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ABSTRACT: Forward calorimeters, located near the incident beams, complete the nearly
4t coverage for high pr particles resulting from proton-proton collisonsin the ATLAS
detector at the Large Hadron Collider at CERN. Both the technology and the
deployment of the forward calorimetersin ATLAS are novel. The liquid argon rod/tube
electrode structure for the forward calorimeters was invented specifically for
applications in high rate environments. The placement of the forward calorimeters
adjacent to the other calorimeters relatively close to the interaction point provides
severa advantages including nearly seamless calorimetry and natura shielding for the
muon system. The forward calorimeter performance requirements are driven by events
with missing Er and tagging jets.
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1. Introduction

The Large Hadron Collider (LHC) at the CERN laboratory will collide 7 TeV protons against 7
TeV protons. Because the cross sections of interest are small, the LHC will operate at a

luminosity of &£ = 10* cm? s™. The exceptionally high luminosity presented a particular
challenge in the design of the two LHC detectors that focus on high pt physics. The plentiful

ordinary low pt or soft minimum-bias (min-bias) collisions will

illuminate all the detector

eements with background particles, leading to several problems. For the liquid argon



calorimeters in the ATLAS detector, and particularly for the forward calorimeters (FCal) near
the beam directions, there will be a nearly constant bombardment of particles creating a low
level of ionization in the electrode gaps at every bunch crossing.

At a high luminosity hadron collider such as the LHC the min-bias particle densities and
energies are largest at high ||, i.e. near the forward and backward directions. Calorimetry is the
only useful detector technology which survives in this harsh environment. Many calorimeter
design compromises are imposed to meet the stringent requirements.

Inthe ATLAS detector at the LHCthe inner tracker coverage extends up to |n|=2.5, the
muon coverage up to |n|=2.7, and the precision calorimetry for electrons and gammas up to
[n|=2.5. Beyond this, the only coverage is caorimetric and extends to |n|=4.9. In this region
ATLAS focuses on jets. The ATLAS forward calorimeters cover the region 3.1<|n| <4.9.

A major objective of forward calorimetry is physics with missing Er. High pr neutrinos
and other weakly interacting particles will escape detection but their presence can be inferred by
observing events with large momentum imbalance in the direction transverse to the beams.
Backgrounds come from ordinary events where a jet escapes detection, often down the beam
hole, or where the jet is badly mismeasured. Forward calorimeters close as much of this beam
hole as is practical, thereby completing the nearly hermetic calorimeter system. And a quality
calorimeter minimizes the occasional poor energy measurement.

Benchmark physics processes which have guided our performance goa's include Standard
Mode intermediate-mass Higgs production with subsequent decay to real or virtual Z pairs with
one Z decaying to charged leptons (electrons or muons) and the other decaying to unobserved
neutrinos. The on-going search for Supersymmetry (SUSY) will have pushed the gluino mass
limit to 300 GeV at LHC turn-on page 84) so missing Er greater than 100 GeV will set the
scale. Observation of these generic processes requires small non-Gaussian tails on the Er
resolution function. The process A/H - 1T requires good Er resolution and is not sensitive to
the tails. Longitudinal WW, WZ, and ZZ scattering (Vector Boson fusion) processes leave two
recoil jets near the forward and backward directions which can be used as tags to enhance the
signal over background. Many of these tagging jets will fall in the forward calorimeters and it
will be a challenge to pick these out above the pileup noise. Physics processes of this kind place
different requirements on the Forward Calorimeter, all of which we have tried to meet.

2. Performance requirements

To minimize instrumental contributions to the missing Er signa we require hermetic calorimetry
with good energy and position resolution and with small tails on the resolution function. The non-
Gaussian tails on the energy resolution function must be small so that instrumental contributions
to the missing Er signal are negligible compared to the expected physics signals.

The forward calorimeters detect jets, in particular tagging jets or jets which would
otherwise escape detection and lead to false missing Er signatures. This sets the segmentation of
the readout to be of order An x A¢ = 0.1 x 0.1 in the front and 0.2 x 0.2 at the back.

We set the Er resolution requirement to be AEr/Er < 10% for Er > 25 GeV. Below Er = 25
GeV, tagging jets are lost in the pileup. This requires an FCal energy resolution of typically
AE/E < 7% and a jet angular resolution of AB/B < 7% for energies above 250 GeV. At the
highest |n| it is the angular resolution which dominates.

Physics pileup in the FCa measured in terms of Er is about the same as at central |n|. In order
to minimize this pileup, afast responseis required, of order abeam crossing interva of 25 ns.



The dynamic range of the readout channels is set at the low end by the electronics noise.
Because the electronics noise is well understood and is consistent from one channel to the next
we set the gain so that the noise level is about 5 ADC counts rms, allowing a measurement of
comparable precision to the prediction. At the high end the gain must accommodate an energy
in asingle channel of about half the kinematic limit of 7 TeV.

The forward calorimeters must be especially radiation hard to ensure long-term stability

when the LHC is running at its design luminosity of &£ = 10* cm s*. To set the scale, at every
25 ns beam crossing, roughly 7 TeV of energy is deposited in each of the two FCaIs This
corresponds to a power of approximately 45 Watts. The ionization dose varies throughout the
FCal from alow of about 10 kRad to values approaching 0.5 GRad per LHC year. The flux of
neutrons with kinetic energies above 100 keV ranges from 10* to 10° kHz/cm?.

3. The Forward Calorimetersasa part of the ATLAS detector

The severe environment near the beam line, dominated by products of collisions at the
interaction point (1P), suggests locating the forward calorimeters as far from the IP as possible.
This reduces the particle densities and therefore the radiation damage. The original ATLAS
design [4]] placed the FCal at about 15 m from the IP. But further study showed there
were many advantages to locating the FCal at rOLﬁ;]th the same distance as the endcap
calorimeters, i.e. integrated into the endcap (figure 1)" The distance of the ATLAS FCal from
the IP is now about 5 m where the density of particlesis approximately 9 times greater. Despite
the high background rates there are many advantages to this design strategy @

The calorimetry system is now manifestly hermetic. A deep caorimeter system
continuously surrounds the IP (with non-projective gaps to route signals and services for the
inner tracker). A key feature is that un-instrumented transitions from one calorimeter system to
another are minimized. Transitions can be problematic in that hadronic showers near the edges
can be absorbed in structural material or can spray into remote calorimeters with no hint that the
energy did not come directly from the IP. This leads to false reconstruction of the energy flow.
The endcap-forward transition in ATLAS now suffers little of this effect [6]][10]]

ATLAS has an open muon system, i.e. the muon chambers are not embedded between
magnetized iron slabs which would provide natural shielding. So the ATLAS muon chambers
are fully exposed to backgrounds (particularly neutrals) in the collision hal. In the early, far
forward FCal design, ATLAS had deployed massive shielding in order to reduce these
backgrounds to manageable levels. The newer integrated design allows more flexibility in
optimizing the muon shielding [11]][12]]yielding important reductions in the background rates.

With afar forward calorimeter, ATLAS was required to leave a clear space from the IP to
the FCd so as not to obstruct the particles. This clear space, the need to deploy massive shielding
close to the beamline, the desire for muon coverage at high vaues of |n|, and the beam line
appurtenances were dl in conflict. The space was oversubscribed. The integrated design
ameliorated these conflicts.

There is unavoidable materia upstream of all the ATLAS calorimeters. This material is
particularly troublesome near the beam line in front of the FCal. Examples include the beam
pipe itself which is crossed at shallow angles by the particles, but, in addition, includes flanges,
valves, vacuum pumps, vacuum bake-out appliances, support structures, inner tracker supports

! Figure kindly provided by Roy Langstaff at University of Victoriaand TRIUMF.



Figure 1. Cut-away drawing of one EndCap  Figyre 2. The three FCal modules and Plug3 sit
Cryodtat with the interaction point off to the lower  \yithin the support tube, a structural member of the
left. The calorimeters in this cryostet are theendcap ¢y ogtar,

calorimeters (the EMEC and HEC), and the FCal.

and services, and, in the case of ATLAS, cryostat walls. With the integrated FCal there is less
of thismaterial but, also important, the lever arm from the material to the FCal is much smaller.
For particles which shower in the upstream material, that shower cannot spread much over the
short distance to the FCal so the energy flow iswell collimated along the origina direction. For
a far forward calorimeter, on the other hand, the far upstream material causes the energy to
spread over such alarge area of the FCal that much of it islost in the pileup.

The integrated FCal is denser than the neighboring calorimeters. It has the same depth mea:
sured in interaction lengths but is physicaly shorter alowing the front face to be set back from the
front face of the neighboring calorimeters. The resulting acove upstream of the FCal is lined with
boron-loaded polyethylene to reduce neutron albedo into the tracker volume to acceptable levels.

Finaly, the smaller physical size of the integrated FCal leads to financia savings, some of
which can be used for a higher quality device.

4. The FCal mechanical design

4.1 Theliquid argon technology

The FCal is aliquid argon, ionization, sampling calorimeter Because liquid argon and the
absorber metals are radiation hard it is anticipated that the FCal performance will be stable over
the life of the detector. Care was required in selecting the several additiona materials (e.g.
readout cables) which go into the construction in order to ensure they also will not degrade with
the expected radiation exposure. The choice of liquid argon is natural because the FCa lies
within the ATLAS Hadronic Endcap Calorimeter (HEC) Which is a liquid argon paralel
plate design. Along with the EM endcap Spanish Fan (EMEC), the HEC and FCal all sit
within the same cryostat as can be seen inffigure 1

The modules making up the FCal and the shielding plug are held within a cryostat
structural member (support tube) as shown in The function of this support tube is
primarily to hold the inner cold vessel of the cryostat together against pressures up to 3
atmospheres with vacuum between it and the warm vessel. More information on the support
tube is provided in sections Pand [L0]



Figure 3. Cutaway drawing of an FCal electro Figure 4. Close-up view of a cross-semti of the
Liquid argon fills the gap between the rod and tub&Call electrode gaflhe insulating PEEK fiber
shown.

4.2 The electrodes

The ATLAS FCal is not a conventional liquid argasmlazimeter. The liquid argon gap in the
FCall module is chosen to be roughly an eightthefusual 2 mm gap to avoid the ion buildup
problem|[15] resulting from the low mobility of th@ositive charge carriers in the argon. At
sufficiently high ionization rates (due to the amyé min-bias events) a threshold is reached
above which the charge accumulation distorts thetet field sufficiently to degrade the signal
from the drifting electrons. Smaller gaps allow Bf@al to stay below this threshold at the LHC
design luminosity. The smaller gaps also lead taugh faster signal. The triangular current
pulse at the electrode has a full drift time of @@l ns in FCall as opposed to the 450 ns of
more conventional 2 mm gaps in many liquid arganang calorimeters. After 25 ns, 66% of
the signal has already accumulated on the electiu®e reader will note that we are using the
term “electrode” to refer to the anode (rod), tlathode (tube), and the liquid argon ionization
medium in the gap between the concentric rod abel. tu

The liquid argon gap in the FCal2 module is abd@%3arger than in FCall while that in
the FCal3 is about twice that in FCall. These largaps deeper in the calorimeter are
acceptable because the ionization density from sh®ig lower than in the FCall module. The
nearest-neighbor spacing of electrodes in the F@atlule is 7.5 mm center-to-center and
increases in the FCal2 and FCal3 modules so tegtdhe pseudo-projective. The radius of the
cylindrical shell liquid argon gap was chosen toabthird of the nearest-neighbor spacing to
optimize the sampling uniformify [16].

Precision small gaps are difficult to maintain irparallel plate design so the electrode
structure was chosen based on tubes and rods s shdfigure 3 and figure |4. The gap
between the inner solid rod and the outer tubeastained by a helically-wound PEEK fiber
whose diameter is slightly smaller than the gapuld argon, the ionizing (sensitive) medium,
fills the rest of the gap not occupied by the fik@8.8% of the volume of the gap for FCall).
The rod is held at positive potential and the tabground. The current of electrons drifting
toward the rod constitutes the sigl?]. Theimthade of the same material as the absorber
matrix. The electrodes form an hexagonal arrashaws in[figure %.
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