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ABSTRACT

This paper describes the plans, flows, key facilities, test beds, pathfinders, simulators and ground support equipment that
could be used to fully integrate, functionally test and qualify the Origins Space Telescope (Origins). The Origins
Observatory consists of the Spacecraft Bus Module (SBM) and the Cryogenic Payload Module (CPM), which comprises
the telescope and three science instruments. The telescope is a Three Mirror Anastigmat (TMA) and is composed of four
mirrors: three with optical power (the elliptical primary, hyperbolic secondary, and elliptical tertiary mirrors) and a flat
field-steering mirror (FSM). The three science instruments spanning the wavelength range 2.8 to 588 um provide the
powerful new spectroscopic and imaging capabilities required to achieve the scientific objectives. The Origins Survey
Spectrometer (OSS) uses six gratings in parallel to take multi-beam spectra simultaneously across the 25 to 588 um
window through long slits enabling deep 3D extra-galactic surveys. The Far-IR Imager/Polarimeter (FIP) provides imaging
and polarimetric measurement capabilities at 50 and 250 pum. Its fast mapping enables rapid follow-up of transient or
variable sources and efficient monitoring campaigns. The Mid-Infrared Spectrometer (MISC-T) provides spectroscopy
simultaneously over 2.8 to 20 pm with exquisite stability and precision (<5 ppm between 2.8 to 10 pm, <20 ppm between
11 to 20 pm). All the instruments are delivered for Integration and Test fully qualified and calibrated. The Integration and
Test program implemented at each level of assembly is discussed as well as the separation of thermal vacuum testing
between the hot and cold zones of the Observatory. Portions of this manuscript appear in the Origins Study Final Report.!
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1. ORIGINS OVERVIEW

The Origins Space Telescope will trace the history of our
origins from the time dust and heavy elements secondary mirror (1m)
permanently altered the cosmic landscape to present-day baffle/ barrel

life.! How did galaxies evolve from the earliest galactic

systems to those found in the universe today? How do primary mirror (5.9m)
habitable planets form? How common are life-bearing

worlds? To answer these questions, Origins will operate at 0SS
mid- and far-infrared wavelengths and offer powerful

spectroscopic instruments and sensitivity three orders of MISCGT
magnitude better than that of Herschel, the largest

telescope flown in space to date. spacecraft ___ o

Origins has a Spitzer-like architecture (Figure 1) and
requires only a few simple deployments to transform from
launch to operational configuration. The Origins
Observatory consists of the Spacecraft Bus Module (SBM)
and the Cryogenic Payload Module (CPM), which
comprises the telescope and three science instruments. The
telescope is a 5.9-m diameter, cryocooled to 4.5 K, Three
Mirror Anastigmat (TMA) and is composed of four
mirrors: three with optical power (the elliptical primary,
hyperbolic secondary, and elliptical tertiary mirrors) and a Figure 1. The Origins cutaway view shows the Origins

flat field-steering mirror (FSM). instrument locations and major elements of the flight system

solar array
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The optical system? launches in its operational configuration, requiring no mirror, barrel, or baffle deployments after
launch, but the design allows for mirror segment alignment on orbit to optimize performance. The solar panel,
communication antenna, and telescope cover deployment mechanisms have extensive heritage. The two-layer sunshield
deployment (see Figure 2) relies on stored energy in flexible rods to pull the shield material into its desired shape, and
telescoping arms to place each shield at the intended distance from the cold shield. This simple deployment sequence can
be tested on the ground in existing facilities.

The three science instruments® spanning the wavelength range 2.8 to 588 pum provide the powerful new spectroscopic and
imaging capabilities required to achieve the scientific objectives. The Origins Survey Spectrometer (OSS) uses six gratings
in parallel to take multi-beam spectra simultaneously across the 25 to 588 um window through long slits enabling deep
3D extra-galactic surveys. The Far-IR Imager/Polarimeter (FIP) provides imaging and polarimetric measurement
capabilities at 50 and 250 um. Its fast mapping enables rapid follow-up of transient or variable sources and efficient
monitoring campaigns. The Mid-Infrared Spectrometer Camera Transit Spectrometer (MISC-T) provides spectroscopy
simultaneously over 2.8 to 20 pm with exquisite stability and precision (<5 ppm between 2.8 to 10 um, <20 ppm between
11 to 20 pum).

Origins thermal performance is well understood. The Observatory architecture consists of a cold zone with telescope and
instruments operating at cryogenic temperatures and a hot zone with the spacecraft bus (Figure 2). The cryo-thermal
system design leverages Spitzer experience and technology developed for James Webb Space Telescope (JWST) and
Hitomi. Four current state-of-the-art cryocoolers will cool the telescope to 4.5 K, with 100% margin in heat lift capacity
at each temperature stage.
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Figure 2. Origins temperature zones are designed to maximize cryo-cooling efficiency while ensuring a 4.5 K environment for the
telescope and instruments. The instruments are housed in the 4.5 K zone beneath the primary mirror

The mirrors do not require time-consuming “cryo-null” figuring because the telescope is diffraction limited at 30 pm. All
of the telescope’s mirrors and mirror segments can be diamond-turned and rough-polished to the required precision in
existing facilities. The JWST primary mirror segment actuator design is adopted to allow the Origins primary mirror
segments to be adjusted in space in three degrees of freedom (tip, tilt, and piston), enabling final alignment during
commissioning.

The next generation of launch vehicles, including the National Aeronautics and Space Administration’s (NASA) Space
Launch System (SLS), SpaceX’s Starship, and Blue Origin’s 7-m New Glenn, have much larger payload fairings than the
5-m diameter fairings available today, enabling the launch of a large diameter telescope that does not need to be folded
and deployed. Origins will operate in a quasi-halo orbit around the Sun-Earth L2 point. The Observatory is robotically
serviceable, enabling future instrument upgrades and propellant replenishment to extend the mission beyond its 10-year
design lifetime.
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2. INTEGRATION AND TEST (I&T) OVERVIEW
The major subassemblies of the fully assembled Origins Observatory are defined as follows:

e Instruments, consisting of the following: Spectrometer (OSS), FIR Imager/Polarimeter (FIP) and MID-IR Imager
Spectrometer/Coronagraph (MISC). The three instruments are delivered to I&T fully qualified and calibrated.

e Telescope, consisting of the following: Primary Mirror Segments, Secondary Mirror, Aft Optics, Cryocoolers,
Inner Optical Baffle, Outer Barrel, Sunshield Structure and Deployment Mechanism, Protective Cover, Telescope
Harness. Access doors are located around the Barrel for instrument access and integration. The optical elements
of the 5.9-m diameter telescope are shown in Figure 3.

Tertiary Mirror Aft Optics

Figure 3. Telescope optical elements. Aft Optics Structure mounts to the Primary Mirror Backplane Support Structure (PMBSS) and
contains the tertiary mirror and Field Steering Mirror

e Cryogenic Payload Module (CPM), consisting of the following: Structural/Mechanical, Telescope, OSS, FIP,
MISC, Cryocooler Interface Hardware, Cold Electronics, CPM Harness, Inner and Outer Sunshield Material. The
CPM components exploded view is shown in Figure 4. The CPM dimensions are shown in Figure 5.
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Figure 4. Origins CPM components exploded view shows the
Origins configuration. Instruments are not shown in this figure' Figure 5. Origins CPM dimensions
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Spacecraft Bus Module (SBM), consisting of the following: Structural/Mechanical, Attitude Control System

(ACS), Propulsion, Propellant and Gas, Command and Data Handling (C&DH), Communications, Power,
Instrument Warm Electronics, Antennas, Cryocoolers, Solar array, SC Harness. The SBM dimensions are shown

in Figure 6.

Figure 6. Origins SBM dimensions
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Figure 7. Origins Observatory dimensions (front)

The summary level I&T flow is shown in Figure 9
below.

Observatory, consisting of CPM, SBM, Observatory harness. The Observatory dimensions are shown in Figures
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Figure 8. Origins Observatory dimensions (side)

. Each of these phases is further detailed in the subsequent sections
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Figure 9. Origins I&T Summary Flow for Cryogenic Payload Module (CPM) and Spacecraft Bus Module (SBM). Each of these
phases is further detailed in subsequent sections below
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Verification of Origins thermal performance by test with the Observatory fully assembled is far more challenging than a
typical spacecraft design due to the large size of the primary mirror and sunshield and the wide operational temperature
gradient. As a result, Origins will perform separate thermal vacuum tests of the cold and hot zones of the Observatory.
Protoflight level environmental tests will be performed both at the element level and at the Observatory level. Simulation
of missing interfaces during tests of the lower levels of assembly and testing of various non-flight models will provide the
data for final analysis and verification of the overall Observatory performance.*

Commonality of test personnel and products across each level of assembly, including test sets, command and telemetry
system/database, procedures and automated test scripts will provide test consistency across levels of assembly, enable test
product reuse and reduce cost and schedule risk. Similarly, mechanical ground support equipment for flight hardware
lifting, rotations and deployments will be also used for mechanical operations and testing.

Contamination control is another key driver of Origins I&T processes. External optic cleanliness can only be maintained
through the use of the International Standards Organization (ISO) Class 7 facilities (class 10K) and personnel protocols
throughout all phases of I&T.

Testbeds, pathfinders, developmental test articles, mock-ups and simulators will reduce risk, provide a venue for tests that
cannot be performed on the flight hardware or simulate flight interfaces that are not available for a particular flight test.
Origins will utilize many articles of this type in addition to the flight I&T program.

An Engineering Model Test Bed (EMTB) will integrate engineering model electrical units together with a flight-like
harness and a duplication of the I&T electrical test environment. The EMTB objective is to perform validation of flight
software as well as electrical compatibility of Observatory electronics. EMTB is a shared resource between systems
engineering for flight design objectives as well as I&T for test process demonstration objectives.

Various configurations of spacecraft simulators will be built and delivered to lower levels of assembly to provide a flight-
like command and telemetry interface for “test as you fly” before the CPM is ever mated with the flight spacecraft.
Spacecraft simulators used in conjunction with a common command and telemetry system and database at all levels of
assembly facilitate re-use of test products at each level of assembly.

3. TELESCOPE I&T

Assembly Integration and Testing of the Telescope can be performed in a number of facilities in the United States. One
possible venue for mirror assembly is at the Goddard Space Flight Center (GSFC) in the Spacecraft Systems Development
and Integration Facility (SSDIF, Figure 10), which was also used for JWST telescope assembly.

Figure 10. JWST telescope assembled in the Spacecraft Systems Development and Integration Facility at NASA/GSFC
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Telescope I&T will start with assembly of the structural subassemblies. A rollover fixture is used to orient the structure as
required for assembly access. Then optics installation starts. The Aft Optics, all primary mirror assemblies, and the
secondary mirror are installed and aligned to the structure. Then the instrument mass simulators, cryocoolers, inner optical
baffle, telescope harness, outer barrel, sunshield structure and deployment mechanism, electrical boxes, and protective
cover are integrated. The completed telescope assembly is then ready for the mechanical test program (modal survey,
signature sine sweep frequency characterization, protoflight three-axis sine vibration), followed by one more signature
sine sweep frequency characterization and protoflight acoustics. Alignment is performed before and after these tests. The
scope of this test program is to verify the stability of the mirrors, structures and mechanisms. After the Telescope testing
is complete, the instrument mass simulators are removed and the Telescope is ready for integration with the instruments.
The Telescope 1&T summary flow is shown in Figure 11.
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Figure 11. Telescope I&T Summary Flow. GSE stands for ground support equipment
4. CRYOGENIC PAYLOAD MODULE (CPM) I&T

The primary objective of the integration and test program is to successfully deliver a fully tested and verified CPM that
meets all functional requirements and performs as designed when placed on the SBM to create the Origins Observatory.

The CPM integration can be accommodated at GSFC in the Spacecraft Systems Development and Integration Facility
(SSDIF), shown in Figure 10. While specific locations are given to perform various tests, these are meant to be examples
only which show one way that the tests can be accomplished. Other facilities at different locations in the US may also be
used for these tests. Specialized ground support equipment (GSE) development is required for the integration of all
components. The CPM 1&T summary flow is shown in Figure 12.

After ambient integration of the fully assembled telescope with instruments, electromagnetic interference
(EMI)/electromagnetic compatibility (EMC) testing will be performed. This test will be followed by protoflight vibration
and protoflight acoustics tests. Aliveness test and ambient metrology will also be performed pre- and post-mechanical
testing to ensure the hardware remains aligned. The environmental test campaign (except for the cryogenic thermal vacuum
test) can be accommodated at GSFC. The GSFC acoustic chamber is shown in Figure 13. EMI/EMC testing requires using
a customized tent.

To be published in the Society of Photographic Instrumentation Engineers (SPIE) Journal of Astronomical Telescopes, Instruments, and Systems 6
(JATIS) special section dedicated to the Origins Space Telescope, Volume 6, Issue 4, September 1, 2020



Receive fully Integrate Integrate Install cold
_SgtquSE > Structt;les —>| assembled [—>| OSSEP > IHames_s —>| Cryocooler | —»| electronics
in Cleanroom assembly Telescope and MSIC ntegration hardware to (telescope,
instruments instruments, etc)
|
v
Install inner Ambient Sunshield (PM Aliveness Install warm
andouter —>| Alignment —>| deployment —> test+ —> electronicson —>|  EMI/EMC
sunshield tests At ambient mechanisms spacedaft
materials functional simulator |
¥
(PM Aliveness Remove Pre- Install Protoflight (PM Aliveness Ambient
t?lstq_- —>( Protective [—>| Environmental —>| Protective > ‘zmﬂé —> t?‘Satf —>|  Alignment
mechanisms mechanisms
foaictioaal Cover Metrology Cover flom launch i check
vehicle spec |
v
Protoflight (P Allveness Remove Post- Install Stowed Remove
A(oustigcs —> tehsaH' —>|  Protective —>( Environmental —>| Protective > M‘-O“ uration |—» W';;h'@'tdt""d
mechansims ass Properties ipitto
functional Cver Belnley oy test Observatory
|
v
Pack (PM Post ship Remove Alignment (PM Aliveness
andGSEfor > setpand > telescope > OO 1> e
shippi checkout tective I
Pping e - functional
|
Full CPTin ) Install Pack CPM and
Enter Leave Alignment tel
a hamberA || “hauding’ | | GamberA [T st [ | powcve | | ™
calibration cover shipping

Ship to

Observatory
1&T

Figure 12. CPM 1&T Summary Flow. It includes the milestones reviews: Pre-Environmental Review (PER) and Pre-Ship Review (PSR)
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Figure 13. The GSFC Acoustic Chamber can easily
accommodate testing the Origins CPM. Note that this chamber is
not large enough for the fully assembled Origins Observatory.
This test will be performed at the Johnson Space Center (JSC) or
another suitable facility

The team will design and manufacture a specialized In-Plant Transporter (IPT) to move the flight hardware from the
cleanroom to the vibration and acoustics facility. The IPT will include a portable clean tent around the CPM to provide
the required cleanliness. The sunshield deployment test will be conducted at this point. After the mechanical tests, the
team will perform a mass properties test. The hardware is then prepared for transportation and transported to the Johnson
Space Center (JSC) by a shipping container whose size is compatible with the Super Guppy or Beluga aircraft. Note: the
transporter was called Space Telescope Transportation Air, Road and Sea (STTARS)* for JWST. Upon arrival at JSC, the
flight CPM is removed from the transporter and prepared for installation into Chamber A (shown in Figure 14).

Figure 14. JSC Chamber A supports Origins “Test as you fly”. The JWST Optical Telescope Element and Integrated Science
Instrument Module (OTIS) is shown rolling into the JSC Chamber A. Chamber A and its helium cooled shroud provides a perfect
environment for thermal verification of Origins with and without the spacecraft
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Preparations include telescope protective cover removal, GSE sensor installation, metrology, and ambient functional
testing. A 4.5 K GSE cover will be installed to reduce the stray light from the 11 K shroud to the instruments. This cover
will be cooled by a 4 K GSE cryocooler, similar in concept to the GSE cooler used to cool the Mid-Infrared Instrument
(MIRI) during the JWST Optical Telescope Element and Integrated Science Instrument Module (OTIS) cryogenic tests.
Once installed into the Chamber A the cryogenic testing of the CPM will begin. In general, the objective of the cryogenic
vacuum test is to verify the CPM level requirements in the conditions of the expected flight environment, with emphasis
on optical measurements that can be performed in this test configuration. This is the first time that the integrated
instruments will be fully operational at their flight temperature. The optical tests! will verify the CPM system optical
workmanship and provide optical test data to support the integrated telescope modeling used to predict flight optical
performance. After the testing, the CPM is then removed from the chamber and prepared for transportation. The hardware
is transported to the integration facility where it will be mated to the SBM to create the Origins Observatory.

5. SPACECRAFT BUS MODULE (SBM) I&T

The SBM I&T consists primarily of the spacecraft bus (which includes the typical spacecraft bus subsystems of power,
attitude control, communications, command and data handling), solar array, cryocoolers mass simulators and instrument
warm electronics mass simulators. SBM primary structure is delivered to I&T already qualified. The objective of the SBM
1&T is to deliver a fully verified and tested element that meets all the functional requirements prior to integration with the
CPM at the start of the Observatory I&T. The SBM I&T summary flow is shown in Figure 15.
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Figure 15. SBM I&T Summary Flow. It includes the milestones reviews: Pre-Environmental Review (PER) and Pre-Ship Review

(PSR). S/C stands for Spacecraft Bus Module (SBM). CPT stands for complete performance test
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The SBM integration begins with the propulsion system integration followed by the harness integration and the assembly
of thermal components and electronics. Validated flight software is delivered and utilized throughout the remainder of
I&T. A complete electrical integration of all bus mounted electronics is performed in a “flat sat” configuration. Flight
electrical equipment that will be mounted to the bus structure is temporarily mounted to a ground support table to enable
full flight electrical integration of the entire complement of bus-mounted equipment. Electrical system integration issues
are typically discovered during “flat sat” I&T, which is performed independent of the bus structure critical path. Major
tests during SBM I&T include an initial ambient baseline electrical comprehensive performance test (CPT), alignments,
ambient deployments, radio frequency (RF) compatibility/laser communications test. The environmental test campaign
includes: EMI/EMC, protoflight 3-axis sine vibration, protoflight acoustics, protoflight thermal balance & thermal-
vacuum, propulsion functional and leakage tests. These tests could be done at GSFC using the T 4000-3 shaker (shown in
Figure 16), the large EMI/EMC chamber and control console (shown in Figures 17 and 18), the Mass Properties
Measurement Facility (MPMF) (shown in Figure 19) and the Space Environment Simulator (SES, shown in Figure 20).
There are many other facilities in the U.S. where these tests can be done. CPM interfaces are electrically simulated during
functional and environmental testing. A fully tested and verified SBM is ready for mate with the CPM in Observatory
1&T.

Figure 18. Large EMC Control Console

Fig. 19. Mass Properties Measurement Facility (MPMF)

To be published in the Society of Photographic Instrumentation Engineers (SPIE) Journal of Astronomical Telescopes, Instruments, and Systems 10
(JATIS) special section dedicated to the Origins Space Telescope, Volume 6, Issue 4, September 1, 2020



Figure 20. SES Chamber

6. ORIGINS OBSERVATORY I&T

The Observatory I&T integrates the fully qualified CPM with the fully qualified SBM. Facilities already exists to perform
this test campaign. Telescope and instruments warm flight electronics and flight cryocoolers are integrated into SBM.
Inner and outer sunshield supports and material are integrated into the CPM. The CPM and SBM are integrated. The
harness is integrated. Alignment is performed. Full electrical and software compatibility across the interface has been
previously validated. Also, testing at CPM and SBM levels will utilize high fidelity simulators to validate those interfaces
through ambient and protoflight level environmental testing. The Observatory environmental campaign consists of
aliveness tests, EMI/EMC, protoflight 3-axis sine vibration, shock and mass properties, that can be done with the variable
center of gravity mechanism, already used with JWST and shown in Figure 21. Then the Observatory will be shipped to

Figure 21. Variable Center of Gravity Mechanism

JSC for protoflight acoustics. Once this test is completed, the Observatory will be moved into Chamber A, where a
sunshield deployment will be performed in vacuum, followed by a comprehensive performance test (CPT), end to end data
test (hardline), special tests (loss of power, etc.). At this point the Observatory will be removed from Chamber A. Then
functional test, laser communications verification, alignment and leak test will be performed. Finally, the Observatory is
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stowed in launch configuration and prepared for transportation to launch site. The Observatory 1&T flow is shown in
Figure 22.
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Figure 22. Observatory 1&T Summary Flow. It includes the milestones reviews: Pre-Environmental Review (PER) and Pre-Ship
Review (PSR)

7. ORIGINS LAUNCH SITE OPERATIONS

Prior to the arrival of the Observatory, the GSE is housed in trailers or equipment shelters that are shipped to the launch
site. The GSE is then tested to verify proper function and prepared to be utilized for final tests. The Observatory is shipped
to the launch site in its launch configuration. Functional tests must still be performed to ensure that transportation and
handling activities have not adversely affected the Observatory. It is important that any problems be identified and
corrected before the next level of integration. These standalone activities are performed in a dedicated off-pad processing
facility at the launch site. Any additional integration or testing activities are also performed during this phase. These can
involve required corrective actions resulting from post shipment test anomalies or tasks otherwise planned to be completed
just prior to launch (e.g., alignment, propulsion functional and leakage tests, etc.). Origins will follow typical launch site
operations that are described in the flow shown in Figure 23.
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Figure 23. Origins Top Level Flow for Launch Site Operations. OBS stands for Observatory. LV stands for Launch Vehicle
8. CONCLUSION

The Cryogenic Payload Module and the Observatory I&T planning and flow will benefit from using JWST documentation,
metrology, tools and lessons learned during I&T implementation. The large size of the deployed sunshield combined with
extreme temperature difference from the hot to cold zones makes thermal testing of the full Observatory impractical.
Instead, the cold zone elements are processed through a separate protoflight test program with cryogenic thermal vacuum
testing and the hot zone is processed through its own protoflight test program that is analogous to a typical spacecraft [&T
flow. Many testbeds and simulators will be implemented to address cost and schedule risk and interface verification for
this mission. Facilities to perform the I&T program already exist and are owned by NASA.
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