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Abstract

The ESA INTErnational Gamma Ray Astrophysical Laboratory (INTEGRAL)
satellite is the largest Gamma-Ray Astrophysics mission foreseen for this
decade. Since its selection in 1994, three very innovative technologies were
identified to achieve the INTEGRAL scientific goals: new generation Solid
State Detectors, Active Veto Systems and Spatial Signal Multiplexing
Systems. The high energy instruments of the mission, IBIS, SPI and JEM-X,
have been developed by using the above referred technologies.

The Grupo de Astronomia y Ciencias del Espacio (GACE) of the University of
Valencia was chosen as the responsible to design and develop the Spatial
Signal Multiplexing Systems (Coded Masks) for the three instruments,
appointing the Spanish company SENER as the Prime Industrial Contractor.
During the early design phase (1994-96) different materials were considered
to modulate the high energy signals. Tungsten was selected as the optimum
material for implementing the codes due to both its high density and large
atomic number that provide the required stopping power. Codes follow HURA
and MURA patterns, being the total mass of W used of around 280 kg.

The scope of this paper is to summarise the milestones of the development
programme carried out from 1994 until now, once the Flight Models have
been manufactured, tested, delivered and mounted on the INTEGRAL
satellite at Alenia and CNES (Oct/Nov 2000). We pay special attention to
describing the complex Masks Themoelastic Designs, involving W coupled to
composites and Ti. Mask Assemblies stability was tested in a wide range of
temperatures (-80°C +40°C) and mechanical stress (12g) at INTA facilities for
Flight Qualification.
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1. Introduction.

1.1. INTEGRAL Mission

The ESA INTErnational Gamma Ray Astrophysical Laboratory (INTEGRAL)
was selected in 1994 as a medium size scientific mission in ESA Horizon
2000 Programme. INTEGRAL main scientific goal is to perform fine
spectroscopy and imaging of celestial gamma-ray sources in the energy
range from 15 keV to 10 MeV. Launch foreseen date is April 2002.

The instrumentation on board INTEGRAL was designed to use three very
innovative technologies: Massive Active Shielding (Veto Systems), Solid
State Position Sensitive Detector Planes and Spatial Signal Multiplexing
Systems.

INTEGRAL payload consists of two main gamma-ray instruments, the
Spectrometer (SPI) and the Imager (IBIS). Each of them has spectral and
angular resolution capabilities, but they have been optimised in order to
complement each other and to achieve overall excellent performances:
AE/E=500 at 1MeV and point source location accuracy 1 arc min. The two
main instruments are complemented with two monitors: the X-Ray Monitor
(JEM-X), in the 3 to 35keV energy range and the Optical Monitor (OMC)
between 500nm and 850nm. See Figure 1. The three high energy
instruments (SPI, IBIS and JEM-X) share a common principle of operation:
they are all Coded Mask Telescopes.

All the instruments have benefited from a wide collaboration encompassing
scientific institutes in the ESA member states, as well as USA, Russia, Czech
Republic and Poland.
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Figure 1. Instrumentation on board INTEGRAL

1.2. Coded Masks

Imaging gamma rays is a difficult task. Photons can not be focussed by
conventional mirrors or lenses. The solution is to use a pinhole camera, one
of the less sophisticated optical devices. The radiation passes through a hole
in an opaque plate and the image is formed in the detector. It is the oldest
photograph camera from Daguerre in the XIX century. See Figure 2a.

However, gamma-ray photons from distant objects are rare (few per hour),
and many holes, following an identifiable pattern (code), are needed in the
opaque plate in order to get enough number of photons to produce images,
this is the principle of the Spatial Signal Multiplexing. See Figure 2b. The
image on the detector is thus the convolution product of the source (sky) and
the code pattern. Hundreds/thousands of images coming through the holes
are then superimposed. The original source sky picture must be
reconstructed (deconvolved) by software techniques.

Figure 2a. Pinhole Camera Figure 2b. Signal Multiplexing
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2. Coded Masks on INTEGRAL

The Astronomy and Space Science Group (GACE) of the University of
Valencia have been the responsible group for the design, manufacturing,
qualification, scientific calibration and delivery of the Coded Masks on board
INTEGRAL since the instruments selection in 1995. Main contractor for the
Masks activities was the Spanish company SENER.

The coded aperture geometry of each Mask was chosen according to the
geometrical properties of the detector plane, instrument focal length and
scientific requirements. Their development has been accomplished in close
connection with the detector plane designers of each instrument. For further
explanations see (1).

Tungsten was the baseline material selected for implementing the codes of
the masks, due to both its high density and large atomic number which
provide the required stopping power (opacity) at the different energy ranges.
Main drivers for the design of the INTEGRAL Coded Masks have been the
use of large amounts of Tungsten of different thickness together with both
composites and Ti elements providing support and interfaces for the W
Codes with the Satellite Payload Module.

2.1. SPI Coded Mask.

The SPI Coded Mask is a circular array of 127 hexagon pixels 60mm side to
side, 63 opaque and 64 transparent to gamma ray within the operational
energy range (20 keV to 8 MeV). The HURA pattern is inscribed into a
780mm diameter circle. The code has been selected according to the
detector geometry (19 hexagonal Germanium detectors), instrument focal
length (1.7m) and field of view (35 deg).

Tungsten was the material selected to implement the Mask Code. Densimet
18 alloy was preferred instead of pure Tungsten due to its thermoelastic
properties. The code thickness is the largest of INTEGRAL Masks (30mm)
with an opacity of 95% at 1MeV and a total mass of 109 kg. Code plates
have been machined by Electrodischarge Wire Cutting (see paper by Reglero
et ai in this Seminar). The code is supported by a carbon fibre structure
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surrounded by a Ti ring that provides the interface with the Satellite. See
Figure 3. For further descriptions, see (2).

The main design goal of the Mask was to minimize the amount of passive
materials in the open pixels. Large amount of passive materials could
jeopardise the detector performances at low energies. The use of composite
materials guarantees the required stiffness and strength for the whole mask
assembly with a minimum loss of transparency. 6 kg of Carbon Fibre support
the code under Qualification, Launch and Operation conditions (acceleration
18g; temperature -55°C to +40°C), being the total weight of the Mask 131 kg,
including interface layers.

Figure 3. SPI FM Coded Mask during Dimensional Control at INTA

2.2. IBIS Coded Mask.

The IBIS Mask is a MURA code (53x53) four times repeated. Pixel size and
shape have been selected according to detector geometries. Pixel size is
11.2x11.2mm with a total coded area of 1064x1064mm2. The IBIS Field of
View up to zero response is 29 deg, the angular resolution 12 arc min and the
point source location capability 1 arc min. The instrument energy range
covers from 15keV to 10 MeV.
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Tungsten was the material selected to implement the Mask Code. As in SPI
Coded Mask, Densimet 18 alloy was preferred instead of pure Tungsten. The
code has been machined in four 16mm thickness plates having a total mass
of 164 kg. This thickness provides the required opacities in the instrument
energy range (70% at 1.5 MeV). Code plates have been machined by
Electrodischarge Wire Cutting (see paper by Reglero et al in this Seminar).

The code is supported by a carbon fibre structure surrounded by a composite
frame that provides the interface with the Satellite. The use of composite
materials guarantees the required stiffness and strength for the whole mask
assembly with a minimum loss of transparency, while thermoelastic
deformations are also minimised. 16 kg of carbon fibre support the total
weight of the Mask (197 kg) under Qualification, Launch and Operation
conditions (acceleration 12g; temperature -60 to +40°C). See Figure 4. For
further descriptions, see (3).

Figure 4. IBIS FM Coded Mask during Vibration Test at INTA

2.3. JEM-X Coded Mask

The JEM-X instrument is the INTEGRAL X-Ray Monitor (two units) designed
to enlarge the mission wavelength coverage down to the 3 keV range. The
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JEM-X Mask code is a HURA pattern formed by 24247 hexagonal pixels
3.3mm side to side (25% open and 75% opaque). The total coded area has a
diameter of 535mm. The pattern is cut in a 0.5mm thick pure Tungsten plate,
providing the required opacity in the JEM-X energy range. The instrument
Field of View is 13 deg and their angular resolution is 3 arc min.

The design driver was to define a system able to survive launch and
operational conditions (acceleration: 12g, 1st axial eigenfrequency > 60Hz,
temperature: -60°C to +35°C) maintaining the code elements location and
minimising the use of support structures obscuring the Field of View. The
code was manufactured by Electrodischarge Wire Machining (see paper by
Reglern et al in this Seminar).

The interface between the Satellite and the Masks is provided by a Ti forged
ring. An innovative element is the presence of 44 Cu-Be elements
(Pretensioning System) attaching the coded plate to the Ring and reducing
dramatically the need of additional support structures. Two Ti Strongbacks
(Exoskeleton) are located on both sides of the Code membrane to increase
its stiffness and strength. They have been designed to minimize the occlusion
of open pixels (less than 2%). See Figure 5. For further descriptions, see (4).

Figure 5. JEM-X FM1 Coded Mask
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3. Coded Masks Development.

3.1. Model Philosophy.

Three models for each Coded Mask have been developed between 1997 and
2000:

• Development Model (DM): Technology and manufacturing
demonstrator.

• Structural and Thermal Model / Qualification Model (STM/QM): Built in
flight standards and tested at full Qualification at Subsystem and
Satellite level.

• Flight Models (FM): Tested at Acceptance Level and accepted by ESA
(IBIS & JEM-X Masks) and CNES (SPI Mask). Mounted on the
INTEGRAL Payload and SPI instrument in October 2000

3.2. Manufacturing and Assembly

More than 10 Spanish companies have taken part in the Masks
manufacturing and assembly. Main activities can be summarised as follows:

• Tungsten Codes Machining (see paper by Reglero et al in this Seminar)
• Metallic parts machining, including the JEM-X and SPI Ti forged rings,

JEM-X Strongbacks and Pretensioning System (Cu-Be elements),
inserts, etc

• Composites parts manufacturing, including IBIS & SPI sandwich panels
(honeycomb Nomex and two Carbon Fibre layers) and IBIS Carbon
Fibre frame.

• Joining between composites and metallic parts.
• Codes integration on Mask Assembly. Three specific tools were

developed for each Mask, in order to locate the code elements within
the hard positioning requirements (better than 0.1mm over surfaces up
to 1 m2)
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• Coded Masks storage and transport: Three specific transport containers
were manufactured in order to store and transport the Masks,
minimising the induced stresses.

3.3. Testing.

The Masks have been largely tested in order to verify their capability to
survive storage, launch and operation environments during INTEGRAL
foreseen life time (5 years).

The Coded Masks have passed both Qualification and Acceptance test
campaigns at Subsystem level (at INTA) and at Satellite levels (at Alenia,
Italy and CNES, France).

Main tests performed on the Masks were:

• Dimensional Control
• Mass properties
• Vibration Test (Sinus and Random Vibrations, 12g input acceleration)
• Thermal Vacuum and Thermal Cycling (-60°C to +45°C)
• Electromagnetic Compatibility

The Masks have also passed through scientific test in order to determine their
response to the X and Gamma radiation.

3.4. Integration.

The Flight Models of the Coded Masks were delivered to ESA and CNES in
October/November 2000. Figures 5a and 5b show the FM Masks integrated
on the Satellite (IBIS and JEM-X) and SPI instrument.
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Figure 5a. IBIS & JEM-X FM Masks
after their integration on Satellite FM

at Aienia, Turin (October 2000)

Figure 5b. SPI FM Mask after its
integration on SPI instrument at

CNES, Toulouse (November 2000)

4. Conclusions.

Imaging is the driver of the ESA INTEGRAL Mission. High Energy Astronomy
research requires accurate point source location to perform multiwaveiength
studies of the cosmic gamma-ray emitters. New technologies have been
developed (1995 to 2000 by GACE) to achieve this scientific goal, the use of
large Spatial Signal Multiplexing Systems (Masks).

The Optical Systems based on the use of Coded Masks together with Solid
State Pixelated Detector Planes provide a Point Source Location Capability of
1 arc min, that is 3600 times better than that of the last NASA CGRO mission
(1990-98).
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Tungsten was the selected as the optimum material for the new High Energy
Optics based on binary signal multiplexing. The four Masks (SPI, IBIS and
two JEM-X) have been delivered to ESA and mounted on the Satellite in
October 2000 (Alenia/CNES) waiting four launch foreseen by the middle of
2002

The four INTEGRAL Masks are by far the more sophisticated and larger
"optical systems" for High Energy Astrophysics ever built. Furthermore, they
represent an innovative application for the W as raw material for Optics.
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