2013

National Aeronautics and Space Administration
Outline @

Buildup of the Orbital Debris (OD) Population
Projected Growth of the OD Population
Options for Environment Remediation
Challenges Ahead

o ——

JCL

This document is provided by JAXA.
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Number of Objects

National Aeronautics and Space Administration

Growth of the Cataloged Populations

Monthly Number of Objects in Earth Orbit by Object Type
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National Aeronautics and Space Administration

The LEO Environment

Spatial Density (no/km?3)
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National Aeronautics and Space Administration
Mass in Orbit @

Monthly Mass of Objects in Earth Orbit by Object Type
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National Aeronautics and Space Administration
The Big Sky Is Getting Crowded w

Four accidental collisions between cataloged
objects have been identified

— The collision between Cosmos 2251 and the operational Iridium 33 in
2009 underlined the potential of the Kessler Syndrome

The US Joint Space Operations Center (JSpOC) is
currently providing conjunction assessments for all
operational spacecraft (S/C)

— JSpOC issues ~10 to 30 conjunction warnings on a daily basis, and
more than 100 collision avoidance maneuvers were carried out by
satellite operators in 2010

The International Space Station has conducted 16
debris avoidance maneuvers (DAMs) since 1999
— 3 DAMs and 1 shelter-in-Soyuz in 2012

6/27 JCL
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National Aeronautics and Space Administration @

Projected Growth of the Debris Population

7/27 JCL

National Aeronautics and Space Administration
Uncertainties In Environment Projection @

* Future launches

— Orbits, masses, materials, mission lifetimes, etc
« Solar activity projection

— Orbit propagation
« Breakup frequency and outcome

— Explosions
— Collisions

 Postmission disposal implementation

Two general approaches for future projection:
— Examine extreme cases to bound the problem
— Analyze nominal cases based on reasonable assumptions

8/27 JCL

This document is provided by JAXA.
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Effective Number of Objects (210 cm) in LEO

National Aeronautics and Space Administration

Effectiveness of Postmission Disposal (PMD)

LEGEND Simulations* (averages of 100 Monte Carlo runs per scenario)
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9/27 JCL

National Aeronautics and Space Administration

Projected Catastrophic Collisions in LEO

LEGEND Simulations* (averages of 100 Monte Carlo runs per scenario)
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National Aeronautics and Space Administration

Assessments of the Future Projections

Postmission disposal (PMD), including passivation
and the 25-year decay rule, can significantly limit
the future population growth, but PMD will be
insufficient to stabilize the LEO environment

To preserve the near-Earth space for future

generations, more aggressive measures, such as
active debris removal (ADR), should be considered

]

11/27

JCL

National Aeronautics and Space Administration

Options for Environment Remediation*

*Remediation = Removal of pollution or contaminants (i.e., old and new

debris) to protect the environment

]

12/27

JCL
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National Aeronautics and Space Administration
Problems and Solutions @

 LEO debris population will continue to increase
even with a good implementation of the commonly-
adopted mitigation measures

— The root-cause of the increase is catastrophic collisions
involving large/massive intact objects (R/Bs and S/C)

— The major mission-ending risks for most operational S/C,
however, come from impacts with debris just above the
threshold of the protection shields (~5-mm to 1-cm)

» A solution-driven approach is to seek
— Concepts for removal of massive intacts with high P_,;ision
— Concepts capable of preventing collisions involving intacts
— Concepts for removal of 5-mm to 1-cm debris

13/27 JCL

National Aeronautics and Space Administration
Targets for Environment Remediation @

Notional Size Distribution of LEO-Crossing Objects

~80% of all >5 mm debris are
in the 5-mm to 1-cm regime

10,000,000

1,000,000

Degradation threat

2 to operational S/C P 1¢m
£
Z 100,000
[}
2
- - - -
L; Main threat to 5cm Main driver for
£ operational S/C L population growth
=1
© 10,000 ® 10 cm
50 cm
(
e1m
1,000
0.1 1 10 100
Size (cm)
14/27 JcL
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National Aeronautics and Space Administration
Options for LEO Environment Remediation @/

 Removal of massive intact objects with high
collision probabilities to address the root cause of
the future debris population growth problem

 Removal of 5-mm to 1-cm debris to mitigate the
main threat for operational spacecraft

* Prevention of major debris-generating collisions
involving massive intact objects as a potential
short-term solution

These three options
— have different objectives, benefits, and timeframes
— are not mutually exclusive

15/27 JCL

National Aeronautics and Space Administration @

Challenges for Environment Remediation

16/27 JCL
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National Aeronautics and Space Administration
Challenges for Small Debris Removal @/

Targets are small
— Approximately 5-mm to 1-cm

Targets are numerous (>500,000)

— For any meaningful risk reduction, removal of a significant
number of targets is needed

Targets are not tracked by the U.S. SSN or other
space surveillance systems

Targets are highly dynamic
— Long-term operations are needed

Concepts proposed by various groups: large-area
collectors, laser removal, tungsten dust, efc.

17/27 JCL

National Aeronautics and Space Administration
Challenges for Collision Prevention @

To allow for actionable prevention operations
involving uncontrolled objects

— Conjunction assessments should include R/Bs and retired S/C
— Improvements to assessment accuracy would be beneficial

To be an effective means to reduce debris growth

— Prevention operations should be applied to most predicted
events with probabilities exceeding acceptable threshold

Targets are limited in number, but many are massive
R/Bs or S/C (up to 9 metric tons dry mass)

Concepts proposed by various groups: ballistic
intercept, frozen mist, laser-nudging, etc.

18/27 JCL
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National Aeronautics and Space Administration
Targeting the Root Cause of the Problem @

A 2008-2009 NASA study shows that the two key
elements to stabilize the future LEO environment
(in the next 200 years) are

— A good implementation of the commonly-adopted mitigation
measures (passivation, 25-year rule, avoid intentional
destruction which produces long-lived debris, efc.)

— An active debris removal of about five objects per year
* These are objects with the highest[ M x P__, ]
* Many (but not all) of the potential targets in the current
environment are spent Russian SL upper stages
» Masses: 1.4 to 8.9 tons
» Dimensions: 2to 4 min diameter, 6 to 12 m in length
> Altitudes: ~600 to ~1000 km regions
» Inclinations: ~7 well-defined bands

19/27 JCL

National Aeronautics and Space Administration
Controlling Debris Growth with ADR @

LEO Environment Projection (averages of 100 LEGEND MC runs)
S S I I I I I

22000 = Reg Launches + 90% PMD A/\
20000 = = -Reg Launches + 90% PMD + ADR2020/02 ul\./
E 18000 ——Reg Launches + 90% PMD + ADR2020/05 ﬂ, J\/
3 | A/\ 24 ";I'."
A_ 16000 M/ ,"‘I P T 4
] ,
o 14000 '\/\‘,’\/\- ~ )t At AN
g I NEA AN AN
o a = I ANALNAN
2 19000 MAAR LA AAN
3
€ 10000
% A good implementation of the commonly-adopted
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Year (Liou, Adv. Space Res, 2011)
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National Aeronautics and Space Administration
About the “Five Objects Per Year” @

« The “removing five objects per year can stabilize the
LEO environment” conclusion is somewhat notional.
It is intended to serve as a guidance for ADR
planning.

» Assumptions in the LEGEND ADR simulations
— Nominal launches during the projection period
— 90% compliance of the commonly-adopted mitigation measures
— ADR operations starts in 2020
— Target selection is based on each object’'s mass and P,
— No operational constraints on target selection
— Immediate removal of objects from the environment
— Average solar activity cycle

21/27 JCL

National Aeronautics and Space Administration

Potential Active Debris Removal Targets

]
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National Aeronautics and Space Administration

Mass Distribution in LEO (1/2)
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National Aeronautics and Space Administration
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National Aeronautics and Space Administration
Challenges for Large Debris ADR @/

Operations
Operations Technology Challenges
Launch Single-object remoyal per launch may not be feasible
from cost perspective
. Solid, liquid, tether, plasma, laser, drag-enhancement
Propulsion .
devices, others?
Precision Tracking Ground or space-based
GN&C and Rendezvous Autonomous, non-cooperative targets
Stabilization (of the tumbling targets) Contact or non-contact (how)

Physical (where, how) or non-physical (how),

Capture or Attachment do no harm

Deorbit or Graveyard Orbit When, where, reentry ground risks

+ Other requirements:
&_ Affordable cost >
— Repeatability of the removal system (in space)?
— Target R/Bs first?

25/27 JCL

National Aeronautics and Space Administration
Forward Path @/

There is a need for a top-level, long-term strategic
plan for environment remediation

— Define “what is the acceptable threat level”

— Define the mission objectives

— Establish a roadmap/timeframe to move forward

The community should commit the necessary
resources to support the development of innovative,
low-cost, and viable removal technologies

— Encourage multi-purpose technologies

Address non-technical issues, such as policy,
coordination, ownership, legal, and liability at the
national and international levels

26/27 JCL
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National Aeronautics and Space Administration

Preserving the Environment for
Future Generations

* Innovative concepts and technologies are key to
solve the environment remediation challenges

* International consensus, cooperation, collaboration,
and contributions are needed to move forward

]

27/27
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A4

Active Debris Removal activities in CNES
Christophe Bonnal (CNES)

A vast majority of studies led at international level, mainly in the frame of IADC, has shown that the future
stabilization of the orbital density in Low Earth Orbits (LEO) imposes the active retrieval each year of some
5 to 10 large debris. This Active Debris Removal (ADR) activity, theorized since more than 30 years, appears
now as a must since 2007 and the Fengyun 1C destruction, then the Iridium 33 — Cosmos 2251 collision.

CNES has published on ADR since 1998 and has been pro-active on the subject ever since, mainly through
internal studies jointly led by the Toulouse Space Centre and the Launcher Directorate, through industrial
studies financed since 2009 and through numerous smaller actions at laboratory or academic studies
performed on the most sensitive technological hurdles.

The first part of the paper is devoted to the elaboration of the high level requirements, mainly devoted to the
number, type, and frequency of objects to be retrieved, together with the influence of the date of operational
availability of an ADR system. This activity is fundamentally led at international level, mainly through
cooperation with JAXA, NASA and Russian entities. Some questions are of paramount importance, such as
the acceptability of a random re-entry, potentially non compliant with applicable safety rules.

The second part deals with the various potential schemes at system level, trading between small chasers
devoted to a single debris up to huge ones dealing with some 25 to 30 debris, with numerous variants using
de-orbiting kits, or medium sized Orbital Transfer Vehicles OTV dealing each with some 4 or 5 debris.

The third part aims at identifying the criticality of the technologies required for ADR operations. Five
functions are identified: long-range rendezvous; short-range rendezvous up to contact; mechanical
interfacing; control of the chaser-debris assembly; de-orbiting. For each of these functions, associated
sub-systems and equipment are identified together with their degree of maturity. The specificities of ADR
compared to “conventional” rendezvous missions are identified, mainly the fact that rendezvous is performed
with non-cooperative, un-prepared, potentially tumbling, potentially optically undetermined object. The fact
that a debris may be dangerous in some cases, prone to explosion at contact, is addressed.

The fourth part of the study gives a status on some of the “smaller” studies led in the frame of ADR, such as
the control of the “chaser-tether-debris” assembly required for a towing de-orbiting solution, as well as most
recent results concerning the potential random movement of debris in orbit.

As a conclusion, the paper deals rapidly with the non-technical issues of ADR, and proposes potential ways
to be explored.

Biography - - - - -

Christophe Bonnal is Senior Expert in charge of Systems in the Technical
Directorate of the CNES Launcher Directorate in Paris.

Since 1984 he has been in charge of numerous technical and project activities
dealing with all current and future European launchers.

Christophe Bonnal is in charge of Space Debris aspects since 1987, French delegate
to the IADC, member of the ECSS-ISO Working Group on Space Debris Mitigation,
Chairman of the Space Debris Committee of the International Academy of
Astronautics, coordinator of the IAC Space Debris Symposium and Editor of the
IAA Position Paper on Space Debris Mitigation.
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¢ CnV Introduction

m Kessler syndrome
+ Identified theoretically by Don Kessler and Burt Cour-Palais in
1978 1
* Four sources of space debris:
e Mission Related Objects, Break-up, Aging, Collisions

e When the “collision” source becomes larger than the “atmospheric
cleaning”, natural increase of orbital population

e Critical density varies strongly with the orbit altitudes:

% Most critical zones in LEO, between 700 and 1100 km, highly
inclined (including SSO)

* Potential need for Active Debris Removal (ADR)
¢ International problem

e Sources of debris from every space-faring nations
¢ No nation shall nor can solve the problem alone

1 D.J. Kessler, B.G. Cour-Palais, Collision frequency of artificial satellites: the creation of a debris belt, JGR 83 (A6) (1978) pp. 2637-2646.

JAXA Workshop on Space Debris — January 22th, 2013 3
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¢ ch Introduction

m Logic of the activities

+ Consolidate the need, if any, to perform ADR in addition
to the proper application of mitigation rules,

¢+ Identify the corresponding system solutions,

+ ldentify the required technologies and clarify the
corresponding development constraints,

+ ldentify some reference scenarios, with solutions precise
enough to evaluate the programmatic consequences,

* Propose a scheme at international level to initiate such
operations if, once again, they appear compulsory.

JAXA Workshop on Space Debris — January 22th, 2013 4
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éch 1. High Level Requirements

m Number of debris to remove
+ Studied at worldwide level since more than a decade
+ Reference studies from NASA Orbital Debris Office 1
¢ Need to remove 5 large debris per year to stabilize the environment
o Numerous robustness and sensitivity studies
¢+ Cross-check led by 6 other IADC delegations
o Same hypotheses, model and mitigation
* 100% explosion suppression
* 90% success of end of life measures
¢ Different tools
¢ |IADC Action Item 27.1
e Coherent results, and confirmation of the need to remove 5 large objects, at least,
per year
% “new mitigation measures, such as Active Debris Removal, should be
considered”.

m Highest level priority for CNES:
+ Development by Toulouse Space Center of a predictive tool, with different
modeling, enabling robustness studies
% Tool MEDEE is now available and will be presented in Darmstadt

1 J.-C. Liou, N.L.Johnson, N.M.Hill, Controlling the growth of future LEO debris populations with active debris removal, Acta Astronautica 66 (2010) pp. 648 - 653
JAXA Workshop on Space Debris — January 22th, 2013 5

-

éch 1. High Level Requirements

m Size of Debris
+ Removing large debris enables a long term stabilization of
orbital environment
¢ Operators’ main concern is short term risk induced by
small debris e e
+ Examples: i
e Risk on Spot 5 (CNES) '
- Mission loss 0.3% per year
- Main influence of <5 cm
e Risk on Sentinel 1 (TAS-I draft) 2
- Mission loss 3.2% over lifetime
% Large integer objects may not be
the only ones to remove:
o Different concerns JI S L S e a—
e Very different solutions

=

e
L

£

4

-

R i L B A L g
q : . P

1 P. Brudieu, B. Lazare, French Policy for Space Sustainability and Perspectives, 16th ISU Symposium, Feb. 21st, 2012
2R. Destefanis, L. Grassi, Space Debris Vulnerability Assessment of the Sentinel 1LEO S/C, PROTECT Workshop, Mar. 21st, 2012

JAXA Workshop on Space Debris — January 22th, 2013 6
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éch 1. High Level Requirements

m Stabilization of environment

¢+ Current recommendations aim at stabilizing the orbital
environment

% But do we really want a stabilization ?
e Is the current risk considered acceptable by operators ?
e Could it be increased ? To which level ?
e Should it be decreased ?
e When should we act ? Now ? In 20 years time ?

m Acceptability of random reentry
¢+ Can ADR operations lead to random reentry of large dangerous
objects ?
= Casualty threshold = 104 per operation
= By definition, ADR shall be done on large objects = Dangerous
¢ Random reentry would be illegal according to French Law on Space
Operations
e However, it improves both debris situation and casualty risk
e Action on-going at CNES Inspector General level
e Action to be led within IADC WG4

JAXA Workshop on Space Debris — January 22th, 2013 7
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éch 1. High Level Requirements

m JAXA-NASA-CNES Coordination Working Group in the
area of Orbital Debris Removal

+ NASA, JAXA and CNES shall use reasonable efforts to carry out the
following responsibilities:

1. Provide information regarding the orbital debris removal inputs and
requirements;

2. Participate and contribute to the technical discussions on orbital debris
removal requirements

3. Participate and contribute to the discussion of possible common approaches
to orbital debris removal requirements

4. Participate and contribute to the discussion on the advantages and
disadvantages of possible concepts and technologies in the area of orbital

debris removal
+ Priority shall be given to:
¢ Need for stabilization criteria for environment
e Size of debris
% Probability of mission loss
e Acceptability of random reentry
e Date of operations

JAXA Workshop on Space Debris — January 22th, 2013 8
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éch 2. System architecture options

m Debris playground
+ Definition of an “interesting target”:
¢ Function of size — mass — orbit density

¢ Function of the debris population in one given zone in case of multiple
debris chasing

* Minimization of the mission AV

e Minimization of global mission duration
e Could be function of criticality of random reentry:

e Random reentry not acceptable if casualty > 104

* To be confirmed at national level, then at IADC level

e Typical threshold in size: 500 to 1000 kg

e Could be antagonist with finality of ADR

% Only solution with Direct Controlled Reentry are studied today
e Could be function of nature of debris

e Launcher stages pose potentially less problems than Satellites (definition of a
debris, confidentiality, mechanical robusteness...)

¢ Not function of country
* Deliberate choice to consider for the operational phase all debris
% International problem, tackled at international level
+ |dentification of the most interesting zones:
¢ |Initial sorting identified 10 critical zones
¢ Refined subdivision into coherent sub-regions 2

1JC. Liou, The top 10 Questions for Active Debris Removal, #S1.3, 15t European Workshop on ADR, Paris, June 2010
2P. Couzin, X. Rozer, L. Stripolli, Comparison of Active Debris Removal Mission Architecture, IAC-12-A6.5.5, Naples 2012

JAXA Workshop on Space Debris — January 22th, 2013
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éch 2. System architecture options

u Strategy for successive debris removal

¢+ Numerous possible schemes:
e Single shot: one chaser, one debris
e Multiple debris: one chaser, several debris

e Multiple debris: one carrier + multiple deorbiting kits, one debris
per kit

e Multiple debris: multiple chasers in one launch, several debris each
+ No obvious solution:

e Cost of the launch — Dedicated or Piggy-back

e Size of the launcher

e Cost of the chaser “functions” — Effect of mission rate

e Sizing of the multiple debris chasers — Global mission AV
¢+ Analyses performed by Astrium, TAS-F and Bertin under CNES

contract

e Results are still differing !

JAXA Workshop on Space Debris — January 22th, 2013
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tcne/sV’/ 2. System architecture options
spac®
m Among the most promising solutions:
e Considered for the Operational phase
* First Generation may show different optimum
e Large launcher with multiple chasers, each delivering multiple kits 1
+ Big launcher (e.g. Ariane 3) launching N different multi-debris OTV's
 Group is divided into N EAAN regions
« Each OTY targets a certain part of the group
» Lower l[aunch staging orbit generates a shorter wait
De-orbit targets with
dRAAN of 0°-157
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L h £ -
n;::z_ﬁ orbit )_’ dRAAN of 15°-30
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oTv ‘Wait in staging orbit | D:mt:;g:ﬁ::fh |
Wait in staging orbit [ szﬁi;t:;i‘;::;.th |
1P. Couzin, X. Rozer, L. Stripolli, Comparison of Active Debris Removal Mission Architecture, IAC-12-A6.5.5, Naples 2012
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1 E. Pérot, Active Debris Removal Mission Design for LEO, #479, 4t EUCASS, St Petersbourg July 2011
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écne/s//"/ 3. ADR High Level Functions

m Active De-orbiting of a debris requires 5 functions:

+ F1: Far Range rendezvous between Chaser and Debris:
e Upto10to 1 km from target
e Can be done through absolute navigation
o Already demonstrated and space qualified

¢+ F2: Short Range rendezvous, up to contact
¢ Never demonstrated (published) yet for objects which are:
* Non cooperative
* Non prepared
e Potentially tumbling
* Potentially physically and optically different from expected
¢ F3: Mechanical Interfacing between Chaser and Debris
¢ Never demonstrated (published) yet for a non prepared object
¢ F4: Control, De-tumbling and Orientation of the debris
o Partially demonstrated in orbit, but Human operations
¢+ F5: De-orbitation
e Low thrust or drag augmentation solutions are discarded here
% Lead to uncontrolled reentry
% Or too high complexity if coupled with high thrust for final boost
JAXA Workshop on Space Debris — January 22th, 2013 13
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Ccnes . 3. ADR High Level Functions
sp?
B General approach and trade-off (example from TAS-F '):
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Ccnes . 3. ADR High Level Functions

spoc®!

B General approach and system breakdown (example from
Astrium):

1 Astrium, CNES OTV-1 Study
JAXA Workshop on Space Debris — January 22th, 2013 15
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écr;es/f” ' 3. ADR High Level Functions
m - F2: Short Range rendezvous, up to contact

+ Numerous sensors can be considered
o Optical, Mono or Binocular, Lidar / Radar...
e Example from MDA-TASF

+ No single technology can cover the complete function
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1 TAS-F — MDA — GMV, CNES OTV-1 Study e e -
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B F3: Mechanical interfacing, some examples:

3. ADR High Level Functions

Astrium UK: harpoon

OSS: clamp inside the target nozzle

DLR: robotic arm DEOS

Uni. Roma: foam gluing

EPFL: claw

\
-t
\

CNES: deorbiting kit with robotic operations Astrium: net capture
JAXA Workshop on Space Debris — January 22th, 2013 17

ESA-Astrium: hook ROGER

—

éch 3. ADR High Level Functions

m F3: Capture — Mechanical Interfacing

+ No reference solution yet
+ Solutions without mechanical interface are discarded here:
e Electrical engine beam pressure
e Electrostatic tractor
% Lead to uncontrolled reentry
+ Solutions may impose different modes of deorbiting
e Net, hook... will impose “pulling” the debris
e Some allow the control of the debris, other don'’t
¢+ Among the preferred:
e Net capture
e Harpoon or hook
e Robotic arms
& Trade-off ongoing during the OTV-2 study (AST and TAS)

JAXA Workshop on Space Debris — January 22th, 2013 18
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éch 3. ADR High Level Functions

m F4: Control-Detumbling of the debris:
+ Example from MDA 1

¢+ Rendezvous analyses demonstrate:
o A dramatic dependency of the rendezvous sizing to the tumbling rate
o The importance of the rendezvous axis

+ Results suggest to assess different rendezvous scenarios,
associated to different robotic solutions:
e A-RDV along the debris tumbling axis
e B - RDV along the robotic capture axis
e C - Approach perpendicular to the tumbling axis

1 TAS-F — MDA — GMV, CNES OTV-1 Study
JAXA Workshop on Space Debris — January 22th, 2013 19
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éch 3. ADR High Level Functions

m F5: Deorbitation:
+ High thrust deorbitation, Controlled reentry

+ Rendezvous analyses demonstrate:
e Conventional chemical propulsion
* Solid, Hybrid, Monopropellant, Bi propellant
e Each have drawbacks and advantages
e Potentially most promising: Hybrid propulsion

Deluca et al. IAC-12-A6.5.8

JAXA Workshop on Space Debris — January 22th, 2013 20
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. Velocity yector
m Envisat: % :7‘>
+ One of the highest priorities debris

+ Proposal to reorbit above 2000 km:
e First generation
* Would allow a full scale demonstration of most of| the functions
* Need to find the cheapest solution possible
e Electrical propulsion
* Derived from Smart 1 (x 4) Earth center
* Compatible with a Vega launch
* Long tether (500 to 1000 m)
e Mechanical interfacing with hook on one
of the “zenit” instruments
e Global mass budget = 820 kg

¢+ Presented in Ref !

4. Support studies

1 C. Bonnal, C. Koppel, 2" European workshop on ADR, Paris, June 2012

JAXA Workshop on Space Debris — January 22th, 2013 21

écn:zj;/"' ' 4. Support studies
m St ility of the Chaser-Tether-Debris assembly:

+ Towing = Preferred solution today, but very low TRL

¢ Control laws of the chaser during de-orbiting boost:
e Parameters of tether: length, elasticity, damping
e Initial conditions of Debris: 6 DOF = orientation = angular motion
e Parameters of Chaser: MOI, thrust and variation, initial orientation
* Parameters of tether-debris interface: unbalance
* Acceptance criteria: AV amplitude, orientation, dispersions
e Control laws

¢+ Three teams working on the topic in France
* Mines Paris-Tech
e Supelec
e Thales Alenia Space

¢+ Numerous other teams worldwide (ESA, Russia, USA...)

+ Results not yet available
% Dedicated session during upcoming EUCASS in July 2013

JAXA Workshop on Space Debris — January 22th, 2013 22
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éch' 5. Conclusions

m First priority is to consolidate high level requirements:
+ Question today is not yet How, but What and When

¢ Study of technical solutions:
o Necessary for programmatic evaluations
e Necessary for R&T programs for TRL increase

+ Numerous questions have very high priority:
¢ Legal and insurance framework, ownership, launching state
o Political hurdles: Parallel with military activities
¢ Financing schemes
¢ International cooperation framework
m Recommendation to work on a reference test case

% Cosmos 3M upper stage could be a good example
¢+ Benchmarking of solutions over same hypotheses

+ |Initial steps of international cooperation
e Ad-hoc framework: JAXA-NASA-CNES Working Group

JAXA Workshop on Space Debris — January 22th, 2013 23
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Global Debris Mitigation Control and Corresponding Activities in JAXA

Jnfg BA (S HT M 220t ZEBH FE )
Akira Kato (JAXA)
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i, FOFEFEHROBHENA B LIS OMAE S TR DRI RAET D D L5, 51 . T2 EER
FEE T BT —E A CIILEBR B~ DBLUE D AL E ENDHZENE 25D, JAXA T
VIR T D AT, A2 DT — NV Ea B i U CEEER O T 7 VR R BT OMET %2 L T D,

Debris mitigation effort is being progressed by the guidelines registered by the United Nations, and IADC,
standards by the International Standardizing Organization (ISO), and other standards registered by the national
governments and space agencies. The primary objectives of these rules are “Prevention of Break-ups”,
“Limitation of Releasing Objects during Operations”, “Disposal of Mission Terminated Spacecraft and Launch
Vehicle Orbital Stages from the Useful Orbital Regions (with considering ground safety from the re-entering
objects)”, “Avoiding damage caused by on-orbital collisions or impact”. Last February JAXA revised its
Space Debris Mitigation Standards to be equivalent with “ISO-24113 Space Debris Mitigation Requirements”.
It will enable that the space system manufacturers deliver the merchandizes which comply with global debris
mitigation guidelines through the process that they try to develop the technology to comply with the JAXA
standard. In near future, the international trade market for spacecraft and launch services may add a
requirement to consider the orbital environment as a coessential condition to apply the contract. JAXA is
providing not only regulations but also various kinds of analysis tools and support documents to support
industry.
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Global Debris Mitigation Control
and Corresponding Activities in JAXA
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1. Debris Mitigation Rules and
Their Background

Number of Objects Newly Observed or Decayed (or Escaped from Earth Orbit)
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Figure 1 Number of Objects Newly Observed or Decayed (or Escaped from Near Earth Orbit)
(Ref. Data from Satellite Situation Report / Space-Track / USSTRATCOM, @June 25, 2012) (processed by A. Kato)

This document is provided by JAXA.
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Fig.-2 Causes of Debris Generation and Mitigation Measures

 Mitigation Measures
(1) Removal of LES from
useful LEO at EOL. Disposed [V (
\ ’ Distribution of mumber of objects
@ Rerorblt of GES to higher 1% observable on the ground)
orbit than GEO at EOL

—=7 spP o
Spacecratt //t(}ﬁ < s

{Opernticnmal or g} 2 -+ Fragments
2000 o - : - (\400
> U R T
Released B0 Mitigation Measures
Objects - . - (1) Prohibition of
30, , | Mitigation Measures destruction
(1)Refrain from releasing || (2) Prevention of
objects in orbit break-up accidents
' (3) Collision avoidance

Data from u report of ESA presented at UNCOPUOS/STSC Conference held in February. 2011

Fig.-3 Structure of JMR-003B

JMR-003B: JAXA Space Debris Mitigation Standard

|
1. General

Purpose | Scope, Tailoring | Relation with other requirements

2. Documents, Definition

4. Requirements

Principles Management Control along Development Lifecycle
5. Planning and Practices of Debris Mitigation Measures
5.1 5 8.3 - 5.4 M.5:5.

Avoidin e-entry Inimize

. Al Removal of Safety damage

release of g operation caused by

objects break-ups ended systems collision
with debris
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2. Global Situation and
JAXA Standard

Fig.-4 International Framework for Debris Control
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Table-1 global debris mitigation rules and JAXA standard
JAXA-003 was revised in the following yellow-colored parts
Measures ISO Standards (or Technical Reports) JAXA (JMR-003B) TADC Guidelines 8
g General 1de_a to re_fram 1S0-24113/ § 6.1.1 Required § 51
£ from releasing objects
E % Slag from Solid Motor 1SO-24113/ §6.1.2.2, § 6.1.2.3 Required -
s S
§ § Combustion Products 1S0-24113/ §6.1.2.1 Combustion products
li ] from Pyrotechnics (Combustion Products < 1 mm) <1 mm -
£
§ Intentional Destruction 1SO-24113/ § 6.2.1 Required § 523
4 3 g Accident During 1SO-24113/ §6.2.2 Required (Monitoring) § 522
E ‘§ § Operation (Probability < 10-3) (Probability < 10-%) (Monitoring)
~ é 3 Post mission Breakup 1SO-24113/ § 6.2.2.3 (Detailed in 1SO-16127) Required § 591
(Passivation, etc.) (Probability < 103) equire 2.
° ?603'22421_132/351{6'1'2 % e(;;“edci“ ls:/-zssn) 235 km+ (1,000 + Cr + A/m) § 5.3.1
< | & Reorbit at EOL e n:<(0’003 T+ Am), ¢<0.003 235 km+ (1,000 + Cr - A/m),
L ) ility >
- E §6.3.1: Success Probability > 0.9 SRR H L 17 200 € <0.003
c O
=3 IS0O-24113 / § 6.3.3 (Detailed in ISO-16164 .
53 Reduction of Orbital | ¢ ¢33 1, E01§, Lifetiinee ZIZES)::ars " | EOL Lifetime <25years 5532
25| 9 Lifetime D ili
° E § §6.3.1: Success Probability >0.9 Success Probability = 0.9 (Recommend 25 years)
% | o 1S0-24113/ §6.3.3.2 () . Mentioned in
w Transfer t .
~ ransfer to Graveyard (guarantee 100 years’ non-interference) Required recommendation-6
Other manners 1S0-24113/ §6.3.3.2 (a) ~ (e) - § 532
Re-entry Ground Casualty 1SO-24113 / § 6.3.4 (Detailed in 1SO-27875) Ec<10% § 532
Collision Avoidance with Large Debris 1ISO-16158 Required (CAM, COLA) §54
Protection from Impact of Tiny Debris 1SO-16126 Required § 54
. . . === )
Fig.-5 Structure of ISO Major Debris Related Standards (__ Jnotpublished yet
TR: Technical Report)
24113 Protection from collision /
Orbital debris —Space debris impact of debris &
mitigation requirement meteoroid
T I
; (CTSTTmmmmmmoms
6.1 Avoidin §6.2 § 6.3 Disposal from i Prevention of |
§| ¢ bg_ Avoiding the protected Re-gr?t'r?\,/'aisk L damage caused 1
release of objects break-ups regions | by Collision |
4
J( ] i | i
b . S T S,
i 16127 26872 " 16164 Y U eeos ) 27875 4 16126 \i( TRi16158
1 Prevention of Disposal of Disposalof 1} - ! Re-entryRisk |1\~ htof 11 Avoiding H
1 satellite ; 1} Disposal Management |} ->>1 ] il " !
1 Break-up of . satgllltg Ly of orbital I I survivability of 1 collisions 1
i Unmanned P ate at operating in or : ; | h 1 for Unmanned : unmanned 1! among orbiting :
1 geosynchron crossing Low g1 12une ! Spacecraft & |, ' bjects: !
\_ Spacecraft ous altitude ; il stage 1 Launch Vehicle |1 spacecraft H opjects: I
--------- Earth Orbit  } v 1 Orbital S | againstspace | : Best practices, |
S S e e -7 rbital Stages _/ debris & : I datarequirements, |
| meteoroid I} andoperational H
T T \  impact----- ] \ concepts }
_____ Lo R
i 14222 i TR-11233
23339 I Space environment | 27852 Orbit Process-based Conjunction
Unmanned spacecraft : (natural & 1| Orbit lifetime etermination Implementation of Data Message
residual propellant 1 artificial)—Earth : estimation nd estimation Meteoroid and
mass estimation for || Atmosphere I Debris Environment
disposal manoeuvres |1 densityabove } T TTTTTTTTTT Models (Orbital
'\ 120km / altitude below
----------- - GEO+2000km)
(CTTTTTTTTTTTT T TRA8146 T 1
L Space Systems —Design and Operation Manual for Spacecraft Operated in the Debris Environment )
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Current Status of JAXA Debris Mitigation Standard

» Last February JAXA revised its Space Debris Mitigation
Standards to be equivalent to “1SO-24113 Space Debris
Mitigation Requirements”.

« Then the effort of the Japanese spacecraft manufacturers to
comply with the JAXA standard will ensure that their
merchandizes would be accepted in the global market.

* In near future, the international trade market for spacecraft
and launch services may require to consider the preservation
of the orbital environment as an essential condition.

o IAXAIZHEE, REEANDERAL TE-T I HRLER ILIFEZISODRIFTRIE LR
FORBELDRIITHETL=,
NTERFEEREERDIAXAZREADERZ NIE. TOFFHRDOREHIC
BEL-EGROWEBATRICEIRTERIET 2D ELD,

S&. GEERRAEMSOIT LT —EXMB TIERNERENDEREN AL
EHICEFNDATENEZDN S,

3. Support Documents and
Analysis Tools

This document is provided by JAXA.
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JAXATIIZEXE . BTV — LG EZRHBL. EXFROTIIRMEKEIELTNS,
JAXA is providing various documents and analysis tools to support industry.

Table-2 Tools and Documents to Support Debris Mitigation Design and Operation

Subjects

Support Tools and Documents

1 | General Mitigation Tec.
-Collision probability

- Orbital Lifetime

- Required Fuel for disposal
-Re-entry survivability

(1) JERG-0-0-002A: JMR-003B Support Handbook

(2) JAXA/DEMIST (Debris Mitigation Assessment Tool)
(3) NASA/Debris Assessment Software (DAS)

(4) JAXA-CAA-111003: L/V Debris Mitigation Design &

Operation Technique

(5) JAXA-CAA-TBD : S/C Debris Mitigation Design &
Operation Manual (to be released in 2013)

2 | Debris Population Model

(1) ESA/MASTER-2009, NASA/ORDEM

3 | Orbital Lifetime

(1) JAXA Orbital Lifetime Analysis Tool (B 55 & #l| Z% & {18 )

4 | Protection Design

(1) JERG -2-144 Debris Impact Survivability Assessment STD
(2) JERG-2-144-HBO0O01 : Debris Protection Design Manual
(3) JAXA/TURANDOT (tool for debris impact probability and

damage analysis)

5 | Re-entry Survivability

(1) ORSAT-J (being revised every year)
(2) CAA-109029: Re-entry analysis Manual

Fig.-6 Support system for protection design

Debris Population Models
Protection Manual

S/C design architecture
and orbital characteristics

Database: Materials, Ballistic limit

(JERG-2-144-HB001)

Ballistic limit Eq.

N
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bmmmy

Improve world models
'

1

i

Install the detectors on the
world spacecraft and
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Impact Probability
and Damage
analysis Tool

fa

Hyper-Velocity Impact
Test and Analysis

acquirer data, and analysis
to know the distribution

A

1) Phenomena ol

Micro Debris Detector
(< 1mm)

'!_rl

(1) JERG -2-144 Debris Impact Survivability Assessment STD

impact of tiny debris
Risky END {1 has not been cleared.
2 Population modes
Protection Design ‘need o be verified.
(Dshieldin g <:::'_::'. ittt
re-allocation
®@redundant design
@structural design change (1) Myper-Velocity Impact Test
43 and Analysis for Ballistic
limit equations.

(2) JERG-2-144-HB001:Debris Protection Design Manual

H

Safe i
@ H
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H

@ RED for debris detector’
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Fig.-7 Support system for re-entry safety ' Subjects

Spacecraft Design 1) Recommend to mﬂ
characteristics from the early phase of the
" development lifecycle.
2) Support to develop “easily

Survivability Analysis Orbital characteristics, | | 3} Recommend controlled re-

Tool (from NASA) structural design data entry (although it requires

Material data 07 mm:h propellant.)
Human population data - -
Re-entry risk analysis
ﬂ (ORSAT-J)
(CAA-109029: Re-entry analysis Manual)
____________ ! Higher precision Re-
: Improvement of tool I e entry prediction
1 1) human interface : @ END
|L2) analysis functions I
Risky
\ 7 Y
Design for Demise Controlled Re-entry
1) Not to use materials that 1) HTVand the second
— withstand high heat stage of H-2B
2) Specific components demise
easily —"» CFRP/Al-skin tank

4. Further Subjects
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Fig.-8: Top 20 space objects which generated many debris

(data from the Space Situation Record of USSTRATCOM, dated June 2012)

Causes of Fragmentaion Ranked by Number of Fragments {Events
gerated fragments more than 10)

Aesodymamics Others/Unknown

%\ e
deposalfom. | e
spacestation . i S

3%

tntortional \
29%

Post-operation

Break-ups by
propulsion systems
25%

Fig.9: Distribution of Causes of Debris According to the Number of Fragments

The objects which generated less than 10 objects were excluded.
The events were assumed as “induced by failure” when spacecraft generated fragments within 5 years
after launching, or the launch vehicles caused break-ups on the same day of launching.
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Fig.-11 Failed components in the “attitude control” and “power control” sub-system
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Further subject

Prevent from being repeated by newcomers

Historical One Cycle in Advanced Nations

Global Control
and
Cooperation
for Mitigation

Challenging in environmental
space
technology

To prevent another cycling
among newcomers

Monitoring and
Modeling
Protection and
E> Avoidance
Transparency and

|:> Confidence
Building

Measures
E> Remedy of
Environment

x*

Sharing knowledge and Attention to

ISO activities

experiences through I1SO

Attention to the UN
Activities on Long-Term
Sustainability of Space
Activities

This document is provided by JAXA.



H5IE [AN—RAFT Y T—s v 2 v 7| HHEEME 75

B2
JAXA 281+ 5T TIYBREDHRIKER

Current status of studies on active debris removal at JAXA

O AT, KNFEE, FIUfRZ:, EASENER, flres, HAHMEE,
AERIIETR, REEEH, FA-8— (T M2 IE B FE )
OS. Kawamoto, Y. Ohkawa, Y. Katayama, H. Kamimura, H. Nakanishi, N. Imura,
S. Kitamura, S. Kibe, K. Hirako (JAXA)
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ThoHT 7 NTHAEL, HEERZ RO AT THLEZ T 20BN HVEES FEEDS, JAXA TIEZhi7=
ANCTEBTELT 7 VBRERIN OB %2 B e L TR FEii L T D, AR TIL JAXA AFFEBA 5 AR
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The amount of space debris has been increasing, and many evolutionary models predict that it would increase
even if new satellite launches were stopped because of mutual collisions between existing objects. In such a
case, debris mitigation measures such as explosion prevention and end-of-mission de-orbit will be inadequate
and an active debris removal will be needed to preserve the space environment. The Japan Aerospace
Exploration Agency (JAXA) has been studying a cost-effective active debris removal system. This
presentation introduces the current status of studies on active debris removal at JAXA.

Scenarios for debris removal in final operation £
Proximity operations ’
Start Motion estimation  Attachment of
rendezvous — tether end To the next
, — = | debris object
Approach to \

orbit . L s/
, injection debris (npn- Debris ob(;;e::jt ‘
cooperative In a crowde

region
rendezvous) g

Debris de-orbit
with EDT

Reenter with EDT

Launch of a removal satellite
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IAXAIZB I TBTITIBREDAEIK;
Current status of studies on active debris
removal at JAXA

AIARRRE, KINFEE. AURE. EAFE/NER., FEFEE.
HAHER. A IESD. RS ER. FFH—(JAXA)
S. Kawamoto, Y. Ohkawa, Y. Katayama, H. Kamimura, H.
Nakanishi, N. Imura, S. Kitamura, S. Kibe, K. Hirako (JAXA)

5th Space Debris Workshop, 2013

%ﬂ Introduction

* JAXA has been studying cost-effective removal

of large intact objects in crowded regions for
many years

* Contents
— Target of removal

— Removal scenario and required technologies
— Current status of each technology

— Roadmap for developing debris removal system

2

This document is provided by JAXA.
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Introduction : Necessity of Active Debris removal (ADR)

* Evolutionary models predict the amount of

debris will continue to increase due to mutual

collisions

* Active debris removal is necessary to reduce
— Burden of Collision Avoidance Maneuvers (CAM)

— Burden of debris protection design
— Risks of unavoidable debris collisions

* To realize a practical debris removal

— Technological feasibility

— Reasonable cost

— International cooperation

will be needed
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#4{,4 Targets of removal

Removal of large intact objects from

crowded regions such as
— SSO (98-100deg)
— 900-1000km, 82-83deg

Because they are the potential source of

numerous small debris that pose direct

risks and burdens

— Removal of small debris is not efficient

Numerous debris objects in the narrow

orbital plane
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Which debris should be removed?

The effect of removal was studied using debris evolutionary model
developed by Kyushu Univ. and JAXA

* We must consider the effect of removal, technological aspects legal
aspects, etc

100 removal targets in alt. of 900-1000 km and inc. 83 deg

1 : " ' 5

100 removal targets in SSO, 0.5ton<mass<4ton

;54#64 Rocket stages

* Rocket stages can be removal targets
— Their design details are less confidential than satellites. & non-technological

— There is less variation in the shapes compared with satellites

— Rocket stages are cylindrical and the reflections of light, lasers or other
signals can be more easily predicted than satellites.

— Unlike some satellites they do not possess appendages such as solar
paddles that pose a collision risk in proximity operations. — < technological

— Their axisymmetric shape means that their attitude motions are likely to
be simple with no complicated tumbling.

— Some studies indicate that any rotational motions will almost have been
stopped due to interaction between their metal bodies and the _
geomagnetic field - there are some R/Bs with stable attitude

/\ /’"\_

T ST S Y e E R

s FErS)

Light curve of SL-8 rocket upper stage.

There exists no tumbling objects. H-1IA rocket body observed by FHR (2006.10)

TIRA RADAR
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)%4(,4 Scenarios for debris removal

* Technologies to realize ADR have been studied and key
technologies to be demonstrated identified

/Scenarios for debris removal in final operation

v @ )
Proximity operations s 1
[
Start Motion estimation  Attachment of 1
L] A
i rendezvous = ool tether Eﬂd To the next
i) | o’ \ = Bl debris object
L o
B ,
. Approach to T
I ?nr] e'(t:ti on debris (non- Debris object
cooperative in a crowded Yy
region
rendezvous)
Debris de-orbit
i with EDT
Launch of a removal satellite Reenter with EDT

\_

;%464 Non-cooperative rendezvous

e Estimation of relative distance and
attitude motion of debris that has no
markers nor reflectors is difficult

* Orbital motion effects much compared
with rendesvous with asteroids such as

Not visible

optical environment changes so during the

eclipse

e Status:

— Non-cooperative rendezvous using simple,
low cost sensors such as GPS receiver,
optical cameras have been studied

— Cameras have been evaluated using
“optical simulator”

North - NVisible by
pole

Albedo

Distance estimation based on vision

This document is provided by JAXA.
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Proximity operations (1)

Attitude of debris is . ¥
unknown as their attitude ]
is no longer controlled g -
Status: !
— Final approach using have } == fgl
been studied using -:.!_~ ' E;"f :
o

* Image processing using e e 8
stereo vision -

* Model matching to identify
its attitude/position and
motion

— Numerical simulations and
on-ground experiments
using a model of H-IIA
rocket upper stage and
optical simulator have
been performed

Rocket upper stage model images
taken using optical simulator

Optical simulator

By —
gy ,;.
‘ /
-
S ey ——
' :
7 7 g IW 7
LI B
|
Attachment to the PAF using an extensible boom Attachment using a harpoon. Impact analysis
mechanism. Image processing of PAF structure to showed that fragment will not be generated when 10
estimate relative position and attitude is studied harpoon penetrates the propellant tank of R/B

Proximity operations (2)

Attachment of propulsion is required to give dV > 100 m/s to debris with >
some tons

— Control of C.G. when removal satellite pushes debris, or stable pulling is required
Status:
Attachment of the tether end without need for precise position control

— Attachment to the payload attachment fitting of the rocket upper stage using an
extensible boom mechanism

— Harpoon
— Extensible robot arms

Preliminary studies including numerical simulations have been performed and
challenges to be studied were identified

This document is provided by JAXA.
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1 Deorbit (Efficient Orbital Transfer)

Large amount of fuel required for de-orbit prohibiting removal by small
satellite and multiple removal by one satellite

Electrodynamic tether (EDT) is promising for LEO removal
— No need for propellant or high electrical power
— Its thrust is so small and attaching operation will be less challenging

Status: Numerical simulations have been conducted and some key
components are developed and tested

1200

1000

altitude (km)
(=23
o
o

\
]

0 50 100 150 200 250 300

time (day)
Change in altitude of debris in orbit
altitude 1000 km, inclination 83 deg
(1400kg) with EDT of 10 km.

11
GEO Debris Reorbiter using lon Beam Irradiation
GEO remediation is also necessary because no air drag to clean
up debris is expected in the precious GEO
lon Beam Irradiation to put large debris to grave yard orbit
— Non-contacting with non-cooperative debris
Status
— A preliminary system study has been conducted. Numerical simulations
and some experiments in progress.

<:| Orbit direction

Ion beam

Ion engine A Ion engine B 12
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LKA Roadmap for debris removal (=)

Current ) j E

Situation , KS fisfy 25 ; Prevent Collisional N
_ atisty co-year-rule Cascading Removal of

multiple debris
Removal of by international Cooperation
one debris
Micro Remover
to remove one debrig

De-orbit Device for New S/C
e e Total . EDT for EDT for
? Small Sat. Large S/C
il Initial value
= ¥ e On-orbit
1 New o servicing
i fragments 7
il Old fragments
- Intacts + mission related debris
L

Non-cooperative
rendezvous

*Mitigation guidelines were enacted

—Reentry within 25 years is required

«Collisional cascading started

—Removal of existing debris is needed

Debris Removal System
to remove multiple debris

LIe

Pl

PRiE B o slghaly

. . | Cooperation |—
International Cooperation Multiple Debris Removal
with TADC, TAA, etc. i
= A
Proximity Operations «—Attachment of EDT
Removal of One Debris
Enlargement of EDT Demonstration «— 5-10km EDT
Non-cooperative A
rendezvous
A
; ; I S, EDT Dergo ,
Flight Experiment of EDT A «— Demonstration of <1km EDT
13
2008 i 2018

System Demonstration (Removal of One Debris)

e Studies to remove a H-llA rocket _

. Main
upper stage with almost stable satelite
attitude motion are ongoing

— Non-cooperative rendezvous '
— Motion/attitude estimation

— (Not required : Angular et e @ -
momentum reduction) the PAF _

— Attachment of tether end 1. Separation
— Deorbit with EDT

* Removal satellite )
— Small satellite using an existing ' .
small satellite bus -
— Launched inside a payload
attachment fitting of the main 2 Non-cooperative | ’a“
H renaezvous to the rocke
satellite as a secondary payload upper stage debris

— deorbit with debris object as an
endmass of the EDT

3. Attachment of tether end to
the rocket upper stage

This document is provided by JAXA.
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)%464 Conclusions

JAXA’s studies for cost-effective active debris removal

— Targets of removal are 100-150 large debris in some crowded
regions such as SSO, 900-1000 km alt. and 83 deg inc.

— Rocket bodies with stable attitude
Technologies for realizing ADR
— Non-cooperative Rendezvous

— Proximity operations (motion estimation and attachment of
tether end)

— De-orbit by EDT for LEO and ion beam irradiation for GEO

— Cost effective small satellite for debris removal

Roadmap towards realizing the debris removal system was
shown

This document is provided by JAXA.
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Some constraints of international space law on the conduct of active debris removal
and preliminary studies to searching for a solution

FENGLE (T 22T FE B FE R A
Hiroyuki Kishindo (JAXA)
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Legal Affairs Division, General Affairs Department, JAXA

the conduct of active space debris removal and
Hiroyuki Kishindo

Some constraints of international space law on
preliminary studies to searching for a slution
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Soeee  Framework on the Space Law
00000

OWhat is “Space law”?
v' the law to regulate the space activities
v"in a narrow sence, the international space law
in a broad sence, the space law including the national space law

—{ Rescue Agreement |

, , | Liability Convention |
international L statute || space treaty |- |

law - - -
space law —| Registration Convention |

customary law |-

general rule

of law

@ i UN General Assembly

Agreement between
governments

_{ Moon Agreement |

LI national
space law
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§§§§§ FHEDETERTE R
- FHEHBEHDEL(OST1E)
- FHIEMMBEAZEL (0OST2%)
- EFFAREI(OST4%&.~ A35%)
- BARYEEE~NDETEF (OSTES)
« ITEIFEIZKSHIEERERE (OST7E—-LC)
- BEHREICKLEEE - EHEIEOST85—RC)
« BELBLDEIL(OSTIE)

X EEEEE BRAEOERNEZ—EHEEDOAN, HEFFIERCHLTERALITEY
SEFELOERZVL. EREHOBRMGRERE, CLAEEE. SIEAETEE. B
TEE®E)

KEBEDEREE, FEYAOEHICRNT SIET BB - EFLRE . BRENERICED
WTITHNHER LDRFIITA . 4
00000

::::: Main Provision in Space Treaties

« Freedom of the space activities(OST Art.1)
 Prohibition against national appropriation (OST Art.2)

« Peaceful purposes(OST Art.4)

« State’s responsibility for the activities by non-governmental
entities (OST Art.6)

* International Liability for Launching State (OST Art.7)

« Jurisdiction and control over space object by the
Registration State(OST85)

 Prohibition of contemination(OST Art.9)
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0000
00000 . . 2
eeeee Legal points to implement ADR S XA ﬁ
YYry’ o
International Level National Level
Necessary to get Registration N ecessfar)_/ 19 GE DU ol
, if satellite is owned by non-
State’s consent :
[Phase 1] governmental entity
Identify the
object for ADR
Point(: Definition of “space debris”, Contracting Party to get consent
If the satellite’s owner isn’t clear | If the satellite’s owner isn’t clear or
or go out of buisiness, is there go out of buisiness, is there any
any appropriate contracting party | appropriate contracting party to
[Phase2] to implement ADR? implement ADR?

Make a contract
to implement
ADR

Point@): Cost for ADR
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International Level National Level

Point®:Legal system in each State

Necessary to get permission for
landing or reentry

Possible to cause damage
aganst other space object or on
the surface of the Earth

[Phase4]

To implement
ADR

Point@: Liability

Q
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EEYRIILEEZNMEZELTHY. EZWICIXMEEIZLIEEDE
BRTEMDHE, (BFRENEE - EEETITHETETLEENIE, KESN
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BRETHIENROONDD . QRENZBDOONSGEE . MERMIZRE
ShaHh, QBHFENGDEFRAINFEONGMER, TIUREEITICLE
[T HERRERELDBZEGEND, FORELHD.

10
00000

Point()

ODefinition of “space debris”.

v' There is no definition of “space debris” in the space treaties.
v" How identify the object for ADR? How evaluate the value and/or

useful of space objects?

O Contracting Party to get consent

v If the satellite’s owner doesn’t consent , or if the satellite’s owner is
changed in orbit, what is the contracting party to get consent?
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cocee Point®): Cost for ADR

OCost effective to implement ADR

OTo establish international funds to implement ADR, we have to study
how sharing cost

Point®): Legal system in each State

OUnited State: ITAR:International Traffic in Arms Regulations
=It is regarded as “export” in ITAR to implement ADR.
OUnited Kingdom: Space Activities Law Art.5(2)

OCanada: Remotesensing Law Art.9(1)
OJApan:Foreign exchange Law Art.25(1)
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O COPUOSTO#FT=ZEMDIERKITHE (Y R XDERE)

= FHEPEMTOTIIREDETIVELGDSILRTHILE

= BADERHREENERDE=OIZED LSGIIL—ILEYBNE RN ZRET
(BROFEFHERELELIC, TIIREOBLEREOCZD-HDREERE
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0000
eosee Point@: Liability

OLaunching state laible to damage caused by space object.
= +"space object” include Space debris?
-on the surface of the Earth «<—— in space:need to proove fault
-"damege” is not include indirect damage
-Liability owe State. not non-governmental entity
- Apply only to ContractingState

Challenges in the future
OChallenge to the consensus system in COPUOS
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Promoting the Active Debris Removal Project on Business
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Committee for Next-generation Space Project Promotion,
The Society of Japanese Aerospace Companies (SJAC)
co-chairman Masaya Mine (NEC)
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Road Map for the Active Debris Removal System
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Promoting the Active
Debris Removal Project
on Business

January 22nd , 2013
Committee for Next-generation Space Project Promotion,

The Society of Japanese Aerospace Companies
(SJAC)

Co-chairman Masaya Mine (NEC)

Propositions

B Facts about space environment

@ Even if we don’t perform new launches, debris that have already been
on the orbit will grow to bring about an unusable condition of the space
(the results of analysis coincide in many countries and regions such as
Japan, the USA, Europe and Russia).

@ Human beings want to keep using the space environment because of
convenience and usefulness of using the space for earth observation,
communication, global positioning, etc. (trivial)

= We need to eliminate debris located on the orbit.
B Implementation status of debris removal analysis

@ Many countries analyzed the relationship between the state of on-orbit
debris and the active debris removal which will have removed five ,ten,
or more life-ended satellites per year in early 2020s.

Start up a debris removal business in early 2020s!

This document is provided by JAXA.
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What we must do to achieve our goal

@ Building of international consensus at legislative level,.if possible

Authorize a business to remove debris on a global basis by 2020 (Is it
positioned as a global public project?)

@ Having an ability as project promoter

Work to ensure the preferable position of Japan at the time of launch
of the debris removal project

Japan should play the role in above 2 actions.

@M= Implementation at the initiative of Japan
(Bilateral negotiation to multilateral negotiation)

@@= Verification of technological/business (cost)
appropriateness of the project through demonstration

Summary of necessary actions

M In the investigation report on space debris-for FY 2006/2007,
SJAC explained the necessity of the following actions.

@ Spread into general ideas

@ Recommendation of Japan to United Nations/Committee of
the Peaceful Uses of Outer Space

@ Adoption of appropriate ISO standards and business model
which is advocated by Japan

@ Setup of a space environment preservation body by Japan
(® Validation of debris removal satellite by Japan
® Japan’s idea of debris observation

(@ Establishment of backup think tank and materialization of
the above @ to ®.

B By realizing these as a national strategy, we would like to
achieve the global industrialization launched by Japan that

leads the world. ’

This document is provided by JAXA.
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Consideration status of the current state

(D Spread into general ideas

In 2008, Yomiuri Shimbun wrote the article about the necessity of active
removal of debris and its business model (industrialization model).
However, the boost was within the level of impulse at that time. The
boost of the A-SAT coverage of China after that was also within the
level of impulse.

In 2009, IRIDIUM-33 and Russian satellite COSMOS-2251 collided
against each other on the orbit. Mass media reported that there was an
actual possibility of collision of satellites and debris rapidly increased as
a result of such an accident.

Within the theme of global environment, a TV program (NTV: Sho
Sakurai appeared) covered that not only the earth but also the outer
space had been contaminated (a remark by Mr. Mohri).

Although there were some coverage by media on robot/debris removal
after that, they mainly focused on technical appeal. Understanding of
Japanese people about the necessity and the appropriateness of debris
removal has not been obtained yet.

To spread this issue into the general public, not a impulsive coverage
but a continuous one is required. We should promote it as part of the
(global) environment problem. 5

Consideration status of the current state

@ Recommendation.of Japan to United Nations/Committee of the Peaceful
Uses of Outer Space (COPUOS)

- At a subcommittee meeting within IADC held in 2009, the necessity of ODR (orbital
debris removal) was discussed. The sub-committee decided to formally discuss the
theme as IADC starting from the next meeting.

- Although it was at the initiative of the USA, the first international conference related
to the issue was held in December, 2009. Japan also participated in the conference
to make three reports. They reported that not technological feasibility but also a
business model (an industrialization model) had been considered in Japan.

- The report on discussion at the meeting hosted by McGill University in Canada was
submitted to the United Nations Scientific and Technical Subcommittee and
registered as a United Nations Document (see next page: McGill Declaration).

- Since 2011, the international best practices/guidelines have been reviewed at the
UN COPUQOS/Scientific and Technical Subcommittee/Space Activity Long-term
Continuity Workshop/Specialist Meeting “B” (space debris, space operation and
space state recognition) and the description has been drawn up to the necessity of
ODR. Specific consideration of ODR will be done in the future, including the
decision about whether the description of ODR is drawn up or not.

- We will not be able to achieve our initial goal unless we play at least a central role
in advancing the above UN-related activities.
6
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Consideration status of the current state

B McGill Declaration on active space debris removal and on-orbit satellite
servicing (November 2011)

- - = Discussion on the following subjects had been made at the meetings
hosted by McGill University in Canada over three years: the current state
and the problem of debris in the first year, reduction of debris in the
second year and removal of debris and its implementation structure in the
third year. The results were complied in the report, which was submitted
to the United Nations Scientific and Technical Subcommittee. After being
published at the meeting, it was registered as a united nations document.
Details of the report are as shown below.

To promote the removal of debris and on-orbit services, United Nations
and international organizations should work to improve not only the
responsibility for space activities but also international treaties to address
especially control right and control over objects in the outer space.
National governments and international organizations should consider
the legislative and regulatory mechanism and process to promote debris
removal.

They should also consider establishing an international fund to support
debris removal.

We should promote the international obligations of registering space
objects and international recognition of the control right about them.

Consideration status of the current state

@ Adoption of appropriate ISO standards and business. model which is
advocated by Japan

Except for on-orbit debris removal (ODR), the work to create ISO
standards for debris mitigation have advanced.

As to the debris treatment including ODR, a business model considered by
SJAC (and published at ISTS in 2008) was introduced at ISO Conference
in 2008 but there has been no progress on this issue.

» About consideration of business model and how to raise fund - - -
(Plan 1)Collect money depending on the level of responsibility for generating
debris in the past

(Plan 2.1) Collect money in the form of something like space
environment utilization tax (Allocation simply depending on the volume)

See Slide No.9

(Plan 2.2) Collect money in the form of something like space
environment utilization tax (Allocation based on debris index)

See Slide No.10
As an implementation body, “Collect money as an international public work

company” or "Only perform coordination in the form of international
coordination body” (See Slide No.11)

This document is provided by JAXA.
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Consideration status of the_current state
Tradeoff of fund raising methods

Proposed plan Overall Fairess Transparency/ Comment
(Note 1) (Note 3) | judgment Verifiability

Uniform rate This plan is in favor of advanced countries and those that highly
across all Note 4) Note utilize the space. Developing countries may be opposed to it.
countries Also to be considered from the viewpoint of (Note 4)?

Rate in proportion Is it difficult to ensure transparency of pnce”
to price

Rate in proportion We can check it with the ground debris observation network.

to the number of (Note 2)

launched rockets

Rate i in proportlon We can check the size, etc. with the ground debris observation

(Note 1) The above ratios are those taklng into account of carrier rocket and satellite.

(Note 2) Although these values are based on notifications, we can validate those for objects
with shape as we can observe them from the ground.

(Note 3) The space environment is the common resource given to all nations. Collect money
from a viewpoint of utilization tax (cf: Land use)

(Note 4) The USA and European countries provided data from the debris observation net. Is
it possible to make a balance with the facilities maintenance expense?

Consideration status of the current state

Numerical example of debris index (Yasaka, 2009, 2011)

If one Collision Avoidance (CA) maneuver is performed. gy
20 umber of fragrrants created by mass M oof
object [¢x. spacecralt. rocket body ete)
If multiple CA maneuvers are performed. A Crvs sectlanal s of the shject
Frllz MED fux 2 asitude
Toup! Cebsiial 1l of ihe wdi o
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Consideration status of the current state

Kitazawa, “Organizational and Operational Requirements for Space Debris Remediation”,
International Interdisciplinary Congress on Space Debris Remediation, 2011, McGill University

Consideration status of the current state

@ Setup of a space environment preservation body by Japan
We have not got into action yet.
®) Verification of debris collection/recovery satellite by Japan.

JAXA has started the feasibility study for realizing this project to
support SJAC.

They created the roadmap including on-orbit verification for debris
removal. (See next slide)

® Japan'’s idea of debris observation

We are considering various issues including its positioning such as
to what extent we have to make observations. We also study how far
we can go using existing facilities of JAXA only.

@) %tab%;hment of backup think tank and materialization of the above
to

We have not achieved yet.

This document is provided by JAXA.
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Consideration status of the current state

Development status of the World
and Japan related to this.issue

B What has the world done?
- Has started to take actions proactively since around 2007
DARPA .~ Orbital Express Mission
DLR.” DEOS
NASA.~ GEO Supersync
NASA.” Robot and Humans in HEO
MDA~ Space Infrastructure Servicing

B What has Japan done?

- No study has been made since Japan succeeded in making an on-orbit
verification with ETS-VII in 1997.

This document is provided by JAXA.
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Development status of the World
and-Japan related to thisissue

Orbital Express Mission of DARPA

« Orbital Express is a technical verification satellite aiming to provide unattended services
including fuel supply/parts replacement to an on-orbit satellite that DARPA have worked on
development. It was launched in March 2007 and succeeded in the verification experiment.

It is composed of ASTRO (Autonomous Space Transport Robotic Operations), a parent
satellite which provides unattended services, with mass of 700 kg, an NEXTSat/CSC, a
client satellite which receives services, with mass of 226 kg. Although they were coupled at
the time of launch, they were separated after having been placed on the orbit.

We conducted a rendez-vous docking to NEXTSat, fuel supply, a device replacement
experiment and a capture experiment.

» All of the above were conducted with ETS-VII
more than ten years ago.

Development status of the World
and-Japan related to thisissue

DEOS project of DLR

» DEOS project of DLR is a technology verification project to control on-orbit disposals of
nonfunctioning satellite. It also aims to acquire technologies to successfully conduct on-orbit
maintenance (especially fuel supply).

» Conducted Phase-0 study in 2007, Phase-A study in 2008 and Phase-B study in 2010.

DEOS is a system composed of two
satellites, “Client” and “Servicer.” The
two satellites are launched at the same
time to be placed on an orbit at the
height of 550 km. According to the
current plan, it is scheduled to be
launched in 2018.

On September 13, 2012, DLR awarded
Astrium GmbH the management contract
for the entire system in the DEOS
definition phase (the final design phase
before the hardware creation stage). The
contract is the value of approximately 13
million Euros for one year.

This document is provided by JAXA.
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Development status of the World

and-Japan related to thisissue
NASA: GEO Supersync

Development status of the World
and-Japan related to thisissue
NASA: Robot and Humans in HEO

This document is provided by JAXA.
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Development status of the World
and Japan related to-this issue

SIS (Space Infrastructure Servicing) of MDA Corp.

+ MDA Corporation of Canada announced that it would
focus on an on-orbit solution called SIS (Space
Infrastructure Servicing) (in 2010).

» SIS is to supply propellant of communication satellite
located on a stationary orbit, docking with Apogee Kick
Motor of a subject satellite to inject propellant.

» It was announced that Intelsat became the first partner in
March 2011. However, MDA left the plan in January 2012.
This project returned to the research phase again.

SIS capability of MDA Corporation

> First, focus on fuel supply/services at GEO.

> Deliver fuel to Client satellite by “per kg” system.
Therefore, the service is applicable to satellites of
various sizes.

> Services are performed quickly (within a few weeks) and
effects on Client satellite are minimized.

» Can also conduct services, such as inspection, towing,
relocation and small repairs.

Summary

B Atthe SUIAC Committee for Next-generation Space Project Promotion
in fiscal year 2004, we advocated the necessity of debris removal
project utilizing space robot and recommend setup of the project. We
also conducted further study at the committee in fiscal years 2006/2007
and advanced the study by setting up action items for it.

B [n the meantime, the space basic law in Japan was established. We
could incorporate the necessity in the law in the form of necessity of
space environment preservation.

B However, we have not yet realized a satisfactory promotion/project.

B Meanwhile, studies by other countries, which had no movement at
first, have made a rapid progress. Their on-orbit verification and the
consideration as a project, which Japan had taken a lead, have
reached at the same or advanced level compared to Japan.

B We would like to remind the current status and recommend you to
promote the project as one of the Japan National Strategies.

This document is provided by JAXA.
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Prediction of Orbital Debris Population with an Orbital Debris Evolutionary Model

O E MRk, fERERM LK), ATRSE (FHi 220 JE B FEHEAE)
OYuya Ariyoshi, Toshiya Hanada (Kyushu University), Satomi Kawamoto (JAXA)
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BT IAZEDRERLELTC, BRI 4 OF 7 VKRR CBR ER M Z2IE LT 5B Ok T 7V 541 DT
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Japan Aerospace Exploration Agency (JAXA) and Kyushu University collaborated to develop an orbital
debris evolutionary model. Kyushu University has maintained and operated the orbital debris evolutionary
model under contract with JAXA. This presentation introduces the outcome of collaborative research with
JAXA and Kyushu University. Especially, we introduce result from future projection of debris population
under some orbital debris mitigation measures and remediation.
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TIVHBETILIZKSTFETFEI
Prediction of Orbital Debris Population
with an Orbital Debris Evolutionary Model

Yuya Ariyoshi, Toshiya Hanada
Department of Aeronautics and Astronautics, Kyushu University, Japan

Satomi Kawamoto
Japan Aerospace Exploration Agency, Japan

Orbital Debris Evolutionary Models in Japan

GEODEEM LEODEEM

B Developed B Developed by JAXA and
by Kyushu University Kyushu University

B GEO region B LEO region (< 2000 km)

NEODEEM

B Developed by JAXA and Kyushu University
B LEO-to-GEO region

W One by one collision detection

B Individual orbit propagation

This document is provided by JAXA.
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Collaboration in Debris Modeling Study

B Kyushu University has been conducting orbital debris
modeling study under contract with JAXA
® Updating orbital debris evolutionary model
- Insertion history
- Breakup history
® Operating debris evolutionary model
* |ADC’s activities
- Action Item (A/l) 27 .1
- WG 2 Internal Task
» Future projections based on JAXA’s requirements
- Effectiveness of active debris removal

Effectiveness of post-mission disposal (PMD)

m |ADC A/l 27 .1
“Stability of the Future LEO Environment”
» To assess the stability of the LEO debris population
* To reach a consensus on the need to use active debris
removal
® ASI, ESA, ISRO, NASA, UKSA and JAXA participated
® Kyushu University conducted this study under contract with
JAXA
B Scenarios
* Initial population as of May 1st 2009
» 8-year cycle launch traffic
* No new explosion
* 90% PMD compliance
» Additional scenarios with 0% and 50% PMD compliance
* Mean of 100 MC runs is result

This document is provided by JAXA.
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Catastrophic collision
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Population snapshot
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Strategies for selecting removal targets

B Orbital debris removal is essential for stabilizing
the environment
B Some strategies for selecting removal targets are considered
» Defining regions for multiple removals
* Region 1 (R1)
900 — 1000 km altitudes, 82 — 84 degrees inclination
* Region 2 (R2)
700 — 1000 km altitudes, 98 — 100 degrees inclination
» Considering the influence of accidental collisions
« Cumulative probability of accidental collisions (PC) during
25 years
* Expected number of fragments (EN) during 25 years

This document is provided by JAXA.
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Evaluating the proposing strategies

B Projection scenario
* Initial population as of May 1st 2009
* No new launch and explosion
» 100 targets are removed at initial
» Mass of targets is limited between 500 — 4000 kg
* Mean of 60 MC runs is result

Catastrophic collision
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Population prediction during next 200 years
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B This presentation introduced the future projection
using NEODEEM, which is developed by JAXA and
Kyushu University

W |IADC A/l 27 1
® Some scenario which the different PMD compliance
® PMD compliance effects the growth of future debris
population
® PMD cannot stabilizes the future debris population
B Effectiveness of active debris removal
® Four strategies for selecting targets is evaluated

This document is provided by JAXA.
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Approach Strategy to a Non-Cooperative Target

OWITE i, bt L3, 1L~ (P72 )
QOToru Yamamoto, Naomi Murakami, Koji Yamanaka (JAXA)

7 7V OEMAIEREDTZOIZ B UM DOHERE R Z AT DM E N DD, T 7 VD L7 W 1 »
— 7y IO, 1SS OXS72 /1 #2— 5 b LT, FRiOBEEH (NORAD TLE) DRSS
BV, RS I ORERENE « 22 EVE DR INEE, LU ST B S D, NSO HATAIGREE Z B L
TR AT TV OREPRBUZ O W TR 2, £, WIS —7 Y MEE Y TV A O g L LB,
a5, Eio. FRIOPUEFROREOR AR RAm T LebIT, Mxfis 27 LDOMERY
BETa R, SOIZ, HATIZLDFERMUIEIZ BN THR—H T £ 725, Angles-only navigation 5B
fif Fearn L, AR ST 282 % B LT OB G DB X 5T, BRI, A5 1% OB L BB
KT TATONTIEAD,

This document is provided by JAXA.



114 FHMZEHIE S RIRE  JAXA-SP-13-018

Approach Strategy to
a Non-Cooperative Target

R AMS—S I~ DEERRS TS

22 Jan 2013
Space debris workshop

Toru Yamamoto, Naomi Murakami, Koji Yamanaka
Guidance and Control Group
Japan Aerospace Exploration Agency

B [ntroduction

— What is a "non-cooperative target" ?

— Why approach to a non-cooperative target is challenging ?
B Structure of approach operation and necessary

technologies

B Key technical issues

— Orbit prediction accuracy of LEO space debris

— Relative navigation sensors for space debris

— Angles-only navigation

— Trajectory design to avoid a collision with a target
B Approach case study by numerical simulations
B Conclusions

This document is provided by JAXA.
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1. Introduction

What is a "non-cooperative target" ?

B Non-cooperative target is

— Arendezvous target which does not have any cooperative functionalities to
support approach guidance, navigation and control

B Features of non-cooperative targets
— Orbit determination by R&RR, GPSR is not available
— No target markers or laser retroreflecters for vision/laser sensors are available
— Knowledge about optical property (specular/diffuse reflectance, etc.) is limited
— Attitude is not known and it is not controlled but in natural motion

"cooperative" target "non-cooperative" targets

1. Introduction

Why approach to a non-cooperative target is challenging ?

B Approach to a non-cooperative target is mandatory for active
debris removal (ADR), but itis NOT EASY

B Poor knowledge of a target orbit
— Accurate orbit data by R&RR, GPSR is not available
— Orbit data by radar tracking (TLE, etc. ) is available but poor
B Poor knowledge to design S/N of relative navigation
— Poor knowledge of optical property of surface and attitude
— Wide range of lighting condition (Solar illumination, Earth albedo)
— Difficult to confirm stable relative navigation
B Poor knowledge of location of target center of mass

— Location of target center of mass should be known to establish
stable relative orbit keeping

— Estimation of target center of mass in the target body is not easy

This document is provided by JAXA.
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2. Structure of approach operation and necessary technologies

Structure of approach operation

Target shape can be seen. Detection of the target.
Range can be computed by its size. | | Relative navigation starts

Estimate pose (relative position
and attitude) by vision-based
sensors

Methods of navigation Application of navig

NORAD TLE, Radar tracking
Target: NORAD TLE, FGAN,
Kamisaibara radar station

Chaser: on-board GPS navigation

Absolute navigation
Target: TLE-SGP4
Chaser: GPS navigation

Vision based Angles-only Relative Orbit prediction accuracy of
navigation Relative navigation LEO space debris

Measure LOS angles by vision-based navigation (Angles-only
sensors Pose navigation) Angles-only
estimation angles navigation
Vision / LIDAR based navigation + range
Measure range by target size or LIDAR

angles Relative navigation sensors for
+ range space debris

Vision / LIDAR based Pose + attitude NG )
estimation ~N/"

Measure pose (relative position and . . .
attitude) bF;/ visiE)n-basecgJ sensors or Flash Traj.e'c tory .deSIQn to avoid a
LIDAR collision with a target

Key technical issues

2. Structure of approach operation and necessary technologies

Structure of necessary technologies
/‘4\
Near rage | SS

Phase Target shape can be recognized
EE— Pose estimation starts Medium range
Technology to attach debris Target is detected as a tiny dot Far range

. Relative navigation starts
removal device

Target is not detected
Absolute navigation

Pose estimation technique

Near range technique (fly around,
Necessary approach to attach devices)

technology
Navigation sensor technology

Lighting condition modeling technique

¥Main
topics of this
presentation

Orbit
determination
technology for a
non-cooperative
objects in space

Relative navigation technology (including Angles-only navigation)

Safe trajectory design technique to avoid collisions

This document is provided by JAXA.
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3.1 Key technical issues - Orbit prediction accuracy of LEO space debris

Orbit prediction accuracy of LEO space debris

B TLE is important apriori knowledge of target orbit
B Orbit prediction accuracy of TLE/SGP4 is investigated by several authors

— Aida S., Kirschner M., “Collision Risk Assessment and Operational Experiences for LEO
Satellites at GSOC”, 22nd ISSFD, 28 Feb. - 4 March 2011, Sao Jose dos Campos, Brazil
(2011)

- EHEBER, BiZ XEBEFHE SILMHN, BER, BEETF, THHEX, AR—XTIVUEERE
LM, ES4RIFHEZEMESEESR, 17 Nov, HERI AR a07—YtE24— (2010)
B Typical TLE/SGP4 performance of LEO debris:

1 day propagation 7day propagation

i) Tangential fa Tangential
Cross-Track g Cross-Track &
ngh solar
0.5-1km 2-10 km 0.5-2km 15-50 km

actlwty

0.5-1km 1-2km 0.5-2 km 2-8km
activity

— During high solar activity period tangential errors after long propagation become large
— Low altitude debris tend to have larger tangential errors after long propagation
— Radar Cross Section (RCS) has sensitivity to accuracy of TLE

B Other radar tracking stations (ex. FGAN, Kamisaibara) have great functionalities to provide
target orbit data timely 7

3.1 Key technical issues - Orbit prediction accuracy of LEO space debris

Example: TLE/SGP4 prediction accuracy of ADEOS-II

B ADEOS-2(803km), 2003/5/20, F10.7 flux = 117.1
B GPS orbit determination data is used as reference
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—&— Radial
—&— Along Track
20 —©—Cross Track
s /
S
i
%)
= 10 /
o
5 -
e e Y —9 =

0 2 4 6 8 10 12 14
Elapsed Time Since Epoch[days]

This document is provided by JAXA.
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S

3.2 Key technical issues - Relative navigation sensors for space debris

Relative navigation sensors for space debris

B Visible Camera is low cost and available in long distance, but not available at night and
sensitive to lighting conditions

B Infrared Camera is available at night and not sensitive to lighting conditions, but available
distance is medium

B Laser sensors are available at night and stable, but need high power and high cost

8

LOS Angles

X

Low cost Not available at night So many on-board visible
VXl O x O O Long distance Sensitive to lighting conditions  cameras are flying in
High resolution Poor range accuracy space
Infrared . . Low resolution Planet-C, ALOS-2,
O x O O O sztassltij? r;'tgi:t conditions Available distance is medium Hayabusa-2, Orbital
Camera ghting Poor range accuracy Express, Space-X Dragon
Laser Avallab'le at night LQS angles NOT meastljred Hayabusa-1/2, SELENE,
Range x O O x (O Longdistance High power consumption o
Finder Accurate High cost (?) P
Available at night . .
SCAN slolololo | weememes High power consumption XSS-11

LIDAR High cost (?)

Accurate
Short distance only

High power consumption Space-X DRAGON
High cost (?) 9

FLASH
O

Available at night
X
e O O O

Attitude can be measured

3.2 Key technical issues - Relative navigation sensors for space debris

Mathematical modeling of relative navigation sensors

M Visible camera detects reflection (both specular and diffuse)
of sunlight from target surface

B Infrared camera detects thermal radiation from target surface

M Laser range finder detects reflection (both specular and
diffuse) of transmitted laser pulses from target surface

B "Modified Phong model" is used as reflection model

|
|

|
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|
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| |
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i
|

|

|

|

|

|

thermal AN
radiation sunlight '
specular
v ) v 7|
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3.2 Key technical issues - Relative navigation sensors for space debris

Case study: Visible camera detectability

B Detectability strongly depends on optical property of target
= This is just a case study!
B Visible camera may detect target
— from 65km@20deg sun angle Kd = 0.2; % diffuse property
— from 30km@30deg sun angle D= 5803, & dianeter of optissr]
— from 15km@80deg sun angle A = pix2x2; % target size[n 2]
log10(S/N)
‘ 5
80 \\ 4
N
70 \ \(\ 3
— 60 1\ ’
3 \ 1
% 50
£l A\ °
< 40
c -1
N 2
20 \\ — N
10 L -
Visible Camera
0 20 40 60 80 100 1t
Range[km]

3.2 Key technical issues - Relative navigation sensors for space debris

Case study: Infrared camera detectability

B Detectability strongly depends on temprature and infrared emissivity
of target = This is just a case study!

B [nfrared camera may detect target from 15km
B Infrared camera is rather stable against solar lighting conditions

epsilon = 0.57; % Emissivity of surface
A =pix2°2; % target size[m"2]
8 D = 47e-3; % diameter of optics[m]

D_star = 2.00E+06; % Specific detectivity[m Hz 1/2 W -1]

log10(SN)
S
—

thermal
2 radiation
’ ., S
——y
M v )
0
0 5 10 15 20 25 30 35 Infrared Camera 12

Range R[km]
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3.2 Key technical issues - Relative navigation sensors for space debris

Case study: Laser range finder detectability

B Detectability strongly depends on optical property of target
= This is just a case study!

B Laser range finder may detect target from 20 - 60km

Kd =0.2; % diffuse property
Ks = 0.5; % specular property
Po = 1. 00E+06; % laser peak power [W]
45 log10(S/N) D=0.1; % diameter of optics[m]
SA =0.4; % sensitivity[A/W]
A = pix2%2; % target size[m 2]
40 \ \
2
[}
? \ \ laser
3 RENANIEAN
o0 AN
515

/
4

sunlight

specular
5 :
0 R 7 ‘ 2
20 40 60 Laser Range Finder 13
Range[km]

3.3 Key technical issues - Angles only navigation

Angles-only navigation

B What is Angles-only navigation ?

— Navigation method to estimate relative position and velocity by only target
direction (Azimuth/Elevation) from cameras

B Why angles-only navigation is necessary ?
— Atarget is seen as a tiny point from long distance

— If laser sensors are not available, a chaser must approach to a target using only
direction information until target shape can be seen on a camera image

B Features of angles-only navigation
— No direct 3D position information
— Trajectory should ensure visibility and observability
— Proper maneuver execution stimulates observability in tangential direction

Radial

Tangential Measured elevation angle n

Target

Chaser 14

This document is provided by JAXA.
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3.3 Key technical issues - Angles only navigation

Navigation filter for Angles-only navigation

B Extended kalman filter is formulated for angles-
only navigation of LEO rendezvous

— Estimated states
x=[oa,ade, ade,,adi,, a&yaﬁu]T
Elevation n and Azimuth ¢

— Measurement model 1 aremeasurements from
CAM /uCAM) cameras

z=[n,¢6]' =h(x) n=a tan(u,

¢ = asin(u,"")

Relative orbital elements

Range is measurement
CAM) — | from laser range finder

z=[r] =h(x) r=norm(r

CAM _ ~CAM ~RIN ~CVL CAM __ _ CAM

: CAM: camera coordinates
- Dynamlcs model Simple S'Eé\\ RTN: cartesian orbital coordinates
_ transition . i ; ;
X, = Q)(tkﬂ,tk)xk . CVL: curV|'I|near F)rbltal coordinates
matrix REL: relative orbital elements 15

3.4 Key technical issues - Trajectory design to avoid a collision with a target

Trajectory design to avoid a collision with a target

B Tangential (Along-track) direction of a target is dangerous zone
— Relative navigation to a non-cooperative target is unstable
— Knowledge of tangential relative distance by angles-only navigation is
poor
B Three basic principles to design safe trajectory
— 1: Propagated trajectory should be safe even if a maneuver is cancelled

— 2: Propagated trajectory should be safe even if navigation errors are
considered

— 3: Opportunities to be at the same height with a target should be
minimized

i — R

<

=

4
LELSh L) 16
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4 Approach case study by numerical simulations

Approach case study by numerical simulations

B A sample approach scenario has been designed
B Navigation simulation from far-range to medium-range phase
B Main interest is investigation of Angles-only navigation performance

Actual GRACE-A orbit by precise GPS orbit determination.
Target TLE/SGP4 orbit Actual GRACE-A TLE.

Chaser true orbit Simulation data. 21x21 geopotential, Jacchia-Roberts
atmospheric drag, SUN, MOON, Solar radiation pressure.

(o EXYT G ERVACS [ EL T NI T M 5% (30) error.

Sensor measurements Camera:0.1deg(10), Laser range finder:6m(1c) random errors.
Detectability computation based on mathematical model
described above.

; Approach trajectory is

o AN M D similar to "stable orbit
2 \\ Jé(/\ ///\{/ // /}/ rendezvous" used for
E N 7 7/\ // space shuttle missions

5 \ \O%&X L// Direction of sunlight is suitable

" _~ — for visible camera navigation

7 in this region

o -10 -20 -30 -40 -50 -60 -70
Tangentiallkm]

4 Approach case study by numerical simulations

GRACE-A TLE/SGP4 accuracy

B Error of GRACE-A TLE/SGP4 is:
— less than 7km in Tangential direction
— less than 1km in Radial/Cross-track direction

Famin-GEAGL -4 FTHT - 11 Dex W TR ddd7

Okm L‘-I'!‘ """'”“"H.!"i"i._ A .lm.u.‘:u:.l.,-_fin..L-_.u.;l_-_:h-::d.-.., .'Ilm_.-.II ﬂ-:-.,-t
Ll tmﬂww i

- —Radial —Tangential —Normal 18
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4 Approach case study by numerical simulations

Radiallkm] Radiallkm] Radiallkm]

Radiallkm]

RED LINE — :valid measurements
5 VISIBLE CAM valid measurements ViSible Camera
. beta angle = Odeg
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5 VISIBLE CAM valid measurements ﬁ
. Visible Camera g
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-5 — S
-10 i
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5 IR CAM valid measurements
’ —X
i, N — Infrared Camera
e — ThE— =
-10
-10 -20 -30 -40 -50 -60 =70 -80
Tangentiallkm]
LIDAR valid measurements
5
0
—R R Laser Range Finder
-5 T \
-10
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Tangentiallkm] 19

Detectability of sensors

4 Approach case study by numerical simulations

Estimated trajectory by Angles-only navigation

B True and estimated trajectory by angles-only navigation
B Visible camera only, beta angle = 0deg

HERE, obserbability of tangential
/ direction is stimulated by a maneuver
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4 Approach case study by numerical simulations

Performance of Angles-only navigation V.S. TLE/SGP4

Navigation error in Radial, Tangential, and Cross-track direction

Visible camera only, beta angle = Odeg
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4 Approach case study by numerical simulations

Performance of Angles-only navigation in tangential direction

B Error in tangential direction
M Visible Camera only, beta angle = 60deg
ZOkm | —TANGENTIAL NAVIGATION ERROR
%
~ HERE, target is detected

15 3

T ~—

10

Tangential error

T
-20km
Okm 10 20 30 40 50 60 70 80km
Tangential distance 22
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4 Approach case study by numerical simulations

Performance of Angles-only navigation in tangential direction

B Error in tangential direction
M Visible Camera only, beta angle = Odeg
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4 Approach case study by numerical simulations

Performance of Angles-only navigation in tangential direction

B Error in tangential direction
M Visible and infrared, beta angle Odeg

20km
— TANGENTIAL NAVIGATION ERROR
—<— ESTIMATED 3c DEVIATION
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-
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4 Approach case study by numerical simulations

Performance of Angles-only navigation in tangential direction

B Error in tangential direction
M Visible, infrared and laser range finder
20km
— TANGENTIAL NAVIGATION ERROR
—*— ESTIMATED 3c DEVIATION
15 i
10 HERE, accuracy is dramatically /
5 improved by laser range finder
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S
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15
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4 Approach case study by numerical simulations

Summary of navigation case study simulation

B Angles-only navigation may provide navigation data with
sufficient accuracy to connect from TLE/SGP4 navigation to
vision-based navigation using size of the target.

Detectability of visible camera depends on beta angle.

B Detectability of visible camera strongly depends on sunlight
direction. Measurements of visible camera are available in a
limited portion of an orbital revolution.

B Infrared camera can be great stable navigation source in
medium range.

B Direct range information from laser range finder dramatically
improve navigation accuracy in tangential direction.

B Optical property of the target is the key factor of detectability
and this case study strongly depends on it.

26
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B Approach to a non-cooperative target is not a easy task

B Poor knowledge of target optical property and motion is
the key factor of the difficulty

B Rendezvous system for active debris removal should be
able to absorb wide dynamic range of these
uncertainties

B High fidelity modeling of target optical property, motion,
and sensor hardware is important, but it may be
challenging to be precise enough on ground

B The most important point is flexibility of rendezvous
system and operation plan to be able to absorb
remaining uncertainties during actual flight

27
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Vision-based Measurement and Motion Estimation for Space Debris Removal
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The 5th Space Debris Workshop
Jan 22, 2013

Image-based Measurement and Motion Estimation
for Space Debris Removal

FIUBREISH 1T BERE R SEREE DR

*Yasuhiro Katayama, Heihachiro Kamimura,
Shinichiro Nishida, and Satomi Kawamoto (JAXA)

*AIRE. EFF/NER. EEE—ER. AR (FHMZERRREERE)

Outline of Space Debris Removal

* The amount of space debris has been increasing over the years and has
become a potential problem for space development.

* The prevention of new debris is required in order to continue space
activities in the earth orbit.

* In particular, an operation to remove debris from orbit would be effective
in curbing the amount of debris.

* Deorbiting a large-scale satellite would be effective in preventing the
spread of many smaller pieces of debris from its breakage.

* Presently, the second stage of a launch vehicle, such as the HII-A, is
considered an appropriate target for removal.

* The importance of space-debris removal is internationally recognized, and
this activity is expected to become industrialized.

2
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Contents of this presentation

* The second stage of the launch rocket is set as a target for removal from
earth orbit.

* For deorbiting the target from orbit, a device that can shift its own orbit is
attached on the target body.

* A measurement/perception system is required to accomplish this
operation through remote and autonomous control.

e The progress of our image-based measurement and motion estimation
systems is reported in this presentation.

(Topics of this presentation)
* Image-based measurement and motion estimation for debris removal
e Operational phases of debris removal

* Facilities for and difficulties in image-based measurement and motion
estimation systems

Specific ways to remove debris

* Fixing a device for changing orbit to a debris body

— By using the Lorentz force caused by the earth’s magnetic field
and the current of electricity through an Electro Dynamic Tether
(EDT) that is stretched over a long distance from the device.

— Or by using the propulsive force generated by thrusters.

When the removal device is attached
to the object’s body, we need to
make a removal satellite
* approach and rendezvous with
the target debris satellite, and
* attach a removal device or
grapple the target.
These operations require remote
and/or autonomous technology
based on robotics.

Conceptual drawing of space debris
removal operation by dragging EDT.

This document is provided by JAXA.
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Sensor/perception technology for approach to
and capture of debris satellite

In this presentation, an upper rocket, i.e., HII-A, is proposed as a debris target;
it is large enough to be approximately observed in its orbit or have its motion
observed from a ground telescope.

In addition, its design parameters and materials are preliminarily known.

With all these factors, we can place a removal satellite closer to the debris
target by using GPS navigation.

In the final approach and capture phase, more precise perception is required
as follows.

* Determination of orientation to the target
* Measurement of distance to the target

* Relative attitude and position between the target and the removal
satellite

* Reconstruction of the target (if the design parameters are not available)
* Motion estimation of the target
* Sensing to assist robotic operations

Comparison measurement/perception system:
Image-based sensor and Active optical ranging sensor

The measurement/perception system is composed of an optical camera and/or
a range sensor. A quick comparison of their characteristics is presented below.

Range Sensor: LIDAR (Light Detection And Ranging), LRF (Laser Range Finder)
Advantage in precise measurement of distance or shape
Necessary in long/wide range, downsizing of power, dimensions, and weight

Image-based Sensor: Stereo vision, image-based measurement algorithm
Advantage in (potentially) long/wide range, compact resources

Necessary in speed, resolution, limitation of lighting; more research and
development is required

We believe that the image-based measurement system is promising for future
applications. Therefore, in this study, we focus on the application of image-
based sensing for approaching and capturing the debris.

6
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Image-based 3D measurement and motion estimation

By analyzing 2D images obtained from the removal satellite, we can create a 3D information,
consisting of pose and position estimation of the debris and motion estimation that reflects
the nutation/tumbling of the debris.

In this case, the debris is supposed to be the second stage of a launch rocket, such as HII-A;
therefore, we already know its designed CAD value. (Fortunately, we already know the
debris’ dimensions, weight, and materials.)

The 3D information estimated by image analysis will differ according to the projected size
(pixels) of the target on images, i.e., the distance from an observer to an object. Therefore,
several types of perception algorithms are required during the debris removal operation.

Image-based 3D perception

Image-based 3D perception and
and motion estimation

motion estimation

Phasing image-based perception for removing debris

Image-based perceptions (measurement and motion estimation) have different functions according to the
distance to the target. (Distances below are T.B.D. values)

Approach Phase: finding a target from long-distance and coarse perception
Finding a target and determining its orientation ~dozens of kilometers
Coarse range finding of distance to the target and its shape ~10 kilometers

Observation Phase: precisely measuring shape and motion and turning around to the target
Precise reconstruction of the target and motion estimation ~50 meters

Removal operation Phase: attaching a removal device to the target

Visual support for the robotic operation a few meters ~ 50 meters
Checking behavior of target with the device ~30 meters
Removal operation Phase Observation Approach Phase

Phase

/
motion estimation
Support for Flndlng target and its
robotic operation B / orientation
‘ .— Removal satellite

Debris
satellite

a few meters 50 meters 10 kilometers dozens of kilometers

This document is provided by JAXA.
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Approach

Observation

Removal operation

Image-based perceptions on each phase

* Finding target and determining its orientation

From dozens of kilometers to the target, the target, which is projected as being one or a few pixels in size in a
telescopic camera, is detected for estimating its orientation from the viewpoint of the removal satellite.

Phase

* Course range finding to the target and its shape
Within about 10 kilometers, the target is projected to 10 pixels more on the image.
Using a small projected target, the distance to the target and its shape are approximately estimated.

* Precise 3D reconstruction of the target and motion estimation

At around 50 meters from the target, its shape and the distance from the viewpoint are precisely measured
through image-based perception, i.e., stereo-vision.

The target motion, such as nutation/tumbling, is estimated by using sequential images.

For the final approach in the next phase, all perception information of the target should be estimated in this
phase.

Phase

* Image-based perception for robotic operations

Until contacting with the target, visual perception or target tracking is continually executed for a robotic
operation, i.e., attaching a removal device on the body of debris.

After attaching the device, the performance of the device is monitored in the middle distance.

Phase

(Note) Debris satellite CG model: HII-A second rocket

In this part of the presentation, we describe how each image-based perception is synthesized
using images through computer graphics. The information includes the debris satellite CG model,
HII-A second rocket, and camera properties of the removal satellite.
* Cameras on the removal satellite:

— A camera with a telescopic lens, FOV 6 [ ], for long-range observation

— Two cameras with a standard lens, FOV 20 [° ], for stereo camera sets
— Image-size: 1000 x 1000 [pixels]

* A debris satellite/target satellite and an upper (second) rocket of the HII-A

Synthesized images from 100 [meters] distance
with standard lens, FOV 20 [° ] with telescopic lens, FOV 6 [° ]

Dimensions of the debris target:
total height 10 [meters]

) projection size of the target 117x273 [pixels] projection size of the target 391x984 [pixels]
diameter of body 4 [meters]

Light source; right behind the sun and under the earth’s albedo

This document is provided by JAXA.
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Finding target and determining its direction

* From a very long distance, for example, of the order of dozens of
kilometers, the target projected on the image, with a size of one or a few
pixels, is detected from an image obtained by a telescopic camera, and the
direction from a viewer to the found target is concurrently estimated with

the target positions.

Synthesized images from 10,000 [meters]
distance with telescopic lens, FOV 6 [° ]
Image size 1000x1000 [pixels]

Projection size of the target: 3x2 [pixels]

With a high-resolution camera
with a telescopic camerya, if the
lighting environment is good, the
target image can be projected on
the image plane with one or a
few pixels. As the approximate
target position is known from
orbital information and GPS
navigation, it is relatively easy to
find it and distinguish it from
stars.

The direction of the target from
the observer can be derived
from the target position on the
image.

Course range finding with a telescopic image

* An approximate distance between the viewpoint to the target is estimated
from the projection size of the target and its design parameters.

Synthesized images from 3,000 [meters]
distance with telescopic lens, FOV 6 [° ]
Image size 1000x1000 [pixels]

Projection size of the target: 14x34 [pixels]

From 10 kilometers to the
target, the projection size of
the target will increase by
more than 10 pixels.

The estimation accuracy
depends on the lighting
condition, i.e., the positions of
the sun and the earth (albedo).

This document is provided by JAXA.
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Precise 3D reconstruction with stereoscopic images at close range

* Atclose range, i.e., within 50 meters, a precise image-based perception, i.e., stereo-
vision and/or SFM (Structure from Motion), can be obtained through images of
sufficient resolution.

(With design information of the target, this perception is not so important.)

By using two camera set at a baseline
distance of 0.5 meters, the stereo
images obtained indicate the viewing
disparity of the target; therefore, the
target 3D information can be estimated
by stereo matching.
Synthesized stereo images from 50 [meters] distance with This perception result is an estimate of
FOV 20 [° ]lens, base line distance 0.5 [meters] the shape variation from the known
Each projection size of the target: 233x591 [pixels] design parameters of the target.

Moreover, from the design parameters,
the target’s 3D information can be

» estimated by the SFM estimation
method.

Estimated 3D information

Overlapped stereo images . i
disparity map

left: red, right: blue

Motion estimation at close range

* |tisimportant to estimate the target’s motion in order to capture it. At close range,
i.e., within 50 meters, by using the 3D information that is obtained through stereo-
vision and/or a design parameter, motion information of the target can be
precisely estimated.

|
- . - -

i.e., model fitting motion estimation Estimated target motion, nutation/tumbling along one’s own orbit.

By sequentially fitting a reconstructed target shape to the designed model, the target
motion including nutation/tumbling can be estimated.

The debris motion and the removal satellite motion are included in one motion
estimation; therefore, decomposition of the object from the viewer is required.

This document is provided by JAXA.
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Properties of image-based perception for debris removal

Facilities of image-based perception:

* Design parameters and detailed shapes of the debris target are known, in
which case the second rocket could be a debris target.

* If the target is sufficiently large, its motion is supposed to be simple and slow.
The motion can be approximately estimated by an observation from the earth.

* By GPS navigation, a removal satellite can get close to the target.

-> This reduces the difficulties in image-based perception.

Basic difficulties in image-based perception:

* The only light sources are the sun and the albedo from the earth, but their
location changes from hour to hour. The time required to circle the earth is
about 90 minutes.

* Motion decomposition between the target and the observer

* Wide sensing range: from 10 kilometer (or of the order of dozens of
kilometers) to O meter

* Limitation of resources on a spacecraft, i.e., camera, CPU, memory, etc.
* Unauvailability of actual sample images

(Reference) Synthesized images from different positions of the sun

Sun position: behind right side

left side

This document is provided by JAXA.
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(Reference) Synthesized images from different viewing positions

(Reference) Lightning changes in position of the observer rotation
on its orbit

ERE
PE®

This document is provided by JAXA.
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Our activities in image-based perception for debris removal

Usually, the research and development of image-based perception requires much
experimental evaluation of the proposed methods with the actual images. In the
debris removal operation, it is not easy to obtain the actual images of the debris in an
earth orbit; therefore, we have to use other means to obtain more realistic images.

The following are our activities in this regard
* Synthesis of images through computer graphics

- for the performance of the proposed algorithm, tests in many
cases
* A miniature scaled model of the debris
- for actual tests of the cameras, lens, and real material, i.e., CG image
refraction on MLI (multi-layer insulation)
* Images of the (actual) HII-A upper rocket in a facility
‘o

Miniature
model

- for actual scale tests of the camera, lens, and actual surface
materials

* Actual similar images obtained from the ISS, HTV,
and HII-A

- for actual lighting environments

Actual satellite
. . . (HII-A)
* Through a demonstration experiment on the orbit,
actual images are obtained

- this is a perfect experiment and a unique opportunity. Similar image

on the scape
(GOSAT)

Conclusions

* Attaching a removal device to an upper rocket is effective in reducing new
space debris in the earth orbit.

* This operation needs remote controlled and/or autonomic robotics
technology, and 3D perception plays the most important role.

* This presentation provides an outline of the phases involved in the debris-
removal operation in terms of image-based perception, and it describes
our activities in this regard.

* Inthe debris removal operation, we believe that an important and key
technology is 3D reconstruction and motion estimation using images
obtained by the removal satellite.

* We continue to focus our research and development on image-based
perception for debris removal.

20
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The Strategy and Technology for Non-cooperative Target Capture
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In the debris removal mission, the target (debris) capture is one of the biggest issues. The targets are
non-cooperative in terms of the lack of dedicated fixtures and attitude stabilization. The established capture
technology is not enough for such target. In this presentation, the requirements, strategy and technology for the
capture of the non-cooperative target are discussed.

This document is provided by JAXA.
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5th Space Debris Workshop, Jan. 22", 2013

HERRT OIS T - HIBORKRE
The Strategy and Technology
for Non-cooperative Target

Hiroki NAKANISHI and Satomi KAWAMOTO
Japan Aerospace Exploration Agency

Table of Contents

€ Debris Removal Mission
€ De-orbit Device

€ Mission Sequence

€ Requirements

€ Device Fixation to Non-cooperative Target

This document is provided by JAXA.
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Debris Removal Mission

Removal mission for existing Debris
(Malfunctioning Satellite, Upper Stage of Rocket) To next debris...

Motion Estimation

Injection
] =

Orbit Approach to Debris | Proximity Operation | &
'l
&

Non-Cooperative
Approach

A

Deorbit "
Device
Attachment

Debris

Non-Cooperative Target

» No Dedicated Fixture
» No Attitude Control (Tambling motion)

Breaking and Pushing away of the target should be avoided.
However, the capture system which provide safely capture has
never been established yet.

Debris Deorbit Device

EDT(Electrodynamic Tether) Air Brake etc.

These Devices give the debris low-thrust over long term

~

Fixing the tether end of the de-orbit device
on the target surface is required!

This document is provided by JAXA.
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Orbital Service and Debris De-orbit

Final Approach e
Mission ' Device Attachment

Orbital Servicing

Mission

Contact h

Capture Attaching the Debris
(Grasping) Deorbit Device
S ¥
De-tumbling & Berthing Disengage
‘ or
Sakdce Deorbit with Debris
¥
Disengage SIMPLE!

Assumed Target

Over 10,000 Target mm) Prioritization is important!

Preferential Target:
» Large size debris which makes more small debris with a collision.
» Debris which is easy to access and operation.

-

Upper stage of Rocket | o Large satellite

® Weight: 3~4[t], Size: ~10[m]
® Max 1[deg/s] of flat-spin or swinging by gravity gradient

This document is provided by JAXA.
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Mission Scenario

® Assume the EDT or tether towing type device.

® Attach the tether's end to the target while short time of
relative control.

(No target handling, No berthing)

Final Approach

Tether

[ ]
)!)

Attachment

s

Separate the tether's end right after the fixation
(Separate the hand right after the grasping)

;
)

Separation

m
Debris Deorbit Device
Disengagement
or —
o | —

Deorbit with Target
=

® :Tether's end

Requirement for Device Attaching System

for Arm

¢ Stiffness against contact force and reaction force

¢ Enough clearance between main body and target
(1~2m)

¢ Enough velocity and accuracy
¢ Light weight, Low power and simple mechanism

for End-effector

© Endurance and absorption for contact force

Tether ¢ Fixation with enough force
(Endure de-orbit force > Low but long term)

©® Wide allowable attitude for attach motion
€ Quick fixation

@ Light weight, Low power (no power after fixation)
and simple mechanism

Deorbit device

Time Constraint

Operation must be done within 1 AOS HEE) { 40min (with Data relay Sat)
10min (w/o Data relay Sat)

This document is provided by JAXA.
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Conventional Grasping System
(for Cooperative Target)

LEE (Latching End Effector)

#OFNEC R ENRE
i 5 i

(BT

B4 FS5TUT42RF

EE GF

Combination of EE and Dedicated GF is MUST = Useless for Non-cooperative Capture

Where is de-orbit device fixed?

Requirements for fixation/grasping point

® Easy to access

® Easy to grasp

® Easy to identify

® Enough stiffness for grasping / contact force

Antenna Structure
(Low grasping force)

Truss Structure (Yoke) % Body Structure

Rocket Nozzle

PAF (Payload Attach Fitting)

AT ™S

This document is provided by JAXA.
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PAF (Payload Attach Fitting

® High Stiffness .

® Suitable Shape for Grasp
(Cylinder, Truss, etc.)

® Easy to Access (Edge of body)
® There are often Obstacles

Grasp Fix from Inside
Expandable _
== boom :_"'::I':"'. el
- g -
S )|
B 1) -
Cylinder Edge Gripper Capture Satellite Target
=
{ B —3% | )
=
sorpemmtyss EDT ORI
JAXA-THK )
PAF Capture Tool

Truss Gripper multi-purpose hand

Main Body

® High Stiffness
® |arge Capturable Area

Harpoon (for Rocket)

» Stick a rocket harpoon to LH2 Tank OIHI
» Long range (~10m) Rocket Harpoon
> 2DOF Control (Az - El)

» Prevent the penetration trough whole body
and production of micro debris are issues.

Grasp

» Low requirement of relative motion.

» Large capture arm is required.
(Larger than target)

Whole body capture with extendable arm

This document is provided by JAXA.
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® Easy to Access
® High Stiffness (Base structure)
® | ow Stiffness (Nozzle surface)

Nozzle probe insert experiment (for DRTS’s nozzle)
(Corroborate with Tonoku University) _ i

» Capture probe is inserted into nozzle throat. =
» The probe is extracted and hold from inside wall. )

» Inside wall of nozzle skirt is used as a guide plate. ODLR '
DLR’s Nozzle Capture tool

Solar Paddle, Antenna, Plate structure

® Easy to Access
® | ow Stiffness

Panel Gripper =,
= - I r

Sala Faned CNT Gecko Tape (©Nitto Denko Co.)

High Friction
hafarial

Sanaine Ce-armi

Dt Grasping Pad

» Low Grasping force but High friction force

» Low concentrated load

» High friction material with resistance to space environment
is required.

This document is provided by JAXA.
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€ The requirements, strategy and technology for the capture of the
non-cooperative target are discussed.

v The target assumption is clarified.
B The first targets are large debris (rocket and large satellite.)

v A strategy of de-orbit device attachment to the debris is
proposed.

v' Attachment (grasping) technologies for non-cooperative
targets under development are introduced.

This document is provided by JAXA.
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R&D of Electrodynamic Tether for On-orbit Demonstration

ORINIRER, WIARRRSE, MARER], R #, AR TS (22t 78R FE i)
O Yasushi Ohkawa, Satomi Kawamoto, Koji Matsumoto, Hiroshi Shiomi, and Shoji Kitamura (JAXA)

IKHLE T 7 VBREMO T A —E v MiEE R~ 2 B HEL T, JAXA WFIEBRAS CIEBMET —
(EDT) £ OBFZERA 3 2D CUND, EDT 1%, EEMEO O (79 —) I A E i S BRI & D T-#RIC
X0RATIa—L Y et HEUCRI T 2R THY |, HEHER 2 MBI K& R %
BAHZENTES, KA /N R B fl 70 AT LD BN EE L2 L7 7T VREERO-DIIT, b
FLO EDT ORI KERF R LR D, RFEE T, 7T 7 UBREV AT LRI M - HAIN G ED 1 AT v
ELTHRRIEN TS EDT O#E _EHTFEIEERICIAT 7= £ BRI O 7R F IR OW T, 204
BRI T D,

Electrodynamic tether (EDT) technologies have been studied for future active debris removal systems in the
Aerospace Research and Development Directorate, JAXA. The EDT is an advanced propulsion system
which utilizes the interaction between an electric current through the tether and the geomagnetic field for thrust
generation. In order to realize low-cost active debris removal systems, simple and efficient deorbit
propulsion is needed, and the EDT is a promising candidate for such a propulsion system because of its
propellant-less mechanism and high-efficiency in weight and electrical power. In this presentation, the
current research and development status of some key EDT system components are presented.

This document is provided by JAXA.
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5t Space Debris Workshop,
Chofu Aerospace Center, JAXA, January 22 & 23, 2013.

R&D of Electrodynamic Tether for
On-orbit Demonstration

BB LEFZ S =BEME TS —HiT DR FE

by
Yasushi Ohkawa, Satomi Kawamoto, Koji Matsumoto,
Hiroshi Shiomi, and Shoji Kitamura
KINFSE, ARBRE, RAXRF. BERB, LFHIER
(Aerospace Research and Development Directorate, JAXA)

Outline of Presentation JKA

= Concept of Active Debris Removal in LEO
Electrodynamic Tether (EDT)

= Fundamentals
= Advantages and Disadvantages
= EDT Operation in High Inclination Orbit

Roadmap to realize ADR equipped with EDT
Plan for On-Orbit Demonstration of EDT
Development of Key Components

= Tether - “Net-type Bare Tether’
= Electron Emitter - “Field Emission Cathode”

Conclusion

This document is provided by JAXA.
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Concept of Active Debris Removal (ADR) in LEO

= Target: Large LEO debris (rocket bodies or defunct satellites)

JKA

-

Remover
(Service satellite)

Motion Estimation

~

1) Approach to non-
cooperative objects

7

Autonomous maneuvering
for approach and rendezvous
with non-cooperative debris

=
=
-

Orbital debris

EDT
Attachment

7
2_) Proximity

operations

Sensing of debris motion
and attachment of EDT
unit to debris.

Remover goes
to next debris.

objects.

Launch

3) Deorbit by EDT

Flight Sequence of Future ADR

Deorbit to disposal orbit
after tether deployment.

What is Electrodynamic Tether (EDT)

= EDT is “Propellant-free propulsion”

= Fundamentals
= Attitude stabilization by gravity gradient

= Electromotive force (EMF) by orbital motion

» Vemf=(vxB)L
= Electron emission and collection
= Electric current through tether
= Lorentz force

Flight
dlrect

. F=(JxB)L R AR

Geomagnetic
field

5 Electron

® /@ collection

N\

Electric

- - - - - - - - -
current BAPIaPr il
-
on _____- P R et
————— e - ==
” ” ”
R r =y Drag force

[ SN
e
k

/]
@®

\
5}

Electron
emission

®

‘Eﬂ_

This document is provided by JAXA.
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Advantages of EDT for ADR (1)

" Light weight
® No propellant consumption
" Large velocity inclement missions do not
increase system mass
" Simple system
® Propellant tanks, valves, and pipes are not
required
* System can be simple and small
® Low electrical power

® Naturally induced voltage (electromotive force)
can be used for thrust generation

" Electrical power consumption is lower than that
for general electric propulsion

No propellant

Voltage induction by EMF
(Power generation)

Advantages of EDT for ADR (2) J4XA

* Easy attachment to debris

= Not requiring strong attachment force because of
small thrust of EDT

= Not requiring alignment between thrust axis and .
debris' center of mass because small thrust is
distributed along tether

= In general propulsion, thrust axis must be aligned
precisely with center of mass of debris to avoid
inducing rotation

® No thrust vector control

® Thrust vector control is not required because EDT
thrust is automatically directed towards lowering
altitude

® In general propulsion, thrust direction must be
controlled by active attitude control for deorbit

Debris

Tether

Simple and small system for “Low cost” debris remover.

This document is provided by JAXA.
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Disadvantages of EDT and Countermeasures KA

® Long mission duration
* Deorbit will require several months to a year because of EDT’s low thrust
* Autonomous operation is needed to reduce operation cost

" Possibility of mission failure due to tether being severed

" There is a possibility of tether being severed by impacts of small debris
objects or micrometeoroids

® The risk can be reduced by adopting “net-type” tether
" Collision risk with operational satellites
® There is a collision probability between EDT and operational satellites
" The risk should be assessed against mission payoff in advance
* Difficulty of controlled re-entry
" Controlled re-entry is difficult because of EDT’s low thrust
® Target for removal should be selected considering a hazard to the ground

7
EDT Operation in High Inclination Orbit S 4HA
= EDT thrust becomes smaller in higher inclination orbits, but is still great
enough to transfer debris from SSO
04
035 | iemer Idejngthé 192I<m = o8z ||
ether diameter: 2 mm o— 83deg
= 0.3 —&A— 75deg |
= 52deg
-§ 0.25 X\\ R
s 02
5 T
S 0.15
()
&
0.1
oos |- ————,
—
0 L L L L I
300 400 500 600 700 800 900
Considered in the numerical code; altitude (km)
Orbital motion, tether flexibility, IGRF magnetic, IRI plasma, and OML electron collection model. 8

This document is provided by JAXA.
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EDT Operation in High Inclination Orbit ’54"‘4
= 10-km-EDT can transfer 3.4-ton SSO debris from 800-km-altitude to
atmosphere within a year
900
Debris mass: 3.4 ton
800 Initial orbit: 800-km-SSO
Tether length: 10 km
700
Tether diameter: 2 mm
~ 600 \\
<= 500 \
§ 400 \
© 300
200
100
0
0 50 100 150 200
time (day) 9
Roadmap to Realize ADR with EDT J4XA
Final Goal:
Continuous active debris removal execution ¥ ] "
by “Multi-Debris Removers.”
System demo of debris removal _
by “Single-Debris Remover.” =h:
: 5
(Approach, Attachment, and Deorbit) % o
o
=2
© O
T O
c o
(Flight \ R&D on non-cooperative % %
demo rendezvous, proximity £ 5
of EDT operations, and EDT thrust 3
increase
N
10
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Feasibility Study of EDT Demonstration using HTV — #4%A

EDT on HTV (H-Il Transfer Vehicle)

= Objective
= Demonstration of EDT key technologies
« Deployment of bare tether
= Electron collection by bare tether
» Electron emission by field emission cathode Tether
« Current loop formation via plasma
= Autonomous current control operation

ﬁ End-mass

o
4 o
4

Current

= Flight Sequence au | HTV

« HTV leaves ISS and lowers altitude
= Tether deployment 7 days
=« EDT operation }
=« HTV re-enters atmosphere

L. Electron emitte
for EDT mission —

e€

Tether length 700 m
Max. tether current 10 mA
11
Key Components of EDT SHA

Most important components in
EDT system are:

= Bare Tether bare tether| @
= Induces voltage along tether = e
= Collects electrons from plasma N

= Generates thrust Flight

direction 3

s Electron Emitter
= Emits electrons from tether end

= Closes electrical current loop via
plasma

This document is provided by JAXA.
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Bare Tether JKA

= Major Requirements for Bare Tether
= Sufficient strength to withstand tension forces
= High electrical conductivity to pass electric current and to collect electrons
= Low surface friction for smooth deployment from reel
= Tolerance to impacts by small debris to survive in on-orbit environment

= Net-type Bare Tether
= Fine aluminum wires and stainless steel wires are braided to form a cord
= Three cords are connected to each other alternately

= This arrangement creates physical gaps between three cords
= High resistance to being severed by small debris impacts
= High efficiency in electron collection from space plasma

13

Bare Tether JKA

= Various tests have been conducted

4 N  bnimas )

|_— Tether

"Ejection Spring *

] Oy

=

/ ) /
Small Satellite Air Table

Qather deployment friction measurementj \_ Tether deployment test on air table J14

This document is provided by JAXA.
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Bare Tether

= Various tests have been conducted

4 )

Counterpart
specimens

Reciprocating

Lubricant for smooth tether deployment Hyper velocity impact test
= 2N 5

Bare Tether

= Various tests have been conducted

\_ Electron collection test and analysis ~ /

16

This document is provided by JAXA.
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Electron Emitter JKA

» Electron Emitter Selection for EDT

Advantages Disadvantages

—
Field Emission Cathode (FEC))Small, Simple, Low power Space charge limit, Not matured

Hollow Cathode High current density, Matured| Tank and valves, Heat load
RF/ECR Cathode High current density Tank and valves, Not matured
Thermionic Cathode Small, Simple, Matured Space charge limit, Heat load

Passive Cathode

(Photoemission, lon collection) Simple, No power Large area, Low current density

FEC was selected because of its simplicity and potential capabilities.

17

Carbon Nanotube FEC J4KA

= There are types of FEC

= Spindt, Triple junction, Regenerative, Carbon nanotube, etc.

= Features of carbon nanotube (CNT) FEC
= High field enhancement factor

= High tolerance to ion impingement and electric breakdown: Operational in
low vacuum condition in LEO environment

= Nanotube structure and chemical stability

Gate

ol Pl P P Cj—_L »
(N LN LD\ LD T
Emitter

Carbon Nanotubes (CNTs)

18
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Electron Emitter

= Laboratory Model of FEC

= Electron emission: 3 mA (nominal)
= Extraction voltage: 1 kV (EOL)

. 5 x 10° Pa

Emission current, J., mA
Gate current, Jg, mA

| 200 300 400 500 600 YOO
' Emitter voltage (negative), V,, V
Extraction voltage required to maintain 3 mA

Typical current-voltage characteristic (BOL) emission during 1,500-hour endurance test

19
Conclusion J4KA
= Electrodynamic tether (EDT) is a promising candidate for deorbit
propulsion of “active debris remover” because of its:
= Propellant-less mechanism
= High-efficiency in weight and electrical power “Low Cost”
= Ease of attachment to debris Debris Remover

= Ease of operation

= JAXA has a roadmap to realize “active debris removal” and is
proposing a flight demonstration of EDT as the first step.

= Key technologies of EDT including “bare tether’” and “field
emission cathode” have been studied, so that we can start a
project for the demonstration flight.

20

This document is provided by JAXA.
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The Plan of Electrodynamic Tether Experiments on HTV for Debris Removal

Ot HREf, JFHIET, IARRSE, RINFRE (FHiMi 220 JEBH S FEAS)
ODaisuke Tsujita, Masayuki Harada, Satomi Kawamoto, Yasushi Ohkawa (JAXA)

T ZVOBMMARERMEEL GRS TRY, 43 ClciuE Lich s 7 7 VR LOmZEIc LS T
VD B CHE (7 AT — R a—5) PMEBLE TR SN TWD, BHCERELE T 7V 20 RELT-T 4
—E R MEELC, #EEAENEEBNET P — ORI HEZ JAXA ITRFTL WD, ZO—EELTEEIZ 3 #FT
FEEOHL HIV Z2ER T T 73— LU E BT P — RAFEROFE A I F T D,

Recently, space debris increase is recognized to be a growing problem and the concern for Kessler Syndrome
on Low Earth Orbit(LED) is being threat for spacecrafts. In order to remove orbital debris on LEO, JAXA
have been studying the usage of Electrodynamic Tether (EDT) as a deorbit method, which needs no propellant.
We present the plan of EDT experiments on H-II Transfer Vehicle (HTV) as one of the studies. Note that HTV
has already performed the mission three times successfully, and four HTVs will be launched every year.

l Endmass

bare
tether

current

HTV

Electron\\n
Emitter e'e

This document is provided by JAXA.
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1. HTV Overview

2. HTV Debris technique

3. Feasibility study of EDT Experiments
on HTV

4. Summary

This document is provided by JAXA.
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1. HTV Overview
1.1 HTV Configuration Overview

1.2 HTV Operation Overview

1.1 HTV Configuration Overview LKA

HTYV Characteristics
1 | | | 1
. PLC | ULC  AM , PM ! Dimensions | Length: 9.2 m
I Pressurized | Unpressurized I Avionics ! Propulsion 1 .
: Logistic Carrier : Logistic Carrier : Module : Module : Diameter : 4.4 m
{}W e | : ' : Total mass 16.5 ton
L Y Py, ' = | full loaded

Launch H-IIB launch
_ Vehicle Vehicle

Target orbit | Altitude:
350km~460km

Inclination: 51.6deg

'l.l N ..l'-:-:llln.ll'.md Carver .
% e
LY |

1
hlll.lr oadl Cprvias !

Cargo 6 ton in total
capability

Press. Up to 5.2 ton

b ¥ h
T Pagona 1"'. s, Earth Lormsr

iamtch s ke Un-press. | Upto 1.5 ton
e [ ‘ P #3 Trasasnrs LSS Propulsion | Four 500N main
system engine
Twenty eight 120N
RCS thrusters

This document is provided by JAXA.
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1.2 HTV Operation Overview %4#44

F—FEEAR TR

pEHHTY Separation  Rendedvius Fhass 55 ME7I=%
Degarture from 155
o

REER
e aut,

MEA
DTy
Fheeiry

=

. A
e
TORE Conlrgl

5

ara

2. HTV Debris Technique
2.1 Current Debris Technique
2.2 Study Items for Debris Technique

This document is provided by JAXA.
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2.1 Current Debris Technique %4#44

. Debris bumper
It is for shielding HTV M/OD critical items as follows.
(a) Pressurized Logistic Carrier
(b) GHe pressure vessels in Propulsion Module
(¢) Propellant tanks in Propulsion Module
# HTV can perform Debris Avoidance Manuber based on
tracking space debris data
Debris bumper (Al, thickness approx. I mm)

In work of PLC

2.1 Current Debris Technique %4#44

" B. Reentry
HTYV can perform controlled reentry into the atmosphere to
prevent HTV itself from becoming debris.

Entry InterFace
(120km)

Expected HTV debris

falling area

Fig. HTV Controlled
Reentry Image

0

Falling dispersion

Fig. HTV’s Projected Reentry Path

This document is provided by JAXA.
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46#- . ‘; 2.2 Study Items for Debris Technique ﬁ:k'ﬁ-l
hv;':#} y q

A.Debris Measuring Sensor B.ElectroDynamic Tether(EDT)
Experiment

The sensor to be in
replacement of a SAP

3. Feasibility Study of EDT
Experiments on HTV

3.1 Introduction of Feasibility Study

3.2 Study of Configuration

3.3 Study of EDT Experiments Window

3.4 Study of EDT Experiments Sequence
3.5 Usage of HTV function on EDT Exp

This document is provided by JAXA.
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*ﬁ 3.1 Introduction of Feasibility Study 54#44

L
.

Status

HTV1 through HTV3 completed the missions successfully,
and the plan of HTV4 and subs are proceeding steadily.

Characteristics

HTYV has high quality, high reliability, promised launch
opportunity and the operation skills matured at high

level ‘

HTYV appears to be a good on-orbit platform and is very
attractive for users who hope to make their instruments
flight-proven.

We are studying some items for realizing the expectation, and

introduce one of study results i.e. EDT experiments on HTV.
11

L

__,':"_

:*_;;‘ \ 3.2 Study of Configuration W

Prerequisites

>

on the tether from nadir to zenith.

-End-mass with tether should be ejected and deployed from HTV.
-Electron emitter should be positioned on the tether end toward the earth.
Reason) Lorenz force to be worked for the opposite flight direction by driving the current

Trade-off
Optionl Option2 Option3
) End-mass should be End-mass should be End-mass should be
Brief deployed to the zenith from| deployed to the nadir from deployed to the zenith
the open area of ULC the open area of ULC from the back of ULC
Config
- e ! Electron Emitter .
Electron Emitter ¢ ¢ Electron Emitter ¢ ¢
|Earth |Earth |Earth
Evaluation X X O

12

This document is provided by JAXA.
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3.2 Study of Configuration ,‘%XA

@Optionl: X
Impossible. The reason is why HTV is designed to fly with the ULC open area toward
Earth.

@Option2: X

The end-mass system would be complex to install electron emitter and some support

equipments.
Equipments on HTV

4 ) HTV
SAP Electro-
meter Probe
BAT End-mass
, TRX
Current PCU
e
Tether End-mass TRX PCU DT
. Power Bus
End-mass Mission Tether
| Computer Recl | End-mass
b r Mech Eject Mech
¢ e Electron s — = T L e CO, ;
Emitter Ele M/D
— Emitter
\_  lFath Conrolle
Cofig
EDT Instruthi®nts ]

Fig. System Block Diagram [

et W 3.2 Study of Configuration ,‘%J(A

%ption& O

A solar array panel on the back of ULC could be removed based on power resource
experience on HTV1 through HTV3. Then the end-mass could be deployed from there.
And, the backside on HTV is covered by the rendezvous sensor (RVS) which is used in
approaching ISS. The RVS could monitor the end-mass motion. Therefore, GPS for
monitoring the end-mass position and transponder for transmitting the information
would be unnecessary. As a result of that, EDT system could be much simpler.

Equipments on HTV

HTV

Electrometer/
Electrostatic probe

|

Magnet
Sensor

EaEe—

End-mass
EjectMech | L_| DHU/ |quen » COM/DH

Tether PCU
Tether
Electron ¢ ¢ Separation

Emitter ’J

Ele Emi C
k lEarth / ‘ € Irnltter ont ‘

Config Ele

Emitter [

reel
mech

EDT Instrultﬂents ]

Fig. System Block Diagram

This document is provided by JAXA.
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Vi
el

By

155

Reentry Phaste

ISS

3.3 Study of EDT Exp Window

prioritizing the HTV mission objective i.e. transport of
cargo/supplies to the ISS, EDT Exp should be performed
from the end of integrated operation until reentry.

Deaariore Proxin:izp
Fhace Crparation Phagff
> —P < >

Launck
Flaze

LKA

>

1S5 O:biv Alilude 350

— 46Ckm

X

DOk'a

mmmmm

Altnude: | 20km

DON2  COWt\ DEM2

z Integrated Ops Phase

EDT Exp Window

Budjuslin g t

tLaunch

15

3.4 Study of EDT Exp Sequence

W

Phase Deployment Stable Libration Electron Emitter Ops
[Phenomena| Eject & Deploy| Libration EMF Emission | Collecting |Lorenz Force
700m | Lorenz
deployment pu EMF . © Fgree
- e- _r
Current e
Config (10mA max) gl
e e e e-
Acquire the Acquire the Confirm Mutual | Confirm driving current | Confirm
characteristics | characteristics | characteristics by emitting and Lorenz
Outcome |- tether of libration after between orbital | collecting electron force
deployment deployment motion and
- libration during generated voltage
deployment
16
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Monitor the end-mass motion by RVS

3.5 Usage of HTV function on EDT Exp  L£XA

in-plane angle

with tether could librate with plus/minus 60deg (max) in plane.
RVS could trace the end-mass motion by controlling the HTV
pitch angle via ground commands.

The RVS filed of view is plus/minus 20 deg, and end-mass 5
N

Flight
direction

e N N

Time [sec]

= RVS field of view
HTV pitch angle

Fig. pitch angle control sequence Fig. RVS field of view 7

4. Summary W

O®HTYV is originally designed with consideration for
space debris because 1t has pressurized section where

crews enter.

® As above, Space Debris has to be considered with
making human space ship fly into space.

® We would like to continue the study to contribute
solving the space debris problem.

18
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GEO Debris Removal using lon Beam Irrradiation

OALATIEYR, FI=ES, RNNISE, AR SE (FHi2ea 786 JE 1)
OShoji Kitamura, Yukio Hayakawa, Yasushi Ohkawa, Satomi Kawamoto (JAXA)

AF 2P BRI AL TE IEBLE EO KRS 7 ) 2 B30 E ISt 357 7 UBRE FIEERE LT, B
EMIIIAF oD 2 BIEEL, — DA DU BB LA B — AT TF TR RS T
a5z FOWEEEF T, M EOAF TP ORI L > CTTF 7V EORIIEE — €I
2 #9300 km HWIRFEHE E CHREKOEEE BT D, AT T 7VOHERENARE 270, T 7 VD
FEMITZ IR TE L2V L, [BEL CWDT 7 UICh i T& 5, Iy al il cid, il EE & 1.5
ton DFREMZ VTR 170 B T6HDOT 7 UNRETE -, KGTIEICHARE THHMA B — LD
WM OWTIE, Bl SR BRI K> T R R G 2R 2 T2 B e 1572, B — AW iR & 2>
BDINY I ZNRB) TN ONWTUE, EBRAVZR IS L > TR 7R R ERE D15 Y RIRERN /2N 2 A TR L
77

We proposed a concept for a reorbiter using ion engines to reorbit large GEO debris objects up to a disposal
orbit. The reorbiter, equipped with two ion engines, exhausts an ion beam from one of the ion engines to
irradiate and thrust a debris object to change its orbit. The other ion engine is operated so that the reorbiter
follows the debris object. Their orbits are raised to a disposal orbit approximately 300 km higher. This system
can operate without catching debris objects; thus, it can be applied without regard to their detailed shapes or
rotations. A typical model mission was studied, and the results showed that six debris
objects can be reorbited in about 170 days with a reorbiter of 1.5 ton. The beam convergence and the effects of
beam irradiation were recognized as critical issues. Numerical calculations and basic experiments gave a
feasibility of the required irradiation efficiency. The back-sputtered materials from the irradiated surfaces were
experimentally evaluated, and the results indicated no serious contamination problems on the reorbiter.

AFre— 2B EZ WD T 7 ) uEEE OIS
Concept of Space Debris Reorbiting Using Ion
Beam Irradiation

This document is provided by JAXA.
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January 22, 2013
The 5t Space Debris Workshop

GEO Debris Removal using
Ion Beam Irradiation
1A E—LEBFZEALD
RRILEETIUDRE

S. Kitamura, Y. Hayakawa, Y. Ohkawa and S. Kawamoto

AFIER, BIIER, KINEE, AERIESE

Japan Aerospace Exploration Agency
F W EF LR E

Outline LKA

Background

Concept of the Reorbiter
Reorbiter System
Example Removal Plans

mop W N R

. Issues to be Addressed

> Ion Beam Convergence

> Effects of Beam Irradiation

> Non-Cooperative Rendezvous
6. Conclusions

2

This document is provided by JAXA.
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Background

AA

e Features and Problems in GEO

Debris

— Debris in GEO will stay there permanently.
Not all of GEO satellites have been reorbited
after end of mission.

Number of debris objects is increasing.
Though no collisions have been reported so
far, they would bring very serious effects if
they occur (no decay by fragmentation).
Same librating objects repeatedly approach
operational satellites.

Development of technologies of space debris
removal should be supported (GEO satellite
operator)

Thus, GEO debris removal will be needed in
the near future.

GEO objects (>1m)

9 ‘,

— ﬂﬂli‘lfﬂﬁﬂ'ﬂ -;E w-lﬂ'ﬂ M-S} 288

= ETM'I'IT-NH

m— Libration arowhd 2 palvila: 18
Libiaban arciird 105 W, 45

mm— Lisration around 75 E: 111

I indsterminats ¢ 11
Uncontraled (na TLEYR T2

Total: 1274

Uncontrolled in total: 877
Status: January 2011
(Reference ESOC)

Object number

Orbit >10cm | >1m
LEO 12,000 1,600
GEO 3,200%* 1,000

*Conservative estimate

Concept of the Reorbiter (1/2)

AA

e Operation Procedure
1.

The reorbiter with two ion engines A and B approaches a debris object.

2.

The ion beam from ion engine A irradiates the debris and gives it a
thrust.

3. This thrust raises the orbit of the debris gradually.
4,
5. The thrusts of the ion engines are adjusted so that the distance between

Ion engine B is also operated so that the reorbiter can follow the debris.

the debris and the reorbiter would be kept with a certain range.
After they reach the disposal orbit about 300-km higher than GEO, the
reorbiter returns to GEO to reorbit another debris object.

=== Qrbit direction

D’ebLis object

Reorblter

lon beam ,/4— \

lon engine A lon engine B

Thrug,tf_ lon beam

This document is provided by JAXA.
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Concept of the Reorbiter (2/2)  L{XA

e Features in comparison with contact ADR
— No docking with non-cooperative debris objects
— No dependence on the details of debris objects
— No “single-shot” step like harpoon shooting or net casting

e Features in dynamics
— Thrust to a debris object has the same direction as the ion beam, so
the thrust direction is independent on its shape and attitude.
¢ Collisions of ions to a debris object are almost perfectly inelastic, so
momentum of the ions is almost perfectly transferred to the debris object.
e Irradiation off the center of mass of a debris object causes torque to the
debris object, but the translational force is not slanted.

Debris object Debris object Debris object

: /N lon velocit
lon velocity lon velocity 7 Y Translational
or
‘ o ﬂ
Thrust force ,i
‘\ 7 Torque

Normal irradiation Slanted irradiation Off-center irradiation

Reorbiter System (1/4) ’5’4’“

e Sample mission model -

— Objects in GEO are concentrated near a '
single curve of RAAN vs. inclination, so
efficient reorbit is possible.

— Six objects withi <2 degand Q <5
deg. *

— Spin-stabilized satellites and rocket 3
bodies were considered.

e T O T T
o

B R TR R - [ - - W 1 130 T
Wi hpsaro of dpsarsging Hode 17 foeg)

Sample Model
Debris object Mass (kg) Dla?n;a)ter . ég) (dgezg) Apggge(irl?%ve Peggge(irt:]c;ve
Satellite#1 125 1.4 13.0 3 0 0
Satellite#2 250 1.6 13.4 2 125 30
Satellite#3 500 2.0 13.7 1 125 -30
Rocket upper stage#1 2000 3.0 14.0 0 125 -125
Rocket upper stage#2 2500 3.7 14.5 -1 30 -250
Rocket upper stage#3 3000 3.7 15.0 -2 -30 -250

This document is provided by JAXA.
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Reorbiter System (2/4) LKA

e Ion Engines
— For Irradiating Debris Objects
¢ Highly converged ion beams are required for efficient irradiation.
e Then, we can have longer separation to the debris object, safer
orbit control and smaller back-sputtering effects, and a smaller
system.
— For Orbit Control
e Conventional ion engines without special requirements.

Ion Engine Requirements

Function Debris irradiation Orbit control
Thrust per thruster 20 mN 40 mN(*)
Number 4 + 4 backups 4 + 4 backups
Specific impulse 3000 s 3000 s
Thrust-to-power ratio 25 mN/kW 30 mN/kwW
Propellant Xenon Xenon
Beam divergence 523822 E::T, :28:2 : g g:g as is
* Throttled while ascending 7

Reorbiter System (3/4) LKA

Total impulse and propellant mass | &
ot firrisulee Orbit control 596 “_1_::.' - for orbll :-:anrr-nl;_;’;
(stF)) Debris irradiation | 212 | 5
In total 808 E x - for debris
Required 27.5 % 20 ,f”f I"jffhmm
Xe”‘(’li‘gr)“ass Margin (11%) 3.5 b ) B
Total 31.0 e
e Calculation of AV Time far mission {(day)

— We assumed the initial reorbiter mass of 1.5 ton and the distance to
the debris object of 20 m.

— Spiral circular orbit transfers, elliptic to circular orbit transfers, and
inclination changes are considered.

¢ Mission Summary

— Six debris objects can be reorbited in 170 days with 31 kg of xenon.

— For a two-year mission, it would reorbit 24 debris objects.

— Constraints on the mission period would be propellant mass, ion
engine lifetime, and contamination due to back-sputtering.

This document is provided by JAXA.
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Reorbiter System (4/4) LKA

e Scale of the Reorbiter System
— The scale of the reorbiter was
estimated from the specifications of
some geostationary satellites with
similar power levels.

— Power consumption of the ion Mass and Power (Target)
engines is about 5.9 kW. Dry mass 1240 kg
Propellant (Xenon) 31 kg
Beginning-of-mission mass | 1271 kg
2m Launch mass 2500 kg
,‘\ Total power 7 KW

Example Removal Plans (1/4) LKA

e Candidates for removal

— Objects in geopotential wells (librating objects)

— Obijects repeatedly approaching operational satellites

— Threating objects for GEO satellite operators (forcing frequent collision
avoidance maneuvers).

e Examples  Additional assumptions for

— Raduga 1-7 (2004-010A) 3 . .
-axis satellites
COSMOS 2379 (2001-037A) — Irradiation only for satellite body

— Proton-K forth stage Block DM §i
—  Ekran 4 (1979-087) — 30-m distance apart

Objects in geopotential wells

ch _— East well | West well | Trapped in
aracteristic (75 deg) | (105 deg)| both wells

Payload: Radugas (29), Gorizonts (9),

Ekrans (8), etc. 83 39 15
Rocket body: Largely Proton-K forth stages 17 0 3
Debris: 2006 Feng Yun and 1978 Ekran 2 2 0 0
Total 102 39 18

Reference: IAC-11-A6.2.6

10
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Example Removal Plans (2/4)

LKA

e Removal plan A

— Raduga 1 and debris objects around in libration orbit

ID Name Class.
04010A | Raduga 1 3AX
03015F fF;rr?:]OQt'a’;e R/B
05010f fzrr‘t’:]";‘t:;e R/B
97083A | (oIS R/B
95069A | Galaxy IIIR | 3AX
03060D fzrr?rt]og‘;;e R/B
97021A é(hg)”gxmg 3AX
01037D ;rr‘t’;";‘t:;e R/B
01037A gg%“os' 3AX
95049A | ;oo 3AX
01045D fF;rr?:]O;‘t:;e R/B

i (deg)

Inclination

8
. B Proton-K forth stage
ATelstar 402R
/EZhongxing 6 (B)
1 5Cosmos=2379
A Galaxy IlIR
Alntelsat 804
6 4. A
/ Muga%
]
5
57 58 59 60 61 62 63 64 65 66 67 68 69 70 Ti

RAAN Q (deg)

11

Example Removal Plans (3/4)

LKA

e Removal plan B

— Ekran 4 and debris objects around in libration orbit

ID Name Class.
81102A | Raduga 10 | 3AX
81069A | Raduga 9 3AX
81061A | Ekran 7 3AX
80104A | Ekran 6 3AX
80081A | Raduga 7 3AX
79105A | Gorizont 3 3AX
80016A | Raduga 6 3AX
79062A | Gorizont 2 3AX
79087A | Ekran 4 3AX
78039A | Yuri 3AX
79035A | Raduga 5 3AX
79015A | Ekran 3 3AX
77108A | Meteosat 1 SP
78073A | Raduga 3AX

16

(4]

i (deg)

S

Inclination

Ekran 4 A h A*a
e A,
a4 Yuni
-20 -19 -18 -17 -16 -15 -14 -13 -12 -11 -10 -9
RAAN Q (deg)
12
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Example Removal Plans (4/4) )ﬁam

e Result
— This system can conduct GEO debris removal at about 20 tons per year.
# of removed fotal Mission Required xenon | Removed mass
Case : removed .
objects rnace (tan) period (day) mass (kg) per year (ton/yr)
Plan A (Raduga 1 etc.) 11 26.6 419 101 23.2
Plan B (Ekran 4 etc.) 14 24.5 403 110 222
Plan A Plan B
2000 - Azuun -
2
% 500 | Orbit control < 1500 | Orbit control
3 o)
0

B 100 | 3 1000 ¢

3 S

g' = Debris irradiation

= 500 b L S 500

T Debris irradiation |9

©

|_ ] | | 1 1 | 0

0 100 200 300 400 500 0 100 200 300 400 500
Mission period (day) Mission period (day) 13

Issues to be Addressed (1/5)
Ion Beam Convergence ;ﬁjdbl

+ Objective
— To design ion engine grids for | e :
highly converged beam by
numerical analysis, and to confirm |
the convergence capability by RN, SR
experiments. I o

e Devices for beam

convergence

— Reduction of ion density in the
discharge chamber would bring
smaller repulsive force among ions.

— Increase in the separation between
the two grids would make equi-
potential contours flatter.

— These are inconsistent with
conventional ion engines.

¢4

-
a
x ' =
— B e
.'_...!
-p

'~..
L ]

L ]
4

-

s
B

Heimilet enmment fg {jui)

E S I i kG |8 2g 2124
sreen-t-gocelertion 2rid SETEINIAH] ;.r CHETRH ]
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Issues to be Addressed (2/5)
Ion Beam Convergence (cont.) %m
o Experiments g i
— A 10-cm thruster with model grids were "W~ e
used. - T e
— Ion beam was extracted only from the = :i,
center region of the discharge chamber to s
achieve uniform beam extraction. e J resm
— 3D beam profiles were measured using a 4
Faraday cup array. ? i
e Results ki
— 25% divergence angle is smaller than 3 g e A 4D
deg for J, per hole of 80 to 130 uA, and 3 - . *2I%
good convergence was confirmed. 3! IS
— 80% divergence angle is 6.5 deg at the 5 f i3 | |
best case, and a little larger than g g VT At s
assumed in the system study. 3 s AT T
4 Caumant par k. oA 15
Issues to be Addressed (3/5)
Effects of Ion Beam Irradiation ’ﬁdm
* Effects on debris objects Contamination measurement

and reorbiter

— Ion sputtering of debris surfaces is
allowable because its effects are
not so large to generate new
debris.

— Thermal effects and charging are . ;*
negligible. =

— Back sputtering to the reorbiter
can have contamination effects.

¢ Measurements of back
sputtering
— Sample: glass (solar cell cover)

and polyimide (MLI) _ o .
_ R diation Surfaces are free Of Beam receiver Contamination receiver
a ) o > Polyimide film > Polyimide film
back-sputtering deposition; they or > Cover glass

usually face north or south. > Cover glass > Al mirror

g

lan Engane |

ban Beam

16
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Issues to be Addressed (4/5) :
Effects of Ion Beam Irradiation (con’ﬁé”wI

e Thermal properties Base  Back- Irradiation
L - ia] SPuttered ( €  time*
— Changes are within permissible  material o ol s ime
ranges. N/A 0.235 0.506 0
* Solar absorptivity (o) and Polyimide ~ Polyimide 0.237 0.509 1.9
infrared emissivity (e) of Glass  0.252 0.519 1.5
polyimide increased by the back- N/A 0.029 0.737 0
sputtering from glass. Glass Polyimide 0.051 0739 1.9
e o, of glass increased by the Glass 0.030 0.737 15

baCk'SDUttering from pOIYimide' *Equivalent # of reorbited 2-ton debris objects
o Estimation of solar cell Cover glass transparency
degradation ’ R
— Transparency decreased by the : Bicies
back-sputtering from polyimide
in short-wavelength range.
— Silicon: 94%, 3-junction: 97%
e Reorbit of 2-ton 10 debris

objects 18 m away and cell
facing the sun R ek | 7

Venmlenga® [rnm)

r..l..

Helatye Teain parency
-

Issues to be Addressed (5/5) :
Non-Cooperative Rendezvous % (4

e General considerations
— Research on non-cooperative rendezvous is being conducted for ADR
in LEO at JAXA. Its results will be applied to GEO.
— Easer rendezvous is expected in GEO than in LEO because of weaker
gravitation and more stable optical conditions.
— GPS application in GEO is expected in the future.

e Study on applicable measurement sensors
— Long distance rendezvous
e Debris orbit determination by optical observation from ground
— Approach
e Capture of debris using long range cameras at 250 km
e Approach up to 10 km by repeating the relative distance
determination using long range and short range cameras
e Approach up to 100 m and nearer using the cameras and laser
Sensors
— Relative separation maintenance during ion beam irradiation

e Navigation using short range cameras and laser sensors
18
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Conclusions

AA

1. The proposed reorbiter has numerous advantages
over other ADR systems for GEO debris removal.

2. This reorbiter can conduct effective GEO debris
removal.

3. No critical problems are found.
» Required beam convergence is attainable.
» No serious contamination problems are expected.

Issues below have to be addressed in future work.
» Detailed study on non-cooperative rendezvous with low thrusting.

» Operation plans on orbit determination and rendezvous including
ground systems

» Evaluation of the beam convergence using real thrusters.

> Detailed study on contamination problems (other surface materials,

optical parts, and so on).
19

Appendix: Application to LEO Debrisﬁi‘m

e Assumptions
— Reorbiter mass: 1500 kg
— Thrust of ion engine for debris irradiation: 80 mN
— Irradiation efficiency: 25% (Debris irradiating thrust: 20 mN)
— Debris mass: 2000 kg
e Results
— Long time operation is required for disposal in LEO.
— Larger electric systems and solar arrays are required in LEO due to
shorter sun-lit periods.

Comparison of debria removal time in GEO and LEO
Debris orbit GEO 800-km alt. 900 km alt.
Disposal orbit GEO+300 km 630 km alt.* 630 km alt.*
Velocity increment 11 m/s 90 m/s 140 m/s
Time of orbit change 12.6 days 103 days 160 days
ggigggﬁtio” during N/A 155 days 241 days
* 25-year orbit life, **1/3 of orbit assumed

20

This document is provided by JAXA.



180 FHMZEHIE S RIRE  JAXA-SP-13-018

C6
HEMEICLDRAR—RTT) OEET R

Orbital change of space debris using the charged satellite

O e B, ReEGIT, W 72 GUR)
OMasaki Nakamiya, Yosuke Akashi, Hiroshi Yamakawa (Kyoto Univ.)

6 EFCERALIZar e 28— v MLV ORE T OTE 244 T U CHIER D JA P2 73iE L Cvd N A
BEDOFHIAI(AR—AT 7 V) I3 2 e TRV, T4, SEEINLT 7T UBREDRFIBEANITHhIL T
5o T VERETDIFECL, FIE BREHEZITD EIFCF7VERHEL, T 7V0iEE B TS T
HER KR GBEIZZE ASED HIERSHD, L, 1RO N LEE THEON TWATAY =y M ffioTT 7
DOWIEZE B IEDITIE L EOHEERI DL L /2D, T2 CARIZE T, HEBHRICLDT 7 VORIEL
FHEERETD, —RIC, FHTTA<ICEDAELD N T RO BILAGE T REXBLTHH, ZOHE
ZREBAIICHIEL TF 7 YRS L, # B A R MBS N T L TEL A —L Y EHE e 528
T, HEERIEL TFT 7V OHuE A H L TRAE K FESELTIEICOWTREETTo7,

The number of the space debris is increasing every year. Thus, space debris has been a serious environmental
problem. This study proposes the way of the orbital change of space debris using the charged satellite which
generates a thrust without propellant by utilizing interactions between the charge of the satellite and the Earth’s
magnetic field.

T BT R IT K 2 BB 2
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5th Workshop of Space Debris
January 22-23, 2013 @ JAXA Chofu

i

HREEICIIAR—ZATIDHNEE

Orbital Change of Space Debris Using the Charged Satellite

O EEH. FEBMT. WIER(EX £7F0)

M. Nakamiya, Y. Akashi, H. Yamakawa (Kyoto Univ.)

Background

Issue

Increasing the Number of Space Debris

(spent rocket fragments and defunct satellites) As of July, 2011

About 16000
Huge problem for space exploration l

(NASA) o EIRLLLLEE
(NASA) 2

This document is provided by JAXA.



182 FHZETFE MBI JAXA-SP-13-018

Active Debris Removal

Removal satellite

3:Estimate motion 4:Capture

=

y = F o) =] ., S
U _ 3
:Uncooporatevie approach
. |
_1:_Orb_|t 5:De-orbit
I injection

Using a removal satellite,
space debris is captured and is dropped into the Earth’s atmosphere
by changing its orbit !

Orbital Change

Method

<Chemical Engine>

- O Matured technology

- X Large amount of propellant
- X Fix with debris

<ElectroDynamic Tether (EDT)>
- O No propellant
- X Extending the tether

This document is provided by JAXA.



W5lE [ AR—=2F TV T —r g v HEERME 183

Propose

Orbital Change by Charged Satellite (CS)

New method of debris removal using a charged satellite

<Charged satellite>
x Natural charging on satellite due to space plasma should avoid

Generate a large charge on a satellite by ion and electron emitters passively
l

Control the orbit utilizing the Lorentz force that is obtained

as the Charged Satellite travels through the Earth’s magnetic field

- O No propellant
- O Small system (ion and electron emitters )
- X Not matured technology

Objective

+

To investigate the orbital change of space debris
using charged satellite

This document is provided by JAXA.
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Assumption
Model
bl
Farih |
L 'flll.
Dipolar Approximation
(Not tilted, Rotating with Earth)
. F,=giv—uw,xr)xB
B = (Ba/r") | 2eo 4 siutet)
Equations of Motion| @ = F/m = —-‘-ITr ol (= e X ) x B 7
r I
Characteristic of Orbit Change
By Charged Satellite
Initial condition:800 x 800 km, Inclination = 0 deg (Mass = 500+500 kg)
Charge = -1 C (feasible [Peck])
N Y T T T T T 17T T 800
I 1 1 1
TGS F I | | 5| | 799,95 .
- T [ o 7900 .
| | &
Z wash ]| 1k T 790,85 .
= | =
SR | VY [ 4 | | RN 1
4 ﬁrl [ I || [ 799,75 1
Pl I_ . —, : 209 7 i i i ; ; ; ;
| . 0.4 0.4 e 1 il a0 100 150 200 250 300 a0 400
TOF [da¥] TOF [day]
8
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Characteristic of Orbit Change
i Sensitive Analysis of Charge Amount

Initial condition: 1000 x 1000 km, Inclination = 0 deg (Mass = 1000 kg)

Charge = -10 C, -100 C, -1000 C
|00 T : , = - - -

;‘_ﬂ'-—n'_'.w‘_ﬂ

| }f\l {' \l |

S0 ¢

el | ||||||||‘|| !|||||1H'|~| i \ |
“I \f} \| | l! ;'/ 'UJ || '/ ll'| | | |'| !'.j} \j ~. || / llf |

|
wmiby v

] thipde Do)

] i i i i i i e
0 mnong 2630 0T 40000 30050 0000 111111111 (R 118

of [sug]

Just Amplitude increases even though the quantity of charge increases.
(The quantity is not practical)

+

What if Controlling the Charge?

10
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Linearized Equation of Motion

Control the charge amount periodically

Conservation of

Charge control (periodic) § = {oSInwt [ angular momentum

L=mr’0 »60=—;
mr2 |

Equation of Motion (Radial component; No Earth’s atmosphere and no inclination)

.. : K Bo(Rg > . L? I BOLRE3 1 mwg .
f(r)=#=r9% - -z + E(T) (9 - wE)rqosmwot =232 + oz \jA Tz qoSinwt
Linearized around initial altitude, r0

. .. 0
flo+Ar) =7y + Ar = Ar = f (1) +a—];‘ Ar

L3 u| |BoLRg* (1 muwg ' ) L? ul| BoLRE®/ 4 mowg _
= —— — E + - E - —Toz qosSinwt [+ {[—3 - + Zr—3 + — <_r_5 +2 3 )qosmwt A7
= 0 + q;sinwt + {—wi + g,sinwt}Ar (+ w2 gy)
Ar + w3Ar = g;sinwt T0) Forced Oscillation!

11

Resonance is occurred!

with charge control period = orbital period

General and particular solution  Ar = Cjcoswyt + Cysinwgt + —; > sinwt
From initial cond.  Ar(0) =C; =0 Ar(0) = Cyw,y = P L ¢ S
w2 — w? 2 wo w2 — w?
0 0 Wo

w
Ar = sinwt — —sinwyt
0)(2) — w2 ( wo 0 )
41 1
W = Wy Ar = —— (—tcoswyt + —sinwyt)
2wy Wy

Secular term --> Resonance is occurred!

12
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Analytic vs. Numeric

Resonance Oscillation

Charge = 1 C (feasible)

Initial condition:800 x 800 km, Inclination = 0 deg (Mass = 500+500 kg)

B30 = 1 -1= T LR R all
Hum - 1 1

O H e el oy B

Bl —— ; IR 5

= g0 - 10
'ﬂ_ = T | | | =
“ g et VA A m A LAl AL R
3 ‘“.rl f FAR L L] | G
3 s UAV I A {0 &
el 117 ) 3 d -.'.‘". '\.r:_.' '-I'I L WLR I o T/ | E _|_|:t 'H]'

< 2 Wt | 40

T {f e 30

’5’!\:' 4 -4 L a -4 L 1 _SII

fi a.l p: 6% nd4 0% B8 BT 0.8

Time [day]

Amplitude increases due to the resonance
when the period of charge control corresponds to the orbital period! 5

Orbital Charge by Controlled Charged Satellite

npredn [kat

Al

Re-entry Time

Without Earth atmosphere

HA]
| e

pEiut

L2300

B A8 Wl i
TOF DMay]

L

Charge amount =1 C

Mass of Debris & CS = 500+500kg
Area = 10 m”~2

Coefficient of drag= 2

Atmosphere density = Modified Exponential Model

With Earth atmosphere

T 1]

w3

L=

LL]

wiihmadd fha|

| 14

¥ =B

&

1 . R R
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Comparison between Charged Satellite
and Electrodynamic Tethers

15

Re-entry Time

Charged Satellite (CS) vs. Electrodynamic Tether (EDT)

Parameters are adjusted so that the re-entry time of
CS & EDT becomes equal.
(Altitude=800km, Inclination=0deg, Eccentricity=0)

CS : Charge amount=-3.91C {
EDT: Tether length= 10 km, current value= 0.7 A

Compare CS with EDT based on this criteria!

I5

TOF [ay}

16
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Charged Satellite vs. Electrodynamic Tether

Sensitive Analysis of Altitude

<Initial condition>

Inclination = 0 deg, Eccentricity = 0
Charge = -3.91 C, Tether length = 10 km, Current = 0.7 A

60

w
o

N
S}

Re-entry time (day)
N w
o o

=
o

Re-entry times of two method are almost same

A

il

e

'

400 600 800 1000

Initial Altitude (km)

1200

even the altitude increase !

1400

=—CS
=#—EDT

17

Charged Satellite vs. Electrodynamic Tether

Sensitive Analysis of Eccentricity

<Initial condition>

Altitude = 800 km, Inclination = 0 deg
Charge = -3.91 C, Tether length = 10 km, Current = 0.7 A

350

300

N
w
o

Re-entry time (day)

/F
/ // ——CS
/.'/ i _ / —@—EDT
-
—————

0 0.1 0.2 0.3 0.4

Initial Eccentricity

0.5

0.6

0.7

Charged satellite is more efficient
with increasing eccentricity !

18
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Charged Satellite vs. Electrodynamic Tether

Sensitive Analysis of Inclination

<Initial condition>
Altitude = 800 km, Eccentricity = 0
Charge = -3.91 C, Tether length = 10 km, Current = 0.7 A

70

60 /’
= 50 / %>
g A/
to A
E /./ A
2 30 P ——Cs
f= J
(7] = y =#—-EDT
&I':) 20
10
0
0 10 20 30 40 50 60 70

Initial Inclination (deg)

Charged satellite is more efficient

with increasing Inclination! 19

Charged Satellite vs. Electrodynamic Tether

Sensitive Analysis of Inclination

Why CS is more efficient than EDT?

EnChams e sleg]

E - m
18 il Ml an ) & il

ToF [dur]

During the orbital change,
the inclination of CS decreases, but that of EDT increases! 20
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Conclusions

+

1. Increasing the number of space debris
— Removal actively by charged satellite!

2. By controlling charge
— Efficient orbital change by resonance

3. Comparison with Electrodynamic tether
— Charged satellite is efficient with conditions

21

Future Work

}

1. To derive the approximation solution for the orbit with inclination

2. To analyze the system design of charged satellite

22
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C7
TIVRETOAD LY FEE

Study of Active Debris Removal Project

ORGI+, R (NEC), AT JAXA), MNIEZ (NT A~—2A),
& H R, JEOIE—ES (TECS)
O Akiko Otsuka, Fumihiro Kuwao (NEC), Satomi Kawamoto (JAXA), Masayuki Ikeuchi (NTS),
Kenji Hirota, Jun-ichiro Watanabe (TECS)

NI#EEITAOT 7VDOREIL, T 7VZ0L OO EILIT, FipdT T VIRAEZIETHENI AT,
HHERIyvar Thd, NTHEREIZTAOT 7R, ##aR v b7 — A TOHFF, EDT 2 & T,
EDT (2X5 T 7V D E B LY \51/‘/5/%*57131/ DIy arwF T T AMRICKTT AU AT MRS,
FEPRAERL . Sy al ies S AREERMERE . B S U R E DY AT AREEHRE TS, AbE T T
UBREDFEDOMAA /& %7‘;& @%ﬁm MDY Z ST D,

Active removal of satellite-sized space debris is very useful to reduce both of the number of space debris and
the collision between orbital debris. Suppose the mission by an active-debris-removal satellite (ADR satellite)
to approach a satellite-size space debris, capture by a manipulator, set an EDT equipment and de-orbit the
debris by EDT, system design concept for ADR satellite will be reported. And from the business point of view,
investigation of the space debris removal project will be discussed.

This document is provided by JAXA.
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___-___:.—_5.;—-———\ Emprarntea D MR NEC

Space Debris Work Shop#b

Study of Debris Removal Project

Jan. 22, 2013
NEC
Project Promotion Department
Akiko OTSUKA

L Page 1 NEC proprietary PP Dy et N EE

Sustainable Space Development
& Utilization for Humankind

NEY HEZ oiEd  p@a T MeSe

UNCOPUOS2010 NASA ESA HP NASA HP
An Active Debris Removal Parametric Study 185 always operates
for LEO Environment Remediation Debris Maneuver
Dr. J.-C. Liou NASA, ASR-D-11-00022R1 —
(-}

Studies of the debris population in fﬁe LEO indicate that
the LEO population will increase without any new launches.

To preserve the environment for future generations, ADR
must be considered.

L Page 2 NEC proprietary e [y e N Ec

This document is provided by JAXA.
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Space Debris Control Measures

% % Control Measuresy %
« Space debris model

 Mitigate the number of new debris
- Active Debris Removal (ADR)

To be studied as a
business project

ADR Project

@®Points to be considered
Technology
Scheme
Cost
Law

L :\Fage 3 NEC proprietary Frdwne Dy Irevre s’ N EE

ADR Operation Sequence

-
@lnitial C/0 a @Launch

@Transfer
Mission Orbit

o=

®De-0rbit

@Reg. Ops.
«Approach
‘Relative Station
Keeping
«Contact
«Extension EDT

L '\Page 4 © NEC Corporation 2012 NEC proprietary Fraxwenet [y s N E.
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ADR Satellite

Condition fo(r)iténsgegz(r)l:;e

Satellite Bus:NEXTAR 300kg-class Opt. Sensor

Space Debris : Alt. 800-1000km for Near Range
Inc. 98°

Manipulator

Item Spec.
Mass 500kg
2 panels/wing
EPS L Rotation type
Power 900WEEOL
Thruster 4ANX12
RCS Propellant
60kg
capacity S-Band Antenna |
Li\_Page5 © NEC Corporation 2012 NEC proprietary T Pt Dy W’y NEE

ADR Satellite Key Technology

@Solar Array Panel

Simulation of Power Balance indicates that ADR satellite
should be equipped with rotation type SAP.

—— After one-orbit, DOD will not be recovered to 0. —

@®Location of thrusters

12 thrusters are needed for approach and relative station keeping
—Detail analysis should be needed
on design of pipe lay-out or assembly work

L \Page 6 © NEC Corporation 2012 NEC proprietary Fraxwenet [y s N E.
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ADR Satellite Key Technology

@Approach and Observing

Approach and observing Space Debris will be done by Attitude and
Orbit control system and Optical system.

Optical system

Item

Star Sensor Relative range >50 km
FOV

15°
dynamic range 1 ~ 4 Visual Magnitude

(Detect of more darker stars than camera for near range)

Spec.

Opt. Sensor for long range
Fov

6° (H-direction) (focal point 90mm)
Mim. range 10m
Max. range 300km
Opt. Sensor for near range
FOv 20° (H-direction) (focal point 9mm)
Mim. range 0.5m
Max. range

20m for approach/ 10km for observing

—Detail analysis should be needed
on selection of effective optical sensors

L Page 7 © NEC Corporation 2012

NEC proprietary

[EETEM L T R N EE

ADR Satellite Key Technology

@®Manipulator system

Manipulator with 5 joints
« 6-DOF will be achieved by collaborating

with Attitude and Orbit Control system.
+Small and light-weight manipulator system

& i‘= —The most critical operation,
— to contact with Space Debris

should be studied.

Capture —/-;

mechanism

L Page 8 © NEC Corporation 2012

T Pt [y TR N Ec

NEC proprietary

This document is provided by JAXA.
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ADR Satellite Key Technology
@Extension Mechanism of EDT
Requirements
Prevent End-mass tumbling during —
ejection o
Prevent tether loosening before N
extension T
Prevent tether cut-off during
extension
Prevent tether entwisting by T
loosening during extension — i i
The tether tension directs to | || | 1 =
center of ADR satellite mass. ! AN Y — e
?1 | 'IﬂiF - gT
[NEA |
L\PageS © NEC Corporation 2012 NEC proprietary T ramwore Dy e NEE

ADR Project

Three key items of business model

-

Stakeholder Value

s I

@CVCA (Customer Value Chain Analysis)
Diagram to illustrate stakeholder interface by value/money/service

Notes: Ref :

In our study, “Scheme” is defined Ishil, K. Course Materials,

as the system how to manage/operate Dzaég:7f)or Manufacturability

the business. Stanford University. USA, 2003,
L-\\Fage 10 NEC proprietary TP [y e NEE
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ADR Project ~CVCA~

Project#i
@®Value :
To preserve space environment
@Stake holder:
Humankind
@Scheme:
Manage by “ADR management agency”
Charge each country based
on the number of existing space debris

L Page 11

NEC proprietary T rarared [y v st e s N EE

——  Money
—  Value

ADR Project ~CVCA~

CVCA -Project#1

“Launch”

Space
Service
Company

ﬁha—r—ger SDace
Launch

Company

Space
Service

" Environment
Preservation 43(:% ‘Fee
ra

Service

L Page 12

NEC proprietary | Furswere [y IR N Ec
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ADR Project ~CVCA~

Project#1 Issue
@®Space Service Company gets benefit by ADR
and is free to be charged.
—Need some scheme
to charge Space Service Company

®Risk to accept value
(=activity to preserve space environment)
by humankind/people
—Need to enlighten people
on space environment

'5 Page 13 NEC proprietary PR Dy e NEE

ADR Project ~CVCA~

Project#?2
@®Value :

To mitigate collision risk for specific spacecraft
@ Stake holder:

Space Agency or Commercial company

to operate the spacecraft
® Scheme :

Manage by “ADR management agency”
Charge each space agency or commercial company
as insurance fee when they launch their spacecraft

h Page 14 NEC proprietary Fraae [y et NEE
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e Money
—  Value
Service

ADR Project ~CVCA~
CVCA -Project#2

Insurance
Fee

Mitigation
collision risk

Space
Service

Company " Fee

“ADR
Management

Space

Fee
Mitigation Launch
ollision risk Company

Space
Service

Government
(Space
Agency)

L - Page 15

NEC proprietary N EE

ADR Project ~CVCA~

Project#2 Issue

@®Space debris to collide is different

from each spacecraft
—Select space debris to be removed

and set the priority

L - Page 16 NEC proprietary

— T
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Conclusion

@ Several studies on ADR project are done.

@®Some hard issues of technical and/or scheme are
identified.

@To solve these issues and realize ADR as business
project, we will keep further studies .

L Page 17 NEC proprietary T Parwned Dy we s N EE

Empowered by Innovation

NEC

This document is provided by JAXA.
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D1
Kevlar - Beta Cloth ®#/NT 7)) B EBREELES

Ballistic Limit Weight and Thickness of Kevlar and Beta Cloth
for Sub-millimeter Debris Impact

OHUHETHE, /NI 2, A1 (T Z2 IR S )
OMasumi Higashide, Naomi Onose, Sunao Hasegawa (JAXA)

T 7 VB E DO @ IR — R MR ESRE D m WM BB 35 Z R L. L, R
RN RAED LRI LB FENERED B O B A1 H 32 Z &M IR EE T, 22l THESS ThD. =
NOEEHET D201, TRIZFEKERMEDH DN 7 S B BSLBE LS VTS AHIFSE Tl i T8 B il i AT
\ZH BEL. @REMHEDY D, 7T INMHEITE m ol E 22 2k L COE NP EREZ FE o 2 e S
TEY, EBEFHEAT —a  iZB#H I TWDET ZUNRV SRR EL TERENTWA. T 7 UREEET L
(ZEDE, IREEIEDO N THARIT Imm LA FOT 7 URZEAEEE DN B, 16T, ARWFZE Cld s il B iR
A2 1mm LT O INT 7V D3 E 22 UT= R D Bl FR I DU Tl 7=. Kevlar ##4fi & Beta Cloth @ H i [R
FUZHOWTHET 5.

To protect a satellite from space debris impact threat, a satellite designer should employ structure material
which has enough protection capability against debris impact. However, for some flexible components, it is
impossible to use such strong materials, for example, expandable structures and wire harnesses. To protect
these flexible components, a flexible debris bumper is needed. High strength fiber fabric is one of flexible
debris bumper material. Since the alamido fiber has high tensile and shear strength, the alamido fiber fabric
is known to be also useful for high velocity impact protection. The alamido fiber fabric was used as a part of
the Staffed Whipple Bumper installed on the International Space Station. A satellite on the low earth orbit
needs to pay attention to impacts on debris smaller than 1 mm, because debris environment models show such
small debris will impact on the satellite during its operation lifetime. Therefore, to employ the alamido fiber
fabric as a debris bumper, it is necessary to know their sub-millimeter debris impact damage. The purpose of
this study is to investigate sub-millimeter debris impact damage of the fiber fabric.

This document is provided by JAXA.
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Ballistic Limit Weight and Thickness of Kevlar
and Beta Cloth for Sub-millimeter Debris Impact

Kevlar-Beta Cloth®
MUNT I EBERESELES

OMasumi Higashide, Naomi Onose, Sunao Hasegawa
Japan Aerospace Exploration Agency

ORH EE, NNFEEX RBIIE

2013/1/22-23 FESRAR—RTIT)T—HiayT

%A Background

Sub-millimeter debris
impact is threat of mission Levo3 . . .
failure for LEO satellites. '

1.E+00
Important components,

their failure means critical
damage for the satellite,
should be installed inside of
satellite structure.

= =
moom
o o
(e)] w

cumulative number of debris
[1/(3km)3/(5years)]

1.E-09
1.0E-06 1.0E-04 1.0E-02 1.0E+00

debris diameter [m]

debris flux in LEO calculated by MASTER2009

However, it is impossible for
some components.
(expandable structure,
harnesses, etc.)

2013/1/22-23 FESERAR—RTI)T—93 3y 1/18
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)%*A Purpose

To protect components installed on the outside of the satellite
structure, flexible debris bumper is needed.

-> Fabric bumper shield made of high strength fiber

Investigate ballistic limit weight and thickness
of fabric bumper shield

® Alamido fiber fabric (Kevlar cloth)
® Glass fiber fabric coated with aluminum (Beta cloth)

2013/1/22-23 FESERAR—RTI)T—9 a3y 2/18

)%*A Procedure

1. Perform HVI experiments on a stack of high strength fiber
fabrics

2. Count perforated layers in the impacted stack

3. Calculate perforated thickness from the perforated layers
-> Ballistic limit thickness

4. From the ballistic limit thickness, calculate areal density of
the perforated layers
-> Ballistic limit weight

2013/1/22-23 FESEAR—RTFI)T—oSavF 3/18
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Kevlar: Alamido fiber

Kevlar Fiber

Wi KEVLAR®29 KEVLAR™9
i
M7+ grax () VETD (0,000 ) 1270 ( T6E)
A g.femd 1.44 .45
ik 1 a a5 15
w1 :;!l'l.l'.'..-';{l': AT a8%HITEN
MRS (S ASTM DB85-85 (@®)IIS L7
BIRM A M 338.0 2840
$1R eM/te [ gid ) 203 (230) 208 (238)
tensile strength MPa | Er 3000
TR R eh/tex | g/d ) 4,900 (555} 7.810 | 8BS )
tensile modulus GPy 705 12.4 \
 amEMEeE 0% 35 24
fracture elongation Ref. DuPont
2013/1/22-23 FESRAR—RTIT—HavT 4/18
Kevlar Cloth
T710 T120 T328
Fiber K29 (normal) K49 (high-modulus) | K49 (high-modulus)
Weave Plain
Fabric Density
- 24x24 34x34 17x17
Areal Density 319g/m? 58g/m? 217g/m?
Thickness 0.43mm 0.08mm 0.33mm
7328 :

5/18

This document is provided by JAXA.
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Beta Cloth: Glass fiber fabric coated with aluminum

Faramoior (indepandent of filim)

Beta Cloth

Snpcilied Value

| ciotn tpe Beacon [ e |

o T T <HT Cig e -t G Bl G
240 E o BO0° F) 301" P o 2007 F)

Coriruous mpernium mangs B Crdre || aycmare |
240" F 1o 560" F) (300" F o 4007 By

| Fanoe sde scux atsaxplance ] T o8 |

IFMMEW:HMMN | 080 0k B [

| Amirsen wde absorpnca o) 022 .

[ Ahsirum gude hemisphencal smifiance ) .30

| weignt igw) T4 Typicw 70

e G

| Tenaite srength (b fin of widh) B0 Wiarp A Wiamp

| Bl R b B |

I'I!'m:h'qngmllur 4,0 Waip '

| 4 [l

| vt n 3 =1 130 m 36 40,91 m)

i TPV Fo e 1+BH2E 1a028%

[ -

Ref. Sheldahl

2013/1/22-23 FESRAR—RTIT—HavT 6/18
Glass Fiber Fabric in Beta Cloth
Fiber ECD450
- Tensile Strength 3200MPa
- Tensile Modulus 78GPa
Weave Plain
Fabric Density  60x46 bundle/inch
Areal Density  47g/m?
Thickness 0.055mm
2013/1/22-23 FESRAR—RTIT—HavT 7/18
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S

Impact velocity
6 km/sec

Projectiles
SUS304, sphere
$0.15, 0.3, 0.5mm

Impact Experiment Condition

Bumper

Aluminum alloy plate
A2024, t=5mm

2013/1/22-23 FESEAR—RTI)T—o3vF 8/15
W Definition of “Perforation”
fabric layer
projectile
8
“Perforated layer + 1 layer” is defined as ballistic limit.
FESEAR—RTI)T—oavT 9/18

2013/1/22-23
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Kevlar T710 (¢0.3mm projectiles)

Front layer
Impact surface

2013/1/22-23

9th layer 9th layer
Front surface Back surface
FESRAR—RTIT—HavT 10/18

Beta cloth (¢0.3mm projectiles)

Fragment was captured

N

Front layer
mpact surface

Sabot fragment impact

2013/1/22-23

\ 4

7th layer 7th layer
Front surface Back surface
FESRAR—RTIT—HavT 11/18
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Experiment Results

Impact velocity: 5.61~6.30 km/sec

rojectile Kevlar, Kevlar, Kevlar,
P J. ’ high-modulus, | high-modulus, | Beta Cloth
dia. normal . .
thin thick
data 51 53 131 42
0.15mm
BL 2-6ply 12-22ply 2-7ply 4-6ply
data 10 22 31 12
0.3mm
BL 6-9ply 27-41ply 7-12ply 8-12ply
data 9 11 14 3
0.5mm
BL 11-18ply 45-65ply 13-18ply 14-16ply
2013/1/22-23 FESRAR—RTIT)T—HiavS 12/18

Ballistic Limit Thickness

7 | = Kevlar, high-modulus, thin

# Kevlar, normal

A Kevlar, high-modulus, thick
® beta cloth

- Beta Cloth was the
thinnest bumper.

- Kevlar cloth made of

Ballistic Limit Thickness [mm)]
S

high modulus fiber
showed better
protection capability
than normal fiber.

o W

- To stack thinner clothes
was effective to
decrease the ballistic
limit thickness.

@

2013/1/22-23

0.2 0.4 0.6
Projectile Diameter [mm]

ESRAR—RTIT—HavT 13/18
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Ballistic Limit Weight
6 1 1
i - High modulus Kevlar cloth
¢ Kevlar, normal i )
s L[| ™ Kevlar, high-modulus, thin ] was the IlghteSt WEIght
_ A Kevlar, high-modulus, thick bumper.
£ ® beta cloth T .
B4t /‘ 1 - Beta Cloth was the heaviest
5 T bumper.
=3 | 1 Y ,,;;:1117"? 1 > Toincrease areal density
£ ? contributes to decrease the
g2 I ey 1 ballistic limit thickness.
| L;,;/ | - Kevlar cloth made of high
? modulus fiber showed better
protection capability than
0 ' ' .
0 0.2 04 o Normal fiber.
Projectile Diameter [mm)]
2013/1/22-23 FEESERAR—RTIT—93 3y 14 /15
Comparison with Aluminum Bumper
E.Christiansen, Meteoroid/debris shielding, NASA TP 2003-210788, 2003.
1/2 2/3
_ 4
when 22 <15 t, =1.8x5.24d"/"¥H 0% Lo (—j
Jox Jox ¢
2/3 2/3
_ 4
when 22515 t, =1.8x5.24 d"/"¥H % Lo [—j
Jox Jox ¢
Pp: Projectile Density (g/cm3) pr. Target Density (g/cm3)
tw: Target Perforation Thickness (cm) d: Projectile Diameter (cm)
H: Brinell Hardness of Target C: Speed of Sound in Target (km/s)
V,: Normal Component of Impact Velocity (km/s)
2013/1/22-23 FEEEAR—RTIYT—H 3y 15/18
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Results
8 1 1 1 6
+ Kevlar, normal .
7 T | = Kevlar, high-modulus, thin ] 5 | Fabric
A Kevlar, high-modulus, thick t',umper_s are
‘€6 | e betacloth E light weight
€ . e ~ |
o —Aluminum plate ’ 24 r
E 4 ' ] =3t 3
<3 o 1 3
5 ) g 2 -
82 “Kevlar cloth] &
. i needs 150%| 1r
s thickness
O L 1 0 L 1
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Projectile Diameter [mm] Projectile Diameter [mm]
2013/1/22-23 BEERIRR—RTIYT—o 3y 16/18
Summary
- 3FEFEMKevlarisifi &Beta ClothI B =R EZEHAERZEEL,
BEERFERDI-
- SBONU A ETIE S [XBeta Cloth,
BELWNAVADNBERIGE XS DKeviari A B R
- BEMEENG U Keviar[R R TN =R D AN
TV INELTOHEREAFLY
2013/1/22-23 FEERRR—RTFIYT—o 3y 17/18
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)%*A Handbook
M4 Kevlar T710 Kevlar T120
MEREE | Kevlar(FZFHEHE) | Keviar (PSS RAHE)
b i) kil — © b i
_ ot _ N, I3 oMM &
gfng(ﬁm«r g;’&.mg(ﬁﬂﬂ'li’ﬂff ﬁﬁx*ﬂi’ﬁﬁﬁf*ﬁﬁ':%‘f
Y% Y Y% F Y FROFHIERIET
B 24X 24K /inch | & :34 X 34K /inch
1BDES 0.43mm 0.08mm
1BDES 319g/m? 58g/m?
BEERSR n=28d-0.97 n=110d-0.46
AFH A HLERR
XM -YIETE AN S HEHE AN F | - YIBTmE A SREHEAN T
Y (W) N5
-ERAWEMNTHERE
MNEENS
aAVE - FHMRIZEELY - BEHMRIZERLY
2013/1/22-23 FEEEMAR—RFITYT—HayT 18/18
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Impact experiments on aluminum foam targets: as a favored candidate material
for a light-weight space debris bumper shield

O/NEFHIE S, RHERE, RAJIE (FH 2T 725 FEHAE)
ONaomi Onose, Masumi Higashide, Sunao Hasegawa (JAXA)

BT TV N ROBMEL TR T A0, BIAT AU T HEEEREIT 1. Z—4 v MNE, BEE
Bt pm OT AR FABEESE - RA R ESE b DO THS. ZEHERIE 82 %, BT 500 kg/m®, FEOVL
P81 0.3 mm THD. FEOFLED/NENT=0, ) NSO AXDT T VCHRHETHZENTELHEE 2
bihd.

FEET 7 VLT, BAL 0.3, 1.0 mm OEJBEKZ 4 - 7 kim/sec THEfZESHE, EI@RAI /L —FTRARDZE
{BEFRTZ. Z7L—2 D AN NIIRFRERD 2 (FFEE THH, WHNITTRAKRERD 7 - 10 FOHERE
FEO BN LS VT, BB T A O BB FIL, B S 720 O &N OELWT IR EL T,
40 YRREARNC2D . EREAT ST HPACIX, BZEHEN ERDIFEZNEN ENRDHT L, AR KT
PEANFEA L RO EDNHIIALT-. B3 E D AT OEEOIE, & EORHPIE AN -7,

Aluminum Foam targets were tested as a favored candidate material for a light-weight space debris bumper
shield. A target consists of layers of aluminum foam plates, and each plate was made of aluminum powder,
tens of micro-meters in diameter. Their porosity, density, and nominal diameters of pores is 82 %, 500 kg/m3,
and 0.3 mm, respectively. Metal spheres are employed as simulated debris and accelerated to 4 to 7 km/sec.
Bulb shaped craters with small entrance holes are observed. No high-speed ejecta is observed by use of a
high-speed video camera.

Entrance Hole Diameater

18t Layer (_// \\

2nd Layer / \ Depth
1

drd Layer

[
dth Layer \ /!'r
Sth Layer \,‘__d/

Gth Layer Max Diameter
WOE A ST TR L2 — 7 b oK
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Impact experiments on aluminum
foam targets:

as a favored candidate
material for a light-weight
space debris bumper shield

N. Onose, M. Higashide, and S. Hasegawa,
Japan Aerospace Exploration Agency,

1

Overview

= Introduction
+ The number of debris has been increasing
+ Porous materials absorb shocks efficiently
= Experiments
+ Aluminum foam (Mitsubishi Materials)
+ Shapes of craters
+ Crater dimensions
+ Dependences of crater dimensions on
Particle Size , Impact velocity , and Particle density

This document is provided by JAXA.
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Introduction: Number of debris

= Number of Space debris increasing year by year.

= Averaged impact velocity of debrisin LEO is
10 km/sec
= |tis very dangerous for our satellites.

E From NASA
The Orbital Debris Quarterly News
3/21

Introduction:
Energy absorption in Porous Matter

= Porous materials convert the impact energy into
heat efficiently.

ex. Porous gypsum targets absorb 31— 62 % of the impact
energy, in impacts at 4 km/sec (Onose et al. 2008).

Thousands of Countable Fragments Carried 0.07 %

S ———mEkof fragments

Ek of finer fragments (at most)

©

Others

This document is provided by JAXA.
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Experiments

= Aluminum foam (Mitsubishi Materials)
Hypervelocity Impact Experiments
Shapes of craters
Crater depths and Ballistic limits
Dependences of BL on

+ Particle Size , Impact velocity, and Particle
density

Aluminum foam I

Porosity Mitsubishi Materials metal foams
{%}1 00F

Highly Porous,
Small Pores

Existing metal foam
(Competitors products)

| | |
10 100 1000

Diameter {2 m
from MITSUBISHI MATERIALS website
2013/1/24

This document is provided by JAXA.



HoE [RR—RFT YT —r g v/ #EEEE

Aluminum foam II

obverse: size and number of pores are small _
L A porosity: 82 %
I rz::.t.] .: -;\:I'"L._l;.:'
1 IJ|I:| g
e ) = g pore diameter:
e DS 300uM in
Uubltuoiuudubi maximum
AU
reverse: size and number of pores are large thickness Of each
R e il | Fﬂate:

density: 0.5 g/cm3

]
-

o
¥ r -‘-

0.4, 1.0, 2.0 mm

LAY A
e =)
A N DA s
P b m
Ly L
AL
PRy

T

Aluminum foam III Obverse

F—IVR L—H—EEMEE VKX-100
2013/1/24
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FHIMTZE W TE B AR AR RIS B JAXA-SP-13-018

Aluminum foam IV Reverse

F—IVR L—4—EEMEE VKX-100
2013/1/24

Hypervelocity Impact Experiments

= Target: Stacked plates of aluminum foam

= Projectile: Al, Sus, Cu spheres, 1 mm and 0.3 mm
in diameter

= Impact velocity: 4 - 7 km/sec

(cf. averaged impact velocity of space debris in LEO: 10 km/sec)

Stacked Porowa :
Muminum Tarxel -

{75 mmj)

| Withesa Piate [AZ024)

This document is provided by JAXA.
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Crater Dimensions : A1l 1 mm @6 km/sec

= Entrance Hole Diameter : O

1.8 mm 0.3 mm \L

. . ] Entrance Hole Diameter
Maximum Diameter —

5.6 mm 0.6 mm

Depth ! 9.8 mm Z1.01mm
Volume : 0.20 mm3 *=0.02 mm3
N =4

Small entrance hole
= Little fragments are ejected

A Shape of a crater:
A Result on each Target Plate

This document is provided by JAXA.
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Where is the Material
evacuated from the cavity

Compaction of Pores

Melted and splashed toward downrange

ey et
o~ < 'é511k .. E%i;~

nearly bottom layer of Melt on the crater floor Splash on the witness
the crater plate 13/21

BL of aluminum foam

—
o
—
=
et
o
b
(]
|
@
e
o
|
O

BL: Christiansen®D & T
BHEMDTILIRTD
BLZETEL, Ch B

fEmBaA-YDEEN
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Impact velocity dependence .
crater Depth/BL

aus 1L.Umm |

Su=s 0.3 mm |

BL: Calculated from the
BL for an aluminum plate
shearing the same weight
per unit area as the
aluminum foam,
employing equations of
Christiansen.

More effective
for the higher
velocity debris

Impact velocity dependence :
crater Dgni/Dypo;

&

Al 1O

Sus 1.0 mim

S Sus 0.3 mm

~6 km/sec:Small entrance hole

7 km/sec: Entrance hole is
enlarged (posssively because of
the blust at the impact)

This document is provided by JAXA.
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Projectile density dependence .
crater Depth/BL

B 1.0 o dd kmsdsee

& 1.0 rron 6 ken/ sae Effective fOl'
all density
debris

Projectile density dependence

crater Dgn./Dppo;

B 1.0 mm @4 km/'sec |

all density
debris
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Conclusion
= Impact Cratering on Aluminum Foam, 82 % in
Porosity, Result in a Bulb Shaped Crater

Melting and Deformation of The Target was
observed

Aluminum foam is more effective in the higher
velocity debris

Aluminum foam can stop debris made of
aluminum, Sus, and Cu.

The entrance hole of the crater was enlarged in
the case of the impact at 7 km/sec

Conclusions

= Aluminum foam is a favored candidate
material for a light-weight space debris
bumper shield !

This document is provided by JAXA.
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D3
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Damage evaluation of silicon nitride ceramics subjected to hypervelocity impact

OJIEME, BA)NE, Vepkss— (5 R aZmT 2B FEHAE)
ON. Kawai, S. Hasegawa, E. Sato (JAXA)

ISAS/JAXA TiE A Tfi2 - BEEAMHA AT AZ O Eae b2 H BZ, @it E2GE R « S 5@ - ma e o
WEH I3 ATHLEAT AF B TIvI A% W AT AL ZBIFE L TD,
T RS AT & U CHEM R B T WD BRI, B - B D 72 MEER O SR FE PR IS N 2. T, A= T T
VAT A A R7e 8 OFHFEY & O il & 22 1 263 BB AE R E O FEmS M B 72D,
ZI T, ELEEE BTy AO M EEE ST A RGN Z B 09I, B s L R AT o7, ESEIC
I0EU AL —BUES A B SRR ODE P 5 B SR OFER IS L U CRBLT A2 LIk B E sl 22 1o x5t
THEANGRAEWE L, BRI, 7V —2815, 71—+ AR — Vi, @I
SN, FEEERENAEULEZEEM T, B RIRTF LBz B AT RAICHTAbEs2 L
IZEDFLR S, BALEER BT/ AD R 22 kT B ER O T RIS A EEL /R 5T,

A new advanced ceramic thruster made of monolithic silicon nitride has been developed in ISAS/JAXA. In
order for secure operation of a spacecraft, the reliability of the ceramic component against space debri and
micrometeoroid impact has been investigated through hypervelocity impact tests. Silicon nitride plates were
impacted by spheres of stainless-steel and other materials with 0.2-0.8-mm diameters in the velocity range up
to 8.0 km/s using a two-stage light-gas gun. Using crater depth data under various impact conditions, the
penetration equation of silicon nitride was determined. The impacted samples showed fracture patterns of
three types: cratering, cratering with spallation, and perforation. These fracture patterns were well categorized
by the multiple forms of the penetration equation.

This document is provided by JAXA.
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Damage evaluation of silicon nitride ceramics
subjected to hypervelocity impact

AFRASREBILTAREIZIVIAD
8 15 2R 187 2848 {5 5T

N. Kawai, S. Hasegawa, E. Sato

Institute of Space and Astronautical Science (ISAS),
Japan Aerospace Exploration Agency (JAXA)

NEE, RAINE, EfkE—
THNZENERAERE - THEFMER

FESRMAR—RTFIYIT—4S 3y T @IAXASRAMZEFE 24— 2013/1/22-23

M Institute of Space and Astronautical Science (ISAS), J
Japan Aerospace Exploration Agency (JAXA)

Ceramic thruster

Ceramic:

Although its fracture pattern is brittle,

it has good mechanical property.

v"high strength, high heat resistance,
low density, high corrosion resistance

Si;N, ceramic thruster
Thruster: Small rocket engine for a spacecraft

OHigher thrust performance than a
conventional Nb-alloy thruster because
of its high combustion temperature

v’ Temperature limit: 1350°C—1500°C

Installed on a Venus climate
orbiter "AKATSUKI"

M Institute of Space and Astronautical Science (ISAS), J 2
Japan Aerospace Exploration Agency (JAXA)

This document is provided by JAXA.
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Space debris

All non-functional, man-made objects in Earth orbit
(e.qg., derelict spacecraft, debris released during mission operations)

» The space objects bigger than 10 cm in Earth orbit

.te ¢ vt

Ref. ESA web site H. Klinkrad, Proc. HVIS2010

The number of debris is increasing accompanied
with the space development.

(the number of 1~10 cm: 500,000 , < 1 cm: 100 million)

Damage caused by impact of debris is a growing concern
M‘ Institute of Space and Astronautical Science (ISAS), W 3

Japan Aerospace Exploration Agency (JAXA)

Damage evaluation of ceramic thruster

To use of brittle materials for structural application in space:

OEvaluation of static strength under operating environment
(e.g., thermal stress state at thruster-firing condition)

Brittle material: sensitive to hypervelocity impact (HVI)

Importance of the evaluation of damage induced

by debris and meteoroids impact

1. Evaluation of damage geometry induced by HVI

» Generate the equation of to predict the failure pattern
(This talk or N.Kawai et al., Int. J. Impact Eng. 38, 542 (2011).)

2.Internal damage structure induced by HVI

» Observation of internal damage and numerical simulation
(N. Kawai et al., Proc. HVIS 2010, pp. 722-733.)

M‘ Institute of Space and Astronautical Science (ISAS), :W 4

Japan Aerospace Exploration Agency (JAXA)

This document is provided by JAXA.
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Hypervelocity-impact experiment

Two-stage light-gas gan
v" It can accelerate a single particle

with diameter of 0.1~3.5 mm up

to 7.0 km/s using a sabot.
N. Kawai et al., Rev. Sci. Instrum. 81, 115105 (2010).

Projectile condition
Size: 0.2~1.0-mm sphere
Material: Steel, Al, Al,O;, Glass, Ir, Pt, WC
Impact velocity: 1.5~7.0 km/s

Si,N; target

Material: SN282 by Kyocera Corp.

Size: 50 x 50 x 1.5~3 mm

M‘ Institute of Space and Astronautical Science (ISAS), 5
Japan Aerospace Exploration Agency (JAXA)

Impact-induced fracture pattern

Impact surface

Rear surface

5 mm
Projectile Steel 300 pm Steel 500 pm Steel 500 pm
Impact velocity 4.43 km/s 3.52 km/s 3.85 km/s
Kinetic energy 1.10J 3.22] 3.85]
Fracture pattern Crater Crater + Spall Perforation

M‘ Institute of Space and Astronautical Science (ISAS), W 6

Japan Aerospace Exploration Agency (JAXA)

This document is provided by JAXA.
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Impact-induced damage

Along impact axis Perpendicular to impact axis
Highly damaged area (at a depth of 0.5mm)

Radial cracks

/1

)

Conical cracks

Planar fracture 1 mm m‘

Highly damaged area
® Highly damaged Si;N, was observed immediately
beneath and around the crater.

# Conical and radial cracks propagated inside the sample
from the highly damaged region.

M Institute of Space and Astronautical Science (ISAS), W 7

Japan Aerospace Exploration Agency (JAXA)

Impact-induced damage pattern

Cratering

» Highly deformed area
beneath the crater

» Conical crack propagation

S Planar spallation

%o > Thin planar fracture

== induced by rarefaction
;J E %! I Conical spallation

— » Fracture by conical cracks
-

o v !
- '*
» —

Perforation

4 > By linking the crater and
the conical spall

M Institute of Space and Astronautical Science (ISAS), W 8

Japan Aerospace Exploration Agency (JAXA)

This document is provided by JAXA.
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Crater depth
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O The differences of crater depths between steel
and other materials are caused by differences
of the material density.

peri 8

Institute of Space and Astronautical Science (ISAS),
Japan Aerospace Exploration Agency (JAXA)

Crater depth is taken as
a damage cracteristic.

Crater depth measurement:
by a laser microscope

M Crater depth formed by the
impact of a steel sphere

0.64
[ P, =0.69d )" ]

P :crater depth, d,:projectile diameter,
v,:projectile velocity

W 9

Penetration equation

Effect of projectile density

0.6 H ] | | ] | -
asb ® ., *| v Assuming a power-low relation
0'4 " o " Is a:exponent for density
5. o7 ¢ Ll [P
:‘-‘:%" G L 1] ] })ss pss
¥ opiE o 4 p,:projectile density,
o /x ] p-Steel density=7.8 Mg/m?3
sole + 4 1 1 1 o« o Penetration equation
01 2 3 4 & 7 . 0.73,.0.67
K,/ kmjs [ PC _ O 142dp10p Vp

In the case of other brittle materials

For Glass
])C :0.53dr1).06pr()).5v2/3

p

B. G. Cour-Palais, IJIE 23, 137 (1999).

peri g

Institute of Space and Astronautical Science (ISAS),
Japan Aerospace Exploration Agency (JAXA)

For C/C composite coated by SiC
P,=0.61d, (pp /P, )0'5 (veos O)"

Christiansen and Friesen, 1JIE 20, 153 (1997).

Ww

This document is provided by JAXA.
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Impact-induced damage pattern

-
L mm

e B

Institute of Space and Astronautical Science (ISAS),
Japan Aerospace Exploration Agency (JAXA)

Cratering

» Highly deformed area
beneath the crater

» Conical crack propagation
Planar spallation

» Thin planar fracture
induced by rarefaction

I Conical spallation

» Fracture by conical cracks

Perforation

AUl 5 By linking the crater and

the conical spall

Wu

Failure morphology map

5 0 k=
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v, [ km/s
t,: Target thickness

piri g

Institute of Space and Astronautical Science (ISAS),
Japan Aerospace Exploration Agency (JAXA)

OCiritical target thickness for
each fracture pattern is
described by a multiple form
of the penetration equation.

Critical thickness equation
_ 0.73, .0.67

1, =0.142kd, p)

k: Fracture factor

t.: Critical thickness to prevent fracture

for Conical spallation

_ Metal: 2.2
[ k=3.7 ] Glass: 7.0

for Perforation
[ k=2.4 ] Metal: 2.2

Wu

This document is provided by JAXA.
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Impact test of nozzle throat model

Impact test of nozzle throat model
Size: @29 mmX @23 mmXL60 mm
t=3.0 mm

Projectile: Al sphere 0.3 mm
Impact velocity:5.07 km/s

Impact energy:0.49 ]
(99.9% of cumulative probability of
impacts during “"AKATSUKI" mission.)

Nozzle throat model after impact

M’ Institute of Space and Astronautical Science (ISAS), W 13

Japan Aerospace Exploration Agency (JAXA)

Thermal stress test after impact

Impact test of nozzle throat model  ,.[ b |
Size: (29 mm X @23 mm X L60 mm @ Lm:'h—ﬁl o -E
t=3.0 mm g wor \ R |
Projectile:Al sphere 0.3 mm | ) ".I th
Impact velocity:5.07 km/s 7 - \ FT_____j
Impact energy:0.49 ] =
A : .
% S amime oo o Thermalsiessts

Impact crater after impact  after thermal stress test

M Institute of Space and Astronautical Science (ISAS), W 14

Japan Aerospace Exploration Agency (JAXA)

This document is provided by JAXA.
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Summary

m HVI tests were performed on a silicon nitride plate in
the velocity range up to 8 km/s to investigate its HVI-
induced fracture behavior.

m The penetration equation of silicon nitride was
determined.

m Impact-induced fracture patterns of three types were
observed: cratering, cratering with spallation, and
perforation.

m The boundaries of each fracture pattern were well
described by the multiple form of the penetration
equation.

M" Institute of Space and Astronautical Science (ISAS), j 15
Japan Aerospace Exploration Agency (JAXA)

This document is provided by JAXA.
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An Estimation of the Ballistic Limit Curves by Performing Numerical Analyses
of the Small-Size Space Debris Impacts on the Components of Satellites
for the Purpose of their Designs

OFrsgsgch, FiuEsE (LT 7 /) a—a X, CTC), 1~ H T35 JAXA)
OAtsushi TAKEBA, Masahide KATAYAMA (ITOCHU-Techno Solutions Corp., CTC),
Kumi NITTA (JAXA)

1991 4, NASA/MSFC @ K.B.Hayashida 513, 1960 FFAIZ7 ARtz H0 2L CRETS e AT A4 a A
RETFESAMTELCTO 2 HR S — /LR AT A WD, Whipple /30 73— — LRO EHRRFR A, L OZD
BAR—2AF TV BB A ELZ CRESNERICOWTHB L - HEELZ L TW5, 22 CTHhREENZ
T I RAE D 2 B I Agi 2 L E LT e RACESW b D THD AN, 1947 41T F. L. Whipple
PRRUIZTAT 7T MBI LAY =X L LT 52828, ZO# AT AOFIMWEE
MR LT D Th D, Fig.1(a)l LA A EICFLHES 172, Ballistic, Shattering, Hypervelocity @ 3 > Regime
DIFEZER LT THY, Fig.1 (b)IXZ0D 3 DOFEMDOIFEDT-DIZ, 1 B D B @R AR U~ T 2 Bl
= )VR AT AOBGEMERED M LT 20 E R LK THD, EFHOIT, JAXA FH G HEHE
HEEB ST 7 VB#EREE WG OIFBIO—EREL T, [AR—RAFT T Uk it~ =27 /v | OfERk &1 T>C
WD, T OMEE T, FRRFHIE 35720, EBRICEDD Tl FEMT I L > CEEBAX OB
w47 o720 ED—il% Fig. 10, EAEMENT D A2 Lo TR EIE 5 T Whipple > — /LR O B E R SR
MR DHEEZAT S 7= DI R A B TH IO TORBE THHEE IS,

In 1991, K. B. Hayashida et al. at MSFC/NASA published a report reviewing the ballistic limit equations
(BLE’s)for the “Double-Plate”, so-called Whipple bumper shield, which was investigated as a protection
technology for the space vehicle from interplanetary meteoroid impacts mainly for the purpose of the Apollo
program in 1960’s. The report also reviews the modified equations applicable for the space debris impact,
after the space debris problem emerged in 1970's. The BLE’s referred to in the report were derived on the
basis of vast amounts of hypervelocity impact tests using launchers like two-stage light gas gun, it was
confirmed and proven that the Whipple bumper shield is indeed effective for the meteoroid protection by
investigating and clarifying the mechanism of it, of which idea was proposed by F. L. Whipple in 1947. Figure
1(a) depicts the existence of three regimes of the ballistic, shattering and hypervelocity, and Fig.1(b) indicates
the effectiveness of the “Double-Plate” in comparison to the “Single-Plate”, both graphs are published in the
report. The authors have been writing the “Design Manual on Space Debris Protection” as an activity of the
Working Group of the Space Debris Protection Design at JAXA, and they tried to derive the ballistic limit
curves (equations) of small projectile impacts on the “Double-Sheet” targets only by the numerical analysis,
not by the experiment. Figure 1(c) shows one of such curves. The derivation of the BLE’s for the Whipple
bumper shield only by the numerical method, taking into account the shock-induced vaporization, is probably
recognized as the first trial in the world.

- I s e e, & AL g v s e i
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Chalienging Tomorrow's Changes

BERZEEMNELEBMNT IT)D2EBRADERIBED
HIERTICKLSEERFERDHETE
An Estimation of the Ballistic Limit Curves by Performing
Numerical Analyses of the Small-Size Space Debris Impacts on
the Components of Satellites for the Purpose of their Designs

2013£%1H23H

frig 3R, Bl #E (CTC)
{—H T (ISASIJAXA)

Copyright ©2013 ITOCHU Techno—Solutions Corporation

« Ballistic limits for equal mass monolithic target and

Whipple shield
|:| 3 L R e e ]
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Copyright ©2013 ITOCHU Techno—-Solutions Corporation
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CTC

« Ballistic limit curve for the small-size space debris was
estimated by the numerical analysis. A hydrocode:
ANSYS AUTODYN was applied to the analysis.

Copyright ©2013 ITOCHU Techno—Solutions Corporation

ay | -

Numerical Analysis Model

Bumper Rear-Wall
Al2024 OFHC-Copper
t=0.5mm t=2.0mm

Pé%%‘gl{e Sandoff
¢: 0.05~ 1.00 mm 0/1.0/2.5/5.0 mm
2~ 15 km/s

Copyright ©2013 ITOCHU Techno—-Solutions Corporation

This document is provided by JAXA.
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CTC

Numerical Analysis Model

Standoff Omm

Standoff 1mm

Standoff 2.5mm

Standoff 5mm

Copyright ©2013 ITOCHU Techno—Solutions Corporation

Standoff: Imm Projectile: ¢ 0.4mm 2km/s
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Standoff:5mm Projectile: ¢ 0.4mm 5km/s
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Standoff:5mm Projectile: ¢ 0.5mm 12km/s
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Numerically Estimated Ballistic Limit Curve (Standoff 1mm) CTC
0.6
@ Penetration Depth=0.2mm
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Copyright ©2013 ITOCHU Techno—-Solutions Corporation
Numerically Estimated Ballistic Limit Curve (Standoff 5mm) CTC
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« The authors tried to derive the ballistic limit curves
(equations) of small projectile impacts on the “Double-
Sheet” targets only by the numerical analysis, not by
the experiment. The derivation of the BLE's for the
Whipple bumper shield only by the numerical method,
taking into account the shock-induced vaporization, is
probably recognized as the first trial in the world.

This document is provided by JAXA.
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Plasma Generation caused by Hypervelocity Impact against Thin Sheet Materials

O M HIE JAXA) , KHEE— GiFR), 124 K (JAXA)
OKoji Tanaka (JAXA), Yoichi Nagaoka (Sokendal), Susumu Sasaki (JAXA)

BEWIE LITHFET AT A AR LFE T 7Y O L7208 @ R AR O G BT F 2 TRAL TR0, 7
TV REIICD | EDORRPIIEFIHF LS TS, B ERE AL O 2L, 2O ERRKE L
BT, EREE I E R AT 07 T AN A 52 DD o5, 8 m R RN LD 920k
HEITRBWTC, LB EB) = %L — O — B S L, 2 DJE OB RN Kb T 5, Kkl
f_%’?"“?i>42“/fbbf77%?%5%&5&% FEZROE ORE DO REBEFCIPEN | S AEEC KB <
BILRAEEEITEELLTBY, HRICEVEELET T NRZE L2 > T, a— 7 —7
ﬁﬁzaﬁfzéléi_b FIIUC K S B AR A RES T D TR 0D, Flo, TR~ DR LI, EBALE
BHRLIHERIN TN,
Fox 1T, BEEHRAREOERBIEBLR BN THRAET LT T A~ DO E&FHICEN L) BEIL T
GeAATHTND, ARG T, BRI OL — L4 o %02 By sl 4 A5 J1] L 7= M b b~ o
MR BRI AL Tk D,

Space debris is recognized as a serious threat to man’s utilization of space. When debris collide the spacecraft,
plasma will be generated and may make a impact on the spacecraft’s equipments. To simulate the debris
impact against the spacecraft, we carried out the experiments on the detection of the generated plasma by the
hypervelocity impacts concerning the thin sheet materials using a two stage light gas gun and a rail gun
accelerator of the Institute of Space and Astronautical Science. We observed phenomena when the projectile
collided a target using a high-speed video camera, plasma probes and spectral photo sensors. Figure 1 shows a
bright cloud of the impact experiment. After the projectile impacted against the target, a bright cloud was
generated and moved both forward and backward directions from the target. Results of the experiments were
compared with the estimations by our simple impact model for thin sheet targets.

[ miin relnoay o it Baligin obiasl
Farsard dirgcrion ; damy
Backeard directisn o 1. 28

4] 10 Mu W ity
=

| |
Projeat I'L:I .
Ilarget

Figl Impact event recorded by the high speed video camera. Target : Al, Velocity of Projectile ; around
4km/s, Projectile: Polycarbonate, around 1g.

This document is provided by JAXA.
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Plasma Generation by
Hypervelocity Impact on Thin
Sheet Materials

OKaoji Tanaka(ISAS/JAXA), Yoichi Nagaoka
(SOKENDAI), Susumu Sasaki (ISAS/JAXA)

* The increase of the orbital debris are recognized as a
serious and growing threat to man’s utilization and
exploration of space.

» Typical debris impacts against a spacecraft in orbit are
thought to occur at a velocity of around 10 km/s .

« Such hypervelocity impact against the spacecraft will
possibly cause serious damages mechanically and

electrically.

—
_—

The Habble Space Telescope

B.Henson ef al., Preparing for the Future, Vol.5, No.4, 1995, pp.16-17.

Background

o

Impact damage Thin film solar array of
caused by meteoroid IKAROS

This document is provided by JAXA.
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Mechanical Phenomena : Crater, Penetration,
Impact fragmentation

Electrical Phenomena : Plasma generation,
Potential variation, Radiation of electromagnetic
wave Electrical impact on a spacecraft
Projectile Impact Plasma
Plasma p——- Plasma
v y N v
ejecta [ | \ ' ejecta
;-5, wdcd _‘ ___1\‘_\ \ /I: Penetration | id
Surface contamination y \ Potential Variation
by ejecta J'

Plasma propagation and fragmentation

The purpose of this study

Measurement and estimation of the plasma
generated by the hypervelocity impact.

Clarify the effect of the debris impact
against the thin sheet materials of the
spacecraft.

This document is provided by JAXA.
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Experimental Method

* Impact experiment concerning the thin
sheet materials using a two stage light gas
gun.

« Phenomena when the projectile collided
targets were observed using a high-speed
video camera, plasma probes and
spectroscopic measurement.

ISAS Two Stage Light Gas Gun

Maximum Speed of the Projectile
: 6 km/s
Light Gas : H2, He

Projectile
High Speed Video
Camera

Material : Nylon 66

Aluminum
Com bustion Cham ber Laser Sabot separation Bypass
T Pump tube Launch tube 5 g g
L A
7 [ E— \ |
A} —A\
‘ H N Y Yy D%J’ﬂ A .
_ | Projectile & & = Experimental
Piston Dlaphragm Detector ‘Mechanica] Booster Pum p ‘ TMP Chamber

. Velocity PET film
Two-stage light gas gun RP RP

Vacuum conditions in the experimental chamber : less than 4 X 10-2 Pa (to avoid the
collisional effect of the residual gas to the plasma propagation)

6
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Temperature Measurement by Photo diode

Black body approximation was assumed.
Wavelength : 500nm, 700nm, 900nm

Conflguratlon of phot diodes

Calibration of light intensities by photo diodes

500 0.30 66 5.05
700 0.48 61 3.42
900 0.57 66 2.66 7
Plasma Measurement Penetration
Impact Side Side
Impact Side Target *  Penetration Side
Y 250mm

- ~ o

Projectile \é

Impact Angle _
Q »- . .m
Plasma Probe

65.‘.51m1? f ? ? ? -

Aluminum Block

Impact point

(D190mm )
2 =0.61 1/2
‘ KT\
I;p|= kN.eS
m;
Probe current

Double Probe Measurement Circuit 8
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Plasma propagation velocity was
calculated by hitting time of plasma
at the probe.
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Plasma Luminous Cloud
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I — :Ch5 (146.1mm) _ g C B #27 Ch4-6
== :Ch6 (196.1mm) — -
T o 4 =z iz
(72]
é = - c 1013__E
2 I
o 0 r
= ) -
3 s I a
O 5 ® i L]
8 O jonb u]
(@] o
= S - ]
o 10 S C
E I
= i
© L
0 =
1 | 1 | 1 | 1 1011 L > 1
0 5 10 15 20 10

Time [us] Propagation Distance [mm]

Plasma density decayed with propagation distance.

13

The experimental results show that the

[ e cmmara | maximum plasma density decreased
200 [ 2amme | asL4~LS.
2 o N M AL 3000m Chl3
) - N \\\\ B Al 300um Ch4-6 ]
T [ . ]
o [ \{ % . 1 L:mean free path
£ N LR
g B i. i i \x\ T
= '\ Thel
Q107 & : E If we assume that the background gas
9 - R (L . 0
8N F .} 4 density temporarily increased at the
g - K. 1 impact, the experimental results
- N
5 1  should be affected.
Z 102 | .
1.0 2.0
Normalized Distance from
impact point
14
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The model based on a drift Maxwellian distribution
suggests that the maximum plasma density n, ., is
deceased with the distance from the impact point
(L) as L-3.

15

*The experimental results show that the plasma density
was maximum between 70° and 90° and decreased
with the decreasing angle.

*The maximum plasma density is deceased with the
distance from the impact point as L2 when a drift
Maxwellian distribution is assumed. However, the
experimental results show that the maximum plasma
density decreased as L* ~ L-°.

*The plasma velocity was generally highest along the
target surface and decreased with the angle from the
surface.

16

This document is provided by JAXA.



H5E [ZA_R—=2AF TV T —r g v HEERME 249

Conclusions

The plasma density observed in the experiment was as much as
10"3 cm3 at 10 cm from the impact point, which is much higher than
the plasma density in ionosphere by the 7th order of magnitude.

It is reported that the high voltage solar array with more than 100 V
has a potential risk for the electrical discharge in the ambient plasma
density more than 10" cm-3

The amount of the plasma production depends on the impact
velocity, mass and material of the projectile, and thickness and
material of the target.

Our experimental results suggests that the area with the discharge
risk on the solar array panel of the spacecraft in space could be
extended 1-2 m around the impact point of space debris.

17
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Size distribution of ejecta resulting from hypervelocity impacts of projectiles

OV HEL, A f— G TR, BA)E (FHEMIZEAEEE 5 %)
OMasahiro Nishida, Koichi Hayashi (NITech), Sunao Hasegawa (JAXA)

TIVERIZESTAD = ZDIEL, TNEN ZIRT TVERDTD, AV 27 Z ORERLRERRAT =K L
EHLZEIIEETHD. AV AN G A LERELT, Z—7 v bOMBHRFECIREE, RAHEDME 22
W, E22 R, MBHRE, TRARSPHE 2R E N Z A DNDD, ZNbZ i ~2> 2055, FH TIEINETO
IR D —EREFRN T 5. FELTAT =7 ZIZOWTE, FEBrtk, T2 =R, 20K, &
5, MEEELEZNELL. MEEDATIZEDBE B IO =7y M7 IR E LIMREER OE IR D
A =7 2 DG A EG I~

Space debris often strikes spacecraft and space stations at very high velocities, forming ejecta fragments. A

significant fraction of the secondary debris in LEO results from such ejecta fragments. Therefore, it is
important to understand ejecta composition and mechanisms of ejecta formation. We can expect that many
factors, such as temperature and material properties of targets, impact velocity, impact angles, material
properties and shape of projectiles, will affect the ejecta formation and composition.
We are now examining the effects of such factors, and I will present some of our results. After impact
experiments, the mass, size and aspect ratio of the ejecta fragments collected from the test chamber were
measured. The ejecta cone angles were examined using a high-speed video camera and indentations on witness
plates in front of the targets.
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BSRIAN—RT T YT —0 a7
5t Space Debris Workshop, Jan 22-23, 2013

HEERPABRERICEVET EMOII2DH (X531

Size Distribution of Ejecta Resulting from Hypervelocity
Impacts of Projectiles

FHREEA, #KE— (BIXK), RAIJIE JAXA/SAS)

Masahiro Nishida, Koichi Hayashi (NITech), Sunao Hasegawa (JAXA/ISAS)

e

Space Debris

Image of space debris

Number of cataloged objects
Total 16000 —>

s il 11

Low Earth orbit (LEO)

NASA Orbital Debris Program Office

http://orbitaldebris.jsc.nasa.gov/photogallery/bee
hives.html#leo

L] 1

. Increase/v
: 0 Space debris

.=-;;;_:;i-_;;;::--=_s-'=i_=;;_.=1a..'i; : overlOOmmZII,OOO

Year
Debris Quarterly News, Vol. 16, Issue 1, 2012
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International Space Station

NASA

http://spaceflight.nasa.gov/gallery/images/
shuttle/sts-127/html/s127¢011212.html

?\336%6 i%é“ff%:é‘f“ el Debris cloud
Bumper shields |
O—

Projectile

Whipplglbumper Thin-plate perforation

Debris Cloud & Ejecta Study for Thin Plates

Formation of debris clouds Improvements to bumpers
6 mm Al sphere — Al plate 2 mm 7.9 mm Al sphere — CFRP[0°/45°]
6.7 km/s

! |17km/s

K. Thoma, et al., Proc 3rd European

Conf on Space Debris, 2001, p. 555-567 R. Kubota, et al., J. JISEM, 2010, p. 110-115
1.01 mm Al sphere — SiC-fiber/Al composite
12.7 mm Al sphere — Al plate 0.59 mm 4.31km/s
6.26 km/s
A.J. Piekutowski, Int. J. Impact H. Tamura et al., Int. J. Impact
Engineering, 1997, p. 639-650 Engineering, 2011, p. 686-696
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Penetration of Thick Targets (1 of 2)

Thick targets
Composition of ejecta
< QO .

Projectile S

o J
Numata, Kikuchi, Sun, Kaiho, Takayama, Proc JSSW,

Cratering (2006), pp. 221-222.

Projectile Projectile fragments and ejected materials

e
fragments

-

Ejecta

|l

Secondary debris
in LEO

Murr, Int. J Impact Eng., (2006), pp. 1981-1999.

Penetration of Thick Targets (2 of 2)

Distribution chart of impact craters  Ejecta production mechanism
Lol on a brittle target

e

) ) Siguier, J.M. & Mandeville, J.C.,
Sugawara, K et al., 60th International Astronautical Proc. IMechE, 221, G, pp. 969-974, 2007.

Congress, IAC-09-A6.3.06, Daejeon, 2009.

Draft ISO (ISO/TC20/SC14/CD11227)

International standardization (ISO/DIS11227 "Space Systems — Test
procedures to evaluate spacecraft material ejecta upon hypervelocity impact")
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Important factors

- Temperature of targets (Nishida ez al, Int. J. Impact Eng., 2012, ISTS2013)
- Shape of targets

- Material properties of targets
- Impact velocity of projectiles
- Material properties of projectiles (Nishida et al., J. JISEM, 2012)
- Shape of projectiles

- Impact angle of projectiles (Proc. DYMAT, 2012)

— Objectives of Our Research

To investigate effects of such factors on
» cjecta & crater shape

} (Nishida et al., Int. J. Impact Eng., 2013)

s Long Term Goal of Our Research —

- Understanding ejecta composition and mechanisms of ejecta

formation when projectiles strike thick targets at very high velocities

- Obtaining basic data for new orbital debris models )

Effects of Material Properties of Targets

Nishida, et. al, Int. J. Impact Engineering, Vol. 54, (2013), pp. 161-176.
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Experimental Setup

i | 50mm
Witness plate ¢ B (
150 mm X 150 mm

—
1

Projectil
rojectile > Lol

Polycarbonate o 1 Z
[¢3.2 mm, 0.02 g \ '

¢7.14mm, 0.23 g
$143 mm, 1.82 g

High speed video cameta (= Target
Shimadzu: HPV-1, \ /
Vision research : Phantom V710 Aluminum alloy
A1100-0O A1100-H A6061-O | A6061-T6
Tensile strength [MPa] 80 84 124 B
Yield stress [MPa] 42 ¥ 48 61 Y287
Vickers hardness 24 35 38 110
Elongation [%] 60 " 46 30 "9

Two-Stage Light Gas-Gun

(ISAS, JAXA)
Powder Chamber p Tube
/& Launch Tube
Light Gas (He,H,)
Powder

Diaphragm Projectile

Piston
10
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Image by High-Speed Video Camera

A1100-H, 1.98 km/s

16 us after impact

11

Crater and Ejecta

A1100-O A1100-H A6061-0O A6061-T6

6.16 km/s 6.01 km/s

12
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Definition of Ejecta

Measurement of mass distribution & size distribution
of ejecta collected from chambers after experiments.

Condition
A < .
. - Ejecta mass; > 1 mg

' - Target origin
A
S
y

B a N a=b=c

Distribution of Ejecta Mass
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£.2 20r o
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Ejecta Length a
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Witness Plates (Aluminum Alloy 1100-O Target)

Impact velocity : 2.90 km/s

58— e

Impact velocity : 4.20 km/s

Impact velocity : 5.98 km/s 17

Energy Dispersive X-ray Spectroscopy

Point B

Point A G Point B

3

s

%,
EJ

BV ey
18
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Image of High-speed Video Camera

(a) 40 ps after impact  (b) 64 us after impact

19

Schematic Diagram of Ejecta Composition

20
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Scatter Angle of Ejecta

80
iy L

L
é" 60
. —d 1 = |

-1 e c

¢ = tan / X E 40k
2 50 2 L
g 20r
§ L
0

1 2 3 4 5 6 7
Impact velocity V' [km/s] 21

Similarity Rule

Nishida, et. al, Int. J. Impact Engineering, Vol. 54, (2013), pp. 161-176.
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Two-Stage Light Gas-Gun

"

(Nagoya Institute of Technology)

23

Experimental Condition

Condition Projectile Projectile Impact Impact
diameter mass velocity energy
1 3.20 mm 002g 6.01 km/s 3611J
2 7.14 mm 023 g 2.09 km/s 498 ]
3 7.14 mm 023 ¢g 6.01 km/s 4118 ]
4 14.3 mm 1.82¢ 2.19 km/s 4364 ]

24
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o [ J
Ejecta Mass & Ejecta Length
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Formulation of Size Distribution

(Fragmentation model )

Nishida, et. al, Int. J. Impact Engineering, Vol. 54, (2013), pp. 161-176.
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Experimental Setup
Impact velocity 2 km/s
4 km/s
6 km/s
3.2 mm Al 2017-T4 spheres L AL 6061-T6 targets

High-speed video camera

27

Number of fragments greater than A,

Distribution of Projected Area

| 4, - Projected area of ejecta

Divided by square of impact velocity

T T T T
e 1.98 km/s
e 4.28 km/s
® 6.22 km/s

——
e 1.98 km/s
e 4.28 km/s A
@ 6.22 km/s

Good agreement 28
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Fragmentation Model

Bi-liner exponential description

2 7% 107

Bi-liner form

Cumulative number
N(4,) = a, exp (a,4,)+ a; exp (a, 4,)

Number of fragments greater than A

- LT PR R w
i B e R AT

Dynamic fracture of  Hypervelocity impact of lead (1.5 km/s)
thin plate

D.E.Grady, M.E Kipp: APPLIED PHYSICS LETTERS, (2006) 88
D.Grady, Shock Wave and High Pressure Phenomena,(2006) 7-32

Projected Area Distribution of Ejecta Fragments

10 — T
e 1.98 km/s
10" e 4.28 km/s |
L @ 6.22 km/s
?flo‘) © 6.22 ks |
z N,V

Bi-liner exponential description

N}Efe) =18.48exp(—5.07 Ae) + 2.85exp(—0.514e)

30
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Effects of Projectile’s Materials
& Impact Angle of Projectiles

Effects of projectile’s materials
Ejecta mass

3

5] 107 4 Pure iron, 5.48 km/s
s A Bearing steel, 6.07 km/s
h e Aluminum alloy, 5.91 km/s
Z2 10% O Polycarbonate, 6.01 km/s |
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g . A N
v °
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5.2 ° N
S0 L]
E =] O [ ] A A
E g 10%E o, ° A A
10° 10' 10°

Ejecta mass [mg]

3.2 mm projectiles impacting on
aluminum alloy 6061-T6 target
(Impact velocity of 6 km/s)

Nishida et al., J. JSEM, 2012

Effects of impact angle
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- . e (deg
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0* ‘ ‘ ‘ o ‘ Y u] ) [ ] ) _

0 0.2 0.4 0.6 0.8
/7 Thin <@ Thickf—

14.4 mm polycarbonate spheres
impacting on aluminum alloy
6061-T6 target

(Impact velocity of 1.8 km/s)

Nishida et al., Proc. DYMAT, 2012 32
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Summary

1. Ejecta mass and ejecta size distributions were examined in
detail.
- Material properties of targets
- Impact velocity of projectiles
- Material properties of projectiles
- Impact angle of projectiles

2. Ejecta composition was proposed.

Scatter angle of ejecta depended on impact velocity.

4. Experimental formula of fragment size distribution were
created.

5. Similarity rule was discussed for predicting ejecta size
resulting from hypervelocity impacts of small projectile

(<Imm).
33
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Space Debris Conjunction Assessment
-- Collision Risk Mitigation Experience --
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OKaneaki Narita, Shinichi Nakamura, Toru Tajima, Kazunori Someya, Junya Abe (JAXA)
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In 2008, JAXA Consolidated Space Tracking and Data Acquisition Department (CSTDAD) established the
conjunction assessment capability to recognize possible space debris (space objects) approaching to JAXA
satellites, when the debris screening engine and conjunction assessment tool became operational, and since
then, we have been working on conjunction assessment which leads to judging the necessity for collision
avoidance.

This presentation will introduce concept of JAXA conjunction assessment and collision avoidance process,
lessons learned and issues for conjunction assessment, and summary of international standardization
coordination under way in cooperation with other space agencies.

This document is provided by JAXA.



H5E [ZA_R—=2AF TV T —r g v HEERME 269

Space Debris Conjunction Assessment
- Collision Risk Mitigation Experiences -

#5 Space Debris Workshop
January 23, 2013

K. Narita, S. Nakamura, T. Tajima, K. Someya, J. Abe

Consolidated Space Tracking and Data Acquisition Department
JAXA

5th Space Debris Workshop/K. Narita, JAXA/Jan-23-2013 1

Introduction

® UN COPUOS Space Debris Mitigation Guideline #3
(2007)

Limit the probability of accidental collision in orbit

— “If available orbital data indicate a potential collision, adjustment
of the launch time or an on-orbit avoidance maneuver should be
considered.”

® Capability build
— In 2008, JAXA established conjunction assessment capability for
JAXA satellite in LEO and GEO
— Experienced 1st Collision Avoidance in 2009

® Space Operation Experiences

® Conjunction information sharing standardization
— CCSDS, ISO TC20/SC13
— Conjunction Summary Message (CSM)

5th Space Debris Workshop/K. Narita, JAXA/Jan-23-2013 2

This document is provided by JAXA.



270 FHZERA BRI R JAXA-SP-13-018

Population of Space Objects

® U.S. cataloged objects in Earth orbit: approx. 16,000
® 90% distributed in LEO region (2,000km alt. below)

Population of TLE based Space Objects
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Congested Orbital Environment

® Approaching space objects to LEO satellite
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Conjunction Assessment

® Orbit Determination (OD) and conditions
— Covariance (radial, in-track, cross-tack)
— Days since Epoch, Number of available data, etc.
— Space Environment (short-term) concerning OD and Orbit
Prediction
* Atmospheric drag, Solar radiation pressure

® Conjunction Assessment
— Probability of collision (Pc) will be calculated under some
assumptions such as “dimensions (RCS)”
* “Pc” is not a single evaluation source
* Miss distance
* Credibility of OD and Orbit Prediction
— Satellite condition
* Regular maneuver plan
* Fuel consumption, Recovery maneuver to mission orbit, etc.
— Concentrated work in a limited time is required
(i.,e. TCA-72h to -12h)

Conjunction Assessment View

Satellite position at TCA e

Satellite Orbit

Miss distance R (Ru, Rv, Rw)
TCA: Time of Closest Approach

Miss Distance: R Debris

Reference
* Head-on collision: ~ 16km/s
* Satellite velocity: ~ 8km/s

Probability of Collision: Pc

This document is provided by JAXA.
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Collision Avoidance View

® Useful regular satellite maneuver theory

Raising the Altitude
P =TT T~
7
'

isi
/7
/

Delayed
Arrival
Point

NS ="

(a) Raising the Altitude (b) Delay in the Predicted
Arrival Time

Satellite Orbit [New]

Space Operation Experiences

® Characteristics of Orbital Flight Dynamics
— Space Environment (short-term) concerning OD and Orbit
Prediction

® Information sharing
— Direct communications with approaching satellite operator
should be prepared, assuming s/c to s/c collision

— Registration of Space object information
» State should provide registration information as soon as
practicable to the Secretary-General to UN.

— Use a standard format when sharing orbital information on space
objects
» Operators should use a common, internationally recognized
standard formats to enable collaboration and information
exchange.

This document is provided by JAXA.
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Standardization

® Conjunction Summary Message (CSM)
— Standard message format for spacecraft conjunction information

— Facilitate interoperability and enable warning and mitigation

— CCSDS member agency demonstration will be in 2013 (CNES,
DLR, ESA, JAXA, NASA, etc.)

— CSM Example

* TCA (Time of Closest Approach), Miss distance, Relative
position/velocity, and
» State Vector, Covariance Matrix, etc.

5th Space Debris Workshop/K. Narita, JAXA/Jan-23-2013 9

Conclusion

® Conjunction Assessment
— Orbit Determination (OD) and conditions
— “Pc” is not a single evaluation source

® Collision Avoidance
— Useful regular satellite maneuver theory
— (1) Rising the altitude, (2) Delay in the predicted arrival time

® Space Operation Experiences
— Space Environment (short-term) concerning OD and Orbit
Prediction
— Information Sharing

® Standardization
— Conjunction Summary Message (CSM)

5th Space Debris Workshop/K. Narita, JAXA/Jan-23-2013 10
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Non-life insurance related to Space debris

AR (DI = AR 1)
Shigeo Suzuki (Aioi Nissay Dowa Insurance Co., Ltd.)
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(1)Loss or damage caused by debris
1) To own property
2) To third party
(2)Current Space Insurance
1) Insurance for own property
(DLaunch Insurance @In-Orbit Insurance
2) Insurance for third party liability
(DFor launching @For own satellite
(3)Indemnity of loss or damage caused by debris under insurance
1) Under current space insurance policy
(DLaunch and In-Orbit insurance policy
(@Third Party Liability insurance policy
2) Assesment of risk of debris in the space insurance market
(4)Points to be considered for insurance coverage for debris removal works
1) Insurance for debris removal works
2) Insurance policy holder and insured
3) Sum-Insured or limit of liability
4) Others
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Non-life Insurance related to Space Debris

i 7 N
Shigeo SUZUKI

sLsLvETEARERMBFEISH
Aioi Nissay Dowa Insurance Co,Ltd,

INSURANCE GROUE

B

TIVICERTHEEICDONT
Loss or Damage caused by Debris

REDFHRERDELE
Current Space Insurance

TIVICERT HEEDMHE

Insurance coverage for loss or damage
caused by Debris

TIVBRED-HODEERIKRDEE

Consideration on insurance for debris
removal works
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TIVIZERT HIEECDLNT
Loss or Damage caused by Debris
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To own property

FE=FICEZLHETE
To third party

REDFHRROELE

Current Space Insurance

T EfRER

Launch Insurance

B iE L RER

In-Orbit Insurance

F=EREFERRKR
Third Party Liability Insurance
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TIVICERT HI8FDMHE
Insurance coverage for loss or
damage caused by debris

- BITOFHRKRICKHHE

= Under current space insurance

» REET—INZBIFTETIIDIRY
i ERROERE

= Assesment of risk of debris in the
space insurance market

TIVBRED-HDIEEFRIZRDBEE

Consideration on insurance for debris removal works

= TIVBREEZEIZEZAOND)RIERE
= Risks with debris removal works and
insurance

- RIRZHIE EWRIRE

= Insurance policy holder and insured

- RIREE(TAMBRELR)DHKRTE

= Sum Insured or limit of liability

= ZTOMRIRFE T SEDRE
= Others
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R&D on in-situ measurement MMOD sensors at JAXA

OdbEEsE A (IHD , IAKREA, B &, AARRES JAXA),
Pauline Faure, 7R 2% (JWN LK), I EAR (BR), fEHAM (LK),
FEAR Z(HD, B+ 52, MvllEIR, 2K (QPS WFZERT)
OKitazawa, Y. (JAXA/IHI), Matsumoto, H., Okudaira, O. (JAXA), Faure, P. (Kyutech),

Akahoshi, Y. (Kyutech), Hattori, M. (The University of Tokyo), Hanada, T. (Kyushyu University),
Karaki, A. (IHI), Sakurai, A., Funakoshi, K., Yasaka, T. (iQPS)
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The history of Japanese R&D into in-situ sensors for micro-meteoroid and orbital debris (MMOD)
measurements is neither particularly long nor short. Research into active sensors started for the meteoroid
observation experiment on the HITEN (MUSES-A) satellite of ISAS/JAXA launched in 1990, which had
MDC (Munich Dust Counter) on-board sensors for micro meteoroid measurement. This was a collaboration
between Technische Universitat Miinchen and ISAS/JAXA. The main purpose behind the start of passive
sensor research was SOCCOR, a late 80’s Japan-US mission that planned to capture cometary dust and return
to the Earth. Although this mission was canceled, the research outcomes were employed in a JAXA micro
debris sample return mission using calibrated aerogel involving the Space Shuttle and the International Space
Station. There have been many other important activities apart from the above, and the knowledge generated
from them has contributed to JAXA’s development of a new type of active dust sensor. JAXA and its partners
have been developing a simple in-situ active dust sensor of a new type to detect dust particles ranging from a
hundred micrometers to several millimeters. The distribution and flux of the debris in the size range are not
well understood and is difficult to measure using ground observations. However, it is important that the risk
caused by such debris is assessed. In-situ measurement of debris in this size range is useful for 1) verifying
meteoroid and debris environment models, 2) verifying meteoroid and debris environment evolution models,
and 3) the real time detection of explosions, collisions and other unexpected orbital events. Multitudes of thin,
conductive copper strips are formed at a fine pitch of 100 um on a film 12.5 um thick of nonconductive
polyimide. An MMOD particle impact is detected when one or more strips are severed by being perforated by
such an impact. This sensor is simple to produce and use and requires almost no calibration as it is essentially a
digital system. Based on this sensor technology, the Kyushu Institute of Technology (KIT) has designed and
developed an educational version of the sensor, which is currently on board the nano-satellite Horyu-II, which
was built at KIT and launched on May 18, 2012 by JAXA. Although the sensor has a very small sensing area,
sensor data were nonetheless successfully received. Moreover, a laboratory version of the sensor fitted on
QSAT-EOS, a small satellite, will be launched in December 2012. This version was developed and
manufactured by Japan's QPS Institute to evaluate the sensor's capability regarding hypervelocity impact
experiments at JAXA. JAXA's flight version, to be employed on satellites and/or the ISS, will be ready soon
and a flight demonstration will be conducted on KOUNOTORI (HTV) in 2014. This paper reports on the R&D
into in-situ measurement MMOD sensors at JAXA.
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Example of Calibration Experiments
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Relation of aspect ratio of the tracks (7/D,,,) with impact velocity

Example of Calibration Experiments
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Concepts of micro—debris detection techniques (McDonnel [1978]. LUk [1983]%
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E4
T T ERIRE ) R R — )L (TURANDOT) D48 REHL TR

Expansion of Tactical Utilities for Rapid ANalysis of Debris on Orbit Terrestrial

& 1BV, OJVHE (MUSCAT A—R -2 V=TI 7 th),
HHHER, AR SE JAXA RESE IR 2 —)
Jeongho Kim, OShinji Hatta (MUSCAT Space Engineering Co., Ltd.),
Masumi Higashide, Satomi Kawamoto (JAXA/Innovative Technology Research Center)

F 7 VE ARG AV MY — W (TURANDOT)IL, 20084 (CBHFE 2 BRI L 7= PR it gV 7 b =
T T, A — VITTFHEER 2 M I EIL ., RS ROERNRAEZE L LT, 50T
TVERICIHBERAEMBEZWET D E LT TV T7I9 I ADT —F_R—2L LTk, 44,
MASTER2005 & ORDEM2000 24 L 7-723, BLfETix MASTER2009 & FI| FH vl RE72 Ol REHE 3R 2 S i
LToe A — VO EEZ ST D,

Development of Tactical Utilities for Rapid Analysis of Debris on Orbit Terrestrial (TURANDOT) is started
on 2008. The software is capable of prediction of spacecraft damage probability by collisional debris including
shielding effect of the spacecraft itself. The tool initially makes use of MASTER-2005 and ORDEM2000 as
database of debris flux. We conducted the expansion so that the tool can reference MASTER-2009 also. The
report is of the schematic of the tool.

B Dickay — 0 Dyoida ¥ {ow grvikod | Shaisbpig T OAAY FE

This document is provided by JAXA.
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TURANDOT

Expansion of
Tactical Utility for Rapid ANalysis
of Debris on Orbit Terrestrial

J. Kim (MUSCAT Space Engineering Co., Ltd.)
O S. Hatta (MUSCAT Space Engineering Co., Ltd.)
M. Higashide (JAXA/Innovative Technology Research Center)
S. Kawamoto (JAXA/Innovative Technology Research Center)

5% Space Debris Workshop, 22~23, January, 2013
@ Chofu Aerospace Center

DB_12_01_23_MUSE

Contents

What 1s TURANDOT ?
History

Functions

— Own GUI

— Database Inclusion
— Damage Probability

Analytical Technic
Validation
Conclusion

DB_12_01 23_MUSE

2
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* JAXA’s Debris collision risk analysis tool

What 1s TURANDOT ?

— For each part of spacecraft system

— Orbit, Attitude, Shape & Shielding Effect
— Users’ defined Damage Mode & Ballistic Limit Eq.

DB_12_01_23_MUSE 3

April, 2007~Feb., 2009

* April, 2009~Feb., 2011

* April, 2011~Feb., 2012

History

— “Collision Probability”” Analysis Tool

— “Collisional Damage” Probability Analysis Tool

— Including “MASTER-2009”

DB_12_01 23_MUSE 4

This document is provided by JAXA.
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* GUI

Functions |

— Integrated Analysis Environment
— Satellite modeling

— Grid generation

—

[T T T .

DB_12_01_23_MUSE

* GUI

Functions |

— Computation condition setting

— Requirement from Databases (MASTER &
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e e
Bl e——— B e——
- -
= | may e — - —— = - -
e E — e — .
i1 | i1
e FETHES § f— p—— e ———
::r i dwrErs ma e e ::r S——
- - -1 e - - -
1 —— . = am - - - | 1 —— |
1 —— e 1
G EE—— W 2 - - - il I T
AW R s a5 T iy W W
R . B o — i w F
| r—— w— p— S
e —
LU= LU=
e e
L] 1 L] 1
= o —— - = o —— -
= ——————— = ———————
S el e — St el e —
< <

DB_12_01_23_MUSE
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Functions 11

 No Domestic Database!
— MASTER-2005 & ORDEM2000

—MASTER-2009 & ORDEM2000
Suxoppen = Xy srer - K if 1<K
Suxoppen = Xy as1er if K<1
K = L orpEm

I f MASTER +dQ)
4r

DB_12_01_23_MUSE

Functions III

* Damage Probability
— Users’ Definition
— Fortran 95 like

DB_12_01_23_MUSE

This document is provided by JAXA.
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Functions III

DB_12_01_23_MUSE 9

Analytical Technic I

* Computation Cost
— If an spacecraft has 1000 surface elements,

@:lding ElemD

1000 x 1000 x 1000000 Shielding Effect Check !!

AN
Surface Elements MASTER Fluxes

— Long computation time.
— Huge memories to Windows PC.

— HD 1s too slow.

DB_12_01 23_MUSE 10

This document is provided by JAXA.
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Analytical Technic 11

* Reduce Shielding Elements

e o 10— ] B — _—— e o 10— “f rn B — _——

Shielded Element Shielding Element

DB_12_01_23_MUSE 11

Analytical Technic III

* Reduce MASTER fluxes into solid angle

DB_12_01_23_MUSE 12

This document is provided by JAXA.
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Small
Cube Sphere Station
1?4121%1]\54&3882 Turandot grsdTeglezog(())gM Turandot Turandot
ORDEM2000
(+MASTER20 | D>0.Ilmm | - 2.25E+01 1.77E+01 | 1.60E+01 9.32E+01
05)
D>1.0cm | - 1.35E-05 2.16E-06 9.51E-06 5.44E-05
Master2005 D>0.Imm | 6.14E+00 6.15E+00 4.65E+00 4.37E+00 2.55E+01
D>1.0cm 1.36E-05 1.36E-05 1.04E-05 9.53E-06 5.45E-05
DB_12_01_23_MUSE 13
Sum of Flux, MASTER2005 vs. MASTER2009
[Orbiting target sphere, 7178km, ecc. 0.001,
0.02 inclination:0&98, raan:0&180]
0.018 —~
0.016 =
=0.014 |
2]
2 4
£ 0.012
=
! 0.01
= ——-m2005_inc000_raan000
5 0.008 —m2005_inc000_raan180
£ —+-m2005_inc098 raan000
= 0.006 . B
72 =<m2005_inc098 raanl80
0.004 ==m2009_inc000_raan000 i
=0-m2009 _inc000_raan180
0.002 m2009_inc098 raan000 -
m2009_inc098 raan180
0
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

DB_12_01 23_MUSE

14
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Example

* Collision Probability

DB_12_01_23_MUSE

Example

* Damage Frequency

. ———— - L

User defined SAP-1

DB_12_01_23_MUSE

User defined SAP-2

This document is provided by JAXA.
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Conclusion

Development April 2007~Feb.2012
GUI

Solver

MASTER-2005/2009 & ORDEM2000
Users’ damage mode definition

Tri-direction Spacecraft (Geo , Inertia &
Helio)

DB_12_01_23_MUSE 17

References

MASTER-2005/2009 Manuals
ORDEM2000 Manual
IADC Protection Manual

Hastings & Garrett “Spacecraft Environment
Interaction,” Cambridge

DB_12_01 23_MUSE 18
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FAQ “TURANDOT”

» Japanese E.T. legend “Kaguya” /”Taketor1”
— No “D” of debris, damage

— No “C” of collision

* Oriental similar legend “Turandot”

1. i -

“Taketor1” DB_12_01_23_MUSE “Turandot” 19

This document is provided by JAXA.
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E5
EF S5 BRI FRERERERE MPAC) DBAIRERICOWT

KIBO/MPAC EXPERIMENT SUMMARY

ARAMEE (EHALZERFSE B RS, OFn&E3E (AES)
Yugo Kimoto (JAXA), OMiyuki Waki (AES)

TNEDHEH I VR - 1 S BR 3 O EHE 7% 525k JEM/MPAC&SEED 3E5R) 3 & 3T B BE a IS v
a4 E (SEDA-AP) DO HEEE O—HE LT, 2009 4= 7 AT STS-127 QI/A) 12 H EiF B, ISS (ZHWY
BTz, JEM/MPAC&SEED 2B %5 i 1377 22 249 8.5 » HIRFES L, 2010 4F 4 7 12H B ~[aluE
iz, ZOWMPAC EBRIIAR—AT T ~A 70 AT A aAREDOFH 2N AFAE T D0 IR 2 i L
ZORPFELH AT BEAEIRE T HERTHS, MEERY L 7 IV =7 ol L &7 L — RS
Tz RFEFANTIBNT, EZEFLOEEE S50, J7 10504 e NG 7 T o 7 RS DA 5 7 8 lE T2\ T
w15,

JEM/MPAC&SEED experiments are composed of a Micro-Particles Capturer (MPAC) and Space
Environment Exposure Device (SEED), which are installed in the outboard platform of “KIBO” in the ISS.
KIBO/MPAC is an experiment to capture space debris or micro-meteoroids, and clarify the origin and amount
of distribution. Silica-aerogels and Au-plates of MPAC samples were exposed to space for about 8.5 months.
We presents the distribution of impact velocity, kinetic energy, and flux in impact holes confirmed with these
samples.

This document is provided by JAXA.
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KIBO/MPAC EXPERIMENT
SUMMARY

Yugo Kimoto (JAXA)
Miyuki Waki (AES)

Over View

1. Introduction

2. Observation Method

3.0bservation by CCD Scope

4. Distribution of Azimuth & Elevation
9. Presumption of Impact velocity

6. Flux

7. Summary

8. Future Prospects

This document is provided by JAXA.
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1. Introduction

JEM/ MPACRSEED (Japanese
Experiment Module/Micro—Particles
Capturer and Space Environment

Exposure Device)

MPAC is an experiment to capture space debris or micro—
meteoroids, and clarify the origin and amount of distribution.

MPACR&SEED structure was installed in the outboard platform of “KIBO”
in the ISS.

Exposure period : 8.5months (259days)
Aerogels : capture particles and estimate the impact parameters

Au—Plates : measure the number of impact holes and observe the shape.

3

Russian Service Module

Comparison the result of Rl 2o G0

JEM/MPAC and SM/MPAC

SM/MPAC was the first
debris capture experiment /
installed in the Service | RS e A

G‘KIBO”
Module (SM) of Russia. | JEM/MPAC&SEED

@ Velocity vector

JEM/MPAC was installed at the front of the ISS, and the exposure side was only
RAM (front face) .

SM/MPAC was installed behind the ISS, and the exposure side was RAM and
WAKE (rear face)

We compare the collisional behavior of the micro—particles by the difference in
the install position to ISS.

This document is provided by JAXA.
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2. Observation Method

All the samples were observed by the CCD scope while searching
for impact features with an overlapped view.

<{1> The feature had a crater—like rim and/or central peak.
<2> The feature had radial cracks and/or ejecta.

<3> The feature had a shape similar to those induced by hypervelocity
impact experiments.

= Class [ atisfied all <1> ™ <3 criteria.
m Class Il satisfied one or two criteria.

Impact (It is possible that space debris and micrometeoroids
are the origins.)

a Class Ill doesn’ t fulfill criteria
Track (signs of some impact are visible, possibiliy of
secondary debris.)

3. Observation by CCD Scope

Hardly any degradation and
discoloration was observed on
the surface of aerogels.

41 impact holes were found on
the aerogels, and 83 tracks.

In Au—plates, 15 impact holes
were found.

The density of the impact hole
was about 3500/m’.This means
particles of about

5000/m?*/year collided with the
ISS in one year.

115119 | E |
K ‘
y .
i = L |
41 E |2 1

Distribution of impact holes and tracks on
aerogels

This document is provided by JAXA.
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Many impacts are long and slender,
and the point is extremely thin.
one or some multiple small
terminal particles at the distal.

There are also impacts like a
crater without particles.

305

This document is provided by JAXA.
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I —
| | B

he _."I*Ii

Super—depth synthesis chart

Impacts on Au—plates were of
the crater type. The rims were
turned over and swelled out.

4. Distribution of Azimuth
& Elevation

Many tracks were concentrated
(a: 20~60, &£:20~40)

These were similar shapes,
and may have been formed at
the same time.

Their origins are JEM Inter— —

. . . ® Impac
Satellite Communication © Track
System or the Orbiter ?

Hemispherical view from JEM/MPAC&SEED

= Orbiter thrusters may fire during docking/undocking
operations

Secondary debris occurred at this time.

This document is provided by JAXA.
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9. Presumption of Impact velocity

The Ground Hypervelocity Impact Experiment (Prof. of International Symposium on
SM/MPACR&SEED Experiment, Kitazawa.et.al) : The experiment which made various size
and material micro—particles collide aerogels.

Shape of impact and track
Carrot Spindle

Length (L) \\Entrance Diameter (D, )

i Vv B 15

Impact Velocity (V, ) [km/s]

imp

Relation of the aspect ratio
of the impact hole (L/D, )
with impact velocity (Vimp’)l1

Some splinters Not remain

State of capture particle

Comparison of the result of the ground experiment and JEM/MPAC

experiment.

JEM Observation
Example

: Many of impacts on
Branch <3km/s S JEM/MPAC aerogels are
Crater type.

Impact velocity (V) is more
6km/s. At impact without
particles, more than 12km/s.

Spindle 5~12km/s

Many of tracks are L/D,,,
=10~30, and Carrot or
Branch type.

6km/s<
Impact velocity (v, ) is 3~

5km/'s. 12

This document is provided by JAXA.
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6. Flux
6.1. Classl

» The exposure period of JEM/MPAC experiment is shorter, and
its area is also smaller than SM/MPAC experiment.

= Although, flux (Classl) of JEM/MPAC is larger than SM/MPAC.

Comparison of JEM/MPAC with SM/MPAC

SM
315

Exposure Period

[day]

Area (RAM) [m?] 1.12x1072 | 3.35x 1072

Count [number]

z
Flux 1500 350

[number/m?/year]

= This is a caused by the install position. With JEM/MPAC
samples, since there is nothing that is interrupted at the front,
it is thought that more particles collided for a short period of
time compared with SM/MPAC samples.

Russian Service Module
SM/MPAC&SEED

Japanese Experiment Module
“KIBO”
JEM/MPAC&SEED

ﬂ Velocity vector

This document is provided by JAXA.
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As for SM/MPAC aerogels, surface discoloration and crack were
seen as the exposure period became long.

Discernment of class [ impacts became difficult.

As for JEM/MPAC aerogels, discoloration and crack are not
almost.

Class [ impacts remained without being erased.

SM/MPAC Aerogel JEM/MPAC Aerogel

6 F | u X 6.00E+03

—

= 5.00E+03
6.2. Classl~III g 4.00E+03
3.00E+03

2.00E+03

ax [Number/m/year

= 1.00E+03

0.00E+00
Flux (classl~classlIIl)

Contrary to the case of only the class I, all the flux containing
class I ~ IIIl of JEM/MPAC is less than SM/MPAC,

2

JEM/MPAC : Many of collision things are substance of space origin

SM/MPAC : substance of space origin+secondary debris of ISS

This document is provided by JAXA.
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1. Summary

Micro—particles that existed in space were captured, and their
signs observed.

There is a concentration region in angle distribution of tracks.
Influence by docking of an orbiter

Impact Velocity (V,,) Impacts : 6~12km/s Tracks : 3~5km/s
Flux (class I) JEM>SM
Flux (class [~IlI) SM>JEM

The difference in a install position is the cause
JEM/MPAC samples : substance of space origin
SM/MPAC samples : secondary debris of ISS

8. Future Prospects

= We are conducting Raman spectroscopy analysis of captured
particles in JEM/MPAC aerigels.

This document is provided by JAXA.
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= A future subject is establishing the method of analysis of
buried particles (several microns in size) in aerogels.

Micro particles forming micro—meteoroids were found in the
SM aerogel . (pyroxene)

= There is also the potential for micro—-meteoroids to be
captured in the JEM aerogel. The result of future analysis is
expected.

This document is provided by JAXA.
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Measurement and modeling of breakup events in the geostationary region

O BEFIEZ, /EHEE LK), BRE L JAXA), =2 A (HD)

OMasahiko Uetsuhara, Toshiya Hanada (Kyushu University),
Toshifumi Yanagisawa (JAXA), Yukihito Kitazawa (IHI)

WEATER ISHEmSNTWDT 7 UOFARL IR ARBER ORI, #ul BT 7 VBRI 2 #EE - THIL
TR RS RS DO TWD. A L2 EZAET 57 7 VBB L THEE - T RIS RO A
e EMEZINA DT DITBI - &7 AL BART O EBSMEER AR Th. ARFFE0 BHAE, §IRE0E 20
TRAELBIFEZOBINEET ML THS. EH T O N TEZDHK 400 £ T2 HERFE THHH
IE#GE JED CI, RET ZVERERFEEDOT 7B ETITHEZLFERINTWD. RT 7D RJR
(I Z LT TR THD TREMED @ . RFER T, BIC R T D HR OB R I T 7 VD
EEPRIRIE 71k, £ U CRIIRE R EE S <l 2 DR OET AL T IEIZOW TR T 5.

In this presentation we introduce measurement and modeling techniques applicable for spacecraft breakup
events in the geostationary region. A large number of uncatalogued objects have been found in the
geostationary region. Spacecraft breakup event is a possible cause of the population of uncatalogued objects.
The techniques to be introduced may include observation planning for breakup fragments, origin identification
of uncatalogued objects, and breakup event modeling based on the origin identification result. This research
will contribute to space debris mitigation/remediation measures, whose effectiveness largely depends on our
understandings of current space situation and its future prediction.

This document is provided by JAXA.
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Measurement and Modeling of Breakup Events
in the Geostationary Region

UETSUHARA Masahiko', HANADA Toshiya!,
YANAGISAWA Toshifumi?, KITAZAWA Yukihito?

' Kyushu University, Fukuoka, Japan
2 Japan Aerospace Exploration Agency, Tokyo, Japan
3 |HI Corporation, Tokyo, Japan

23 Jan.2013 Masahiko Uetsuhara, et al., Fifth Space Debris Workshop |

Obijective

This research aims to establish a comprehensive method
to understand and define the current orbital debris (OD)
environment contributed by spacecraft breakup events

anom. debris
1.9%

payloads
25.2%

Breakup event is a major ‘

contributor to the

catalogued in-orbit Earth breakup debrs

satellite population b‘mm“‘”“

REf) HISTORY OF ON-ORBIT mission-related
SATELLITE FRAGMENTATIONS |4th oo

Edition, NASA/TM—2008—2 | 4779 N 2008 Figure 1.0-2. Relative seg 1ts of the cataloged in-orbit Earth satellite population.
23 Jan.2013 Masahiko Uetsuhara, et al., Fifth Space Debris Workshop 2

This document is provided by JAXA.
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Approach and Contribution

oD * Objective
| Mitigation/Remediation | — To estimate the characteristics of
breakup events
t — To confirm the presence of

— unconfirmed breakup events
Space Situational Awareness

* Approach

Assessment of

Spacecraft Breakup Events — To model the observable states of

breakup events

— To verify and revise the modeling
OD Modeling results via optical measurements

* Contribution
— To understand the current space
situation and predict its future

— To plan effective orbital debris
mitigation/remediation measures

OD Measurement

23 Jan.2013 Masahiko Uetsuhara, et al., Fifth Space Debris Workshop 3

R&D Roadmap

* Verification in GEO (2010-2013)

— Development of the effective strategy applicable
for breakup events in GEO

— Confirmation of possible breakup events

— Characterization of breakup events

* Application to LEO (201 3-)

— Establish the effective strategy applicable for
breakup events in LEO

23 Jan.2013 Masahiko Uetsuhara, et al., Fifth Space Debris Workshop 4

This document is provided by JAXA.
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Breakup Events in GEO

Six rocket bodies (only Trastage!), four satellites, and two artificial events.
Two confirmed events (1968-081E and 1977-092A), and ten unconfirmed events.

ID Cataloged name Event epoch

(YYDDD.dddd)

1966-053] TITAN 3C TRANSTAGE R/B 87276.6882
1967-066G TITAN 3C TRANSTAGE R/B 94045.416|
1968-08 | E TITAN 3C TRANSTAGE R/B 92053.3745
1973-0408B TITAN 3C TRANSTAGE R/B 81067.2007
1975-117A SATCOM | 99257.6799
1975-118C TITAN 3C TRANSTAGE R/B 87072.6430
1977-092A EKRAN 2 78174.0000
1979-053C TITAN 3C TRANSTAGE R/B 82309.0000
1979-087A EKRAN 4 82157.7550
1988-018B TELECOM 1C 02263.0000

(AE-02) ; 98180.0000

(AE-03) - 92280.0000

(Oswald, 2008)
23 Jan.2013 Masahiko Uetsuhara, et al., Fifth Space Debris Workshop 5

States of Orbital Debris

A space object (= orbital debris)

(Low rank) Time-dependent states (High rank)  Time-independent state

atime

o ? Tracklet ® :
.. / / TRy
S.ign.al 7& Tracklets ‘ g
FOV Orbit ./ F’x

v Components of
Xy Xy X3 a time-dependent
state

Signal Tracklet Orbit Origin

Origin Identification

(To associate a time-dependent state with the time-independent state)

23 Jan.2013 Masahiko Uetsuhara, et al., Fifth Space Debris Workshop 6

This document is provided by JAXA.
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Origin ldentification ()

Tracklet

* Probabilistic assessment

— To associate the tracklets with the predictions of breakup fragments in the
angular velocity plane by using a k-NN (k nearest neighbor) algorithm

k-NN algorithm Sample Result

23 Jan.2013 Masahiko Uetsuhara, et al., Fifth Space Debris Workshop 7

Origin Identification (2)

Orbit

* Deterministic assessment

— Oirigins of breakup fragments can be identified in the parameter spaces
related with orbital plane

Sample results from test cases (1968-081E, 1977-092A)

T T
‘O—‘ 15 T T T T T
10 - (] Pinch point ~ +
S0k 1968-081E .
E UCT1
£ s UCT2
~ 5t SN 4 = —
S x N g
‘@ . L s
X 0f e 41 =
O -10
)
do.) 15 1 1 1 1 1
SE O e i -
© 360 300 240 180 120 60 0
Geocentric Right Ascension [°]
-10 L L L L L
5 0 5 10 15
ixcos(Q)
|
23 Jan.2013 Masahiko Uetsuhara, et al., Fifth Space Debris Workshop 8
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Event ldentification

* To identify an orbital anomaly as a breakup event
* Problems to be solved
I. How to plan survey observations of the possible breakup fragments

2. How to identify the origin of observations with the possible breakup
event, i.e., how to confirm the presence of the possible breakup event

The evolution of possible fragments of 1967-066G

Suitable observation
points can be determined
even if there are
uncertainties in the event
epoch

23 Jan.2013 Masahiko Uetsuhara, et al., Fifth Space Debris Workshop 9

Breakup Event Modeling (1)

* AV given to the 1968-08|E fragments

200 200
+249mis — 4+ 249 m/s
€ 135ms £ g 3.80
.80 m/s
= : 2 -
e i g r e
iy o 5 Ly
S <
S s W
= =
-200LN T 200 | X T
0 2000 (nadir) [m/s] -200

200 ¢ (in-track) [m/s] 20

Ti380ms
@ 135m/is
g A AV given to the parent object
~ #
3 F, 1 (from pre-event to after-event)
=
s -
-
-200FY T ‘
-200 . 200
T (in-track) [m/s]
23 Jan.2013 Masahiko Uetsuhara, et al., Fifth Space Debris Workshop 10
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Breakup Event Modeling (2)

* Scaling factor (the term defined in the NASA's breakup model)

Results of the test case (1968-081E)

A size distribution estimated from the The scaling factor estimated for several
correlated observations hypotheses about max. AV of the event
1000 ¢ ——— — 3.5 —

F 20-22 Oct. 2011 o] ]

L 20-22 Oct. 2011 (Fit) 1
= |5
& 5
2] (]
g 100} 2
o [ G~
5 L ]
o I i
o 8
o I 2
5 =
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* To effectively combine the OD modeling and
the OD measurement, we should select the
right states to be handled

* Not only the deterministic assessments, but
also the probabilistic assessments are
necessary and helpful for characterizing
breakup events

23 Jan.2013 Masahiko Uetsuhara, et al., Fifth Space Debris Workshop 12
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BACKUP MATERIAL

The Effective Strategy applicable for Spacecraft Breakup Events

Breakup Events  |€
\ Z
Orbital Debris Modeling
(Population Prediction) (Motion Prediction) (Origin Identification)
\ Z \ Z A
Predicted Population Predicted Motion Detected Objects
2 2  Z A
Observation Detection
2 A
Acquired Images
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Short-period light-curve observations of space debris using TDI technique

OBATE R, i) EKER, PIAR, AR 58, mff i (H AAN—20 = =),

El
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OShin-ichiro Okumura, Seitaro Urakawa, Kota Nishiyama, Tsuyoshi Sakamoto,
Noritsugu Takahashi (Japan Spacegaurd Association),
Makoto Yoshikawa (JAXA/Japan Spaceguard Association)

TDI(Time Delay Integration)®—R & i L 72, AX—2F 7 VD EA T A N —7 B OB ZFEN T D,
TDI E—R&F v —% BT TR IE CEAEREE T 5857 CCD OFAHL FIETHY, BH 1T O
HCRENT2W % SORICIRB T 5720 IR S D, T2 T EEAEHRL  ARX—RAT 7 VOEEIZE
Y TEESELZFFESE HEOP TIEE-7RBBICL T TDI THtd 4 ZEIC IV ERHRE S IO
72285 N THINZIEVTZ L, 207 a7 7 A )V BRI T D E R b E b2 D2 LA AT,
81102F (m/r v MR T ¢ SL-12) DEIREH T AN —7 (X)) /el 77 VCEH F O RO T A M — 7 Bl
RAZOWTHMDHRE TIEL LB LR BB T,

I present the method and the examples of light-curve observations of space debris, using TDI (Time Delay
Integration) technique. TDI mode is a readout technique of shifting the charge on the CCD while the shutter is
open. It is usually applied to the moving objects with the expected motion, so that they appear as point sources.
I tried to apply the TDI method to non-moving objects to derive their short-period light-curves. The advantage
of the method and the result of the test observations will be presented here.
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5th space debris workshop

Short-period light-curve observations of
space debris using TDI technique

Shin-ichiro Okumura, Seitaro Urakawa, Kota Nishiyama,

Tsuyoshi Sakamoto, Noritsugu Takahashi, and Makoto Yoshikawa
(Japan Spaceguard Association)

CONTENTS

* Introduction about Bisei Spaceguard Center
and our Instruments

* about TDI mode

* Light-curve Observations using TDI mode
and its advantages

* Examples of our observations

This document is provided by JAXA.
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Okayama
prefecture

Bisei Spaceguard
Center

Bisel Astronomical
Observatory

------

This document is provided by JAXA.
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| m-telescope

*Equatorial fork mount

*Classical Cassegrain,
focal length=3000mm (F/3),
with five correcting lenses

oField of view:1.2°%x2.3°

INSTRUMENT
(MOSAIC CCD CAMERA "VOLANTE”)

* Detector - Hamamatsu 2kx4k back-illuminated,
fully depleted CCD x4

* Control : Mfront2 (front end), MESSIA-V (back end)

(developed by National Astronomical Observatory of Japan)

we can customize its clock pattern
the camera is widely applicable
(usages such as TDI mode, etc., ,,,)

This document is provided by JAXA.



324 LRI, JAXA-SP-13-018

MAIN OBJECTS

* Astrometry for space objects and space debris

* Discovery and confirmatory follow-up
observations of Near Earth Objects

* Research observations of asteroids and space
objects

TDI MODE

* Normal exposure on CCD

...readout (charge transfer) after exposure
(after shutter closing)

- TDI

...shifting the charge on the CCD while the shutter is
open

It is usually applied to the moving objects with
the expected motion, so that they appear as
point sources on the readout image

This document is provided by JAXA.
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Example of the TDI readout

Normal astronomical observation  Space Object (GEO)

Telescope... (park with the drive off) (track at sidereal drive)
Fleld
view
> < : .
charge transfer direction charge transfer direction
Example of the TDI readout
Normal astronomical observation  Space Object (GEO)
Telescope... (park with the drive off) (track at sidereal drive)
Fleld
view

> < , :
charge transfer direction charge transfer direction

This document is provided by JAXA.
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* TDI* * *a technique to image moving objects

i

Are there any advantages
in applying the technique for the objects which
stands still at a point in a field of view ??

(telescope is tracking for a space object)

Field of view

CCD

< charge transfer

This document is provided by JAXA.
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(telescope is tracking for a space object)

Field of view

o S

< charge transfer

BSAT-2A

telescope Is tracking for the object (BSAT-2A),
and 30-seconds exposure for TDI mode

This document is provided by JAXA.
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BSAT-2A

charge transfer <

>

time

telescope is tracking for the object (BSAT-2A),

and 30-seconds exposure for TDI| mode

Magnitude (mag)

10

11

12

13

14

15

16

BSAT-2A

v |

10 15
time (sec)

20

25

30

This document is provided by JAXA.
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Comparison with other methods

(object-tracking) (sidereal drive)

Field
of
view

TDI readout Normal readout

CCD

< charge transfer

This document is provided by JAXA.
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Advantages in using TDI mode

(compared with the sidereal-drive mode)

» variable sampling interval is available by the
adjustment of charge transfer timing

* variability of atmospheric transmittance and
photometric error can be estimated with
referring the trailled image of background stars

* object Is continuously in one field of view

*trailed image of the object always horizontally
stretched on the CCD

* [t can be applied to the observations of not only
GEQO objects, but Low Earth Orbit Objects,
In case that the telescope can track the objects

Estimation of the variability of
atmospheric transmittance and
photometric error

star 1
. . star 2 star 4

]
star 5

This document is provided by JAXA.
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Flux variability of the reference stars
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Flux variability and photometric error

-2

-1.5 1

magnitude (mag)
o

0 5 10 15 20 25 30 35
time (sec)

This document is provided by JAXA.



313 FHZERA BRI R JAXA-SP-13-018

Limiting Magnitude
(BSGC Im telescope, S/N=10)

sampling interval
(charge-transfer timing)

exposure

] sec 0.1415 sec 0.028 sec

EXAMPLE : GORIZONT 33

10

sampling interval=0. [4sec

I

Magnitude (mag)

14

0O 10 20 30 40 50 60 70 80 90 1001101201301401501601701801F02002102£0230240250

time (sec)
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EXAMPLE

ROCKET BODY (SL-12_R/B(2))
W ww m N

z P - !

sampling interval=0. [4sec = |
EXAMPLE:
H-2A R/B (WINDS/KIZUNA)

7 sampling interval=0. [4sec

This document is provided by JAXA.



334 FHRLZEF L PR IR, JAXA-SP-13-018

SUMMARY

*Details of theTDIl-mode readout
and Its applications to the observation of space objects,
especially short-period light curve observations

* Advantages of the TDI mode
In short-period light curve observations

* variable timing sampling rate

* flux variability (atmospheric transmission) and
photometric error can be corrected

* object is continuously in one field of view

* "trailed image” of the object always horizontally
stretched

» applicable to the observations of not only GEO
objects, but Low Earth Orbit objects

This document is provided by JAXA.
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Feasibility study for Space-Based optical observation mission of space Debris

ORAIFA, B &, MR 5 (FHifit 220t JEBH JE RS
A= A (HD, B 5= LK), FiRH/A JAXA)
OHaruhisa Matsumoto, Osamu Okudaira, Toshifumi Yanagisawa (JAXA),
Yukihito Kitazawa (IHI Corporation), Makoto Tagawa (Kyushu University), Hirohisa Kurosaki (JAXA)
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ELTWAEE 800km ELOAKHIEIZEAL T, BIHOMRF D HESN TODEDDEBUIE S TIIVVR
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FEASIBILITY STUDY FOR SPACE-BASED
OPTICAL OBSERVATION MISSION OF SPACE
DEBRIS

Haruhia Mastumoto®', Osamu Okudaira’, Toshifumi Yanagisawa’,
Yukihito Kitazawa?, Makoto Tagawa?, Hirohisa Kurosaki’

1:JAXA, 2:IHI Corporetion, 3:Kyushu University

Outline

- Objectives
- Merit-demerit of space-based observation
- Observation method
- Debris Characteristics
- radiation properties, Aungular velocity
- Environmental factors
- Stray light, background light
- Study of sensor
- Data processing
- Debris detection

- Orbit determination
- Catalog efficiency analyses

- Conclusion

This document is provided by JAXA.
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]
Objectives

- Decide the orbit of the objects which seems to collide with the
satellite exactly.

- When a crush accident happened, we survey an overall
expanse.

- We create the catalogue of the objects (more than 1cm) in orbit
of 600-800km that a lot of Japanese satellites are operated.

- The goal detects the 5% (TDB) of the whole in 1 year.

<

Build structure of the cooperation with the ground observation.

Outline

- Objectives
- Merit-demerit of space-based observation
- Observation method
- Debris Characteristics
- radiation properties, Aungular velocity
- Environmental factors
- Stray light, background light
- Study of sensor
- Data processing
- Debris detection

- Orbit determination
- Catalog efficiency analyses

- Conclusion

This document is provided by JAXA.
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Merit of space-based observation(1/2)

24h/7h availability: No limitation e.g. by
Wheather (clouds, rain, aerosols, absorption)
Day/night cycle
Moon light, Light pollution

Not a geographical limit
Location is an issue for the ground observation

Flexibility of the operation

Most suitable observation strategy exists for various debris orbit.

Tracking of the time that is longer than ground observation is possible, and
a cover range is wide.

Fast detection of debris and high re detection to enable “Quasi—
tracking”
To create a catalogue of unknown space debris.
To quick response to crushing accident, collision avoidance, etc..
Faster than ground-based observations high potential can detect.

Merit-demerit of space-based observation(1/2)

Space Ground
Efficient debris detection and
measurement accuracy

*Background noise reduction (no atmosphere) _
— increased sensitivity, detection of smaller g — i

objects possible D

-Diffraction-limited optics (atmosphere degrade
resolution ) — improvement of sensitivity and
spatial resolution

- Debris brightness (brighter than on Earth if often)

-> Smaller pahse angle and short distance
to the debris ' . ]

.
§

e T LR T -

el i

ot TR P
AR

el  The phase angle of 0° , can be observed 7

times brighter than the phase angle of 90 ° .
0.59 times as small debris can be seen.

This document is provided by JAXA.
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Demerit of space-based

observation
- Limits of the satellite mission life

- High costs (general recognition)

- Technical challenges, for example:

* In a short period of time to determine the orbital
debris.

- Exact observation (time, satellite's altitude, pointing
accuracy and stability) are required.

- Need for a limited time, for near real-time downlink

Outline

- Objectives
- Merit-demerit of space-based observation
- Observation method
- Debris Characteristics
- radiation properties, Aungular velocity
- Environmental factors
- Stray light, background light
- Study of sensor
- Data processing
- Debris detection

- Orbit determination
- Catalog efficiency analyses

- Conclusion
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Observation method

The phase angle can be optimized, if the objects appear in the
field of view of the sensor like full moons (phase angle = 0° ),
e.g. using sun-synchronous orbits in the vicinity of the day-
night terminator and the line of sight directed anti-solar.
Moreover, a satellite’s orbit is 600 km altitude. (800 to 1000 km
with high debris density is avoided.)

Environmental factors sunlight
Stray light, background

light

Debris Characteristics
« radiation properties
* orbit

« Augular velocity E
* size and shape -‘

sensor Sunlight

+ Optical system
» Reading image (CCD)

Data
processing

Low orbit debris observation satellite (draft) (STK)

Outline

- Objectives
- Merit-demerit of space-based observation
- Observation method
- Debris Characteristics
- Radiation properties, Aungular velocity

- Environmental factors

- Stray light, background light
- Study of sensor
- Data processing

- Debris detection /
- Orbit determination Data

. processing
- Conclusion

Environmental factors sunlight

Stray light, background
light

sensor
« Optical system
« Reading image (CCD)

This document is provided by JAXA.
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Debris Characteristics

- Debris apparent luminosity

- Condition: 1 AU solar luminosity is -26.74 magnitude
phase angle: 0 °
Albedo: 0.1
Debris size: Lambertian balls 1 cm in diameter

- Luminous intensity in 1000 km away from debris will 17.7 mag.
level.

- Distance to the debris

- Angular velocity

- Widely distributed to 0.02 degrees / second to 3 degrees /
sec.

- The median is 0.4 degrees / sec

- If you are trying to shoot the image so as not to catch debris
tail longer than 1 “, a fast-moving object angular velocity of
0.4 degrees / s, we must be shorter exposure time 0.7msec.

Outline

- Objectives
- Merit-demerit of space-based observation
- Observation method
- Debris Characteristics

- radiation properties, Aungular velocity
- Environmental factors

- Stray light, background light
- Study of sensor
- Data processing

- Debris detection

- Orbit determination

- Catalog efficiency analyses

- Conclusion

sunliM

Debris Characteristics
« radiation properties
« orbit

* Augular velocity

« size and shape

sensor
« Optical system
« Reading image (CCD)

Data
processing

This document is provided by JAXA.
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Background Noise

Scattered radiation from discrete sources (atmospheric
reflections, zodiacal light, milky way, bright stars) and any stray
light are background noise.

concentrated.

degrees from the milky way, star will be approximately 1/2.

Number of stars within the field of view

Estimate the number of stars into 1 square degree field of view.
Values below the containing region of the milky way stars are

And according to chronological scientific tables, leaving about 20

magnitude(mag)

%:’ magnitude | Average number of stars
é in 1 square degree

9 2.9

10 8.5

11 21.2

12 56.0

13 136.6

§ 14 3171

2 15 780.5

16 1683

This document is provided by JAXA.
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Number of stars within the field of view and
viewing angles

§ 18400 & __,/"""/ To detect the small
a el debris should about
1801 - X + ™ o 2 x 2 degrees FOV.

Outline

- Objectives
- Merit-demerit of space-based observation
- Observation method

- Debris Characteristics
- radiation properties, Aungular velocity
- Environmental factors
- Stray light, background light
- Study of sensor
- Data processing
- Debris detection

- Orbit determination /
- Catalog efficiency analyses | pa

processing
- Conclusion

Environmental factors sunlight
Stray light, background

light Debris Characteristics
« radiation properties
« orbit

* Augular velocity

« size and shape
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Optical sennsor review
-Debris detection ability is determined by what? -

ltem Relationship between detection of debris diameter and each item
proportion | Proportion to the | Inverse Inverse proportion aremarks column
1/2 power proportion to the power of 1/2

(3,, Range (@)

[ Debris verosity (@)

[¢]

& SN o

o

@ ( Fn small things 1.2 is ideal )
g Focal length (@)

| Aperture (@)

w
Q debris object albedo (@)

[0) . .

= — | Exposure times of 1 pixel (@)

»

g Optical properties (@)

C‘E | Pixel size o ( However, spatial resolution is worse )

Diameter of the light receiving optical system, as large as possible.

Proportional to 1/2 of the focal length of the light receiving optical system, the diameter of the debris which
can be observed, increases in inverse proportion to the power of 1/2 of the pixel size of the detector. This is
a derived from the integral time. Therefore, the focal length of the receiving optical system is as small as
possible, the pixel size of the detector is as large as possible.

Optical system aperture size to as large as possible , and f-number ( F = focal length / aperture ) to as
small as possible.

Relation to magnitude of debris by size and
distance
-Lambertian ball, albedo=0.1 and phase angle=0 ° -
- i -
O .
“# -
18 - 154 - . o {00km
8 K . 8 o 4 [ VO
=] 2 - -
C |74 — . ' W u .
% ] " - % - -
(PN 5 L 1 2 o .%'1 L
f - e .S .
& 4 : et @ S~
E T T =5 T
% 159 LLe] I i 160 1000
Distance from debris(km) Debris diameter(cm)
Reladt.iotnship Eetw?:n(;n?)g.nitude and Relationship between debris diameter
IStance trrom the aepris and magnitude
Black:1cm, Red:10cm Black: 100km. Red:1000km
¥ Nak is 0.85

This document is provided by JAXA.
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Relationship between debris size and

focal length detection, diameter
- F number is fixed to 1.2: Type A Camera(Next page)-

=0l [ D
— = L 1 Lt
E ‘. - . Focal lengt
g i Focal length 2 . :/
g™ T -/ D R Aperture
— - - ® = @
§ . 3 Aperture S n./
::_ ML h/ qq_; &y .- “
= *,. . Type A S =", Type A
E E Ll E [ ] L
§- oo o Rl e a3 ani il o oon m'h a 10 At
Diameter debris:d(m) Diameter debris:d(m)
Unchanging image degradation rate Consider the focal image degradation rate

Lambertian ball , Range 1000km, albeo 0.1
ifi I phase angle=0 ° , Debris velocity 0.4° /sec,
Camera specification (draft) ghaseange
Item Lens Reflector
Type A Type B Type C Type D
Detector 24 ymXx24 ym — — -
2048 x 2048 CCD
Focal length (f) (mm) 106.5 100 183.4 600
F number (Fn) 1.2 1.4 1.2 3
Full-width (FOV) 13.3° x13.3° 14.2° x14.2° 77° xX71.7° 2.3x%x2.3°
Effective aperture 88.7 71.4 152.0 200
(D)(mm)
Wave|ength range 0.2 £ m(450~650nm, — 0.3um —
( A 2 ) standard wavelength (400~700nm,standard
:550nm) wavelength:550nm)
Optical properties 0.215 0.222 0.3 0.188
S/N(dB) 5(goal 2) — — —
read noise 10e- (goal 5e-) = — -
Detect size (cm) 10.4(6.6) 12.3(7.8) 5.5(3.4) 9.6(6.08)
() in stacking method
Priority 2 4 1 3

This document is provided by JAXA.
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CCD EMCCD CMOS I. L.+CCD(CMOSD)
Number of pixels A © © same CCD or CMOS
Structure (Simplicity) A © © as above
Power consumption X © © as above
Image quality © A A as above
Quantum ©) A A as above
efficiency
Electronic shutter © A A as above
Blooming X © © as above
Linearity © X © X
Life — — — Vulnerable to bright light
Reading speed >0.1sec >0.1sec 0.03~0.01sec 10ns~ms
(rt)
Low-noise ( high SN) © © © Photon counting
Evaluation results © (rt>0.1sec) X © (rt<0.1) © (Protection against bright ligh)

Outline

- Objectives
- Merit-demerit of space-based observation
- Observation method
- Debris Characteristics

- radiation properties, Aungular velocity
- Environmental factors

- Stray light, background light
- Study of sensor
- Data processing

- Debris detection

- Orbit determination
- Catalog efficiency analyses

- Conclusion

Environmental factors sunlight
Stray light, background

light

Debris Characteristics
« radiation properties
« orbit

* Augular velocity

« size and shape

/

sensor
« Optical system
« Reading image (CCD)
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Data processing

- Method for observation of space debris
(1) observation, fixed in inertial space
(2) observation, tracking and space debris

- Observation data processing in inertial space-
fixed view

Need to catch the debris moves through the stars in a fixed field
of view relative to.

Following two as possible and how.
(1) to detect debris, compared to stellar catalog(map method)

(2) Motion detection, frames before and after diff as debris
(defference mothod)

Data processing

Opotical sensor output Stellar catalo Opotical sensor output(T )  Opotical sensor output (T + AT
g

Difference image
Matching process g

Map method Defference mothod

This document is provided by JAXA.
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Trade-offs of mapping method and difference
method

Not work well either way darker than the marginal
magnitude of optical sensor debris detection.
So many stellar, map method is unavailable in this case.

Adopt a finite-difference method.

In addition, do not acquire only debris, and the degree

that can decide a field of view direction is necessary for the
fixed stellar data.

If is type A; | think and should be set threshold 4
magnitude level (TBD) from the number of stars in the field
of view.

Stacking method

- The stacking method, using multiple CCD images to
detect very faint objects that are undetectable on a single
CCD image. Can to recognize dark object about 6 times
with 30 pieces of CCD image.

Oibservalion time
-

l origined image

!
— .
.o

sireak of Mxed star
@ movinge abject

=wwillan image”

N

This document is provided by JAXA.
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Data processing

OPre-treatment: background noise processing,
image enhancement & shaping,
Centroid processing

OImproved detection sensitivity: Stacking method

OCatalog object identification and labeling
OSelection analysis of debris
OOrbit determination

Orbit determination

- Determine the debris orbit in the conditions that can be
observed several times the same debris within three days.

- After orbit determination, update the orbit data once a few
days on the ground system (cataloged).

- Subject of future investigation

- Ability of ground-based observations after the orbit
decision. If the orbit is identified, tracking how much
large debris until systems is possible?

- Required number of ground-based observations.

This document is provided by JAXA.



350

FHIAL 22T TEBR FE AR R R JAXA-SP-13-018

Catalog efficiency analyses

Simulation conditions
Satellite: sun-synchronous orbits in the vicinity of in the

Objects: 600 to 800 km altitude,

eccentricity 0.002 choosing 967 objects
Period: 01/15/2013 ~ 01/25/2013
Optical sensor :15.8° x 15.8° FOV

day-night trminator and the line of sight directed
anti-solar. 600 km altitude.

Exposure time 1sec
To count up newly detected objects in the CCD.

Result(1/2) ml |

Detection objects in the number of in different times

e e

w T B E W
-

- 0 W OB % W W % M
b o e

Number of detections of three days from 2013/01/15.

Detection Number of | Percentage 315 (32.6%)individual objects can be observed
time objects continuously for 3 days.
1day 585 60.5%
2days 792 81.9% a
3days 855 88.4% | |
4days 883 91.3% 1
10days 937 96.9% J ]
- -!..u.! Il !.!m|. J0 1

Observation time of object(3 days)

This document is provided by JAXA.
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Result(2/2)
. Range Distribution N
| e Pl i ! Velocity Distribution
= Il By
2l |l
2 Al il
L. e eEELT
§ el o ll:r-'l:-.m o — L]
| Latitude Distribution 1
j= !
1': .I
!.,_ i
e el

Conclusion

- Presented a feasibility study on space based optical
observation mission.

- Space observations have many advantages.

- In the future, we consider error factor (satellite altitude, a
sensor field of vision direction, the satellite time) for orbit
determination and realization of satellite.

This document is provided by JAXA.
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Low Earth orbit debris observation using space-based optical sensors

OmJIl B, FEm#E (LK), BIRE SR, Al /A JAXA), JEiE#= A (THID)

OMakoto Tagawa, Toshiya Hanada (Kyushu Univ.), Toshifumi Yanagisawa,
Haruhisa Matsumoto (JAXA), Yukihito Kitazawa (IHI Corp.)

A= AT T VOIFAE T 72 T8 B R A I T2 KERE I TH . FrZHIERIK#LE (LEO) 121X
B SN TWAFEEOIBLE 7 BINEFLTRY, H2CLDMEII A7 PN E T2 Barext iR A M 3T
HD. EIZI DM EBL 1T D7 DICH 2 FEE D —20%, il _EWIRo @k 72 1B R iz IE S <
ZRAEEEH THh 5. BART, LEOIZB W TEE HITBHFSIL CWODIIERY A XD FIRIZIB L% 10cm THD.
AMFZETIL, LEO I[ZELE LTSt ol TEIIBE 12 17 LS AT LR T 5. IR AT A
FEREITHT-OIZIE, LEO [ ORI D12 U TOLERSHDH. HH DITEE I FHm D>
— LU THE BB 2L — 2 OB 2D TG, £ f0E RS B9 2 4 i E0E HE E T
RT AN DRFIHI T2 o TS, EEY — L BFEOMGEHRE R OBUR Lo o CHANII R E /R E12on T
WEE1TD.

Space-debris related issues are major threats for sustainable space development and utilization. Urgent
countermeasure for satellite breakup due to collision is required especially for Low Earth Region because
approximately 70 percent of tracked objects are concentrated to the region. Collision avoidance maneuver
based on precise tracking information is one of effective measure to prevent collision. Current size limitation
of steady tracking operation for LEO region is about 10 cm in diameter. We propose space-based optical
sensor for debris placed in LEO region as a tracking capability improvement method. Proper capability
assessment for LEO to LEO observation geometry is required to propose effective system. We develop
space-based observation simulator as an assessment tool and consider suitable algorithms of initial orbit
determination, correlation and filter. Current status of the simulator and algorithms consideration results, and
technical problems are reported.

This document is provided by JAXA.
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Low Earth orbit debris observation
using space-based optical sensors

Objectives

* Track small debris in Low Earth Orbit (LEO)

— Smaller than 10 cm

— We propose a “space-based” optical system for
this mission

* All-day observation, No atmospheric disturbances,
Close to LEO objects (i.e. brighter)

 Clarify capabilities and technical problems
through feasibility studies

This document is provided by JAXA.
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Our approaches (1)

* Space-based observatory simulator
— Input
* Observatory orbit
* Optical system specifications

* Small LEO debris catalog
* Mission duration
— Output
* Density distribution of observation points
* Target’s motion in Field Of View (FOV)
* Detected objects number and their observation interval
* Target’s apparent magnitude

Our approaches (2)

e Orbit Determination (OD)
— Angles only

* Typical optical observation only provides angles and their
time derivatives (a, «, &, 6)
* Initial Orbit Determination (IOD) and correlation
* Gaussian, Admissible region, Circular assumed 10D
— Ranging
* Range measurement by two optical observatories

— Triangulation

— Batch least square
e Collaborative observation with ground telescope

This document is provided by JAXA.
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Optical system

* Specification assumptions
— 2k2k cooled CCD camera
— F2 f=135mm single focus lens

* Nt = \/stys + Ndc + NS shot T stky

— Assumed noise component
* Signal to Noise Ratio requirement
-5

2013/1/23 FESEAR—ZRFIYIT—9S 3y

Space-based observatory simulator:
Observation points distribution

Dbservation ponts summation in FOV for each direction
AT = 850km, LTAMN = fo'cloch, Rangse = 452km

.
‘e ]
W

Elevation
' = =

Less motion in FOV —>-More photons in a pixel
6

2013/1/23 FESERR—RTITYT—o3v7

This document is provided by JAXA.
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Space-based observatory simulator:
Observed objects number

Small debris (1 ~ 10 cm in diameter)
— Observed 0.2 % in a year

* Travelling direction observation

* Observed objects in almost same altitude of
observatory

* Observable orbit period and drift rate (RAAN) is limited
— RAAN: Right ascension of the ascending node

— Needs improvement

Correlation:
Test case (Angles only, Travelling direction)

Tracklets in different epochs
— Object identification

* FOV is assumed as travelling direction
— Virtual observation data (Error 0.01[deg]:10)

— Correlation based on degree of similarity in orbital
elements (Admissible Region method)

* Failed

— Different objects are correlated
— Same object’s tracklets are not correlated

This document is provided by JAXA.
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Causes for correlation failure

* Angles only observation
— Range cannot be determined
* Far and fast, close and slow - same apparent motion
— Travelling direction observation
* Less motion in FOV - less information
* Unable to identify different objects
e Brief summary
— Travelling direction FOV is suitable from a view point
of sensitivity

— However, less information in FOV causes negative
effect in correlation

Solutions

* Sweep observation for higher or lower
altitude

— Tilt FOV from travelling direction

* Ranging

This document is provided by JAXA.



FHIMTZE W TE B AR AR RIS B JAXA-SP-13-018

358

Sweep observation,
Tilt FOV from travelling direction

* Put observatory into lower (or higher) orbit than
observation target region (e.g. 800 - 900 km)

— Difference in orbital period, RAAN drift rate
— Whole target region (shell like shape) can be observed

— For example, 4.3% (approx. 12000) of LEO small debris

can be swept
* Tilt optical axis from travelling direction

— High relative velocity - cannot be observed

— Low relative velocity - can be observed
* However, problem in correlation remains (AR method)

2013/1/23 HSERR—RFITYT—H 397 11
Low relative velocity
Observatory’s
orbit
-0.4 /
i
i
A-08 True value
E
=,
= -0
e
o
Tj L
-7 Candidates
_1 2/ Any object would be correlated because
of “observatory’s orbit appearance”
_1 .4| 1 1 1 I
0 500 1000 1500 2000
2013/1/23 ﬁs@xmf%%ml7>a‘y7 12
This document is provided by JAXA.
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Typical OD, (Angles only)

Low relative velocity gives longer duration of

observations

|OD by Gaussian and circular orbit assumption
— Gaussian : Poor accuracy
— Circular : Better but still poor

Refine by batch least square

— Does not converge
— Extremely short arc

Ranging

Range information determines unique position

vectors from angles data
Triangulation

L

L= sin 8

sin

cosa + cosf

a

l;

debris

la

B8

Observatory A

Proper configuration provides 10m accuracy

— 0.01[deg] angles error

L

Observatory B

This document is provided by JAXA.
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FOV tilt angle and range accuracy

L =90 [km], 8y =0.01 [deg]
U U U U

y [deg]

OD using triangulation:
Test case

Observe object in 800km altitude

From observatory in 700km altitude
Angles error 0.01[deg] (10)

OD result accuracy

— Position ~100m

— Velocity ~4m/s

High accuracy estimation is available

— However, sweep observation is not suitable for
periodic data update

This document is provided by JAXA.
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Collaborative observation concept

* Space-based observatory
— Sweep, Triangulation
— Less than 100m accuracy
— Not suitable for frequent observation

e Ground-based observatory
— Small debris are too dark to detect

— OD result provided by space-based system enables
target motion estimation

— Then TDI (Time Delayed Integration) or image stacking
method are available

— Periodic data update

Summary

* Travelling direction is suitable for observation in terms
of photon criteria

* However, this direction has negative effects in
correlation and observation efficiency
e Tilted FOV enables sweep observation
— 4.3 % of LEO debris
- potentially observable (800 — 900km)

* Itis hard to determine target’s orbit from space-based
angles only observation

* Triangulation by two satellites provides precise range
information

* Target’s orbit can be determined less than 100m
accuracy with triangulation

This document is provided by JAXA.
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Future tasks

* Improvement of space-based observatory
simulator

* Detailed study of collaborative observation
between space-based and ground telescope

e Review optical system (CCD, CMOS, EMCCD)

* Feasibility study of triangulation ranging
— Object identification

2013/1/23 FSERR—RTIYT—s2avT 19

b
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Observation and Prediction for Re-entry Objects

OYets 18, s ft, M M (FHMiZEar 7R S ,
RANL T, R (8 Tl latt)
OKazunori Someya, Junya Abe, Toru Tajima (JAXA),
Gaku Adachi, and Masaya Kameyama (FUJITSU LIMITED)

IKHLIE DAR—RAT 7 UL, KREIEPUZEZ DB R TEEDN TR0, WINKKEIZFHEANT D, KX
B 22 ADRFHICZ DN EZE THITHZETEE THS, JAXA Tk, EERAN—AN —REo2—|T3%
B SN2 —2 % H W28 K Ok E DS ABIL T #LE 17 # (Two-Line Elements) & VT, R L
FREAT RN 217> T D, BEAMBEOL —Z BRI, IREETHLNP 2T, KREEHLD
THFEZE, KRB EET VRZEDOHE K, M OVE &mfELLO AR HEEMEREIZEY, BIHINREE72 5, 20
728, BRI E M SR A A M N S R NERTE CTOBLZ TREE L=,

AFEHIZIBWTIL, 2011 FFEEIZERLT- 3 RO A TRIFENTIZOWT, L—F B L O FZE AT
fERT OFEFA T LI, FFDNTZ A RLE 5 EO TR E A _EIZmF 7= B0 AE R ET 5,

Uncontrolled space debris re-enters atmosphere due to atmospheric drag in low altitude. The prediction of
re-entry point and time window are important for space debris issues. Orbits of re-entering objects are
observed by radar and also estimated using Two-Line Elements obtained from a web site for re-entry
prediction analysis. However, accurate observation by radar just before re-entry is difficult due to errors in
atmospheric drag prediction. We therefore established a method called the Multi-Stage Observation to solve
this problem, and made much progress in observing the objects in the last hours of re-entry in visible paths.
This paper presents recent activities of space debris observation and re-entry prediction and their results
obtained from three targeted satellites which re-entered in JFY 2011. In addition, means for improving
prediction accuracy is further discussed.

This document is provided by JAXA.
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The 5t Space Debris Workshop
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Observation and Prediction of Re-entry Objects

23, January, 2013
Tokyo, Japan

Kazunori Someya, Junya Abe, Toru Tajima (JAXA)
Gaku Adachi and Masaya Kameyama (FUJITSU Ltd.)
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Contents

1. Introduction

2. Method of Orbit estimation

— Radar observation
— Using multi-TLEs

3. Reentry prediction

s
— Case1: UARS ;

— Case2:ROSAT
— Case3d: Phobos-Grunt(P-G) . ROSAT

— Evaluations
¢ Phobos-
. Grunt

4. Conclusion
This document is provided by JAXA.
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1. Introduction (1/2)

» Orbit of uncontrolled space debris is difficult to predict due
to errors in atmospheric drag prediction.

« BRETISHTIUVDHEILX, AREHICKEKERSN., F
ALY,

KIS EBDFEFRADORHEE S
(REFZEDOEILDTHEEM) i , _
. ¥ 8l(Predicted orbit)
(Uncertainty 1: cenp

w, Prediction of solar activity) /—__’
S/ EBE (100~200kmATH) SIS I IR (Actual orbit

<" {3 | BHAARSBEETTILONETH
N
RN

(Uncertainty 2: Errors in atmospheric
model in low attitude)

Ay

Most errors occur in the
direction of travel of the

i

o BEAMKOEBIEICLLME . .
) R DB O REE predicted orbit. =
<:ii > (Uncertainty 3: Ballistic coefficient) ;’?%Eiggfiﬂﬁ@ﬁﬁ
2013/1/23 5th Space Debris WS
1. Introduction (2/2) A

o)
FUJITSU

As a first step, orbit of reentry object gets Two-line elements (TLE)
from Space-Track.org.)

* However, prediction accuracy has a large error using only single TLE.

*  We therefore performed observation by radar and orbit estimation
using the multi-TLEs in order to improve accuracy.

o BEZEAMIKIL. T3 Space-TrackDTLEZ ALNTENEZIEIET 5,
o LAL.TLEEAKTIX. BEATRDOBEENE-EHELY,

o TL—5—8R | LIERDTLESALBBERDDICETHREATRITE
BATE MERER LEZX->TLVS,

200 bbbt —% Single TLE/SGP4 ’
150 K

——single TLE ]
50

Altitude (km)

e
Actual Orbit

Actual orbit

0 |
3.0 2.0 -1.0 0.0

2013/1/23 Days from re-entry

5th Space Debris WS
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Prediction
orbit

2013/1/23 p1: ASIEMERIMEAE/STA—F  5ih Space Debris WS

2. Method of orbit estimation H@
FUJITSU

Accuracy in orbit prediction is improved using special
perturbation method.

— Reentry objects are observed for orbit determination by KSGC radar
using TLE.

— On the other hand, orbital elements are also estimate from multi-TLEs.

Orbit estimation for reentry analysis

Radar observaticy @ation from multi-TLEs

j Tracking Estimation orbital
by radar elements and a trend of
J Tracking data decreasing altitude
: . using multi-TLEs
Orbit determination

Orbital elements and p1 Orbital elements and p1
l for special perturbation for special perturbation

Reentry prediction

v Compare v .
Reentry window < > Reentry window

R T ROSAT
f--» = 100 T 18 & BT — 5 (2011/9/28)
- \\x ' Time offset -17sec
1,200
1 ! i (] \ A
Pl T '*Cwaef\'a“o“ e 1:000 Observation data

2.1. Radar observation A

o)
FUJITSU

Accurate observation by rgdarjust before re-entry is difficult due
to errors in atmospheric drag prediction.

A prediction error is covered only 3 seconds if a method of
robotic daily observation use.

We therefore established a method called the Shift Observation
to extend covering error span more than 20 seconds.

ST ime offset +17sec

800 P
{ B

ominal orbit =0sec

Range[km]
[=2]
S

400 N
200 | Successful tracking in “time offset -17sec" case

\ 3 |

0

18:02:00 18:03:00 18:04:00 18:05:00 18:06:00 18:07:00 18:08:00
1. 1 i 4 % B #iREEZI[UTC]

23 fiaprnd Tirem jroistes] 5th Space Debris WS
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J4xA

2.2. Orbit estimation using multi-TLEs -
FUJITSU

A propagate of TLE is used general perturbation such as SGP4.

» A prediction accuracy has a large error using SGP4. It isn’t
available to use reentry prediction.

@

* Improved orbital elements and a trend of altitude decreasing rate
are estimated using multi-TLEs for several days.

» Accuracy in prediction orbit is improved using special
perturbation after estimation from multi-TLEs.

250 ‘

ST Single TLE/SGP4
| e KSGC Radar : i i i ]
| —Singlemie ,7//Orblt estimation using

= Estimate orbit by TLEs mUItl'TLES/

— . Special perturbation
Actual orbit

| |
3.0 2.0 -1.0 0.0
Days from re-entry

2013/1/23 5th Space Debris WS

200

1

-
v
o

Altitude (km)
g

%
o

o

J4xA

o)
FUJITSU

3. Re-entry analysis condition

« RREFEEETIL:
(Atmospheric density models)
— Jacchia-Roberts (Alt. =Z90km)

— US. Standard (Alt. <90km)

Later case (Cp-20%) ]

) Early case (Cp+20%)

- BZEATFREHEAE: ;
(Reentry windows)
— RKUEHRE(CY) £20%

— BEDEERUEERAIMNSETE
(Based on past results and
heuristics) Time

Altitude

Reentry
windows

« Analysis targets (satellites)

* ‘!ﬁz Phobos- -
ROSAT % Grunt .
: UARS ;

. (P-G)

2013/1/23 5th Space Debris WS
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3.1. Result of reentry prediction for ROSAT '} A

FUJTSU

» There is no significant difference between case of orbit estimation
from multi-TLEs and case of KSGC radar.

» This analysis is shown good results because of ideal convergence.

2011,/10/27 00:00 [ Later case (Upper line) ] | |
2011/10/26 12:00 =\ | < TLEs ©+-KSGC Radar [
2011/10,/26 00:00 e

2011/10/25 12:00

2011/10/25 00:00 el — | Actual reentry time
2011/10/24 12:00 \

\
2011/10/24 00:00 \

2011/10/23 12:00 A \/
2011/10/23 00:00 |~ TR R e pee s eessppasa e e
2011/10/22 12:00 —
2011/10/22 00:00 ————F———F——————=""—"
2011/10/21 12:00 — 17
2011/10/21 00:00 |—=~ /
2011/10/20 12:00 i Early case (Lowerline) |
2011/10/20 00:00 > : -

Result of reentry prediction time (UTC)
%
i

I\Q[\Q "\Q!\l "\Q'\ ,\01\6 ‘\0‘\% "\Qﬂp I‘\QI?:L

ol ?*
KA
r)Q

TP N AP
Epoch of orbital elements for analysis(UTC)

g\ g\

2013/1/23

3.2. Result of reentry prediction for UARS 5‘ A

FUJTSU

Change in the satellite’s orientation or configuration is apparently
slowing its descent before one day from reentry.

» There is shown to be associated uncertainty 3 such as Ballistic
coefficient .

09/28 00:00 | | | | |

| [ |
"""""""""" TLEs —3-KSGC Rad
"""""""""" Later case (Upper line) ]‘ s ader k

09/27 00:00 —— . J Ve
\\ |l Actual reentry time

09/26 00:00 \ \
______ \ L
\ /[
09/25 00:00 e :
T

09/24 00:00

09/23 00:00

Result of reentry prediction time (UTC)

e i T’Iid)jiﬁ‘kbﬂ/»lk@’i‘ltl J:U,%'FJEF'# E<{7o

09/22 00:00 X T=. (The satellite’s orientation or configuration
;Early case (Lower line) || apparently has changed, and that is now slowing

09/21 00:00 i | its descent.) (From NASA HP)

oo W ) W oo v oo A o v oo » o w

2013/1/23

Epoch of orbital elements for analysis(UTC)
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1
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3.3. Result of reentry prediction for P-G &~ A

= fujiTsu

* Most results were earlier than reference reentry time.

» There are one of the factors that effects of prediction
of solar activity. (Relation with uncertainty 1)

2012/01/18 00:00 [Latercase(Upperline)] s S s e
5 S e e [ -0 KSGC Rader —-TLEs]"

2012/01/17 00:00

2012/01/16 00:00 N P
______ _ o oA
,,,,, I ~ L ﬂ};/['i T T AT
2012/01/15 00:00 ] A4 i ) : T | A&
______ _ is
""" 4 S

2012/01/14 00:00 3 —= | Actual reentry time

2012/01/13 00:00

2012/01/12 00:00

Result of reentry prediction time(UTC)

Early case (Lower line)

2012/01/11 00:00 \

2012/01/10 00:00

oAl 29 a\ ol ok Qo Qoo A0 A\l AN )
ow ’ﬂim\\ M M!@N!0\;0\1!0\[10\1!0\;0\119\ [10\”0\!10\1!0\;0\1’0\!10\1! o

Epoch of orbital elements for analysis(UTC)

3.4. Effects of prediction of solar activity ~

e8]
FUJITSU

* Prediction of solar activity refers solar flux (F10.7cm)
and geomagnetic index value from NOAA site.

« The solar activity is updated from perdition to actual
value several days later.

* Post analysis : conducted by replacing the solar
activity prediction to its actual value.

01/16 00:00
. . %)
There is still I U il R 2 —3-2&-5&
room for T oI5 1200 |~ - “
. s . & i
improvement. |5 A N Actual reentry time
k E 01/15 00:00 T——— -

2 Improvement result ]

§ o1/141200 I I —

= >-TLEs A-Post analysis

g |

01/14 00:00 :
[\ I\ ) A\ A3 \D
q_()\”—' o 1(3\'1—’ o :LQ\'L/ o 10\7—’ o 10\'1—’ o 10\1’ o
2013/1/23 Epoch of orbital elemer]ts for analysis(UTC)
5th Space Debris WS

This document is provided by JAXA.



370 LRI, JAXA-SP-13-018

J4XA

o)
FUJITSU

5. Conclusion

We were successful in continual prediction of reentry
window through establishing the method of initial
acquisition for radar observation and orbit estimation based
on multi-TLEs for accuracy improvement.

« We performed estimation of orbits and prediction of reentry
windows for three satellites in FY2011. The errors in these
results were almost within 20 percent, as we had expected.

o L—E—8AIZHEITOMIEAEDIEL, EHTLENCDIFE
R EZ{THCLET, G EBEAFTAERTNERETET -,

e 2011EEIZBEALEFEIZONT, BEAFRBHET
Ly, BE40ERZE20% 0D FRIEEE R DOFB R TH- 1=,

Future Works(5 % D:ERE)

«  We will further study the physics of a situation just before
re-entry, in order to improve the accuracy of prediction.)

s BEAMADEEFNOSMEBMIBRDOSHEFIEYL. BEMR
LIZAIF=HEZERLTLET=LY,

2013/1/23 5th Space Debris WS

J4XA

o)
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CIEBEHYSESITTNVELT=,
Thank you for your attention!

2013/1/23 5th Space Debris WS
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Observations of Artificial Satellites with Kashima 35cm Optical Telescopes

OAfifirin (NICT FEE&)
OTetsuharu Fuse (NICT Kashima)
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o KENERE : 5/E628km. EX50ke
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SOCRATES by AES: H25EEIT LIFFFE
= SOTA (Small Optical Transponder):

INIEEABHTELRINKTHAUSn = KBIE

EEE
®| | SOTABEM MG

Af 5.8 kg(inchading both the oprical pan |
A==
il the elecirie pam)
Power 228 Wati
Ax ==1deg.
Ciamabal amgulse eiage iy 1
El: =21ideg
Link range EL T

Wavelength T 1 97560m

T 2 3 Sl b

TX 4 ¢ 1550mm

BX 1idnm
LM bps

Pata Rate

o KEERE : 5E500-900km, = X50ke

- [ZE KL2F (RISESAT: Rapid International Scientific Experiment
Satellite) by BIL K : H25EEIT LT

http:/ /park.itc.u-tokyo.ac.jp/nsat/hodo2.html
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o [FELL2B by HALKE : HEEITEIT

= VSOTA (Very Small Optical Transponder):
SOTA DHERERRTE D IEBEIEZEE (100kbps with 980nm/1540nm)

https://directory.eoportal.org/ http://www.nict.go jp/
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Iband 60sec JCSAT-5A E135deg
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- BUEBEOEHA =BERZEIEHBILFEL AKX
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I-band N-SAT-110 E110deg
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Evaluation of multi-site observation of GEO objects by simulation
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Doc.#:JGM1-13 0024

5th Space Debris Workshop

EVALUATION OF MULTI-SITE
OBSERVATION OF GEO
OBJECTS BY SIMULATION

=SUMMARY=

O. Hikawa, T. Izumiyama, T. Ootsuka

IHI

Realize your dreams

1. Introduction IHI

Realize your dreams

¢ There exists more than 16,000%*objects, not only active satellites but also inactive
satellite and upper stage of launcher, fragments from those space systems on Earth orbit.

¢ It become appear that even the latest upper stage of launcher might be the cause of many
on-orbit fragments, space debris, through Briz-M explosion on October 2012.

¢ Orbital Objects on GEO:
1,557%2
— Active satellites: 404
— Fragments, etc: 378
(20%3)

e GEO is a unique, one and only
orbit for many applications
satellites, therefore it is most
important topics to prevent —i
debris generation due to -
collisions.

My Mt o o o B e Tried oy Ot T

gdEE NS

B
E 8 & B

¥1.: 2013F1514BIRE. KEEDHERI L TL\DEE YA
16,8971@(SpaceTrack.org, “Satellite Situtation Report, ”
January 14, 2013

¥2:  20115E#EADBE SR, V. Agapov, “Results of GEO and HEO
space debris population research and asteroids study within . .
the framework of ISON international project in 2011,” 49t e
s_essmn_of ,SISC of COUPUQS' 6-17 February 2012/ . Ref.: NASA Orbital Debris Program Office, “Orbital Debris Quarterly News,” Volume 17, Issue 1,
[PEFHERICKZRENS DT TIE. 101648, January 2013
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. Introduction IHI

Renlize your dreams

Space Situational Awareness on GEO regions is necessary for
sustainable space utilization/GEO application.

e Orbital determination of the satellite around geo- statlonary orbit is conducted by
optically observed data. . .

— Optical Observation Site of GEODSS:Socorro

the US Space Surveillance

Network: 4 sites T
MSSS/
From the analogy of triangulation, = EeeBSHYENT

it is supposed that the use of data GEODSS:Diego Garcia
observed from multiple sites give
some advantages to improve the
accuracy of orbit determination.

US Space Surveillance Network (SSN): Optical Site

Multi-site observation by small optical equipment might give comparable
accuracies of orbital determination by large optical equipment on one site.

IHI

Realize your dreams

2. Assumptions

e Site Location:

Site Lat. [deg] | Long. [deg]| Alt. [m]
IHI-Tomioka i ITF | 36.2993 138.928 205
Bisei { BSG | 34.6727 | 133.545 420
Hokkaido i NAO | 44.3736 | 142.482 142
Sendai i SAO | 38.2569 140.755 164
Okinawa i TIAO | 24.3736 124.140 176
Eastern Australia i QRO | -27.4333 | 151.717 400

Difference in Lat and long from ITF

Site Alat [deg] |ALong [deq]
ITF — —

BSG -1.63 -5.38
NAO 8.07 3.55
SAQO 1.96 1.83
IAO -11.93 -14.79
QRO -63.73 12.79
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1H]
Realize your dreams

e Orbital Object to be observed:
— Existing geo-stationary satellite was assumes for simulation.
e NSS-6: TLE as follows,
1 27603U 02057A 13010.45190851 .00000000 00000-0 10000-3 0 6205
227603 0.0369 351.5205 0002994 296.6192 79.6083 1.00264833 36939

e Observation Data Generation: —
- BENEYI2AL—Y 3 VICKDSEA .
RN S BELITOREHEESY . \i' -
— BAIERE(F2EE (IR - INET0M) 1E
MOMI DERE. i
-YIaUL—Y3VICXDBSNIZHEIC
BEREZNALCEZ, 8AYRTLAD
DEREECRERUE U CERIT -5 28,
(BRAGRE - DARRE\ R EERIRIE S & RE)

SRNAER (AW W)

— Observation duration: 5 min/cycle °
— Data (image) sampling rate: 10 sec/data

—Number of data (images): 31 data/cycle Exampleof - w20
Observation Data

3. Simulation Results: IHI
Realize your dreams

3.1. Observation from Single site with interval
Two observation from single site with interval
— Site: IHI Tomioka (ITF)

_ 1st observation (UTC) | 2" observation (UTC)

Short duration (1 cyc) 2013/01/10 13:00~13:05 =

30 min interval 2013/01/10 13:00~13:05 2013/01/10 13:30~13:35
4 hour interval 2013/01/10 13:00~13:05 2013/01/10 17:00~17:05
24 hour interval 2013/01/10 13:00~13:05 2013/01/11 13:00~13:05
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3. Simulation Results:

3.1. Observation from Single site with interval

¢ Orbit determination (epoch: 2013/01/10 13:00:00)
»No determination of orbit for 24 hours interval case
»No valid result for observation with short duration(1 cycle of 5min)

393

IHI
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Short (1 cycle)| 30m interval | 4h interval TLE
ITF ITF ITF
Result Semi-major Axis (km) -49,389.168| 41,907.248| 42,185.046| 42,167.785
Eccentricity 2.212463 0.005116 0.000099 0.000289
Inclination (deg) 1.9475 0.1106 0.0975 0.0972
RAAN (deg) 103.7830 46.9480 53.6280 53.3550
Arg of Perigee (deg) 310.1164 153.7935 40.4848 241.6128
True Anomaly (deg) 344.4558 199.2957 305.9146 105.0615
Mean Anomaly (deg) 344.4558 199.4901 305.9238 105.0296
Error Semi-major Axis (km) -91,556.952 -260.537 17.261
Eccentricity 2.212174 0.004827 -0.000190
Inclination (deg) 1.850 0.013 0.000
RAAN (deg) 50.428 -6.407 0.273
Arg of Perigee (deg) 68.504 -87.819 -201.128
True Anomaly (deg) 239.394 94.234 200.853
Mean Anomaly (deg) 239.426 94.46
Error(%) Semi-major Axis (km) -217.13% -0.629 0,04%
Eccentricity 766253.48% 1672.12% -65.64%
Inclination (deg) 1903.60% 13.79% 0.31%
RAAN (deg) 94.51% -12.01% 0.51%
Arg of Perigee (deg) 28.35% -36.35% -83.24%
True Anomaly (deg) 227.86% 89.69% 191.18%
Mean Anomaly (deg) 227.96% 89.94% 191.27%

3. Simulation Results:

3.1. Observation from Single site with interval
&2/ FBETIJUDER XDFHBICIE. BRIFOEE EATIBZ EECHETE

IHI

Realize your dreams

FDCENME
e Position errors at time (Epoch: 2013/01/10 13:00:00)
BB B S km]
TUHR | AR T6 | SRR TRZIUTC] | BB | ERARR TESZI[UTC
F2BSEEDA =i 19,377.747 | 19,130.584 | 2013/01/10 13:05:00{ 17,779.719 : 2013/01/10 14:00:45
300 BSREIEERA =3 62.067 77.242 | 2013/01/10 13:35:00 62.067 i 2013/01/10 13:00:00
40518 BSEIZEERA =M 11.725 3.566 | P013/01/10 17:05:00 3.101 | 2013/01/10 17:47:55
BESRECHFRER- A—RaHEN
BARTBER T, uets (E ugsa | "
HRAMURICHETETT\DN, BREEE8E |~ s
CEIC. BEOYMARNIE EHEBOEISILK, . bl /
BREETATAS NN o el ]
g
= . [l
—— ]
= ——— b W
- - . ~ =
l A
f o . g
) -Gﬂl _\? B +.'-I 5 i - 3 B ¥ g:'? 5 d
- ey i " ol Ll T
F - @ N G o
:- ‘] 5 i & 3 F s i ¥
(W P Ul
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3. Simulation Results:

3.2. Two sites Observation
— Two sites observations with simultaneous or time interval

|| IHI Tomioka (UTC) Other (UTC)

Simultaneous 2013/01/10 13:00~13:05  2013/01/10 13:00~13:05
30 min interval 2013/01/10 13:00~13:05  2013/01/10 13:30~13:35
4 hour interval 2013/01/10 13:00~13:05  2013/01/10 17:00~17:05

IHI

Realize your dreams

3. Simulation Results:

3.2. Two sites Observation
¢ Orbit determination (epoch: 2013/01/10 13:00:00)
Short (1 cycle) Simultaneous TLE
ITF ITF-NAO ITF-SAO ITF-BSG ITF-IAQ ITF-QRO

Result Semimajor Axis (km) 49,389.168]  43,233.631] 42,692.849] 43,310.970] 42,046.325] 42,108.172] 42,167.785
Eccentricity 2.212463 0.087270 0.043129 0.092687 0.014870 0.006915 0.000289
Incination (deg) 1.9475 0.6238 0.3578 0.6011 0.0342 0.1012 0.0972
RAAN (deg) 103.7830 42.8970 44.8730 42.9340 77.5450 52.4080 53.3550
Arg of Perigee (deg) 310.1164 76.7504 73.1702 76.7938 220.5947 245.0958 241.6128
True Anomaly (deg) 344.4558 280.3736 281.9780 280.2926 101.8897 102.5252 105.0615
Mean Anomaly (deg) 344.4558 290.0839 286.7789 290.6002 100.2185 101.7508 105.0296

Error Semimajor Axis (km) -01,556.952] _ 1,065.846 525.065|  1,143.185 -121.460 -59.613
Eccentricity 2.212174 0.086982 0.042840 0.092398 0.014582 0.006626
Incination (deq) 1.850 0.527 0.261 0.504 -0.063 0.004
RAAN (deg) 50.428 -10.458 -8.482 -10.421 24.190 -0.947
Arg of Perigee (deg) 68.504 -164.862 -168.443 -164.819 21.018 3.483
True Anomaly (deq) 239.394 175.312 176.917 175.231 3.172 -2.536
Mean Anomaly (deg) 239.426 185.054 181.749 185.571 -4.811 -3.279

Error(%)  |Semirmajor Axis (km) 217.13% 2.53% 1.25% 2.71% -0.29% -0.149)
Eccentricity 766253.48%)|  30128.75%]  14839.04%)| 00%|  5050.81%||  2295.08%
Inclination (deq) 1903.60% 541.77% 268.11% 518.42% -64.81% 4.12%
RAAN (deq) 94.519._ -19.60% -15.90% -19.53% 45.34% -1.77%
Arg of Perigee (deg) 28.35% 68.23% 69.72% 68.22% 8.70% 1.44%
True Anomaly (deg) 227.86% 166.87% 168.39% 166.79% 3.02% 2.41%
Mean Anomaly (deg) 227.96% 176.19% 173.05% 176.68% ~4.58%] 4

This document is provided by JAXA.




oA [AR—AFTTIVU—T g v

3. Simulation Results:

3.2. Two sites Observation
¢ Orbit determination (epoch: 2013/01/10 13:00:00)
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30m interval 30 min interval TLE
ITF ITF-NAO ITF-SAO ITF-BSG ITF-IAO ITF-QRO
Result Semi-major Axis (km) 41,907.248| 41,417.968| 40,586.117| 42,018.916] 42,338.270| 42,288.962| 42,167.785
Eccentricity 0.005116 0.014057 0.029110 0.002826 0.002954 0.004352 0.000289
Inclination (deg) 0.1106 0.1545 0.1432 0.1007 0.1097 0.1401 0.0972
RAAN (deg) 46.9480 39.2940 27.0040 49.7850 54.3490 51.0810 53.3550
Arg of Perigee (deg) 153.7935 170.8230 190.5481 168.1641 347.3979 53.9015 241.6128
True Anomaly (deg) 199.2957 189.9354 182.5282 182.0844 358.2764 295.0418 105.0615
Mean Anomaly (deg) 199.4901 0 105.0296
Error Semirmajor Axis (km) -260.537lf -749.817 -1,581.668 -148.869 170.485 121.17
Eccentricity 0.004827 0.013768 0.028821 0.002537 0.002665 0.004063
Inclination (deg) 0.013 0.057 0.046 0.004 0.013 0.043
RAAN (deg) -6.407 -14.061 -26.351 -3.570 0.994 -2.274
Arg of Perigee (deg) -87.819 -70.790 -51.065 -73.449 105.785 -187.711
True Anomaly (deg) 94.234 84.874 77.467 77.023 253.215 189.980,
Mean Anomaly (deg) 94.461 Qr 197 ZZLA0 27 067 202 J07 100 4
Error(%)  |Semimajor Axis (km) -0.62% -1.78% -3.75% -0.35% 0.40% 0.29%
Eccentricity 1672.12% 4768.96% 9982.96% 878.73% 923.24% 1407.45%
Inclination (deg) 13.79% 58.95% 47.33% 3.60% 12.86% 44.14%
RAAN (deg) -12.01%). . .~26.35% -49.39% -6.69% 1.86% -4.26%
Arg of Perigee (deg) -36.35% -29.30% -21.13% -30.40% 43.78% -77.69%
True Anomaly (deg) 89.69% 80.78% 73.73% 73.31% 241.02% 180.83%
Mean Anomaly (deg) 89.94% 81.11% 73.93% 73.38% 241.13% 181.34%

3. Simulation Results:

3.2. Two sites Observation
¢ Orbit determination (epoch: 2013/01/10 13:00:00)
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4h interval 4 hr interval TLE
ITF ITF-NAO ITF-SAO ITF-BSG ITF-IAO ITF-QRO
Result Semi-major Axis (km) 42,185.046 42,334.080 42,106.381 42,106.605 42,290.343 42,284.773 42,167.785
Eccentricity 0.000099 0.002865 0.001446 0.001445 0.002061 0.001925 0.000289
Inclination (deg) 0.0975 0.0915 0.1012 0.1005 0.0953 0.1056 0.0972
RAAN (deg) 53.6280 57.8650 51.9030 52.0030 56.1040 54.6590 53.3550
Arg of Perigee (deg) 40.4848 4.8094 179.3346 178.5361 5.6788 9.6171 241.6128
True Anomaly (deg) 305.9146 337.3481 168.7925 169.4903 338.2416 335.7479 105.0615
Mean Anomaly (deg) 305.9238 337 4743 168.7603 169.4601 338 3291 335 8384 105.0296
Error Semi-major Axis (km) 17.26?[ 166.295 -61.404 -61.179 122.554 116.988
Eccentricity -0.000190 0.002577 0.001157 0.001157 0.001772 0.001636
Inclination (deg) 0.000 -0.006 0.004 0.003 -0.003 0.008
RAAN (deg) 0.273 4.510 -1.452 -1.352 2.749 1.304
Arg of Perigee (deg) -201.128 -236.803 -62.278 -63.077 -235.934 -231.996
True Anomaly (deg) 200.853 232.287 63.731 64.429 233.18( 230.686
Mean Anomaly (deg) AN 200 8 232,448 63 731 64,431 233 230 R
Error(%) Semimajor Axis (km) 0.04% 0.39% -0.15% -0.15% 0.29% 0.28%
Eccentricity -65.64% 892.48% 400.87% 400.66% 613.89% 566.68%
Inclination (deg) 0.31% -5.86% 4.12% 3.40% -1.95% 8.64%
RAAN (deg) 0.51% 8.45% -2.72% -2.53% 5.15% 2.44%
Arg of Perigee (deg) -83.24% -98.01% -25.78% -26.11% -97.65% -96.02%
True Anomaly (deg) 191.18% 221.10% 60.66% 61.32% 221.95% 219.57%
Mean Anomaly (deg) 191.27% 221.31% 60.68% 61.35% 222.13% 219.76%
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3. Simulation Results: IHI

Realize your dreams

3.2. Two sites Observation
e Position errors at time (Epoch: 2013/01/10 13:00:00)
BEES (B S km]

pav. BRARR TS | AR TIEZI[UTC) BIME | EBRAE TESZI[UTC]
19,377.747 | 19,130.584 | 2013/01/10 13:05:00| 17,779.719 ;| 2013/01/10 14:00:45

AEISEERA (1 e

2 R BFERA 70.212 9.199 | 2013/01/10 13:05:00 1.178 | 2013/01/10 13:04:25
64.971 25.792 | 2013/01/10 13:05:00 1.267 i 2013/01/10 13:08:17

68.954 15.221 | 2013/01/10 13:05:00 0.878 | 2013/01/10 13:04:06

4,875 8.542 | 2013/01/10 13:05:00 0.873: 2013/01/10 13:01:48

1.653 _4.546 | 2013/01/10 13:05:00 0.664 : 2013/01/10 13:01:16§

300 BSREIEERA (4 5D 62.067 77.242 | 2013/01/10 13:35:00 62.067 : 2013/01/10 13:00:00

2 1B REIZE(30m)ER Al 181.425 206.293 | 2013/01/10 13:35:00 181.425 : 2013/01/10 13:00:00
408.326 433.496 | 2013/01/10 13:35:00 408.326 : 2013/01/10 13:00:00

33.734 37.526 | 2013/01/10 13:35:00 33.734 | 2013/01/10 13:00:00

=M-G18 42.665 41.674 | 2013/01/10 13:35:00 41.629 i 2013/01/10 13:29:02

= f3-ZIN 39.764 13.600 | 2013/01/10 13:35:00 4.380 i 2013/01/10 13:52:17

48506 BSEIEENA (1 ) |5 11.725 3.566 | 2013/01/10 17:05:00 3.101 ¢ 2013/01/10 17:47:55
2 RISRZE=(4h) EUA =-85 51.540 61.502 | 2013/01/10 17:05:00 38.069 | 2013/01/10 14:48:10
SE-E 4.989 33.680 | 2013/01/10 17:05:00 4.989 i 2013/01/10 13:00:45

=f-E2 4.654 33.995 ;| 2013/01/10 17:05:00 4.654 | 2013/01/10 13:00:00

=M-618 38.716 44.948 | 2013/01/10 17:05:00 28.183 ¢ 2013/01/10 14:51:34

=fF-=IN 39.904 42.100_ 2013/01/10 17:05:00 28.123 | 2013/01/10 15:01:34
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3. Simulation Results: IHI

Realize your dreams

3.2. Two sites Observation
e Position errors at time (Epoch: 2013/01/10 13:00:00)
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3. Simulation Results: IHI

Renlize your dreams

3.3. Three sites Observation
— Three sites observations with simultaneous or time interval

IHI Tomioka QRO(UTC)
(UTC)

Simultaneous 2013/01/10 2013/01/10 2013/01/10
13:00~13:05 13:00~13:05 13:00~13:05
30 min 2013/01/10 2013/01/10 2013/01/10
interval 13:00~13:05 13:00~13:05 13:30~13:35
4 hour 2013/01/10 2013/01/10 2013/01/10
interval 13:00~13:05 13:30~13:35 17:00~17:05

3. Simulation Results: IHI
Realize your dreams
3.3. Three sites Observation
* Orbit determination (epoch: 2013/01/10 13:00:00)
4h interval Simul 30 min interval 4 hr interval TLE
ITF ITF-IAO-QRO ITF-IAO-QRO ITF-IAO-QRO
Result Semi-major Axis (km) 42,185.046]  42,131.900 42,183.516 42,202.023]  42,167.785
Eccentricity 0.000099 0.004273 0.001854 0.000502 0.000289
Inclination (deg) 0.0975 0.0834 0.0930 0.0998 0.0972
RAAN (deg) 53.6280 54.9110 53.7830 53.2120 53.3550
Arg of Perigee (deg) 40.4848 242.2422 73.0761 336.1926 241.6128
True Anomaly (deg) 305.9146 102.8756 273.1687 10.6228 105.0615
Mean Anomaly (deg) 305.9238 102.3979 273.3808 10.6122 105.0296
Error Semi-major Axis (km) 17.261 -35.885 15.731 34.238
Eccentricity -0.000190 0.003984 0.001565 0.000214
Inclination (deg) 0.000 -0.014 -0.004 0.003
RAAN (deg) 0.273 1.556 0.428 -0.143
Arg of Perigee (deg) -201.128 0.629 -168.537 94.580
True Anomaly (deg) 200.853 -2.186 168.107 -94.439
Mean Anomaly (deg) 200.894 -2.632 168.351 -94.417
Error(%) Semi-major Axis (km) 0.04% -0.09% 0.04% 0.08%
Eccentricity -65.64% 1380.08%| =2 542.15%|=—2> 73.99%
Inclination (deg) 0.31% -14.20% -4.32% 2.67%
RAAN (deg) 0.51% 2.92% 0.80% -0.27%
Arg of Perigee (deg) -83.24% 0.26% -69.75% 39.15%
True Anomaly (deg) 191.18% -2.08% 160.01% -89.89%
Mean Anomaly (deg) 191.27% -2.51% 160.29% -89.90%
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3. Simulation Results:

3.3. Three sites Observation
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e Position errors at time (Epoch: 2013/01/10 13:00:00)

IHI

Renlize your dreams

B hIEsRzkm]
pav: L AR TE | 8RR TISRI[UTC] =IME AR TISZI[UTC]
it EEFEDA =f-618-S) 0.951 4.075 | 2013/01/10 13:05:00 0.951: 2013/01/10 13:00:00
=f-618-S) 8.178 5.513} 2013/01/10 13:35:00 1.068 ;| 2013/01/10 13:21:00
Ef-GiE-S 10.327 21.039 | 2013/01/10 17:35:00 9.165 i 2013/01/10 14:09:27
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3. Simulation Results: (Summary: cases of QRO)

Two-sites Three-sites
4h interval Simul 30min interval | 4h interval Simul 30 min interval 4 hr interval TLE
ITF ITF-QRO ITF-QRO ITF-QRO ITF-IAO-QRO ITF-IAO-QRO ITF-IAO-QRO
Result Semi-major Axis (km) 42,185.046] 42,108.172| 42,288.962| 42,284.773 42,131.900 42,183.516 42,202.023|  42,167.785
Eccentricity 0.000099 0.006915 0.004352 0.001925 0.004273 0.001854 0.000502 0.000289
Inclination (deg) 0.0975 0.1012 0.1401 0.1056 0.0834 0.0930 0.0998 0.0972
RAAN (deg) 53.6280 52.4080 51.0810 54.6590 54.9110 53.7830 53.2120 53.3550
Arg of Perigee (deg) 40.4848 245.0958 53.9015 9.6171 242.2422 73.0761 336.1926 241.6128
True Anomaly (deg) 305.9146 102.5252 295.0418 335.7479 102.8756 273.1687 10.6228 105.0615
Mean Anomaly (deg) 305.9238 101.7508 295.4930 335.8384 102.3979 273.3808 10.6122 105.0296
Error Semi-major Axis (km) 17.261 -59.613 121.177 116.988 -35.885 15.731 34.238
Eccentricity -0.000190 0.006626 0.004063 0.001636, 0.003984 0.001565 0.000214
Inclination (deg) 0.000 0.004 0.043 0.008 -0.014 -0.004 0.003
RAAN (deg) 0.273 -0.947 -2.274 1.304 1.556 0.428 -0.143
Arg of Perigee (deg) -201.128 3.483 -187.711 -231.996 0.629 -168.537 94.580
True Anomaly (deg) 200.853 -2.536 189.980 230.686 -2.186 168.107 -94.439
Mean Anomaly (deg) 200.894 -3.279 190.463 230.809 -2.632 168.351 -94.417
Error(%)  [Semimajor Axis (km) 0.04% -0.14% 0.29% 0.28% -0.09% 0.04% 0.08%
Eccentricity -65.64% 2295.08% 1407.45% 566.68% 1380.08% 542.15% 73.99%
Inclination (deg) 0.31% 4.12% 44.14% 8.64% -14.20% -4.32% 2.67%
RAAN (deg) 0.51% -1.77% -4.26% 2.44% 2.92% 0.80% -0.27%
Arg of Perigee (deg) -83.24% 1.44% -77.69% -96.02% 0.26% -69.75% 39.15%
True Anomaly (deg) 191.18% -2.41% 180.83% 219.57% -2.08% 160.01% -89.89%
Mean Anomaly (deg) 191.27% -3.12% 181.34% 219.76% -2.51% 160.29% -89.90%
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3. Simulation Results: (Summary: cases of QRO)

e Position errors at time (Epoch: 2013/01/10 13:00:00)
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RIS EREE [km]
ToH | AR TS | BAETRZIUTC] | RIME | &R TESZI[UTC]
ERIEERI(4hi) I no4_itf_04 11.725 3.566 | 2013/01/10 17:05:00 3.1017 2013/01/10 17:47:55
21t R EEERA =B-E n10_gro 00 1.653 4.546 | 2013/01/10 13:05:00 0.664 | 2013/01/10 13:01:16
2 it Fm ORI (30m) ER -2 ni5 gro_hf 39.764 13.600 | 2013/01/10 13:35:00 4.380 . 2013/01/10 13:52:17
2 ith R BSRIE(4h) ERAl =G5 n20_gro_04 39.904 42.100 | 2013/01/10 17:05:00]  28.123} 2013/01/10 15:01:34
SitREEEA =f@-G15-2)I_|n21 Ro_gro_00 0.951 4.075 | 2013/01/10 13:05:00 0.951 | 2013/01/10 13:00:00
=f3-G15-5)1_|n22_ao_00_gro_hf 8.178 5.513 | 2013/01/10 13:35:00 1.068 7 2013/01/10 13:21:00
=f@-GI5-2)1 [n23 o _hf gro_04 10.327 21.039 | 2013/01/10 17:35:00 9.165 | 2013/01/10 14:09:27
% EN G ECHTEE: 38 ANN =Conclusion=
iy | N —— o (MuIti-sit_es)S_imuItaneoy_s observation give
L | s = good _estlmatlon of posm(_)ns .
i e 2 ¢ Long interval of observation cycle improve
——BOFE CE g Eeway ] - eccentricity
i i — NEEE @ 88 YRy JF
- P o = Proposed observation strategy:
] - g \ g e Good position estimation
“ T AT S = (Multi-sites) simul. observation
» - . . .
un s b et b *, o Improvement of eccentricity/orbit shape
o e S, L 7 0
m-&;?}qpcﬁﬂﬁ Wy - estimation _ _ _
o, < = Observation with Long interval
A * A S S R S . s . . .
g o ¢ @ & 0 & |Expectation of fine orbit determination
o o= . - -_-\. A - - - - . -
s & S & & & with two-sites simultaneous & time interval
W [T

observation using minimal facility and time.

3. Simulation Results:

IHI

Realize your dreams

3.4. Two sites Simultaneous and time interval observation
—4hr time interval is assumed

|| IHI Tomika (UTC) Australia (UTC)

Case 1: 2013/01/10 13:00~13:05  2013/01/10 13:00~13:05
Time interval observation 2013/01/10 17:00~17:05

conducted at one site

Case 2:
Both site conduct time
interval observation

2013/01/10 13:00~13:05
2013/01/10 17:00~17:05

2013/01/10 13:00~13:05
2013/01/10 17:00~17:05
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3. Simulation Results:

3.4. Two sites Simultaneous and time interval observation
¢ Orbit determination (epoch: 2013/01/10 13:00:00)
4h interval | Case 1:Simul. +4 hr int [ Case 2:Simul. +4 hr int TLE
ITF ITF-QRO ITF-QRO

Result Semi-major Axis (km) 42,185.046 42,167.248 42,162.962| 42,167.785
Eccentricity 0.000099 0.000307 0.000350 0.000289
Inclination (deg) 0.0975 0.0966 0.0970 0.0972
RAAN (deg) 53.6280 52.9620 52.9180 53.3550
Arg of Perigee (deg) 40.4848 233.3355 217.2941 241.6128
True Anomaly (deg) 305.9146 113.7308 129.8164 105.0615
Mean Anomaly (deg) 305.9238 113.6986 129.7857 105.0296

Error Semi-major Axis (km) 17.261 -0.537 -4.823
Eccentricity -0.000190 0.000018 0.000061
Inclination (deg) 0.000 -0.001 -0.000
RAAN (deg) 0.273 -0.393 -0.437
Arg of Perigee (deg) -201.128 -8.277 -24.319
True Anomaly (deg) 200.853 8.669 24.755
Mean Anomaly (deg) 200.894 8.669 24.756

Error(%)  |Semimajor Axis (km) 0.04% 0.00% -0.01%
Eccentricity -65.64% 6.30% 21.16%
Inclination (deg) 0.31%] N\ -0.62% -0.21%
RAAN (deg) 0.51%| L./ -0.74% -0.82%
Arg of Perigee (deg) -83.24%| ' -3.43% -10.07%
True Anomaly (deg) 191.18% 8.25% 23.56%
Mean Anomaly (deg) 191.27% 8.25% 23.57%
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3. Simulation Results:

3.4. Two sites Simultaneous and time interval observation
e Position errors at time (Epoch: 2013/01/10 13:00:00)
| Al [ @ sa 2 [km
[ pavl; i} AR TBS BRI T ISZIUTC] =IME EDAIFR T BSZI[UTC]
= IHIEM (1 iR 4 BSRIISREIE) 11,725 3.566 2013/01/10 17:05:00! 3.101 2013/01/10 17:47:55
R =fE-5)N DIHIE - (G185 + 52D 1.716 3.192 2013/01/10 17:05:00! 1.716 2013/01/10 13:00:00
2 s ER(EIE+H4hERE) |Z=[-S DIHIER-Z=0 (B85 05RIZ) 1.662 3.207 2013/01/10 17:05:00! 1.662 2013/01/10 13:00:00
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“Two sites Simultaneous and time interval observation” can provide fine orbit
determination within short period of observation.
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» Effectiveness of multi-site observation is evaluated using virtual observation data
generated by orbit simulation considering influence of observation errors
/resolutions

e Multi(two or three) sites observation with time interval may not improve accuracy
of estimated orbit due to error associated with different observation time (errors
due to orbit propagation)

»Depend on observation error and time interval (propagation error)
e Multi-site simultaneous observation improve position estimation of on-orbit object.

» Propose observation strategy and scenario for orbital object in GEO region using
minimal asset and short period of observation

>At two sites far from each other(ex. IHI tomioka-Australia), (1) simultaneous
observation(5 min), after that, (2) re-observation with appropriate time
interval(5 min after 4 hr interval) provide fine orbital determination.

€ Only one scenario was evaluated in this study. It is necessary to evaluate this
proposed observation strategy with some other cases.
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Light curve observations of LEO debris

O FRIRAR A, MY S (- H AL 22 AT JE BH e AR )
OHirohisa Kurosaki and Toshifumi Yanagisawa (JAXA)

ZLOFHEWMIK (NTHE, alrybh, T 7U7RE) NHEkZ Al TWd, 2SO EE T FEEIPL — &
— BN Lo THIFBLHISIVTWOD, WIIRDZEBARAEIXH ED DI T2, BRI LD b
T HE AR AR R D RN A2 FF MR N EHERL TODEE 2, AR SO LN A5
Do
Tk DT 7 VR E TII R ORI Lo THiE T EZ a2 BN G5,

Fk 4 12 LI SL-8 R/B DYEEEL AL A~ TUWA, ZHUTes 70 COSMOS-3M 247 ko 2 By H Thb, 1
FoRRT AIFEE E TR EL TOBEV) TS, BT EEEELL TWhDary MR T 1H 00
DD, ZZTITRHIED SL-8 R/B DY L OB I OWTHE 35,

Many space objects (space satellite, rocket, and debris, etc.) are orbiting the earth. As for these, the orbit is
always observed by the optical observation and the radar observation. However, the state of attitude of the
object is not known so much. As for the change in brightness, when the object on a spinning satellite and a
different reflection side rotates, the periodic change is seen. In the debris removal in the future, it is necessary
to examine the capture method according to the rotating state of the object.

We are especially examining the change in the brightness of SL-8 R/B. This is the second stage of the
COSMOS-3M rocket of Russia.

In one theory, it is said that the rocket body is steady on the orbit. However, there are some things that
brightness has changed if the rocket body is observed. It reports on the observational result of the change in the
brightness of the SL-8 R/B in the low earth orbit.

120910-28910 SL-8 R/B 05048C
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Light curve of LEO debris (SL-8 R/B)
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Light curve observations of LEO debris

O&IE#MA, HliRER
(FHNZEMERAERRE)

OHirohisa Kurosaki and Toshifumi Yanagisawa
(JAXA)

Introduction

Many space objects (space satellite, rocket, and debris, etc.) are
orbiting the earth. As for these, the orbit is always observed by the
optical observation and the radar observation.

However, the state of attitude of the object is not known so much.
As for the change in brightness, when the object on a spinning
satellite and a different reflection side rotates, the periodic change
is seen.

In the debris removal in the future, it is necessary to examine the
capture method according to the rotating state of the object.

It reports on the observational result of the change in the
brightness of the SL-8 R/B in the low earth orbit.

This document is provided by JAXA.
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Optical observation system

Observation Site
JAXA, Aerospace Research Center
Chofu, Tokyo

Lat. 35°40'42"

Long. 139°33'24"

Alt. 55m

(35cm low earth orbit satellite tracking system)

Tri-Axial alt-azimuth Mount

3 axes
Azimuth (Az)
Elevation (El)
Tracking (Tr)
are controlled independently.

This alt-azimuth mount

No singular point on the celestial
sphere, and can track any space
debris even passing through the
zenith.

For tracking a target, the Tr axis is
used mainly that enables a stable

tracking.
The hand controller can adjust the
angular speed of El and Tr axes.

This document is provided by JAXA.
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Telescope & CCD Camera

Schmidt Cassegrain SC355L BITRAN

Diameter 355mm Pixel Number 1.4M

Focal Length 3910mm F11 (1360x1024)

(2400mm (F7) with reducer) Pixel size D6.45|Jm

CCD size 8.8 X6.6mm
A/D 16bit
Trans time 0.7sec
Cooling Perche

Guide Telescope Guide Camera

This mount operates by a special system software.

The azimuth and the elevation at visible time are calculated from TLE of the object.
This calculation makes the timetable every ten seconds.

$

Next, an azimuth and elevation value is converted into the value of the mount of three axes
(azimuth, elevation, and tracking).

Neither the azimuth nor the elevation of the mount are the azimuths and the elevations of the object.
The calculation of this conversion makes the timetable every 0.5 seconds.

‘ Object (Azimuth, Elevation) == Mount (azimuth-axis, elevation-axis, tracking-axis)

The mount moves to the position of the start time and it stands by.

¥

The tracking starts at the start time.

The tracking axis smoothly moves to passing the object, and the azimuth axis
and the elevation axis move slightly for the correction.

i
The gap is caused by the accuracy of TLE in the tracking passing. ° ""’
‘ Hand Operation

The guide telescope applied to the telescope is monitored, and the object is kept at the
center of the monitor by the hand controller.
The hand set can adjust the position in a tracking axis and a elevation axis.

In addition, each acceleration of two axes can be adjusted.
(In this part, there is a studying experience of the auto adjustment by the image recognition, too. )

The drive of the mount stops at the tracking end time.

This document is provided by JAXA.
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Light curve

Example images of LEO debris

Brightness is obtained from the acquired image.

The intensity value of the pixels of the space object was added
from each image, and a light curve was drawn in a graph.

Light curves

Observer

East side

.

Observar

Brightness

The light curve changes by object, sun, and observer's geometry

This document is provided by JAXA.
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Light curve simulation of circular cylinder
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Targets of Observation

< SL-8 R/B

2nd stage of Cosmos-3M rocket
of Russia

-"':2”" stage
Shape Cylindrical Diameter 24m

Length 6.4 m
Dry Weight 8.9 ton

This document is provided by JAXA.
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Decision of object of observation

The object is decided with orbit calculation software
(Orbitron).
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Extraction of object from TLE catalog
Good visible condition is extracted
Original application (made by oneself)

Observed Object (SL-8 R/B)

120822 SL-8 R/B 88023B 121001 12836 SL-8 R/B 81091B 121031 06320 72102B

120827 SL-8 R/B 77059B 14966 SL-8 R/B 840438 121101 13618 82102B
SL-8 R/B 85079B 10992 SL-8 R/B 78074B 13950 83023B
SL-8 R/B 80007B 11870 SL-8 R/B 80056B 10918 780538
SL-8 R/B 77119B 18403 SL-8 R/B 87087B 19827 890178

120828 SL-8 R/B 880238 19257 SL-8 R/B 88053B 121107 25723 99022C
SL-8 R/B 85079B 25592 SL-8 R/B 98076B 18586 87098B
SL-8 R/B 84100B 21231 SL-8 R/B 91029B 121115 05685 71111B
SL-8 R/B 77119B 121009 24955 SL-8 R/B 97052C 20104 890508
SL-8 R/B 90083B 13649 SL-8 R/B 82109B 10492 77109B

120829 SL-8 R/B 77119B 11427 SL-8 R/B 79060B 121120 17067 86086B
SL-8 R/B 80099B 15598 SL-8 R/B 85022B 11546 79084J
SL-8 R/B 73042B 13028 SL-8 R/B 82001B 22308 93001B
SL-8 R/B 90111B 121022 23093 SL-8 R/B 940248 11751 80026B
SL-8 R/B 75094B 20046 SL-8 R/B 89042B
SL-8 R/B 860938 13618 SL-8 R/B 82102B

120905 SL-8 R/B 76128B 13950 SL-8 R/B 83023B S L_8
SL-8 R/B 76005B 121025 11170 SL-8 R/B 78122B
SL-8 R/B 78028B 20509 SL-8 R/B 90017B

SL-8 R/B 81041B 12508 SL-8 R/B 81053B ~ 20 1 2 o 1 1 o 20

SL-8 R/B 76070B 121029 20046 SL-8 R/B 89042B

120910 SL-8R/B | 87098B 26819 | SL-8R/B | 010238
SL-8R/B | 900838 18945 | SL-8R/B | 88016J 5 8 / 295 (TLE Catal og)
SL-8R/B | 78019B 06207 | SL-8R/B | 720748
SL-8R/B | 02026B 13618 | SL-8R/B | 821028
SL-8R/B | 93036B 23432 | SL-8R/B | 940838
SL-8R/B | 05048C 07426 | SL-8R/B | 740698

This document is provided by JAXA.
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SL-8 R/B 85079B
120827-16012

120827-16012 SL-8 R/B 850798
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600000

Flux (ADU)

400000

200000

71300 71400 71500 71600
JST (sec)

DATE TIME SSC  NAME ag. Ran Az (Sun)EI (Sun)
2012-08-27 10:46:12 16012 SL-8 R/B . b .5 1718 297.1 -18.0
2012-08-27 10:49:53 16012 SL-8 R/B . b . 784 297.7 -18.7
2012-08-27 10:52:40 16012 SL-8 R/B b . % 1397 298.2 -19.2
388sec

SL-8 R/B 85079B
120828-16012

120828-16012 SL-8 R/B 85079B
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1000000

800000

600000

Flux (ADU)

400000

200000

69200 69300 69400
JST (sec)

DATE TIME SSC  NAME . Ran Az (Sun)EI (Sun)
2012-08-28 10:10:56 16012 SL-8 R/B b b .5 1717 290.9 -11.8
2012-08-28 10:14:15 16012 SL-8 R/B b b .3 1035 291.5 -12.4
2012-08-28 10:17:34 16012 SL-8 R/B . L .3 1714 292.0 -13.0
398sec

This document is provided by JAXA.
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SL-8 R/B 90083B
120910-20805

120910-20805 SL-8 R/B 90083B
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68300 68400 68600
JST (sec)

DATE TIME SSC  NAME Az
2012-09-10 09:55:38 20805 SL-8 R/B 189.1
2012-09-10 10:00:15 20805 SL-8 R/B 276. 4
2012-09-10 10:04:53 20805 SL-8 R/B 3.1
55bsec

ag. Ran Az (Sun)EI (Sun)
.9 2124 285.4 -12.7
.3 1013 286.1 -13.6

M
6
5
7.0 2132 286.8 -14.5

El

20.1
82.5
20.1

SL-8 R/B 02026B
120910-27437

120910-27437 SL-8 R/B 02026B

1600000
1400000
1200000
1000000

800000

Flux (ADU)

600000
400000
200000

0
70300 70400 70500 70600
JST (sec)

DATE TIME SSC  NAME .v2 El
2012-09-10 10:29:11 27437 SL-8 R/B 191.6 20.1
2012-09-10 10:33:49 27437 SL-8 R/B 275.7 78.3
2012-09-10 10:38:29 27437 SL-8 R/B 1.5 20.0
558sec

Mag. Ran Az (Sun)El (Sun)
6.8 2138 290.8 -19.1
5.3 1032 291.6 -20.0
6.9 2146 292.5 -20.9

This document is provided by JAXA.
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SL-8 R/B 05048C
120910-28910

120910-28910 SL-8 R/B 05048C
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DATE TIME SSC  NAME Mag. Ran Az (Sun)El (Sun)
2012-09-10 11:26:41 28910 SL-8 R/B . b ? 2861 301.6 —29.6
2012-09-10 11:32:20 28910 SL-8 R/B 6 b ? 1921 302.8 -30.6
2012-09-10 11:37:59 28910 SL-8 R/B 6 b ? 2861 304.0 -31.6
678sec

SL-8 R/B 84043B
121001-14966

121001-14966 SL-8 R/B 84043B

Flux (ADU)

65900
JST (sec)

DATE TIME SSC  NAME ag. Ran Az (Sun)El (Sun)
2012-10-01 09:13:41 14966 SL-8 R/B . L .0 2116 273.4 -10.6
2012-10-01 09:18:10 14966 SL-8 R/B b g .6 1095 274.1 -11.5
2012-10-01 09:22:39 14966 SL-8 R/B b L .0 2120 274.8 -12.4
538sec

This document is provided by JAXA.
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SL-8 R/B 91029B
121001-21231

121001-21231 SL-8 R/B 910298
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72300 72400 72600
JST (sec)

DATE TIME SSC  NAME Mag. Ran Az (Sun)El (Sun)
2012-10-01 11:01:02 21231 SL-8 R/B . .0 6.7 2052 291.1 -31.9
2012-10-01 11:04:59 21231 SL-8 R/B b .7 5.7 1290 291.8 -32.6
2012-10-01 11:08:59 21231 SL-8 R/B 6 .0 6.7 2074 292.6 -33.4
477sec

SL-8 R/B 97052C
121009-24955

121009-24955 SL-8 R/B 97052C
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65300 65400
JST (sec)

DATE TIME SSC  NAME Mag. Ran Az (Sun)El (Sun)
2012-10-09 09:04:30 24955 SL-8 R/B . .0 7.0 2097 269.9 -11.0
2012-10-09 09:09:00 24955 SL-8 R/B b .8 5.4 1013 270.5 -11.9
2012-10-09 09:13:26 24955 SL-8 R/B : .1 6.9 2068 271.2 -12.8
536sec

This document is provided by JAXA.
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SL-8 R/B 82001B
121009-13028

121009-13028 SL-8 R/B 82001B

300000

200000

Flux (ADU)

100000

70000 70100 70200 70300
JST (sec)

DATE TIME SSC  NAME Mag. Ran Az (Sun)El (Sun)
2012-10-09 10:24:00 13028 SL-8 R/B b .0 6.3 1698 282.1 -27.0
2012-10-09 10:27:36 13028 SL-8 R/B b .1 47 813 282.7 -21.7
2012-10-09 10:31:11 13028 SL-8 R/B 6 .1 6.2x 1698 283.3 -28.5
431sec

SL-8 R/B 94024B
121022-23093

121022-23093 SL-8 R/B 94024B
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Flux (ADU)

100000

64500 64600 64700 64800
JST (sec)

DATE TIME SSC  NAME . Ran Az (Sun)EI (Sun)
2012-10-22 08:54:18 23093 SL-8 R/B b b .0 2067 264.8 -12.2
2012-10-22 08:58:44 23093 SL-8 R/B b o .3 1003 265.4 -13.1
2012-10-22 09:03:12 23093 SL-8 R/B L L .8 2075 266.1 -14.0
534sec

This document is provided by JAXA.
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Next Step

- Repetition observation of the same object

- Detection at rotational period by Fourier analysis
- Estimation of rotation axis

- Estimation of posture

- Comparison with simulation

Each analysis has the experience in the past.
— \We make a tool.

This document is provided by JAXA.
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Investigation of ground-based optical observation system for LEO objects

OMIRE 5L, SRR AR (- H AL 22T FEBH e pEAR )
OToshifumi Yanagisawa and Hirohisa Kurosaki (JAXA)
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Do

The low earth orbit is very important as many earth observation satellites are entered. Recently, this orbit is

deteriorated by numerous pieces of space debris which is caused by collisions of satellite, breakups and so on.
In order to maintain human activities in space, we have to cope with the space debris problem as soon as
possible. Currently radar equipments are primary methods to observe LEO debris. Optical observation has an
advantage of low cost, although it is effected by lighting condition of the sun and weather. The optical
observation system consisted of large number of cost-effective CCDs and high-speed PCs at various sites in
the world may overcome the current radar observation network.
We have examined the possibilities of precise orbit determination using two observation sites containing 40
sets of optical equipments. Simulations using STK have shown that identical objects were recognized from the
data of 4 individual equipments installed on 2 separate sites using the lots of circular orbital elements
calculated from many observation data. This enables us to determine orbits of many un-cataloged LEO objects
precisely.

RHLET 7 ) el s
Optical observation equipment for LEO debris

This document is provided by JAXA.
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5th Space Debris Workshop

In estlg ion of ground based optical
observa 1qn system for. LEO objects

¥ ¥

Japan Aerospaée Ejplorafion Agericy(JAXA)
- Aerospace Research antl Development Directorate
Innoyative Tech okogy Research Center -

T.Yanzigiszrlwa and H.Kurosaki

Abstract

The low earth orbit is very important as many earth observation satellites
are entered. Recently, this orbit is deteriorated by numerous pieces of space
debris which is caused by collisions of satellite, breakups and so on. In
order to maintain human activities in space, we have to cope with the space
debris problem as soon as possible. Currently radar equipments are primary
methods to observe LEO debris. Optical observation has an advantage of
low cost, although it is effected by lighting condition of the sun and weather.
The optical observation system consisted of large number of cost-effective
CCDs and high-speed PCs at various sites in the world may overcome the
current radar observation network.

We have examined the possibilities of precise orbit determination using
two observation sites containing 40 sets of optical equipments. Simulations
using STK have shown that identical objects were recognized from the data
of 4 individual equipments installed on 2 separate sites using the lots of
circular orbital elements calculated from many observation data. This
enables us to determine orbits of many un-cataloged LEO objects precisely.

This document is provided by JAXA.
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Background
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LEO environment (around 800-1000km altitude where lots of Japanese satellites reside) is being
deteriorated rapidly by the ASAT, the collision caused by Iridium 33 and Cosmos 2251, and so on.

Error of conjunction assessments become large because of inaccuracy of TLE. Japanese satellites in
LEO fully rely on the alert information of JSpOC of U.S. However we don’t know how accurate it
is.

Japan needs to have own methods to evaluate the environment of LEQO.

Background

Phased array of Kamisaibara Spaceguard Center

Observation methods of LEO debris

(DRadar observation

Russian ISON network using a lot of optical telescopes

24-hour observation. SSN of U.S. Japan also has a radar observation facility owned by JSF(Japan Space
Forum) in Kamisaibara. Its detection ability is 1m at 600km altitude which is not enough for small sized
LEO debris. A disadvantage of radar observation system is a huge expenditure for its construction and
maintenance.

@Optical observation
A few hours observation because of lighting condition of the Sun. Effected by weather conditions. ISON
network of Russia. Basic research is being carried out by Innovative technology research center of JAXA.
Very cost effective system.
Investigated the usefulness of the large array of optical sensors for

LEO debris observation

This document is provided by JAXA.
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Observation equipments and data analysis software

Observation equipments:

*Canon EF200mmFL IS USM

-FLI 2K2K back-illuminated CCD

camera ML4240
FOV : 7.65 %X 7.65°

Exposure interval : 1.5 sec
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Concept of the line-identifying technique

Data analysis software:

The line-identifying technique developed
for GEO debris detection.

It can detect moving objects with
constant velocity.

The equipments and the software enable us to detect
LEO objects of 60cm at 1000km altitude.

Observation

Sequential images of 17525

(MOMO-1)
Exposure time: 50msec
Interval: 1.5 sec

This document is provided by JAXA.
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Possibility of orbit improvement

*

Track calculated byTLE '."

4 elements of TLE are improved to fit the observed track

Observed track

*

*

using the least square method.

Positions in the next day are calculated with improved orbit
and evaluated the improvements by comparing calculated

positions with observed ones.

Orbit improvement and its evaluation

TLEO
Propagate
with SGP4
y
Calculated
TLEL > position 1
Modified
Day 1 —"| orbit1
Observed 1
position 1
Propagate -
with SGP4 di, dQ2, do, dM
\ 4
_ | Calculated
TLE2 ~ | position 2
Day2
Modified | Calculated Observed

Orbit 1

position 1

position 2

This document is provided by JAXA.
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Analysis result 1(O-C(TLE))

: 1.645km on orbit
i 0.727km on orbit

i 0.082km on orbit
i 0.107km on orbit

This document is provided by JAXA.
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Large array of optical sensors for LEO debris observation

North

o e
5 > .

West

LEO observation system using many South
optical sensors

Detections of identical object at 2 sites

@Many optical observation units are installed to cover large area since each unit has narrow FOV. In order to get
long arc for accurate orbit determination, 2 narrow rectangular regions which separate about 80-degree are observed
using 40 observation units.

@Observation of 2 consecutive passes enable us to do accurate orbit determination. For this reason, 2 longitudinally
separated sites are considered.

Observational simulation

Accurate orbit
determination

Identification of same objects Identification of same objects
in 2 sets at each site at 2 sites

One object is observed 2 times at each site (4 times in total). Identifications of same
objects from many observed positions are needed.

This document is provided by JAXA.
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Observational simulation

Observation
sites:
Ishigakijima Observatory Rikubetsu Observatory
(Okinawa) (Hokkaido)
Observation
equipments: 20 units are pointed to Az 0-degree

and El 50-degree, other 20 units Az
X 40 180-degree and El 50-degree. Each

set is located to observe east-west-

elongated rectangular region.

Observation date and time: Apr/11/2012  8:40-11:40(UT) Rikubetsu
Apr/11/2012  10:20-13:29(UT) Ishigaki

Targets: 14574 TLEs of Apr/11/2012 distributed at Space Track web site.

Observed coordinates(RA and Dec) of each object at each site are calculated every
second interval using STK(Satellite Tool Kit) software.

Observational simulation

872 and 636 objects were detected at the set 1 and 2 of Ishigaki,
respectively. 473 objects were detected at both sets.

916 and 934 objects were detected at the set 1 and 2 of
Set 1 Rikubetsu, respectively. 458 objects were detected at both sets.

Identification conditions

(DDifference of observation times: Less than 700-sec

Set 2 ®@Change rate of circular radiuses: Less than 0.1-degree

| ®Difference of inclinations: Less than 1.0-degree

@Difference of RAANs: Less than 1.0-degree

®)Difference of direction cosines at the middle of observation time of 2 set:

Less than 5.0-degree

465 objects out of 473 ones at Ishigaki (98.3%) and
454 objects out of 458 ones at Rikubetsu (99.1%) are
identified.

Identification at each site

This document is provided by JAXA.



Woll (AR—=XF TNV T —r g v #EEERE 423

Observational simulation

Out of Ishigaki’s 463 and Rikubetsu’s 454 identified
objects, 154 objects were observed at both sites.

1| 5 "__ —1 Identification condition
D Difference of observation times: 5600— 7700-sec
® Change rate of circular radiuses: Less than 0.05

® Difference of inclinations: Less than 1.5-degree

e --.‘.‘.'....

@ Difference of RAANs: Less than 1.0-degree: Less than 1.0-degree

"-.5 ®Difference of direction cosines at the middle of observation time of either
" of the two sits: Less than 90-degree

Ishigaki Rikubetsu ‘

143 objects out of 154 ones (92.9%) are identified

Same object identifications out of many observation data taken at 2 sets
of observation units at 2 sites are possible. Which means objects
coordinates separating about 80-degree of 2 passes are available.
Therefore, accurate orbital determinations will be carried out.

Future Plan

@Improvement of equipments@: Cameralens — Small telescope

@Improvement of equipments@: Development of fast detection devices
(CMOS sensor and so on)
@Improvement of analysis method:

Line-identifying method — Stacking method

4

Objective: Detection of 10cm objects at 1000km altitude

@Orbit determination experiment using the data taken at Rikubetsu and Ishigaki

@ Cooperation with space based optical observation system for LEO debris

A detected object using the stacking method. Before-
analysis (left) and after-analysis (right).

Space based optical observation system

This document is provided by JAXA.
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Summary

It i1s possible to establish a large array system of
optical sensors for LEO debris observation which is
able to carry out accurate orbit determination of many
LEO objects with relatively low cost.

In the future, we would like to improve observation
equipments and analysis methods to detect 10cm
objects at 1000km altitude. We also will carry out
actual orbit determinations using the data taken at 2
separated observation site and evaluate its accuracy.

This document is provided by JAXA.
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Bt"Space Debris Workshop
January 22-23, 2013
Administration Bldg. No1 2F Lecture-hall, JAXA Chofu Aerospace Center

\ Tuesday 22 January 09:55 ~ 17:55 \
09:55  Opening remarks  Keiichi Hirako (JAXA)

International Session(English)
10:00 Long Term Sustainability of Outer Space and Role of UNCOPUQS
QO Yasushi Horikawa (Chair of UNCOPUOS)
10:30  Overview of JAXA’s Space Debris related Activities
O Yasuyuki ITO(JAXA)
11:00  The Long—Term Stability of the LEO Debris Population and the Challenges for Environment Remediation
QOJ.-C. Liou(NASA)
11:30  Active Debris Removal activities in CNES
QO Christophe Bonnal (CNES)

12:00~13:20 Luncheon

13:20  Global Debris Mitigation Control and Corresponding Activities in JAXA
OAkira Kato(JAXA)
13:40  Current status of studies on active debris removal at JAXA
OS. Kawamoto, Y. Ohkawa, Y. Katayama, H. Kamimura, H. Nakanishi, N. Imura, S. Kitamura, S. Kibe,
K. Hirako (JAXA)
14:00  Some constraints of international space law on the conduct of active debris removal and preliminary
studies to searching for a solution
OHiroyuki Kishindo (JAXA)
14:20  Promoting the Active Debris Removal Project on Business
OMasaya Mine (SUAC)
14:40  Prediction of Orbital Debris Population with an Orbital Debris Evolutionary Model
O Yuya Ariyoshi, Toshiya Hanada(Kyushu University), Satomi Kawamoto(JAXA)
15:00  Approach Strategy to a Non—-Cooperative Target
O Toru Yamamoto, Naomi Murakami, Koji Yamanaka (JAXA)

15:20~15:35 Break

15:35  Vision-based Measurement and Motion Estimation for Space Debris Removal
O Yasuhiro Katayama, Heihachiro Kamimura, Shinichiro Nishida, Satomi Kawamoto(JAXA)
15:65  The Strategy and Technology for Non—cooperative Target Capture
OMH. Nakanishi and S. Kawamoto (JAXA)
16:15  R&D of Electrodynamic Tether for On-orbit Demonstration
Q Yasushi Ohkawa, Satomi Kawamoto, Koji Matsumoto, Hiroshi Shiomi, and Shoji Kitamura (JAXA)
16:35  The Plan of Electrodynamic Tether Experiments on HTV for Debris Removal
ODaisuke Tsujita, Masayuki Harada, Satomi Kawamoto, Yasushi Okawa(JAXA)
16:55  GEO Debris Removal using lon Beam Irradiation
QO Shoji Kitamura, Yukio Hayakawa, Yasushi Ohkawa, Satomi Kawamoto(JAXA)
17:15  Orbital change of space debris using the charged satellite
OMasaki Nakamiya, Yosuke Akashi, Hiroshi Yamakawa(Kyoto Univ.)
17:35  Study of Active Debris Removal Project
OAkiko Otsuka, Fumihiro Kuwao(NEC), Satomi Kawamoto(JAXA), Masayuki lkeuchitNTS),
Kenji Hirota, Jun—-ichiro Watanabe(TECS)

18:30~20:20 Reception (JAXA Chofu Cafeteria)
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| Wednesday 23 January 10:00 ~ 18:20 |

10:00 Ballistic Limit Weight and Thickness of Kevlar and Beta Cloth for Sub-milimeter Debris Impact
OMasumi Higashide, Naomi Onose, Sunao Hasegawa(JAXA)
10:20  Impact experiments on aluminum foam targets: as a favored candidate material for a light—-weight space
debris bumper shield
ONaomi Onose, Masumi Higashide, Sunao Hasegawa (JAXA)
10:40 Damage evaluation of silicon nitride ceramics subjected to hypervelocity impact
ON. Kawai, S. Hawegawa, E. Sato(JAXA)
11:00  An Estimation of the Ballistic Limit Curves by Performing Numerical Analyses of the Small-Size Space Debris
Impacts on the Components of Satellites for the Purpose of their Designs
QAtsushi Takeba, Masahide Katayama(ITOCHU-Techno Solutions, CTC), Kumi Nitta(JAXA)
11:20  Plasma Generation caused by Hypervelocity Impact against Thin Sheet Materials
OKoji Tanaka(JAXA), Yoichi Nagaoka(Sokendai), Susumu Sasaki(JAXA)
11:40  Size distribution of ejecta resulting from hypervelocity impacts of projectiles
OMasahiro Nishida, Koichi Hayashi(NiTech), Sunao Hasegawa(JAXA)

12:00~13:20 Luncheon

13:20  Space Debris Conjunction Assessment —— Collision Risk Mitigation Experience ——
OKaneaki Narita, Shinichi Nakamura, Toru Tajima, Kazunori Someya, Junya Abe (JAXA)
13:40  Non-life insurance related to Space debris
O Shigeo Suzuki(Aioi Nissay Dowa Insurance)
14:.00  R&D on in-situ measurement MMOD sensors at JAXA
QY. Kitazawa(lH), H. Matsumoto(JAXA), O. Okudaira,(JAXA), P. Faure(Kyutech),
Y. Akahoshi (Kyutech), M. Hattori(The University of Tokyo), T. Hanada(Kyushu University),
A. Karaki(Hl), A. Sakurai. K. Funakoshi, T. Yasaka(iQPS)
14:20  Expansion of Tactical Utilities for Rapid ANalysis of Debris on Orbit Terrestrial
Jeongho Kim, O Shinji Hatta(MUSCAT Space Engineering), Masumi Higashide, Satomi Kawamoto(JAXA)
14:40  KIBO/MPAC Experiment Summary
Yugo Kimoto(JAXA), QMiyuki Waki(AES)
15:00 Measurement and modeling of breakup events in the geostationary region
OMasahiko Uetsuhara, Toshiya Hanada(Kyushu Univ.), Toshifumi Yanagisawa(JAXA), Yukihito Kitazawa(lH|)

15:20~156:3b Break

15:35  Short—period light—curve observations of space debris using TDI technique
O Shin-ichiro Okumura, Seitaro Urakawa, Kota Nishiyama, Tsuyoshi Sakamoto,
Noritsugu Takahashi(Japan Spacegaurd Association), Makoto Yoshikawa(JAXA, JSGA)
15:65  Feasibility study for Space—Based optical observation mission of space Debris
OHaruhisa Matsumoto, Osamu Okudaira, Toshifumi Yanagisawa(JAXA), Yukihito Kitazawa(lHl),
Makoto Tagawa(Kyushu Univ.), Hirohisa Kurosaki(JAXA)
16:15  Low Earth orbit debris observation using space—-based optical sensors
OMakoto Tagawa, Toshiya Hanada(Kyushu Univ.), Toshifumi Yanagisawa, Haruhisa Matsumoto(JAXA),
Yukihito Kitazawa(lHI)
16:35  Observation and Prediction for Re—entry Objects
OKazunori Someya, Junya Abe, Toru Tajima(JAXA), Gaku Adachi and Masaya Kameyama(FUJITSU)
16:55  Observations of Artificial Satellites with Kashima 35cm Optical Telescopes
O Tetsuharu Fuse(NICT)
17:15  Evaluation of multi-site observation of GEO objects by simulation
OO0samu Hikawa, Taku lzumiyama, Takenori Otsuka(lH|)
17:35  Light curve observations of LEO debris
OHirohisa Kurosaki and Toshifumi Yanagisawa(JAXA)
17:55  Investigation of ground—-based optical observation system for LEO objects
QO Toshifumi Yanagisawa and Hirohisa Kurosaki(JAXA)

18:15  Closing address  Kazuhiro Nakahashi(JAXA)
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