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INTRODUCTION
The I-beam is a low-mass pixel support structure proposed for the innermost and second layer in the baseline layout for 
ATLAS Upgrade. It integrates mechanical support, cooling, power, and data for two concentric layers of silicon in a circular 
pattern of identical monolithic beams. These are end-supported structures with no additional support required in the active r
egion.  Assembly is by clam-shelling of two halves, as a surface assembly step or in-situ.

At top and bottom, thin carbon fiber laminates provide stiffness and a bonding platform for pixel modules. Beneath these a 
high-conductivity carbon foam transmits heat to embedded coolant tubes. A thin web section of carbon fiber mechanically 
couples the two layers, increasing the total sectional inertia 3 orders of magnitude greater than would be achieved with 
individual thin beams. Space under the flanges and inside the web provide ample packaging room for power and data.
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COMPARISON OF LAYOUT TYPES
In most existing detector layouts, individual sensing layers are maintained in distinctly separated structures.  The rational 
behind this design choice is to retain individual accessibility and/or reparability.  In reality, however, two or more layers are 
typically coupled inadvertently through assembly or access constraints, rendering the independence of individual layers 
moot, and in fact making much of the structure and mass entirely redundant.  

The Ibeam design embraces the coupled nature of detector layout, and explicitly integrates two layers into one, thereby 
reducing mass and detector supports, while increasing stiffness and overall performance, as seen in this general comparison 
‘of approaches to supporting two adjacent detector layers.

OVERALL LAYOUT CONCEPT
While the box (left) and ibeam (right) approaches to coupled detector layouts show virtually equal merit, at the level 
of mass and stiffness, they are not equal when examined in the layout context.  The box beam, as shown below, occu-
pies almost all of the free space between layers, even while not fully supporting the detector modules.  The ibeam, on 
the other hand, occupies very little space, fully supports the detector modules, and leaves ample room for service 
routing, which is always of high concern.

In addition, the ibeam simplifies construction by avoiding the complex fabrication issues of closed section compo-
nents.  While these components may seem to be simple, due to their diminshed warping and handling characteristics, 
bonding operations (both foam and pipe), mandrel removal after cure,  and final dimensions are extremely difficult to 
control.  In addition, the entire part accuracy is embedded at cure time with elevated temperature.  With the open 
section, ibeam shape, final assembly accuracy is controlled during the room temperature bonding process, and allows 
for a more deterministic approach to arriving at a final precision part.

In most composite laminates, ply orientations are chosen following multiple 
needs.  Longitudinal (i.e. 0) plies are used to enhance bending stiffness, angled 
(i.e. 45) plies give torsional resistance, and transverse (i.e. 90) plies impart 
robustness and transverse stability.  Generally, a combination of these plies, in 
what is known as a “symmetric” arrangement, are used in any given part to 
create a robust and warp-free design.  However, in the case of ultralight detec-
tor structures, the use of many plies and many orientations makes for heavier 
than necessary designs.  The ibeam avoids symmetric laminates and the full 
collection of ply orientations in each constituent part, instead relying on the 
collection of plies in the final bonded assembly in order to arrive at the neces-
sary strenght, straigtness, and stiffness.

NOVEL LAMINATE DESIGN

FABRICATION PROCESS
Ibeam fabrication is a serial process that uses modular tools and parts, which are used for layup of the individual pieces as 
well as for assembly of those pieces into the finished structure.  This approach ensures that the thin and flexible subparts of 
the ibeam assembly can be registered and bonded with excellent accuracy.

Indeed, the ibeam constituent pieces are, in fact, extremely warped and not at all robust when fabricated individually.  How-
ever, once bonded together into the ibeam shape, the assembly exhibits surprising stiffness, straightness, and robustness, 
that is almost unbelievable given the subpart laminates.

Tooling for a 1m prototype I-beam has been built and extensively tested. There are three primary tools, for laminates Flange 
A, Flange B, and Web. In the 1m prototype, the parallelism envelope of the outer facesheet was measured to be < 150 µm 
with respect to the inner facesheet over the entire length of the beam. A best fit plane through the outer face deviates in 
angle from the inner face by 0.005°. The flatness envelope of the outer facesheet was better than 80 µm. It is noted that over 
the central 800 mm section of the beam, flatness was < 35 µm; most of the deviation from planarity occurs at the extreme 
corners of the beam, where no modules are mounted.  Thus flatness of the long ibeam structure, on both module planes, is 
more than good enough for detector precision requirements.

!

!

VIBRATION PERFORMANCE
Natural frequencies and associated mode shapes were visualized with a TV holography (TVH) system on the 1m prototype. A 
light piezo shaker inputs vibrational energy to the beam, while the video camera observes the outer face, illuminated by a 
shutter-synchronized speckle pattern. Sweeping the piezo through the frequency range, modes appear as the stabilization of 
fringe patterns. The test beam and FE models have no dummy masses to represent silicon modules -- results are for the sup-
port structure only. The model identified 6 of the first 7 modes with good accuracy.  As an exception, mode 5 (365 Hz) was not 
well resolved by the model. This is an early "wing" mode, where the two outstretched flanges deform under a coupled combi-
nation of global bending and local torsion.  Generally speaking, results for the ibeam (even unloaded) are better at 1m, simply 
supported solely from the ends, than traditional stave designs with multiple supports along this length.

BEND TESTING
In a 3-point bend test on the 1m prototype I-beam the compliance was measured to be 
0.17 µm deflection per gram of applied load, relative to the finite element model pre-
diction of 0.19 µm/g.  A 4-point bend test was performed on the 28 cm prototype and 
compared to the finite element model. The center of gravity of the load was located at 
several eccentric locations across the outer face of the beam, to capture complex cou-
pled twist effects induced by this loading. In a perfectly symmetric beam, the four-point 
bend induces pure moment; here the eccentricity induces an additional torsional com-
ponent. The correlation between model and measurement is generally good.

THERMAL DEFLECTION
One of the key elements that allows the ibeam to perform so well, from a thermomechanical standpoint, 
is the inclusion of carbon foam as the core material.  This carbon foam offers three major advantages: low 
radiation length, excellent isotropic thermal conductivity, and low coefficient of thermal expansion.  The 
carbon foam removes heat better, prevents large mechanical strains, and has a very small contribution to 
the overall material budget of the detector.
 On the 28 cm prototype, modules were heated while the outer face of the I-beam was observed 
with TVH.  Two temperature setpoints were chosen as boundary conditions for a thermomechanical FEA 
model, using IR camera measurements.  The measured maximum during the test was 2.1 µm with ΔT = 
1.2° at the heaters. The 28cm finite element model under the same boundary conditions predicted 1.64 µ
m.   The test combines a coupled set of effects: global bending, flange twisting, thermal conduction, and 
thermomechanical strain. 

MASS AND X0
Two material calculations are presented here. In the first, radiation length and mass are calculated for the materials used in constructing the 1m prototype (built in 2011).  The calculated mass is 1.52 g/cm, while 
the measured mass was 1.58 g/cm, exceeding the estimate by 3.8%. The calculated radiation length at η = 0 is 1.74% for this dual-layer beam.
In the second calculation, the material is calculated with the current I-beam design (2012), based on materials and techniques demonstrated in subscale prototypes. The 2012 design greatly reduces the mass to 
0.91 g/cm, with radiation length 0.85%. The predicted total structural mass for a 1300 mm I-beam is 118.5 g, and 127.6 g for a 1400 mm beam.

The reduction in material is due largely to:
1. Replacing stainless steel tubes of relatively thick wall by thinner walled titanium tubes.
2. Replacing the liquid Hysol/BN adhesive with co-curing / resin films throughout the assembly.

In addition, an X0 plot is shown as a function of radial position within the ibeam nominal layout.  This shows that the mass of the ibeam design is concentrated in the webs and pipes, over a relatively narrow 
area.  This design leaves the bulk of the silicon sensor with very little material behind it.  Indeed, X0 for the combined facesheet, foam, and pipe is just 0.4% in the ibeam design.

ABSTRACT
Detector structural design is governed by competing demands of 
reducing mass while maximizing stability and accuracy.  These 
demands can only be met by fiber reinforced composite laminates.  
As detecting sensors and electronics become lower mass, the moti-
vation to reduce structure as a proportion of overall mass pushes 
modern detector structures to the minimum limits of composite ply 
thickness, while demanding maximum stiffness  afforded by 
ultra-high modulus graphite fibers.  However, classical approaches 
to composite laminate design require symmetric laminates and flat 
structures, in order to minimize warping during fabrication.  This 
constraint of symmetry in laminate design, and a "flat plate" 
approach to fabrication, results in heavier structures.  This study 
presents an approach to fabricating stable and accurate, geometri-
cally complex composite structures by bonding warped, asymmetric, 
but ultra-thin component laminates together in an accurate tool, 
achieving final overall precision normally associated with planar 
structures.  This technique has been used to fabricate a prototype 
"I-beam" that support two layers of detecting elements, while being 
up to 4 times stiffer and up to 30% lower mass than two comparable, 
independent planar structures (classically known as "staves").  This 
fabrication technique may be extended to even more complex 
shapes, combining more detecting elements and reducing structural 
overhead, all while maintaining excellent stability and accuracy.


