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1 Introduction

In this Letter of Intent (LoI) we propose to complement the ATLAS detector with ultra-small-an-
gle detectors, located at 240 m on either side of the main ATLAS detector, to measure elastically
scattered protons for the primary purpose of absolute determination of the LHC luminosity at
the ATLAS interaction point (IP) [11-1]. “Roman Pot” inserts in the beam pipe, equipped with
position sensitive detectors, will allow detection of scattered protons at small enough (mm) dis-
tances away from the circulating beam, to reach the theoretically well-calculable Coulomb scat-
tering regime with the appropriate optics [11-2][11-3][11-4]. In addition, we propose to
complement the ATLAS detector with a luminosity monitor based on cylindrical Cerenkov
counters placed around the beam pipe close to the interaction point. The proposed detector,
called LUCID (LUminosity measurement using a Cerenkov Integrating Detector), will monitor
the number of inelastic pp interactions in each bunch crossing by counting the average number
of particles detected per bunch crossing. LUCID will thus be employed to monitor the instanta-
neous luminosity for a given period and will be calibrated via Coulomb scattering.

ATLAS pursues a number of different approaches to obtain an accurate estimate of the absolute
luminosity. Apart from the Coulomb normalization method discussed here, these include meas-
urements of the ,  rates and di-muon pair production rate in double-photon ex-
change. In addition, ATLAS will also use the luminosity as derived from machine parameters.
Measurement of small-angle elastic scattering is an attractive complementary approach to
measurements based on physics processes. On a longer time scale, we hope to gain experience
in the difficulties associated with working at small distances from the beam. Such an experience
will allow us later to propose a realistic forward and diffractive physics program using addi-
tional, suitably placed, Roman Pot stations accessing the full kinematic range of the scattered
particle. 

This letter of intent is organized in the following way: In Chapter 2 we discuss different meth-
ods of measuring the absolute luminosity and Chapter 3 concentrates on the required beam
properties for Coulomb scattering. Chapter 4 deals with the detector requirements and in
Chapter 5 we describe our detector choice. Chapter 6 describes the Roman Pot stations, installa-
tion and machine interface issues. Chapter 7 deals with the trigger and read-out issues. In
Chapter 8 we discuss the measurement method for Coulomb scattering and the expected per-
formance as obtained from simulations. Chapter 9 is devoted to LUCID and in Chapter 10 we
briefly discuss project organization issues and cost estimates.

W lνl→ Z ll→
1   Introduction  11
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2 Methods for Absolute Luminosity Determination

2.1 Elastic scattering at small angles as a handle on luminosity

The rate of elastic scattering is linked to the total interaction rate through the optical theorem,
which states that the total cross section is directly proportional to the imaginary part of the for-
ward elastic scattering amplitude extrapolated to zero momentum transfer squared -t (at small
values of -t, -t=(pθ)2, with p the beam momentum and θ the forward scattering angle):

2-1

This implies that a measurement of elastic scattering in the forward direction will always pro-
vide additional information on the luminosity. This fact can be used in several ways: 

By measuring the total interaction rate  and the elastic rate in the forward direc-
tion simultaneously, both the luminosity and the total cross section can be determined. The ex-
pressions, which can be directly derived from the optical theorem and the definition of
luminosity , are given in (2-2) and (2-3) below:

2-2

2-3

where ρ is defined as

2-4

The ρ-parameter is sufficiently well known not to contribute significantly to the systematic er-
ror. Recent predictions of the ρ-parameter at LHC energies is in the range 0.10-0.12.[11-5] As-
suming an error of ±0.02 implies an uncertainty less than 0.5% in the luminosity from the
uncertainty of ρ. 

This method requires a precise measurement of the inelastic rate with a good coverage in |η|.
To make an accurate extrapolation over the full phase space an |η|-coverage up to 7-8 is need-
ed, and the ATLAS forward coverage is not good enough for this purpose.

A different approach is to measure elastic scattering down to such small t-values that the cross
section becomes sensitive to the electromagnetic amplitude via the Coulomb interference term.
If the Coulomb region can be reached, an additional constraint is available from the well-known
electromagnetic amplitude, as can be seen from (2-5) that describes elastic scattering at small t
values:

σtot 4π Im⋅ fel 0( )[ ]=

Rtot Reld dt⁄
t 0=

L R σ⁄=

L 1
16π
---------

Rtot
2 1 ρ2

+( )

td

dRel

t 0=

------------------------------=

σtot
16π

1 ρ2
+( )

--------------------
td

dRel

t 0=

Rtot
----------------------=

ρ
Re fel t( )
Im fel t( )
---------------------

t 0=

≡
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2-5

where the first term corresponds to the Coulomb and the second to the strong interaction ampli-
tude. Using this additional constraint together with the optical theorem allows the determina-
tion of both luminosity and the total cross section without a measurement of the inelastic rate.
In practice, one would fit the measured rate to the above expression: L will be determined from
the fit as well as the other parameters ρ, σtot, and the slope parameter b. This method was used
previously by the UA4 collaboration at the CERN SPS where a precision of 3% on the absolute
luminosity measurement was achieved [11-3]. For ATLAS, having a precision of a few percent
would be adequate for most analyses.

The Coulomb method is proposed in this Letter of Intent. To reach the Coulomb interference re-
gion at the LHC is a very challenging task, as will be discussed in detail below. Some of the con-
ditions needed for a satisfactory measurement are close to the expected performance limits of
the machine, which might only be known once the machine is built and operated. After some
first experience has been gained with the machine and the Roman Pot operation, we aim to ob-
tain a precision in the luminosity measurement of around 2%.

While the determination of absolute luminosity by Coulomb normalization is our primary goal,
we argue that a measurement of the extrapolated forward elastic rate (the “optical point”) will
improve the understanding of the absolute luminosity at the ATLAS interaction point even if
the Coulomb region is not reached. Replacing  in (2-2) above with L σtot gives

2-6

Hence, using the luminosity derived from LHC machine parameters in combination with a
measurement of the forward elastic rate at ATLAS, a determination of the total cross section
with an uncertainty half that of the LHC derived luminosity can be achieved. In this way, the
precision in the ratio of a given cross section over the total cross section will always be a factor
two better than the precision of the absolute luminosity obtained from the machine parameters. 

Similarly, ATLAS could use the total cross section as measured by CMS/TOTEM[11-4] to infer
the luminosity at the ATLAS IP via the optical theorem using (2-6) above.

2.2 Luminosity determination from Coulomb scattering

At the nominal energy of the LHC of 7 TeV the strong amplitude is expected to equal the elec-
tromagnetic amplitude for |t| = 0.00065 GeV2. This corresponds to a scattering angle of
3.5 µrad. To indicate the scale of the difficulty: at the SPS collider the Coulomb region was
reached at scattering angles of 120 µrad. This big difference is mainly due to the energy differ-
ence but also because the total cross section increases with energy. The need to reach such small
scattering angles imposes very stringent requirements on the beam optics and the beam condi-
tions, as well as on the detectors themselves.

The most suitable method employs a so-called parallel-to-point optics from the interaction
point to the detector. In this type of optics the betatron oscillation between the interaction point
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of the elastic collision and the detector position has a 90 degree phase difference (in the pro-
posed optics in the vertical plane), such that all particles scattered at the same angle are focused
on the same locus at the detector, independent of the position of their interaction vertex posi-
tion. Thus, a transverse position measurement at the detector translates directly to an angular
measurement at the interaction point.

In this kind of optics the beam is quasi-parallel at the IP and must have an intrinsic beam diver-
gence significantly smaller than the smallest scattering angles to be observed. The divergence at
the IP equals , where ε is the emittance of the machine and β* the betatron-function at the
IP. Thus, a small emittance ε and a large β∗ are required. In order to reach the Coulomb region
we need a normalized emittance (εN =ε⋅γ) of the order of 10-6 m rad and β∗ in the range 2000-
3000 m.

2.3 Alternative determination of luminosity

In this LoI, the Coulomb normalization of the luminosity is proposed as the primary means of
luminosity calibration. In addition, ATLAS has considered several alternative and complemen-
tary methods for the determination of the absolute and relative luminosity [11-6]. Because these
methods are not the immediate subject of this letter, their detailed discussion is relegated to the
Appendix. However, we want to stress that all the different approaches, with their individual
strengths and weaknesses complement each other, are an integral part of the full ATLAS lumi-
nosity program, and are expected to contribute to the ultimate luminosity determination. These
methods are: 

• The use of the LHC beam monitors to determine the bunch densities and the bunch-bunch effective
overlap region at the IP. 

Based on experience at previous machines, the determination of luminosity from machine
monitor information is far from trivial and further complicated by the fact that the beam
profiles at the IP cannot be directly accessed but must be extrapolated from measure-
ments outside the experimental area. At the ISR the van der Meer beam scan method was
employed to obtain a precise luminosity, and this is again considered for the LHC [11-7].
The precise limits to the accuracy of a machine-derived luminosity are currently not well
known, with estimates ranging between 5 and 10%.

It is arguable that the machine-derived luminosity will improve with experience gained
in LHC operation. The LHC has been conceived “from the ground up” as a colliding
beam machine, and much attention has been paid to machine instrumentation for beam
diagnostics. Moreover, in running the machine with heavy ion beams, the experimental
luminosity measurement is straightforward because the measurement of the forward
neutron flux intercepted by so-called zero-degree calorimeter instrumentation inside the
TAN radiation shield will measure the electromagnetic dissociation cross section precise-
ly. This has been demonstrated beautifully at RHIC where all the large detectors have
adopted zero-degree calorimetry as part of their luminosity instrumentation. Thus, the
cross calibration of machine instrumentation in heavy ion runs is expected to impose a
powerful constraint and improve understanding and performance of the beam instru-
mentation in proton running. 

• Other well-calculable physics processes as luminosity monitors. 

The most promising example of a QED process is the production of a muon pair by dou-
ble photon exchange[11-8]. This process is experimentally clean but has a very small ob-

ε β∗⁄
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servable cross section because of the necessary pT trigger conditions imposed on the
muons. 

Another process that has been proposed, and has been studied in some detail by ATLAS,
is the QCD production of W and Z gauge bosons, and the measurement of their produc-
tion rate times leptonic branching fraction [11-9]. On the one hand this process measures
the parton luminosity directly, and hence may serve to normalize the parton luminosity
in many other production processes of interest. Alternatively, W/Z boson production is
one of the theoretically best investigated QCD processes, and the parton distribution
functions participating in the production process are well determined from many previ-
ous experiments, and continue to improve further. Moreover, this process has a high
enough rate (tens of Hz at nominal LHC luminosity) so that it may usefully serve as a lu-
minosity monitor as well as an absolute luminosity gauge.
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3 Required Beam Properties

As already discussed in the introduction (Section 2.2), the very small scattering angles required
for Coulomb scattering can only be reached using a small emittance beam and an optics with a
very large β at the interaction point. In addition the optics is required to have a 90 degree phase
advance between the interaction point and the detectors in at least one of the two transverse
planes. Below we will look at those different conditions more in detail.

3.1 Requirement on the optics

In general, the position of a trajectory in a transverse plane at a given point away from the IP,
with a phase advance of ψ and a betatron function β at this point, is given by: 

3-1

where α∗ is the derivative of the betatron function β∗ at the IP. Using a parallel to point optics
with a phase advance of π/2 and α∗ ≅ 0 gives:

3-2

and thus the effective lever arm between the IP and the detector is given by 

, 3-3

where βd is the betatron function at the detector. The minimum tmin reachable will then be given
by:

3-4

where smin is the smallest distance possible between the center of the beam and the edge of the
detector (distance of closest approach).

The relevant variable for beam halo considerations is the distance from the beam center ex-
pressed in terms of the multiple of the rms size of the beam spot at the detector. The beam spot
is given by:

3-5

and thus smin can be written as:

3-6

where nd is the smallest possible distance to the beam center expressed as a multiple of the
beam spot rms size. From eq. (3-3), (3-4),(3-5) and (3-6) it follows that tmin can be defined as:

3-7
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Thus tmin depends on the distance of the detectors to the beam, on the emittance, and on β∗. Us-
ing a normalized emittance εN of 1 µm rad, which we hope is reachable (Section 3.3), and a min-
imum distance to the detector corresponding to nd=15, we see that a tmin of 0.0006 Gev2 could
be reached for a β∗ of 2600 meters or larger.

The formula (3-7) is relevant as long as the limitation in the closest approach to the beam is giv-
en by the beam halo considerations. If on the other hand the limitation is given by closed orbit
instabilities, smin will be an absolute number independent of the beam size and this implies that
tmin will be proportional to 1/(β∗βd) (see 3-4). Thus we have the additional requirement on the
optics that βd should not be too small. Putting in realistic numbers we find that βd should be
larger than about 70 meters.

As mentioned above, the detectors will be in a location with 90 degrees phase advance relative
to the interaction point in at least one of the two transverse planes. The LHC has two separate
beams in the horizontal plane with the two beam pipes separated by only 194 mm. This offers a
considerable technical advantage to approaching the beam from above and below the beam axis
compared to approaching from the sides. Thus we require the optics to have 90 degree phase
advance in the vertical plane at the detector location.

In the horizontal plane, it is not necessary to have 90-degree phase advance. This can be under-
stood in the following way: Without the 90-degree phase advance, the horizontal position at the
detector will depend on both the horizontal angle and the horizontal vertex position at the In-
teraction Point (see 3-1). However in the case of elastic scattering, there is total symmetry with
respect to the IP. Therefore using the difference in the reconstructed horizontal position at the
two arms (left and right of the IP) it is possible to calculate the horizontal scattering angle. In
this way the contribution to the smearing from the horizontal vertex position cancels and the
scattering angle is only determined by the Mx,12d term.

We can therefore summarize the main requirements on the optics as follows:

• β∗ > 2600 m, βd > 70 m, α∗ ≈ 0, negligible dispersion, and 

• 90 degree phase advance in the vertical plane between the IP and the detector.

3.2 Optics solution

Several high-beta optics and very high-beta insertions have been studied for the LHC [11-10].
Of those, only one has the potential of reaching the Coulomb region [11-11]. However this optics
required an additional quadrupole to be introduced in the lattice. Here we have looked for an
optics solution that does not require any hardware changes in the LHC layout, starting from the
recently calculated optics for TOTEM with a β∗ of 1540 meters [11-4]. 

3.2.1 Optics solution for very high-beta optics

A solution fulfilling the requirements above has been found, with the required phase advance
in the vertical plane and with the Roman Pot station placed between Q6 and Q7 (240 m from the
IP, see Section 6.2). This solution does not require any hardware changes but it requires that Q4
works with reversed polarity compared to the standard optics. Figure 3-1 shows the solution,
which has a β∗ of 2625 meters. The optics has been calculated with MAD-X [11-12]. It was en-
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dorsed by the LHC Technical Committee (LTC) and is compatible with the TOTEM optics at IP5.
The most significant parameters are summarized in Table 3-1. 

The beam sizes are calculated taking an emittance of εN = 1.0 µm rad. The θy,min and θy,max have
been calculated for an opening of the Roman Pots of ±1.5 and ±25 mm respectively, where the
latter number corresponds to the radius of the vacuum chamber. At this stage we have calculat-
ed the geometrical acceptance for the detector at a distance yd from the beam as:

3-8

The acceptance has been evaluated for ymin = 1.5 mm and yd = 1.96 mm. This latter number cor-
responds to a scattering angle of 3.5 µrad i.e. the scattering angle where the Coulomb amplitude
equals the strong amplitude, as explained in Section 2.2.  

3.2.2 Injection and transition optics

Due to the aperture limitation at injection energy the injection requires a special injection optics.
The nominal injection optics for low beta running cannot be used by TOTEM and ATLAS be-
cause the total phase advance over the insertion is different relative to the nominal low beta op-
tics. A new injection optics has been found, keeping the same powering constraints for the trim

Table 3-1  The optics parameters for the proposed high beta optics. The beam parameters have been calculated
using a normalized transversal emittance of 1 µm rad, and with the detectors located between Q6 and Q7 at
239.6 m from the IP.  and .

Interaction Point Vertical Measurement - Detector between Q6-Q7

parameter value units parameter value units

εΝ 1.0 µm rad βy,d 119.1 m

β∗ 2625.0 m βx,d 84.0 m

α∗ 0.0 σy,d 0.126 mm

 Dx
* 0.0 m ∆µy,d 0.250 2π

Dx
’* 0.0 ∆µx,d 0.549 2π

σ* 0.61 mm My,11d 0.0

σ’* 0.23 µrad Mx,11d -0.170

My,12d (Leff,y) 559.2 m

Mx,12d (Leff,x) -142.3 m

|θy,min| 2.7 µrad

|ty,min| 0.0004 GeV2

|θy,max| 44.7 µrad

|ty,max| 0.098 GeV2

Ay,d (yd=1.96 mm) 0.44

θy min, 1.5mm My 12d,⁄= θy max, 25mm My 12d,⁄=

Ay d,
2
π
---

ymin
yd

----------acos=
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power supplies and keeping the reversed polarity for Q4. A solution for the injection optics
with β∗ of 200 meters is shown in Figure 3-2.  

Figure 3-1  Very high-β optics with β∗ = 2625 m in Ring 1 around IP1, LHC optics version 6.4.

Figure 3-2  Injection optics with β∗ = 200 m in Ring 1 around IP1, LHC optics version 6.4.
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It is also necessary to have a continuous transition between the injection optics and the collision
optics keeping within the same powering constraints. As an example the transition optics is
shown in Figure 3-3 for the case of a β∗ of 1500 meters. 

3.3 Beam emittance

From Equation 3-7 we saw that tmin is directly
proportional to the emittance. As discussed
above this is true when the closest approach to
the beam is determined by the beam halo. If
on the other hand the limitation is given by
closed orbit instabilities, the minimum dis-
tance will be an absolute number independent
of the beam size and tmin will be proportional
to 1/(β∗βd) and thus independent of the emit-
tance. This explains the schematic behaviour
seen in Figure 3-4 which shows tmin as a func-
tion of the normalized emittance εN . 

It is assumed that the beam halo limit is
reached at 15 σbeam and that the closed orbit
limit is at 1.5 mm. It can be seen that for values
of εN  below 1.0 µm rad the reachable tmin remains constant.

Figure 3-3  Medium beta optics for β∗=1500 m in Ring 1 around IP1, LHC optics version 6.4.
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A normalized transverse emittance of 1.0 µm rad is probably within reach. Actually this is the
design value for the so called commissioning emittance in the LHC conceptional design report
[11-13]. There are positive results from machine development sessions in the SPS [11-14]. Emit-
tances of 0.9 µm rad in the horizontal plane and 1.1 µm rad in the vertical plane has been
reached, for 7×1010 protons per bunch and emittances as small as 0.6-0.7 µm rad has been ob-
tained in both planes for a bunch intensity of 0.5×1010 protons per bunch. Thus at a bunch inten-
sity of a few 1010 protons a transverse emittance of about 1.0 µm rad seems feasible in the SPS.
Of course, a small emittance in the SPS is not a guarantee that the small emittance will be pre-
served during the transfer to LHC. This will depend on the extent to which the injection errors
can be controlled. At the LHC energies, however, we might be helped further by synchrotron ra-
diation damping compensating for emittance growth.

3.4 Collimation and beam halo

The LHC requires a powerful collimation sys-
tem to protect the machine and to avoid
quenches. The concept is based on a set of ad-
justable primary and secondary collimators
[11-15]. For a given setting of the collimators, a
certain population of secondary and tertiary
halo is created. An example is given in
Figure 3-5 corresponding to the primary colli-
mator set at 6 σ from the beam and the sec-
ondary collimator at 7σ. 

We can see from Figure 3-5 that at amplitudes
beyond 10σ we are in the shadow of the pri-
mary collimators and protected against the
secondary halo. In principle the Roman Pot
detectors can thus approach as close as 10 σ to
the beam provided the primary collimators
are set at 6 σ from the beam. Such small colli-
mator opening will not be without problems
for a low emittance beam due to impedance is-
sues.Recently it has been decided to use a low-
Z material like graphite instead of copper for the construction of the collimator jaws. This deci-
sion is dictated by the required robustness against accidental beam losses on the jaws. The
drawback with a low-Z material is an increase in the collimator impedance compared to high-Z
material. The increased impedance might generate resistive-wall instabilities of the beam if the
collimators openings are too small. These instabilities depend on the bunch intensity (Np), the
normalized transverse emittance (εN ) and the collimator gap (ng expressed in σbeam). Stability
limits have been calculated in Ref. [11-17] and stable conditions with a 10% safety margin are
obtained for Np = 3×1010 protons per bunch, εN  = 2.4 µm rad and ng = 6. It turns out that the
limit scales as:

3-9

Figure 3-5  Normalized halo population as a function
of particle amplitude in units of the beam r.m.s. width.
The primary collimators are set a 6 σ and the second-
ary collimators at 7 σ [11-16].
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Applying the scaling law, we see that for Np = 1010 protons/bunch and ng = 6, the smallest pos-
sible emittance, still giving stable beam, is 1.5 µm rad. Thus, if we want to maintain the primary
collimators at 6 σ we can not work with the desired 1 µm rad beam emittance. However the loss
of a factor 1.5 in tmin generated by the bigger emittance   can be compensated if we manage to
locate the detector as close as 12 σ to the beam. An emittance of 1.5 µm rad and a distance from
the beam of 12 σ gives the canonical tmin = 0.0006 GeV2 for β∗= 2600 meters.

It is clear that the collimation will be a very critical issue in any attempt to reach the Coulomb
interference region. It is also clear that it is impossible to predict the most favourable set of pa-
rameters in terms of values of Np, ng, εN and distance of the detectors from the beam. The best
parameter space will in the end be determined during extensive beam tuning sessions. The con-
siderations here indicate that the required tmin is within reach but that the task is very challeng-
ing and that the uncertainties are such that no guarantees can be given. 

The impedance problem of the collimators discussed above will be of less importance after a
couple of years of LHC operation. In a phase 2, it is planned to install new hybrid collimator
jaws with additional metallic components.

To estimate the beam halo it is important to understand the performance of the collimator sys-
tem in terms of cleaning inefficiency. The cleaning inefficiency can be defined as: 

The cleaning efficiency for a given collimator
gap expressed in  σbeam depends on the emit-
tance and becomes worse for smaller emit-
tances. This is due to the fact that the gap in
terms of absolute width is decreasing as √ε for
a given gap width expressed in σbeam. 

The calculated cleaning inefficiency for two
values of the emittance and for a collimator
setting of 6 σ and 7 σ for the primary and sec-
ondary collimators respectively is show in
Figure 3-6. We see that for the small emittanc-
es of interest for us we get a cleaning ineffi-
ciency of 2×10-3 for protons   beyond 10 σ. This
inefficiency can be translated to an absolute
rate of halo particles beyond 10 σ by simple
assumptions. Assuming 43 bunches with an
average intensity of 1010 particles and a beam
lifetime of 40 hours the number of particles
per second lost on the collimation system would be:

3-10

Taking a cleaning inefficiency of 2×10-3, we thus get a halo rate of 6 kHz beyond 10 σ. This has
to be compared to the rate of elastic events which, for a luminosity of 1027 cm−2s−1 is 30 Hz.
Elastic events have a   characteristic back-to-back signature, which is very efficient in reducing

inefficiency protons above certain radial position
protons lost in the collimation system
------------------------------------------------------------------------------------------=

Figure 3-6  Collimation ineffiency as a function of dis-
tance from the beam expressed in terms of r.m.s.
width of the beam. The primary collimators are set a
6 σ and the secondary collimators at 7 σ. The upper
curve corresponds to a normalized emittance εN
=1.0 µm rad and the lower curve represents  εN
=3.75 µm rad.[11-18]
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the halo background. Experience from UA4 indicates that halo rates in the kHz range should
not be a problem.[11-19] 

3.5 Luminosity and bunch structure

The elastic cross section is huge compared to the typical cross section of interest at the LHC. Our
simulations (see Chapter 8) show that if we do not want to be limited by statistics we need to
collect about 106 events in our -t range. This can be achieved in about a day for a luminosity of
1027 cm−2s−1, with some reasonable assumptions about acceptance and running efficiency. This
means that the luminosity can and must be reduced by many orders of magnitude relative to
the nominal LHC luminosity of 1034 cm−2s−1.

A factor of ~1000 is automatic from the high β∗-value. A further reduction of ~100 can be
achieved by operating with only 43 bunches instead of 2800. This fits well a filling scheme from
the PS using only one bunch per batch from the PS. There is a two fold advantage in operating
with so few bunches. Firstly, there is no need for a crossing angle because the bunches are sepa-
rated in such a way that there will be no additional collisions away from the IP. Secondly, the
space between bunches is 2.1 µs or 630 meters, and thus there will be no confusion in the timing
between incoming and outgoing bunches at the Roman Pot stations situated a couple of 100 me-
ters away from the IP. The β∗ and the bunch number reduction gives a factor 105. A further fac-
tor 100 in the reduction of luminosity originates from the fact that we will operate with 1010

protons per bunch rather than 1011 protons per bunch.

The scheme of 43 bunches is now foreseen for the commissioning of the LHC and will also be
used by the TOTEM experiment in their low luminosity running scenario.Obviously we will co-
ordinate our runs with the TOTEM runs.
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4 The Detector Requirements

The most important requirements on the detectors are discussed below.

4.1 Dead space at the detector edge

The amount of dead space at the edge of detector, i.e. the size of the insensitive region, is a criti-
cal parameter. It is of vital importance to minimize this space in order to be able to approach the
beam as close as possible and in this way maximize the acceptance for small -t values. In addi-
tion to the dead space of the detector, one also has to consider the thickness of the window that
separates the detector from the ultra high vacuum of the machine. Minimizing the thickness of
this window may require that the detectors work in a secondary ‘safety’ vacuum. Electromag-
netic shielding of the detector from the beam might also influence the distance of closest ap-
proach to the beam.

With the optics discussed in Section 3.2 (Table 3-1), the spot size at the detector σd is about
130 µm. This means that the closest possible distance to the beam will be about 1.3-2.0 mm in
the case of a halo limitation (10-15 σd) or 1.5 mm for a closed orbit limit. Thus, any dead space
between the edge of the detector enclosure towards the beam and the sensitive (fully efficient)
part of the detector larger than about 100 µm will worsen tmin significantly.

4.2 Spatial resolution

The spatial resolution of the detector has to be significantly smaller than the spot size of the
beam at the detector σd in order not to be limited by the detector resolution. With the proposed
optics the spot size at the detector is about 130 µm, and a spatial resolution of about 30 µm is
therefore adequate. 

It is also necessary to measure the direction of the protons at the detector in order to be able to
remove background from beam-gas interactions and beam wall interactions. With a lever arm of
several meters between adjacent Roman Pots, a detector resolution of about 30 µm is again
largely sufficient for this purpose (see Chapter 8).

4.3 Radiation hardness 

Calculations by N. Mokhov indicate accumulated dose levels up to 105-106 Gy/yr close to the
beam (215 m away form the IP and at a distance of 15 σd) at a luminosity of 1034 cm−2s−1 and
β*= 0.5 m [11-20]. These calculations only take into account the contribution from the interac-
tions at the interaction point, which dominates at high luminosity, and thus this contribution
can be scaled as the luminosity. Scaling down to a luminosity of 1027 cm−2s−1 gives accumulated
doses of 0.01-0.1 Gy/yr. Here one should further note that a realistic running scenario for elastic
scattering is of order one or two days. 

There is also a contribution to the radiation from the beam halo. A rough estimate of its contri-
bution based on the halo numbers given in Section 3.4, gives a dose of 10-100 Gy/yr. Thus, the
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halo contribution dominates completely and a total radiation hardness up to 100 Gy/yr is suffi-
cient.

4.4  Electromagnetic shielding

For detectors and electronics operating close to the beam the electromagnetic radiation from the
circulating bunches induces pick-up noise. Thus it is important to have detectors with low sen-
sitivity to the electromagnetic pick-up or to install adequate electromagnetic shielding. In turn,
such shielding contributes to the dead space between the beam vacuum and the sensitive part
of the detector, and will limit tmin.

4.5  Rate capabilities and time resolution

 Capabilities to deal with MHz rates would be largely sufficient. Timing resolution should be
sufficient to identify the bunch crossing uniquely, and a resolution of 5 ns should be more than
sufficient. 
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5 The Detectors

The conditions described above are quite stringent. We have considered the following options
and technologies in more detail: silicon micro strip detectors at low temperature, 3D silicon de-
tectors, scintillating fibers and optoelectronic devices. We have organized a workshop where
the different options were presented and discussed in detail [11-21]. In the end we have opted
for scintillating fibers. Fibers have the advantage of being sensitive practically to the detector
edge, are insensitive to electromagnetic pick-up from the beam and the technology is well prov-
en and relatively straightforward to implement. Drawbacks are the limited spatial resolution
and the modest radiation hardness; in these respects the two silicon options offer more perform-
ance. However, for our application the scintillating fiber approach completely fulfils the re-
quirements and provides the best compromise between performance, R&D effort and cost.

5.1 Scintillating fiber detectors

Tracking detectors based on optical scintillating fibers have proven their excellent performance
already in many HEP experiments, e.g. in the UA4/2 experiment at the pp collider at CERN [11-
22]. Fiber trackers are simple in construction and operation. They do not need any internal cali-
bration and can work at very high flux. Their sensitivity up to the edge is just limited by the in-
active cladding (~10 µm). The UA4/2 detector was made of twelve planes of 1 mm diameter
round fibers. The availability of square shape fibers today, allowed us to construct a detector
used as a beam hodoscope. Construction and performance details are discussed in Appendix B. 

Figure 5-1  Schematic representation of the fiber tracker, housed inside a Roman Pot. The tracker comprises
two planes with fibers staggered horizontally (y plane) and vertically (x plane). A large scintillator plate is added
in front for the trigger. 
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The basic detector design within a Roman Pot is shown in Figure 5-1. Each Roman Pot houses
one x and one y plane, accompanied by a scintillator plate for trigger. A plane is made of stag-
gered fibers and the size of each plane is 3×3 cm2. We discuss the basic characteristics of scintil-
lating fibers in Section 5.2 and present some first measurements of the optical and geometrical
properties of 0.5 mm square fibers. The fibers are read out by photodetectors (Section 5.3) which
are placed as close as possible in order to keep the required length of the fibers short. The details
of the layout and the expected performance are discussed in Section 5.4 and 5.5. We present a
baseline configuration which employs square fibers of 0.5 mm fibers, read out by multi anode
photomultipliers. As the light yield of these small section fibers may not leave sufficient safety
margin, we also present a performance estimate with 1mm square fibers. Geiger mode APDs, a
relatively recent and not yet fully established technology, are briefly discussed as alternative
photodetectors, as they may bring advantages in terms of sensitivity, compactness and possibly
also cost.

5.2 Scintillating fibers

A range of square scintillating fibers with dif-
ferent emission are available from several
manufacturers. They are all based on polysty-
rene as solvent (n = 1.59), while the emission
spectrum, the decay time and the attenuation
length depend on the composition of the add-
ed dyes. The choice of the dye composition al-
lows to match the emission spectrum of the
fiber to the sensitivity characteristics of the
photodetector. The fraction of the produced
scintillation light which is trapped and trans-
ported by total internal reflections depends
both on the geometry of the fiber and the re-
fractive index of the fiber cladding. Round fib-
ers are available with double cladding. The
outer cladding layer has a low refractive index
(n = 1.42) which leads to a trapping efficiency
of 5.4% per side. Square fibers are currently
only available with single cladding (n = 1.49),
although the fabrication of double cladded
square fibers is technically not excluded. The
trapping fraction of a single cladded square
fiber is 4.2% per side, compared to 3.1% for a
conventional single cladded round fiber.
Square fibers have the advantage that their ef-
fective thickness is roughly the same for all traversing particles. Compared to round fibers the
average path length is obviously longer by a factor 4/π and hence also the energy deposition
and the corresponding amount of scintillation light is increased by the same factor. The future
development of a double cladded square fiber could lead to a significant increase of the trap-
ping fraction to about 7% per side. 

The number of detectable photons at the end of the fiber is also driven by bulk absorption in the
fiber and any other losses while the light propagates along the fiber undergoing tens or hun-

Figure 5-2  Emission spectrum of a 0.5 mm square
fiber Kuraray 3HF (1500) under excitation with mono-
chromatic UV light (λ = 350 nm). The position of the
excitation point was varied between 13 and 150 cm,
measured from the fiber end which was read out by a
grating spectrometer. The wavelength of maximum
emission is ~530 nm.
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dreds of reflections. Figure 5-2 shows the measured emission spectra of a 0.5 mm square Kura-
ray 3HF (1500) fibers. 

The scintillation light was excited by emission
with a monochromatic UV light source at
λ=350 nm, positioned at different distances
from the spectrometer (13-150 cm). The meas-
urements indicate an essentially wavelength
independent absorption. Plotting the integral
of the emission between λ = 480 nm and λ =
650 nm as a function of the distance (Figure 5-
3) an attenuation length of 165 cm is derived
from the exponential fit. For the typical fiber
length required in our fiber detector (10-
20 cm), the absorption loss is of the order 10%. 

The geometrical properties of the fibers, like
their width and shape, are of great importance
for the achievable tracking resolution. Pieces
of 1.52 m length of the above mentioned
0.5 mm square fiber type have been scanned along the fiber by means of a micrometer gauge.
The reproducibility of this method is about ±1 µm. The variation of the widths (x and y) are
plotted in Figure 5-4.  

Figure 5-4  Variation of the fiber dimensions (x and y) at 15 positions along a fiber of 1.52 m length. The meas-
urement was performed with a micrometer gauge.

Figure 5-3  Integral light yield (a.u.) versus fiber
length. The exponential fit indicates a an attenuation
length of 165 cm.
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The investigated fiber is not exactly quadratic.
One side is systematically wider, on average
by 8 µm. The variation of the width is of the
order ±3 µm. Another fiber of the same length
was cut in 5 segments. The ends of the seg-
ments were glued in an epoxy block, which
was grinded and polished in order to allow an
inspection of the fiber cross section under a
optical microscope. The microphotograph,
Figure 5-5, shows a corner of a square fiber
with detached cladding (due to inappropriate
sample preparation). The sample allowed
however to measure the thickness of the inac-
tive cladding with good precision. A cladding
thickness of 10 µm is observed on all 4 sides.
In Figure 5-6 the photos of the 5 cross-sections
are mounted next to each other. All 5 cuts
show the same slightly convex shape, howev-
er the overall shape is rectangular. With the
applied illumination method the cladding re-
mains dark and on the photos essentially in-
visible. The dimension indications refer only
to the active fiber core. The fact that one side is systematically wider than the other, as well as
the variations of about ±3 µm are also confirmed. Optical and mechanical measurements on the
same fiber show a systematic difference of 5-8 µm. Possibly the fibers are slightly compressed
by the micrometer gauge. In summary it can be state that the investigated 0.5 mm square fiber
Kuraray 3HF (1500) is of very good mechanical and optical quality. Fiber samples of type SCSF-
38 were not available for tests. It is safe to assume that their mechanical and optical properties
(apart from the emission spectrum) are on a similarly high level. 

5.3 Photodetectors

The photodetectors are a key component of the scintillating fiber detector. The main require-
ments of the photodetectors are:

• High quantum efficiency at the wavelength of maximum scintillation

• Capability to detect single photons

• Fast signal characteristics to allow unambiguous identification of LHC bunches

Figure 5-6  Photograph (optical microscope) of the cross section of 5 fiber segments.

Figure 5-5  Photograph (optical microscope) of the
corner of a square fiber with detached cladding. The
cladding thickness is in good approximation 10 µm.
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• High gain in order to allow the use of simple read-out electronics

• Relatively low cost per read-out channel

• Robustness and reliability

• Moderate radiation hardness

5.3.1 Multi anode photomultiplier tubes

A typical solution for fibre detectors uses photomultiplier tubes with multi anode structure
(MA-PMT). MAPMTs represent a well established commercially available and robust technolo-
gy, used in numerous HEP experiments [11-29]. The quantum efficiency of the bi- or multialkali
photocathode is of the order of 20% in the blue range of the optical spectrum. In the green wave-
length region the Q.E. is only about 10%, disfavouring the use of radiation hard 3HF fibers [11-
33]. Single photoelectrons can be detected with an efficiency of typically 85-90%. Currently
available MAPMTs such as the Hamamatsu R7600 family provide up to 64 channels per tube
with a nominal cell size of 2.3 × 2.3 mm2 [11-30]. The 12 dynode stages lead to a gain of 106 at an
applied voltage of about 1000 V. The gain is reasonably uniform over the 64 channels (typically
a factor 2-3 variation). Cross talk between adjacent channels is at the level of 2-3%. Mu-metal
shielding is required in the presence of stray magnetic fields in excess of 10 Gauss, in order to
maintain the gain and hence the detection efficiency at the nominal value. Cross-talk is not en-
hanced by the magnetic field.

5.3.1.1 Electronics for MAPMT

Thanks to the high gain of the MAPMT the out-
put signal can be read out by a relatively sim-
ple binary electronics chain. This has been
successfully demonstrated in the hodoscope
set-up discussed in Appendix B, also shown in
Figure 5-7. In that case, the signal of each chan-
nel was amplified by a large band width
(200 MHz) amplifier followed by a discrimina-
tor with adjustable threshold and by a line
driver to drive long twisted pair cables. The
amplifier gain of each channel can be adjusted
in order to compensate the channel-to-channel
gain variation of the MAPMT. All 64 channels
were integrated on a single PCB. 

For the final detector the same baseline design will be followed. However, several constraints
such as the space availability in the Roman Pots, the radiation environment in the tunnel and of
course the ATLAS requirements and compatibility have to be taken into account. 

5.3.2 Geiger mode avalanche photodiodes

Geiger-mode Avalanche Photodiodes (GM-APD) represent an interesting alternative to the
MAPMT solution [11-31]. These recently developed solid state photodetectors have a number of
very attractive features for the read-out of scintillating fibers. The high gain values of GM-APDs

Figure 5-7  Circuit diagram for binary read-out of
MAPMT. 
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(105 – 106) result from the controlled Geiger discharge of an over-biased p-n junction. The typi-
cal operation voltage is of the order 50 – 100V. The discharge is quenched by resistors incorpo-
rated in the device structure. The effective quantum efficiency reaches about 15% at λ = 530 nm,
while a factor 2 improvement is expected in the near future by re-arranging the polysilicon re-
sistor structure, which limits the active area. GM-APD have demonstrated excellent timing be-
low 100 ps. A drawback, inherent to the avalanche discharge mechanism, is the relatively high
dark count rate. Available devices show a room temperature dark count rate at the 1 photoelec-
tron level of about 1 MHz and about 1 kHz at the 3 p.e. level. GM-APD are available in appro-
priate dimensions (e.g. 1×1 mm2) from 3 semi-commercial Russian sources. They provide a very
compact and magnetic field insensitive read-out and would allow the use of the radiation hard-
er 3HF scintillating fibers which emit their light in the green part of the optical spectrum [11-32]. 

5.4 Technical characteristics of the fiber detector

Our baseline design foresees a Roman Pot with one x and one y fiber plane. One plane consists
of nx = 10 (or ny = 10) layers of nf = 60 square fibers of 0.5 mm size. The nominal dimensions of
a plane are therefore 30×30×5 mm3. Kuraray fibers of type SCSF-38 (wavelength of maximum
emission λ = 428 nm) are well matched to the baseline photodetector (see below). The fibers
have a single cladding of 10 µm thickness around the active polystyrene core of 480 µm thick-
ness. The cladding plus a thin paint or metallization for optical isolation of the individual fibers
represent a non-active edge of about 15 µm thickness. The 10 fiber layers are staggered in multi-
ples of 50 µm. The geometrical precision of the optical fibers is crucial for the precise assembly
of the fibers into planes and stacks. The individual fibers should be positioned with a precision
of better than ±20 µm. The fibers are coupled on one side to the photodetector. The other end is
polished and coated with a reflective metallic layer. For triggering purposes, a plastic scintilla-
tor which covers the full area of the tracker planes is mounted directly behind. 

The baseline photodetector is the Hamamatsu Multi Anode PMT 7600-M64. It features npix = 64
independent channels of 2.3×2.3 mm2 size. The total numbers of fibers and MAPMTs per Ro-
man Pot is:

For the whole system (see Chapter 6 for details) the above numbers should be multiplied by 8, 
resulting in a total of 152 PMTs and 9600 active read-out channels.

5.5 Performance estimates

A relatively simple stand-alone Monte Carlo code has been written in order to estimate the ba-
sic performance figures of the fiber tracker. The results need to be confirmed by more elaborated
simulations taking into account background, electronics noise, cross-talk etc. The most crucial
parameter is the photoelectron yield. It can be estimated as:

5-1

Nfibers nx ny+( ) nf 1200=⋅=

NPMT Nfibers npix⁄ 1200 64⁄ 18.75 19→===

Npe
dE
dx
-------〈 〉 dfiber

dNγ
dE
--------- εA εT εC gR εQ εd⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅=
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Table 5-1 explains the parameters and shows the expected photoelectron yield for 3 different
configurations: The baseline detector, an alternative configuration with 1 mm square fibers and
a configuration which makes use of radiation hard 3HF fibers and GM-APD read-out. For the
baseline configuration the simple estimate according to (5-1) results in a photoelectron yield of
4.9 per hit fiber.

Experience with the above mentioned test beam hodoscope (see Appendix B) indicate that the
photoelectron yield measured in the final full scale detector system can significantly lag behind
these estimates. At this moment it is unclear which of the parameters in table 5-1 are poorly es-
timated or whether there are other losses not accounted for. In the following performance esti-
mates of the fiber tracker we take a conservative approach and decrease the photoelectric yield
by 40% to make them compatible with the test beam results. This leads for the baseline configu-
ration to a photoelectric yield of Npe = 3. With an average of Npe = 3 photoelectrons per hit fiber
the single fiber detection efficiency is estimated from Poisson statistics as εdet = P(>0, 3) = 1 - P(0,
3) = 1 - e -3 = 0.95. The simulations below have been performed assuming a detection efficiency
of 95% and 85%, for comparison. 

In the Monte Carlo code the fiber positions are randomly placed around the nominal position
within ±20 µm (flat distribution). Given the intrinsic geometrical precision of the fibers shown
above, this value seems achievable, also great care has to be attributed to the precise positioning
of the fibers when assembling them to planes and stacks. The fiber positions of all fibers can be
measured after the assembly and recorded in a database for use during the offline analysis. The

Table 5-1  Design parameters and expected photoelectron yield for the baseline detector and two alternative
configurations.

Baseline 
detector

Alternative 
fiber diameter

Alternative fiber and 
photodetector

fiber type SCSF-38 (λ=428 nm) SCSF-3HF (λ=530 nm)

diameter 0.5 mm 1 mm 0.5 mm

photodetector MaPMT GM-APD

specific energy loss of a MIP 200 keV/mm 200 keV/mm 200 keV/mm

dfiber active thickness of fiber 0.48 mm 0.96 mm 0.48 mm

dNγ/dE scintillation light yield 8.3 / keV 8.3 / keV 8.3 / keV

εA geometrical acceptance 0.042 0.042 0.042 

εT attenuation in fiber 0.85 0.85 0.85

εC coupling efficiency fiber/
photodetector

0.8 0.8 0.8

gR gain due to reflection from 
rear end

1.4 1.4 1.4

εQ quantum efficiency photo-
detector

0.18 0.18 0.15 (0.3 in future?)

εd detection efficiency (elec-
tronics/DAQ)

0.85 0.85 0.85

Νpe photoelectron yield 4.9 9.7 4(8 in future?)

dE dx⁄〈 〉
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incidence angle of the particles is 0±5 mrad. The 10 µm thick cladding is considered as fully in-
active. This introduces a geometrical inefficiency of 4%. 

The 10 layers of one plane are staggered in multiples of 50 µm. The thickness of a fiber is hence
subdivided in 10 equidistant steps. The spatial resolution of the tracker is given in first approxi-
mation by the step size divided by : σx,y= 50 µm/ =14.4 µm. Figure 5-8 shows a track
(vertical line) traversing 10 layers of 0.5 mm square fibers. Hit fibers above detection threshold
are grey shaded. 

Two different reconstruction algorithms have
been tested. The first calculates simply the
centre of gravity (COG) of all hit fibers. The
second determines the centre of the overlap of
all hit fibers. Both give the same result for
100% efficiency, the overlap algorithm turns
out to be less sensitive to efficiency drops. The
results are summarized in Table 5-2. Figure 5-
9 shows the spatial resolution obtained with
the COG method for 85% detection efficiency.
A spatial resolution of 30 µm, which is motivated by the required luminosity measurement pre-
cision can be achieved with a reasonable safety margin. 

Spatial resolution of a fiber tracker with 1mm square fibers
A fiber tracker with 1 mm square fibers has the clear advantage of a factor two higher light
yield, so that a single fiber detection efficiency of 95% is a very safe assumption. The cladding
thickness scales with the fiber dimensions, i.e. the 1 mm fibers have a dead peripheral zone of
20 µm. The higher light yield is of course accompanied by a reduced spatial resolution and an
increased detector thickness. Simulations with 10 layers of 1 mm fibers result in a spatial resolu-
tion of about 30 µm.

Figure 5-8  Close view of track traversing 10 layers of
0.5 mm square fibers. In the simulation the fibers are
arranged with a mechanical precision of ±20 µm. Only
the area inside the inner frame (fiber core) is sensitive.
The outer frame corresponds to the mechanical
dimensions of the fiber.

Figure 5-9  Spatial resolution of a fiber plane for a
detection efficiency per fiber of 85%. On average 8.2
fibers are hit. The Gaussian fit indicates a resolution of
25.4 µm.

12 12

Table 5-2  Summary of the performance figures of the
baseline configuration. 

detection 
efficiency 
per fiber

average 
number of 
hit fibers 

σx,y (µm)

COG 
method

overlap 
method

95% 9.1 19.9 17.2

85% 8.2 25.4 20.6
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6 The Roman Pots

The Roman Pot (RP) is the device that allows the detector assembly to be placed around the
beam axis, in the focal plane as defined by the optics. Typically, the detectors must stay fully
outside the beam pipe during beam injection and squeezing, and move into a position as close
as possible to the circulating beam during data taking. The construction of the Roman Pot unit
has to respect quite stringent requirements arising both from the physics of the experiment and
from the LHC machine construction and operation. In the following sections, details are given
of the Roman Pot design and the foreseen installation in the LHC tunnel. 

For clarification, the terminology used in the text is given below:

• Roman Pot unit: the complete device (shown in Figure 6-1) housing two pots that can be
moved vertically with respect to the beam axis

• Roman Pot (or simply the Pot): the part of the Roman Pot unit that contains the detectors.
Each Roman Pot unit has two pots: up and down.

• Roman Pot station (or telescope): an assembly of two Roman Pot units in the same arm,
separated at a distance of 3-4m. 

The TOTEM Collaboration has developed a Roman Pot unit design, in the framework of an
LHC-wide project [11-4]. Within this project all the general issues related to the mechanics and
the interface with the LHC machine are addressed and taken into account. ATLAS plans to use
the existing RP design without modifications. Only the Pot proper will be customised to meet
the requirements of our detectors.

6.1 Design requirements

In Figure 6-1 the design of the prototype Roman Pot unit for TOTEM is shown. To measure ac-
curately the position of the elastically scattered particles, the position of each Pot must be
known with extreme precision. Assuming that the measured distributions are symmetric
around the beam line, most of the relevant parameters, such as the horizontal or vertical dis-
placement of the Roman Pot station, the beam angle, the transverse and longitudinal position of
the crossing point, can be extracted from the data themselves to the required precision, provid-
ed the top and bottom Pot positions relative to each other are know to the level of 10-15 µm. 

In Figure 6-2 a side view of the Roman Pot unit is shown, where the two Pots are visible: one
(top) on the beam axis and the other (down) at the garage position. The Roman Pot unit me-
chanics are designed to meet the high precision requirements and form a very rigid system with
a reproducible movement while assuring the parallelism and axial position of the opposite side
Pots. A full survey of the Roman Pot units will be done with and without vacuum in the beam
pipe. 

The design of the Roman Pot unit is in an advanced stage. Prototypes are expected soon, and
the TOTEM Collaboration will perform a first test at the SPS in autumn 2004. The controls, both
mechanics and associated electronics, are currently under study as a common project with the
LHC collimation system to guarantee uniformity among all the moving elements installed in
the LHC ring. ATLAS will follow the developments in that area, with a view to the future inte-
gration with the detector controls.
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Our main effort will concentrate on the Pot design, which is in fact one of the very critical items
since it has to meet both the requirements from the detectors and the LHC machine. The main
issues concerning the Pot design from the detector view point are:

• provide enough space (volume) needed to house the detectors,

• have a thin window at the face near the beam, in order not to add dead space,

• be able, the thin window in particular, to withstand the maximum differential pressure
between the machine vacuum and atmospheric pressure; ∆Pmax=1.5 atm (including a
safety factor),

• have a limited overall area in order to keep to a minimum the impedance contribution to
the LHC machine, and have a minimum mirror charge effect,

• provide clear mechanical reference between the top flange (mechanical reference of the
moving mechanism) and the bottom part near the beam where the edge-less detectors
should be

and of course respect the general mechanical constraints of the Roman Pot unit, in particular the
flange diameter and the overall length. These issues, as well as the constraints coming from the
LHC machine such as impedance limits, safety aspects for vacuum, beam losses and operation
were discussed in the ATLAS Roman Pot Workshop held in June 2003 (see [11-21] and the trans-

Figure 6-1  Roman Pot unit assembly. (courtesy of
Marco Oriunno, TOTEM Collaboration)

Figure 6-2  Side view of the Roman Pot unit, showing
the two Pots: one at the beam position (up) and one at
the garage position (down). (courtesy of Marco Ori-
unno, TOTEM Collaboration)
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parencies of Marco Oriunno). As a reference, Figure 6-3 shows the Pot design for the prototype
detectors of TOTEM, where all the above constraints have been taken into account. For our case
a similar solution will be studied, adopted to the special needs of the fiber detectors.  

Since data from both detectors located in each Pot (up and down) must be combined to cover
the full acceptance region, it is mandatory to keep the t-scale the same between the two Pots.
This implies controlling the absolute and relative position between the two Pots and therefore
detectors with respect to the beam. A systematic shift of the distance between two opposite Pots
cannot be extracted from the data and will appear as a change in the t-scale. For example, a dis-
placement of 15 µm introduces a 2% error on the most sensitive region in the t-transfer variable,
and consequently directly on all the physics results. To avoid such errors, the best approach is to
calibrate the vertical distance using data. We therefore propose to incorporate in the Pot design
two small detectors located far from the beam in the horizontal plane as shown in Figure 6-4.
The overlap detector will be mechanically coupled to the tracker with sufficient precision. With
enough statistics, the difference in position between the two opposite Pots can be obtained
within typically 5 µm. 

Detailed studies for the Pot design and the detector positioning inside the Pot have already
started. In the present scenario, the fiber detectors are placed in support frames connected and
mechanically referenced from the top flange. The fibers are guided towards the upper flange
where special feedthrough connectors mate the fibers to the PMTs. The electronics are connect-
ed at the back of the PMTs on top of the Pot. We are also considering to put the Pots in a second-
ary vacuum, to guarantee the flatness of the window.

Figure 6-3  Prototype Pot design for the TOTEM experiment (courtesy of Marco Oriunno, TOTEM Collabora-
tion).
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6.2 Layout and installation in the LHC tunnel

To measure the luminosity in the Coulomb interference region, the detectors have to be located
as far as possible from the IP. With the existing installation in the LSS1 for the LHC machine
around the ATLAS experiment, the furthest possible region is between quadrupoles Q6 and Q7.
Starting from Q7, the magnetic elements for LHC are housed in a single cryostat, which makes
the installation of Roman Pots units practically impossible. The layout from the IP1 to Q7 as
well as the proposed installation between Q6 and Q7 is shown in Figures 6-5 to 6-8.    

Layout
In the area close to Q7 the space is occupied by the DFBA modules. Although these modules do
not fill the space close to the beams, they block easy access making installation of the RP unit

Figure 6-4  Schematic view of the inermost part of the Pot design. On the left the general view of the Pot with
the tracker detector, the thin window and the two overlap detectors at the extremes is shown. The middle draw-
ing shows the detector orientation along the beam line, and finally the right sketch shows the fiber routing for the
horizontal detectors which is the most difficult case (for the vertical detectors are straightforward, going directly
upwards). The dimensions are only indicative and will be finalized once a detailed engineering study is done.

Figure 6-5  Schematic layout of the LSS1 near ATLAS with the proposed location of the RP station (one side).

Roman Pot Station
240 m
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quite difficult. Further towards the IP region, we find the three dump resistor boxes DQRs. Each
DQR box is about 3.6 m long, 0.82 m high, 1.1 m wide, with two cable connections in one side.
The three DQR boxes are placed under the beam pipes, leaving a gap of 500 mm between them.
We propose that our Roman Pot station is installed in the gap space around the second DQR, as
indicated in Figure 6-6, with its center at 239.6 m from the IP. The footprint of the Roman Pot
unit as designed for TOTEM is 460 (along beam) × 500 (transverse) mm which just fits in the
available space [11-4]. To relax somewhat the installation of the Roman Pot units we would like
(as indicated in the drawing) to displace the second and the third DQR by 100 and 200 mm re-
spectively towards Q6. From preliminary discussions with the AT/MEL group responsible for
the DQR boxes, such a displacement seemed feasible, however it was pointed out that the base

Figure 6-6  View of the beam area between Q6 and Q7 quadrupoles before (above) and after (bellow) the RP
units are inserted.

Figure 6-7  View of the tunnel cross-section with the proposed location of the RP units.
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of the RP unit should be made such as to allow the installation and access to the cables and cool-
ing pipes on the floor [11-36]. In addition to the RP station, some space for local electronics (typ-
ically the size of a VME mini-rack) would be required, which from our preliminary discussions
with the people responsible for the LHC installation can only be in the area between Q5 and Q6
if the radiation levels allow it, or in the nearby alcoves. 

General services & cables
Initial discussions for the cabling with TS/EL and the vacuum with AT/VAC groups have start-
ed. No major interface issues were spotted, however all the detailed work needs to be done once
the project is approved [11-37]. 

Radiation environment
Due to expected high radiation environment, radiation hard electronics may be required. Here
we expect to profit from similar solutions adopted in other ATLAS sub-detectors. Regarding the
RP unit and its controls, we assume radiation hardness issues will be taken into account. 

Installation, safety and operation
The points mentioned above are the major ones that were considered at this stage of the project.
Clearly there are many more aspects concerning the installation of the RP unit that we have to
consider, e.g. safety, beam losses at the RP windows, alignment, etc. It is understood that once
this proposal is approved we will look at all these aspects in detail and the solutions will be de-
scribed in our TDR. In all this we hope to profit from the TOTEM/CMS experiment which is al-
ready in a more advanced stage, and to the extent that both insertions IP1 and IP5 are identical,
similar solutions can be adopted.

Figure 6-8  Detailed view of the RP station installation in between the DQR boxes.
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7 Trigger and Read-out

The trigger for the elastic events for the luminosity measurement will be provided by the trigger
scintillators in the Roman Pots. An analog signal will be available from each Pot to the central
trigger processor (CTP) of ATLAS, where several triggers can be formed: coincidence left-right,
up down etc. The trigger latency due to the large distance of the Roman Pots from the interac-
tion point is an important limitation. At present two modes of operation are foreseen:

1. The stand-alone mode, where only the luminosity detectors (Roman Pots and LUCID)
are read out.

2. The integrated mode, where the trigger by the Roman Pot detectors arrives in time to the
CTP and the whole ATLAS detector is included in the read-out. 

The main difference between the two modes, at least hardware-wise, is the constraints on the
trigger latency from the RP detectors. In standalone mode, the only requirement on the trigger
latency is to match the length of the read-out pipeline on the RPs and LUCID and the inter-
bunch spacing, while for the integrated mode the trigger signal from the RPs has to meet the
LVL1 trigger requirements of ATLAS, which means it has to arrive to the CTP within approxi-
mately 1.8 µs from the beam crossing. If, as will be discussed below, that requirement is fulfilled
the difference between those two modes is mainly in software and overall configuration of the
ATLAS DAQ. Backup scenarios and further details on both modes of operation are described
below. 

7.1 Trigger and read-out organization

The trigger and read-out organization is
shown in Figure 7-1. The front-end electronics
are located at the top (bottom) of the Pot in or-
der to keep the fiber length as short as possi-
ble. For the read-out simple electronics can be
used, with the main issue being the radiation
environment. However, we expect to profit
from ongoing developments in ATLAS, e.g. in
the inner tracker and the calorimeters, where
radiation hard electronics are used. No cooling
will be required. 

For the trigger formation a scintillator plate lo-
cated downstream of the fiber detectors in
each Pot will be used, as described in
Chapter 5. The 3 mm thick scintillator pro-
vides a fast trigger signal, allowing at the
same time an independent cross check of the
detector efficiency and acceptance. The light
from both ends of the scintillator is carried via
WLS fibers to a PMT channel. The signal is
quite fast with a typical rise time of few ns. As
for the fiber detectors, the output PMT signal
is fed into a wide band amplifier and is then Figure 7-1  Read-out organisation of a single Pot
7   Trigger and Read-out  41



 

ATLAS Letter of Intent
Forward Detectors for Luminosity Measurement and Monitoring 22 March 2004
split into two parts: one following the same path as the rest of the channels, and the second di-
rectly to a fast air-core cable to the ATLAS CTP. To minimize the trigger latency, the direct ana-
log signal will be fed into the cable. However signal distortion on the cable might be important,
in which case either a different amplifier should be used or the splitting will be done after the
discriminator. In this case a “digital” signal will be transmitted that can be better identified at
the receiver end. 

For each Pot two output signal connections are foreseen: an analog 50 Ohm for the trigger and a
digital optical link for the data read-out, and as input the TTC signals delivered from ATLAS.
The required power, HV and timing and control signals will be distributed from a local VME
crate, located in the tunnel, most likely in the area between Q5 and Q6 or if space is available in
the nearby alcoves. The electronics and communication for the movement control of the Pots
could be located in the same crate.

The read-out system is synchronized to the 40 MHz LHC clock. Whenever the signal in one
PMT channel exceeds the defined threshold of the discriminator, the channel and bunch identi-
fiers are stored in the pipeline for the L1 trigger latency. Upon receipt of a L1 trigger signal, the
stored data from the corresponding bunch crossing are read and forwarded to the DAQ system.
Since the elastic events have a very low multiplicity, about 20 fibers(channels) per Pot will be
fired per event which, combined with the low frequency of interesting (elastic) events, substan-
tially reduces the required bandwidth. Our aim is to re-use as much as possible ongoing devel-
opments for other ATLAS sub-detectors or LHC projects, and stay fully compatible with the
DAQ of the experiment. 

The trigger logic for the elastic events is quite simple, and will be formed near the CTP where
the fast trigger signals from each Roman Pot will arrive. The main trigger is an up (down)-left
coincidence between the down (up)-right stations. Depending on the mode of operation other
trigger schemes including veto from the ATLAS detectors can be made, all available at the CTP. 

7.2 Read-out modes

As mentioned above, two major operation modes are foreseen: standalone and integrated. The
main features of each mode as well as some interesting variants are described below.

7.2.1 Stand-alone mode

In this case the Roman Pot detectors provide the L1 trigger. The read-out includes the Roman
Pot detectors and LUCID. The trigger latency is not an issue as the pipelines for the luminosity
detectors will be made deep enough. 

An interesting variant of this mode would be to include the calorimeter trigger tower read-out
as a whole or for some pre-defined configurations, i.e. few phi/eta locations. Again the trigger
latency is not an issue since the L1 system has a pipeline buffer of 3.2 µs which is within the Ro-
man Pot trigger latency as explainded in Table 7-1 [11-35]. 

With the stand-alone mode, apart from measuring the luminosity with the Roman Pot detectors,
the LUCID detector and the calorimeter trigger towers can be calibrated (absolutely) and used
as “luminometers” during high luminosity running where the Roman Pots will not be available. 
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7.2.2 Integrated mode 

In this mode the whole ATLAS experiment or at least part of it i.e calorimeters, is included in
the read-out. The trigger is provided by the Roman Pot detectors with possibly additional infor-
mation from other detectors. Reading the whole ATLAS detector is interesting as it allows more
flexibility in vetoing events from hard scattering products, or having more flexibility in the
choice of “luminometers” for the high luminosity running. In this mode the L1 trigger latency
for ATLAS is an important constraint. has to be respected, which as will be discussed below
may be at the limit. Two backup scenarios are envisaged and discussed as well.

7.2.2.1 Trigger latency

The Roman Pot station will be located at a distance of 239 m from the IP inside the LHC tunnel,
at both sides of the cavern. To trigger the ATLAS detectors, the signal from the Roman Pots has
to arrive to the ATLAS Central Trigger Processor (CTP) within 1.8 µs in order to respect the
overall latency (including L1 signal distribution to sub-detectors) of 2.5 µs. Our estimate for the
Roman Pot trigger latency, is shown in Table 7-1 below.  

As expected, the main cause for the trigger latency is the signal transmission from the Roman
Pot location to USA15, estimated to about 280 m. The number quoted corresponds to known
fast air-core (or air-dielectric) cables rated for signal transmission velocity of 93%c [11-34]. Such
cables are used already at CERN by the RF group and programs to simulate the signal transmis-
sion and dispersion are available. Included in the latency is a delay of 50 ns for the signal treat-
ment in the local electronics and 100 ns delay for the pre-trigger coincidence. However, the
latter can be included in the overall CTP decision making time, thus reducing the trigger latency
to about 1.86 µs, which is almost within the allowed value allowed by the L1 trigger system, in
order to have the L1 accept signal distributed back to the sub-systems within 2.5 µs. 

7.2.2.2 Read-out configurations

With our present estimate, the trigger latency is by about 100 ns beyond the allowed limit for
ATLAS. To understand if such a small difference can be absorbed by the trigger system, and
therefore there is not a problem, we have to know the exact lenth of the trigger cables. In any
case two backup scenarios are envisaged that require no hardware modifications:

• given the low event rate for the elastic events, it is possible to re-program the front-end
electronics of the sub-detectors (mainly the LArgon Calorimeters) in order to reduce the
size of the derandomizer buffers in favour of some additional depth in the pipelines. Such

Table 7-1  Estimated trigger latency.

Item time (ns)

particle path from IP to RP 240(m) x 3.3357 (ns/m) 800

signal treatment in local electronics 50

signal transmission from RP to CTP 280 (m) x 3.586 (93% c) (ns/m) 1004

overall coincidence-trigger menu 100 (0)

total 1954 (1854)
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a possibility, is technically feasible does not require hardware modifications but has to be
studied in detail as it imply re-timing for the luminosity runs. 

• an alternative strategy would be to have the CTP self (software) triggered running at its
maximum capacity of 75kHz, respecting the dead time of the experiment and the filling
scheme of the machine. Running in this way with 43 bunches in the machine implies
omitting 6 out of 7 bunches and thus losing statistics. 

Clearly the first scenario is more favourable, however we stress again that the final choice can
only be made once the exact cable path between the Roman Pot units and the CTP is known as
well as the L1 trigger distribution in the whole experiment that would allow us to precisely de-
termine the trigger latency.

7.3 Further read-out issues

The connection to the ATLAS read-out will be made in accordance with the DAQ/DCS require-
ments. The main points to consider for further development are:

DCS issues
The main issues for the detector control include:

• the remote control of the RP stations 

• the HV distribution and monitoring for the photomultipliers

• the LV distribution and monitoring for the local electronics

• temperature and vacuum status monitoring for the secondary vacuum inside the Pots

From the above, only the first represents some complexity, but it is done as a common LHC de-
velopment for all the experiments, and the collimation system. For the other three points we in-
tend to use equipment and software already developed for other sub detectors in ATLAS. In
particular for general purpose monitoring, the Embedded Local Monitor Board (ELMB) is very
suitable.

Calibration
The detectors will be pre-calibrated and the HV of each PMT will be adjusted in the lab using a
radioactive source. It is not foreseen to re-calibrate each detector in-situ, but the detectors can be
extracted and tested in the lab. The read-out electronics chain will be tested and monitored us-
ing a charge injection system.

Timing
The detector timing will be adjusted using the charge injection system. Details are to be studied.
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8 Measurement Method

The measurement of protons scattered under micro-radian sized angles, as required for a meas-
urement extending into the Coulomb regime, is a very challenging task. The optics of the ma-
chine needs a special very-large beta tune, the detectors will have to be located far from the
interaction point (IP), and approach the LHC beam to distances of 1-2 mm. As argued in
Chapter 3, a good experimental understanding of the interplay of emittance reduction, scraping
and collimation, and bunch intensity is crucial, and the details of this interplay define the opti-
mum way of minimizing the background rates (beam halo) as function of distance from the
beam center at the detector locations. At this time, we have only estimates based on simulations,
which indicate a background rate of not more than 10 kHz integrated over distances beyond
10 σ and at a luminosity of 1027 cm−2s−1, to be compared to an elastic signal trigger of about
30 Hz. For a 10 kHz uncorrelated halo rate in the detectors, the accidental left-right coincidence
rate becomes negligible once a back-to-back selection is applied. 

Because the distance of closest approach of detector to the beam center determines the mini-
mum |t|-value tmin and enters quadratically, see Equation 3-7, the material between beam vac-
uum and the (sensitive part of the) detectors must be minimized as well. 

For the measurement of the rate as a function of the four-momentum-transfer squared -t, both
the knowledge of the acceptance of the detectors and the detector efficiency, as well as of their
transverse position and orientation with respect to the beam center must be excellent. The de-
tector efficiency must be uniform and very nearly 100%, which we will accomplish with multi-
ple layers of overlapping scintillating strip detectors, with no dead zones, see Chapter 5. 

The value of -t is derived from the measurement of the distance between beam center and hit
position, together with the optics parameter Leff (see Chapter 3). The crucial alignment of the de-
tectors must be done with data. The inherent symmetry of the hit distributions of the elastic sig-
nal (corrected for background and efficiency) allows a fit to the horizontal position of the beam
center. For the vertical position calibration, the precise distance between detectors approaching
the beam from opposite sides (top and bottom) in the vertical direction, must be known with a
10 µm or better precision; failure to do so will result in a systematic error in the t-scale. Once the
relative up-down detector distance is determined, the vertical position of the beam center can
be fitted from the distributions, requiring symmetry between top and bottom hit distributions.

The optics parameters must be determined with the same relative precision. This is accom-
plished with studies of the LHC orbit in the large beta tune, possibly enhanced with studies of
effects of induced beam displacements (“bumps”) on the orbit. 

Simulations of the elastic signal and background allow us to estimate the performance of the
system. In the following sections we discuss the issues raised above in some more detail, and
describe the present state of the simulation effort.

8.1 Backgrounds

Background hits will occur in the detectors, and will increase in rate when the detectors ap-
proach the circulating beams to their closest-in position. Surrounding the beams is a halo of pro-
tons that are oscillating around the beam center and will eventually be intercepted by a limiting
aperture around the ring. This halo is continuously refilled by interactions of the circulating
bunches with others at the IPs and with magnetic imperfections in the machine elements. This
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halo flux, which only drops off slowly, with a mean range of many beam-sigmas, has been sim-
ulated for the LHC and has been studied at other machines, but the uncertainty on its absolute
magnitude remains important. The halo can be reduced to some extent by scraping; (after scrap-
ing the halo will slowly return to its original level). Estimates of interactions at the interaction
point with a luminosity of 1027 cm−2s−1 show that the rate in the Roman Pot detectors coming
from the interaction point is low compared to the rate from the beam halo. 

Elastic events have a characteristic back-to-back topology which will be used to reduce the
beam halo background. Non-collinear events are due to halo-halo accidentals and these will be
extrapolated under the collinear elastic signal for estimation and subtraction of the background.
From past experience, the back-to-back signature of elastic events stands out in the presence of
random two-arm coincidences. The remaining collinear background can be studied by selecting
non-back-to-back events and the raw elastic signal can be corrected by extrapolating the back-
grounds to under the collinear signal peak. 

An important tool in background rejection is the presence of a second detector station about 3
meter downstream of the first: the local track direction is measured using the telescope formed
by the two detectors in each arm. With this 3 m lever arm and a detector resolution of 25 µm, the
local track direction is measured to about 12 µrad giving additional rejection against interac-
tions occurring outside the nominal ATLAS interaction envelope. Finally, time of flight informa-
tion will be used to reduce the background that is offset longitudinally relative to the interaction
point.

The experience from UA4 indicates that the magnitude of the beam halo will determine the lim-
iting systematic uncertainty from the irreducible background at small t-values. Using the esti-
mated beam halo rates from Section 3.4 implies that, from the point of view of background, t-
values in the Coulomb region can be reached.

8.2 Alignment

The precise alignment of the detectors, relative to each other and with respect to the center of
the circulating beam at the detector locations, is of great importance for measurement of small t-
values. Front and back parts of detectors in the same telescope will be aligned using tracks from
elastically scattered protons. Similarly, elastic events can be used to align the left and right arm
telescopes. Here one uses the fact that the dN/dt distribution is steep and will not be identical in
the two opposite arms if the telescopes are not aligned symmetrically with respect to the beam
axis. However, in order to align top and bottom detectors in the same arm using tracks, the top
and bottom detectors must overlap at least partially. This relative alignment is of utmost impor-
tance because it sets the angular scale and thus the t-scale. A 15 µm position error at a 1.5 mm
distance from the beam constitutes a 1% error in the angular scale, which turns into a 2% error
in -t, i.e. a 2% error in dσ/dt, which in turn means an error of 2% in the luminosity (see
Section 8.3.2). The top and bottom detectors can be aligned precisely using halo tracks, if some-
how overlap could be provided outside the beam area. This might be achieved by installing a
special-purpose third detector plane, overlapping both top and bottom detectors far from the
beam center, thereby providing the alignment linkage (see Section 6.1).
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8.3 Simulation of Performance

In order to estimate the performance of the proposed small-angle elastic scattering detector, ex-
tensive simulations are necessary. Although simple calculations indicate the performance po-
tential, detailed simulations are necessary to estimate the influence of the many sources of
systematic uncertainties originating from the beam optics, detector resolution and accuracy, and
backgrounds, to name a few. In this section, we discuss the simulation procedure and the sourc-
es of systematic uncertainty that have been considered so far. The simulation as it stands is in-
complete. It will be improved further with input and help from LHC machine physicists
regarding the optics parameters and their resolutions. Some of the systematic uncertainties will
remain rather poorly known until some running experience with the new LHC has been gained.

8.3.1 Procedure

The simulation is a stand-alone, FORTRAN-based program which was originally developed
and used for the PP2PP experiment at RHIC [11-23]. Based on the machine emittance and beam
momentum dispersion, a vertex location and initial four-momenta of the colliding protons are
generated. Using the standard small-angle elastic scattering formula, containing both electro-
magnetic and nuclear amplitudes, a t-value is generated and a flat azimuthal angle φ under the
assumption that the initial state protons are unpolarized. The resulting four-vectors of the scat-
tered protons are transformed back to the laboratory system and traced to the detectors. For the
simple tracing as implemented to date, the optical transformation matrices from the ATLAS in-
teraction point (IP1) to detector locations are used, see Table 3-1. For the purposes of this report,
only one RP unit located after Q6 at s = 239.6 m has been implemented in the simulation. Any
limiting beam pipe apertures at locations intermediate between IP and detector have been ig-
nored at this time; these apertures will limit the detection for t-values larger than
|t|>0.09 GeV2, and do not affect the conclusions of this simulation study. The calculated inter-
sections of the elastically scattered protons with the detector planes are converted to detector
hits. Detector hits are derived from the intersection point by smearing with detector resolution,
assumed 25 µm, and the detector position uncertainty, taken as 10 µm. At this stage, the detec-
tion efficiency is taken to be 100%.

The left and right arm hit positions are converted into projected scattering angles θx and θy us-
ing Leff, and averaged over the left and right arm measurements. The average measured t-value
is then constructed, using the nominal beam momentum.

8.3.2 Limitations and Future Improvements

Various limitations in the study are obvious, and limit the predictive values of the results. In
this section, we address these limitations and discuss their influence and future cures. 

Use of idealized beam optics.
The current use of transport matrices for the tracing of the scattered proton to the detectors is
the main source of uncertainty in the result. Beam elements do not behave as ideal thin lenses,
except very close to the optical axis. Moreover, the accuracy of the alignment of the elements,
both with respect to the nominal beam axis as well as with respect to the plane of the machine is
currently not well known by us, and will affect the actual Leff,ξ (where ξ represents either one of
the transverse coordinates x, y measured with respect to the actual beam position at the detector
location) and thereby the conversion from detector hit position to scattering angle. In order to
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improve the simulation, the exact knowledge of the machine optics and the uncertainties in-
volved, is crucial. In previous elastic scattering experiments at colliders,[11-3, 11-23] Leff was ex-
perimentally investigated in special machine development sessions, where the relevant beam
elements were mapped by introducing beam bumps and using beam position monitors to
measure the resulting displacements. Such procedures may be foreseen at LHC in close collabo-
ration with the machine physicists.

In order to find the tolerable level of systematic uncertainty on the beam optics, characterized
with the parameters Leff, we used our simulations and varied the t-scale of the data. We found
that a t-scale variation of 1.0%, corresponding to a 0.50% variation in Leff, causes a 1.0% varia-
tion (of the same sign) in the value of the luminosity measured with the proposed method.
Clearly, a good control of the beam optics is crucial, as it was for the UA4 experiment, to the suc-
cess of the method proposed here for ATLAS.

Implementing a full RP station
A second Roman Pot unit, i.e. a RP unit following the first one by a distance of about 3 m, is cru-
cial for the elastic scattering measurement. A second detector will measure the deflection angle
of the scattered proton at the detector. This allows an independent extraction of the scattering
angle at the IP using the lower two matrix elements M21d and M22d of the transport matrix. Al-
though this measurement is much less accurate than the determination from the transverse hit
coordinates, it provides a useful cross check both of the measurement as well as of the beam op-
tics parameters used. Moreover, the requirement that the local track angle is consistent with a
track originating from the IP is expected to provide a powerful tool in background rejection. At
this time we have not implemented the second RP unit in the simulation code. 

Ignoring backgrounds. 
Halo backgrounds have not yet been implemented in the simulation, although it is relatively
straightforward to implement once a model is chosen for the halo flux as function of distance to
the beam center. It awaits the implementation of a second detector station. 

8.3.3 Simulation Results

Simulations were performed with the physics parameters set as: σtot=100 mb, ρ=0.150, and the
nuclear elastic slope b=18.0 GeV−2. These values are close to what is expected by extrapolation
from current data. Ten million events were generated in the t-range 0.0002<|t|<0.07 GeV2. The
simulated detector was positioned at nd = 10 or 15 beam-sigmas from the beam center, i.e. at 1.3
or 2.0 mm, and at z=239.6 m, after Q6. The detector resolution assumed is 20 µm (representative
of a two-detector measurement, with single detector resolution equal to 25 µm), and its absolute
position (with respect to the true beam center and its partner detector in the opposite Pot) was
assumed to be known to 10 µm. 

Of the 10M events thus generated, about 80% entered the acceptance of the detectors. Note, that
a sample of 1M elastic events corresponds to about 12 hours of running at 1027 cm−2s−1. The re-
constructed t-distribution was plotted and fitted with the same amplitude as used for genera-
tion, leaving the normalization (i.e. the luminosity) as well as the physics parameter listed
above as free fit parameters. In a proper procedure, the measured distribution, after fiducial
cuts, would be corrected for the geometric acceptance, and subsequently be fitted with a prop-
erly smeared theoretical function. For the purposes of this report, we sidestepped this phase
and made a simple ±45 degree fiducial cut in azimuth around the vertical. Although this dimin-
ishes the sample statistics much more than necessary, it has the advantage of being simple. In
future development of the simulation the more realistic and elaborate procedure will be used.
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In Figure 8-1 the distribution of the average hit coordinates of protons scattered with a fixed −
t = 0.0007 GeV2, where the electromagnetic and nuclear amplitudes are equal in magnitude, and
at −t = 0.0010 GeV2 is shown, averaged over the measurements in left and right arms.  

In the proposed large β∗=2625 m optics, parallel-to-point focusing occurs in the vertical plane
only, whereas in the horizontal plane the phase advance is close to π radians, and thus not ideal.
As a result, the uncertainty in the vertex x-position (  for εN =1.0 µm rad,
see Table 3-1) becomes an important smearing factor in the horizontal hit position

 at the detectors: the uncertainty in the horizontal hit coordinate is
, i.e. about 80 µm. However, in taking the average of

the left and right arm hit x-coordinates, the component depending on the transverse position of
the interaction vertex x*, i.e. the term , cancels between the left and right arms, and just

Figure 8-1  The distribution of intersection points of scattered protons with the detector planes, averaged over
the left and right arm detectors, see text. The inner ring is formed by 20K elastic events at -t = 0.0007 GeV2; the
outer ring is for -t = 0.0010 GeV2. The horizontal lines indicate the location of the detector edges at nσ=10
(1.27 mm) and nσ=15 (1.91 mm). Note, that the vertical scale is compressed, a direct result of the almost factor
four difference in M12d = Leff for the two coordinates. 
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the 33 µm smearing due to the beam angular spread σ’* remains. In the proposed optics, the de-
tectors approach the beam vertically, and a horizontal measurement gap results centered on the
beam axis as indicated by the sets of horizontal lines at 1.27 mm (nσ=10) and 1.91 mm (nσ=15)
above and below the beam center located at the origin. Notice the difference in horizontal and
vertical scales, a direct result of the almost factor four difference in M12d = Leff (Leff,y = 560 m,
Leff,x = −143 m).

In Figure 8-2 the dN/dt distribution of events as a function of the reconstructed -t is shown, after
selecting events for which the reconstructed azimuthal scattering angle (at the IP) is within the
fiducial region. The error bars represent the simulated data, whereas the solid line is the gener-
ated (i.e. unsmeared) t-distribution (wiggles in the line are due to the generation statistics). The
start of the fit region 0.00055<|t|<0.03 GeV2 is also indicated. The fit results for nd = 10 are en-
couraging: the original physics parameters are recovered at or close to their input values, see
Table 8-1, and the luminosity precision is slightly less than 2%, as was anticipated for these sta-
tistics. The goodness of the fit, as measured by the χ2, is 1442 for 1471 t-bins in the fit-interval
(1467 degrees of freedom), is satisfactory. Performing the simulation with no smearing (instead
of the 20 µm used here) the fit gives essentially the same fit results with only a slightly better χ2

of 1415 (for 1465 dof).   

Figure 8-2  The dN/dt distribution of simulated reconstructed events as a function of the reconstructed -t. Events
were selected for which the reconstructed azimuthal scattering angle (at the IP) is within a fiducial region of ±45
degrees with respect to the vertical. The error bars represent the simulated data. The solid line is the generated
t-distribution. The start of the fit region 0.00055<|t|<0.03 GeV2 is indicated with the dashed vertical line. 
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8.3.4 Summary

The simulation of the proposed optics and detector location indicates that the luminosity, (as
well as the physics quantities σtot, ρ, and b,) are measurable with the required 2% or better preci-
sion for ATLAS, if the detectors can indeed approach the beam center to (close to) 10 σ. Further
improvements in the simulation are still to be made, including the full description of the LHC
machine apertures.

Table 8-1  Fit results on simulated elastic scattering data. The second column shows the values of the parame-
ters in the simulation, and the last column shows the results of the four parameter fit on the simulated data for
the 10σ beam-approach scenario. 

Parameter and symbol simulation input value fitted value for nd=10

total cross section σtot 100 mb 98.7±0.8 mb

ρ-parameter 0.150 0.148±0.007

nuclear slope b 18.0 GeV-2 17.90±0.12 GeV-2

luminosity 1.094×1027 cm−2s−1 (1.11±1.6%) ×1027 cm−2s−1
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9 A Luminosity Monitor for ATLAS - LUCID

9.1 Introduction

Traditionally, for hadron colliders, the luminosity has been measured using dedicated scintilla-
tion counters which measure the fraction of bunch crossings with no interactions [11-24][11-25].
Such detectors, typically placed at relatively large pseudorapidities, can have large acceptance
for inelastic pp(p) interactions. However, the design luminosity of the LHC is so high that the
fraction of crossings with no interactions will be small. Also, radiation levels are high enough to
render scintillation counters unusable. At the LHC it is necessary to utilize a dedicated detector
to measure the average number of interactions per bunch crossing, directly.

In order to monitor with precision the average number of pp interactions we have proposed a
robust, fast, dedicated detector that is mostly sensitive to particles from inelastic pp collisions
and insensitive to backgrounds. This detector will monitor the average number of inelastic pp
interactions by measuring the number of particles, and their arrival time, in each bunch cross-
ing. The proposed detector is called LUCID (LUminosity measurement using a Cerenkov Inte-
grating Detector). The design of the LUCID detector is based on that of the Cerenkov
Luminosity Counter (CLC) that is currently operating successfully at CDF [11-26].

9.2 The Design of the LUCID Detector

The LUCID detector consists of two modules that are located in available space between the
beam pipe and the conical beam-pipe support structure. This places LUCID in the forward

Figure 9-1  A sketch of the proposed positioning of one of the two LUCID detectors. The other detector would
be placed in the symmetrically opposite position.
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shielding, after the ATLAS Endcap Toroids. A schematic depiction of the proposed placing of
LUCID is given in Figure 9-1. The beampipe inner diameter at the position of LUCID is 123mm
with thickness 1.5 mm. The range of pseudorapidity covered by LUCID is |5.4 → 6.1| when the
front of the detector is placed at z = ±16.98 m from the IP. An artist’s impression of the LUCID
detector in place is given in Figure 9-2. 

Each LUCID detector module consists of 200
thin, 1.5 m long, cylindrical, gas filled Cerenk-
ov counters. These counters are arranged
around the beampipe in five concentric rings
with 40 tubes each, pointing to the centre of
the interaction region. The tubes are 0.5 mm
thick and are constructed of wound carbon fi-
bre tape. An inner lining of aluminium foil,
approximately 50 µm thick is glued to the in-
ner wall of the carbon fibre tube, using a radia-
tion hard epoxy. The tube diameters are, from
the inner to the outer layer of tubes: 13.28,
15.22, 17.44, 19.98, and 22.90 mm. A cross-sec-
tion though LUCID is depicted in Figure 9-3. 

The light from each tube is collected by a Win-
ston cone machined from aluminium. The
length of the Winston Cones vary from around
80 mm for the inner layer of tubes to 130 mm
for the outer layer of tubes.The wall thickness
of the Winston cones is envisaged to be
0.5 mm. The light from the Winston cone is
collected by a bundle of clad 1mm quartz fi-
bres. Quartz is chosen for its radiation hard-
ness. Each bundle is left loose so that it is not
too rigid to be routed through the forward
shielding to remote photo-detectors. We will need 7 fibres to cover the egress of the Winston
Cone for the inner layer and 19 quartz fibres to cover the egress of the outer layer Winston
Cones. The complete detector structures are enclosed in a thin, aluminium pressure vessel filled
with C4F10. The nominal operation point is at atmospheric pressure, however the vessel will be
designed to operate up to one atmosphere above atmospheric pressure. This allows us to in-
crease the gas radiator pressure in the event that more light is required. 

At present we are investigating candidates for the optical read-out of the quartz fibres. These fi-
bres penetrate the pressure vessel containing the detector through leak proof connectors. It is
envisaged that this read-out will be placed adjacent to the “nose” of the forward shielding and
adjacent to the crates containing the electronic read-out, as shown in Figure 9-1. At this point
magnetic fields are not a problem and there are two candidates for the read-out technology cur-
rently under investigation: photo-multiplier tubes with quantum efficiency ~20% and ava-
lanche photo-diodes with quantum efficiency ~80%. An LED system is planned to enable light
to be introduced into the mouth of each Cerenkov tube, for the purpose of calibration.

We are proposing to use C4F10 as a radiator as it has one of the largest indices of refraction (n=
1.00137) at atmospheric pressure for commonly available gases and good transparency for pho-
tons in the UV region where most of the Cerenkov light is emitted. The Cerenkov light cone half
angle is ~3o, and the momentum threshold for light emission is 9.3 MeV/c for electrons and

Figure 9-2  An artists impression of the LUCID detec-
tor in place between the beampipe and the conical
support tube of the beampipe.
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2.7 GeV/c for pions. It was chosen over the cheaper isobutane (n=1.00143) alternative because it
is non-flammable. 

Prompt particles coming from the IP (primaries) will traverse the full length of the counter and
generate a large amplitude signal in the photo-detector. Particles originating from secondary in-
teractions of prompt particles in the detector material and beam-pipe (secondaries) are softer
and will traverse the counters at larger angles, with shorter path lengths. In addition, the light
from these particles will also suffer a larger number of reflections. The signals from these sec-
ondaries are therefore usually significantly smaller than those from the primaries and can be
discriminated using suitable amplitude thresholds in the electronics and in the offline data anal-
ysis.This is not feasible with scintillation counters. 

Also, for fixed segmentation and at higher occupancies, when two primary particles traverse a
single counter the resulting signal is twice that of a single particle. Given that there are no Land-
au fluctuations (as in scintillators) the counter’s amplitude distribution should show distinct
peaks for the different particle multiplicities hitting the counters. These distributions enable us
to count the actual number of primary particles hitting LUCID and not the number of “hits”.
This helps prevent the counting rate from saturating at high luminosity and allows a more pre-
cise measurement of the average number of interactions [11-27].

The LUCID detector counts tracks from minimum bias events that consist of elastic scattering
events, diffractive events, double diffractive events, low-pT scatters and semi-hard QCD (2-->2)
processes. The total cross-section for these processes is estimated to be ~100 mb (PYTHIA,
msel=2). Secondary particles from primary interactions as well as beam-halo and beam-gas par-
ticles are expected to form the main backgrounds. These backgrounds are currently under
study.

Figure 9-3  A cross-section through LUCID at the mouth of a detector (z = ±16.98m).
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9.3 Electronics and Readout

Two methods of read-out of the optical signals are under consideration at present: PMTs and
APDs. Obviously, the details of the read-out electronics will depend on this choice. However,
the use of a normal bi-alkali PMT with a quartz window and a typical quantum efficiency of
20% will, using current estimates, only yield 12 photoelectrons per track. An increase in the
number of photo-electrons available can be obtained by increasing the gas radiator pressure.
The use of APDs, with a typical quantum efficiency of approximately 80% at the required wave-
length, should further increase the signal per track. The precise optical readout strategy will be
defined in vigorous test program which is now in progress. Although the development of the
read-out system for LUCID is a future milestone, the broad properties of the read-out electron-
ics can be discerned.

The light from the Cerenkov tubes will travel along 20-30 m of quartz fibre-optic cables to the
photo-sensors located by the “nose” region outside of the forward shielding. It is currently en-
visaged that the resulting PMT signals will probably be processed in front-end read-out boards
housed in VME crates near to the PMTs. A transition board will separate the PMT signals for in-
dependent amplitude and time measurements. The amplitude signals will be gated in order to
integrate only the charge from the fast PMT signals. The timing signals will go through an on-
board discriminator and provide the start signal for the TDC. A timing resolution of 100 ps is re-
ported for the CDF CLC [11-26]. Since the LUCID detector is similar to the CDF CLC, the same
timing resolution can be aimed at. Such a resolution is by far sufficient to allow bunch by bunch
luminosity monitoring, and would help substantially background reduction. The amplitude
digitization and read-out and the timing digitization and read-out systems are still under devel-
opment and will be studied first using the full-length prototype discussed below.

In principle the LUCID amplitude and time measurement can be calibrated using data from col-
lisions. In addition, it is envisaged that an LED driven calibration system will be installed to ac-
complish this task in a controlled and well understood fashion. The light will be delivered to the
mouth of each Cerenkov tube.

The LUCID detector will be readout at every trigger together with the rest of the ATLAS sub-
systems. Additionally, it is foreseen that a special, fully unbiased beam trigger will be imple-
mented in order to create a dataset that samples the luminosity continuously through the run.
The dataset can then be analysed offline to produce the final luminosity measurements.

Online luminosity measurements can be implemented in the front-end read-out crates.This in-
formation can then be readout by a crate CPU that will allow bunch to bunch luminosity esti-
mates to be performed. These measurements will be readout by the ATLAS DAQ to monitor the
online luminosity. These results could also be sent to the LHC control room for immediate feed-
back on the collider performance.

9.4 Simulating the LUCID Detector

A GEANT4 simulation of the main features of the LUCID detector has been written. A complete
GEANT4 simulation awaits the details of the support structure and pressure vessel design. The
GEANT4 simulation includes a simulation of the complete path of a photon in the LUCID de-
tector, from generation in the Cerenkov light produced by an incident particle, through trans-
mission down the Cerenkov tube to collection in the Winston cone attached to the tubes and
subsequent transmission down a quartz fibre-optic cable to the PMT.
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Initial GEANT4 simulation of a single muon incident along the axis of a Cerenkov tube of LU-
CID reveals some important characteristics of the LUCID detector. As can be seen from
Figure 9-4 a muon incident on a LUCID Cerenkov tube gives the maximum light output at an
angle of 0o to the axis of the tube.The light output by a 20 GeV muon travelling directly down
the (an outer) Cerenkov tube is ~320 photons. Roughly 230 photons (~85%) are collected by the
Winston cone and presented to the fibre bundle surface. However, only ~60 of the generated
photons reach the end of a 10 m quartz fibre (attenuation length 10m) bundle. Light is lost in the
fibres due to the geometrical acceptance of the fibre bundle and attenuation in the fibre. Assum-
ing the light is detected with a photomultiplier tube with a quantum efficiency of approximate-
ly 20%, we would expect to generate around 12 photo-electrons per track. As can be seen from
the left hand graph the light collected falls sharply with angle.  

The LUCID detector performance was verified using minimum biased events generated by PY-
THIA-6.152 [11-28] using the standard ATLAS settings for minimum bias event generation
(MSEL=0, MSUB(94,95)=1, MSTP(51)=7, MSTP(81)=1, MSTP(82)=4, PARP(67)=1, PARP(82)=1.8,
PARP(89)=1000, PARP(90)=0.16, PARP(84)=0.5, PARP(85)=0.33, PARP(86)=0.66, MSTP(2)=1,
MSTP(33)=0). Single diffractive events are included (ISUB=92,93) in the standard settings.As
can be seen from Figure 9-5 there is a linear relationship between the luminosity and the
number of tracks detected in LUCID. A simple model of the beampipe was then applied, as-
suming a constant beampipe radius of 6 cm, with beampipe thickness 1.5 mm and the analysis
repeated. In this case we obtained the lighter black (red) line that lies very slightly below the no
beam-pipe case. 

The distribution of the number of photons collected by the Winston cones attached to the indi-
vidual Cerenkov tubes of LUCID, is shown in Figure 9-6. The grey histogram represents the
case where the simplified beam-pipe is included. The amplitude distribution, shows a main
peak at around 210 photons and a secondary peak at 420 photons which is contributed by two
particles that go into one tube at the same time. The positions of the peaks are not appreciably
disturbed by the presence of the beam pipe.

A more detailed analysis of the effect of secondary particles and multiple scattering of primary
and secondary particles in the beampipe and upstream material of ATLAS is now underway.

Figure 9-4  Results of a GEANT4 study of the light collected by LUCID when a single muon is incident on a Cer-
enkov tube of LUCID. The left hand graph shows the number of photons generated and collected as a function
of angle and the right hand diagram shows the efficiency with which the light is collected as a function of angle
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This analysis incorporates the latest understanding of the ATLAS detector and beam pipe de-
ployment. 

Figure 9-5  The variation of number of tracks detected by LUCID (in each arm) and Luminosity for minimum bias
events in ATLAS. The black (red) line shows the number when the beampipe is taken into account. Both lines
are derived from events generated using standard ATLAS PYTHIA settings for minimum bias event generation,
with single diffractive events included.

Figure 9-6  Shows the number of photons detected in each tube as collected by the Winston cone at very high
luminosity. The two histograms with (black) an without (grey) the beampipe included are shown in the figure.
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9.5 Calibration of LUCID using elastic scattering

The elastic scattering data will be recorded at an luminosity of 1027 cm−2s−1 and thus the lumi-
nosity monitor will be calibrated at this luminosity. The luminosity for normal running of AT-
LAS will be in the range 1033 – 1034 cm−2s−1. This implies that the calibration has to be carried
over six to seven orders of magnitude. Roughly there are three orders of magnitude from the
difference in β∗, two orders from the difference in the number of bunches and two orders of
magnitude from the lower bunch intensity. In this context there is a clear advantage in using a
luminosity monitor that can resolve the individual bunches i.e. a monitor with a resolution bet-
ter than 25 ns. This implies that the six to seven orders of magnitude reduces to four or five as
the number of bunches factorize out in the extrapolation from low luminosity to high luminosi-
ty. In practice this means that the calibration has to be transferred from running conditions with
2×10-4 interactions per bunch crossing to conditions with about 20 interactions per bunch cross-
ing. These numbers illustrate the two main requirements for any luminosity monitor to be cali-
brated via special low luminosity runs: there has to be very good background rejection to avoid
counting of fake interactions at low luminosity and there has to be a dynamic range of at least
20 to avoid saturation of the monitor at high luminosity. 

The LUCID concept addresses both these questions. Using Cerenkov tubes pointing to the inter-
action point implies possibilities of rejecting low energy secondary particles and thus being sen-
sitive to mainly primary particles from the interaction point. Furthermore it will be possible to
separate one and two particle peaks in the amplitude distribution from each single tube. This
will allow counting of particles instead of counting only hits.In fact, double tracks are clearly
seen in Figure 9.6. If these double tracks were counted as a single hits a non-linearity in the re-
sponse of roughly 5-10% would result. Particle counting   will be of importance to: avoid satura-
tion at high luminosity; obtain the necessary dynamic range; and, ensure the optimum linearity
of response. 

The cross-calibration of LUCID with the elastic scattering data will take place at a luminosity of
1027 cm−2s−1. Based on Figure 9.5, it can be seen that we would expect approximately 1.7 tracks
to be detected per arm of the LUCID detector per pp collision, where we include single diffrac-
tive processes. At the luminosity of 1027 cm−2s−1, the collision rate is 100 Hz for a 100 mb cross-
section, which thus corresponds to 170 Hz tracks per arm. The double-arm rate is slightly less.
The rate of 170 Hz per arm in LUCID is to be compared with the elastic rate in the RP of about
30 Hz. Hence, the calibration of LUCID in a high β run can count on at least the same order of
numbers of events being available from LUCID.

The main background at low luminosity will come from beam gas interactions. This back-
ground is asymmetric with respect to the interaction point. The LUCID detector will have a left
arm and a right arm symmetrically placed around the interaction point and the beam gas back-
ground can thus be strongly rejected by requiring left-right coincidences. This way of reducing
the background is not without problems. By requiring particles in both arms in coincidence we
will be sensitive to a certain event topology. For example, the left-right coincidence requirement
will increase the fraction of double diffractive events in the LUCID sample. At high luminosity
with several events   in one bunch crossing, overlapping single diffractive events can be inter-
preted as double diffractive events. At some level, this will falsify the linearity of the LUCID re-
sponse.We plan to address those questions in a careful Monte-Carlo study that will include the
details of the different steps in the extrapolation procedure. This study will be set up in a way
that it will be able to give the size of the systematic error due to the extrapolation procedure.
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9.6 Prototyping the LUCID Detector System

After initial studies of various types of Aluminium liner the first 6 prototype Cerenkov tubes for
LUCID were fabricated using carbon fibre technology, with a 50 µm soft aluminium liner. The
tubes are shown in Figure 9-7.These tubes have been equipped with Winston cones and will be
mounted in a test pressure vessel. In these tests the flammability of the radiator gas is not an is-
sue. Thus we will employ Isobutane gas as it has the required properties and is cheaper than
C4F10. A high energy cosmic-ray trigger will be implemented using this prototype and the light
emission and collection achieved will be measured and checked against the Monte Carlo. These
tests are planned to take place in three stages. First, we will couple the PMTs directly to the Cer-
enkov tubes. Second, we will couple the PMTs to the Winston cones of the Cerenkov tubes. Last,
we will implement the fibre-optic readout and couple the PMTs direct to the fibre bundle from
each Cerenkov tube. This test bed is currently under construction with testing expected to begin
early in 2004. 

The next step will be to perform beam-tests of the initial prototype. In this case the variation of
light output with beam particle angle to the Cerenkov Tube axis will be studied directly. These
observations can be used to tune the Monte Carlo further. The work will take place in Spring
2004. It is foreseen that initial tests of the readout system utilizing PMTs and APDs will be made
using this system. Starting in late 2004 we plan to make a final prototype, which would demon-
strate a complete “vertical slice” through the LUCID detector and read-out.

Another important issue is the routing of the fibre-optic read-out cables through the forward
shielding to the remote photo-sensors on the “nose” region of the shielding. Work is due to start
in April 2004 on a full scale model of the shielding region showing all access channels. Long
runs of quartz fibre-optic cable with 1 mm sensitive diameter have been made up in order to
test the layout of the fibre-optic cables. Important parameters to be measured here are the actual
length of the runs, the maximum curvature of the fibres required to follow the required path
and the spreading of the fibres required to achieve the correct stiffness of each bundle. A draw-
ing of the nose-shield region of ATLAS used to create the model is shown in Figure 9-8 

Figure 9-7  A picture of the first full length (1.5m) prototype Cerenkov tubes for LUCID.
60 9   A Luminosity Monitor for ATLAS - LUCID  



 

ATLAS Letter of Intent - V1.4
Forward Detectors for Luminosity Measurement and Monitoring 10 March 2004
9.7 The Radiation Environment of the LUCID Detector & Systems

The total ionizing dose and the neutron flux predicted for high luminosity are show in Figure 9-
9 and Figure 9-10, respectively.As can be seen from these Figures, the radiation environment at
the LUCID detector is severe, at 105 Gy/yr total ionizing dose. In addition, there is a flux of 1013

(1 MeV equiv.) neutrons/(cm2.yr) through the same region. Of particular concern are the glue
joints between the Aluminium liner and the carbon fibre cerenkov-radiator tubes and also the
carbon fibre itself. As, the LUCID detector will be relatively inaccessible it is of paramount im-
portance that all elements of the LUCID detector be tested for the equivalent of 10 years of run-
ning at these radiation levels. This testing program has started.  

The suggested site for the photo-detectors and primary read-out crates for LUCID is sketched in
Figure 9-1. From Figure 9-9 and Figure 9-10 it can be seen that the ionizing dose expected for the
primary read-out crates is of the order of 0.1 Gy/yr. The neutron flux for the same region is ap-
proximately 1 kHz/cm2, or ~1010 neutrons/(cm2 yr). The electronics and photo-detectors will
be tested for ten years of running in this less critical radiation environment. 

The radiation environment in the region of LUCID is quite harsh thus it is important that all as-
pects of the LUCID detector, including the fibre-optic read-out cables, undergo radiation test-
ing. In addition, we have to test the radiation hardness of the LUCID read-out electronics and
optical sensors. Although they are in a much more benign radiation environment. radiation
tests of these elements will start in the summer of 2004 and continue until mid 2005.

Figure 9-8  A drawing of the nose-shield region of ATLAS through which the fibre-optic read-out cables from
LUCID must run to reach the remote photo-sensors.
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9.8 Conclusions

The LUCID approach to luminosity monitoring, based on the working CLC detector [11-26] at
CDF provides a practical, robust and economical approach to luminosity monitoring across the
full luminosity range. The LUCID detector is also relatively light and should be supportable in
the available space between the beampipe and the beampipe’s conical support vessel without
any costly changes to the beampipe or beam line elements. The fast timing characteristics of this
detector allow a bunch by bunch luminosity determination. Also, this detector monitors mini-
mum bias events with a very large cross-section (~100 mb) allowing an online luminosity meas-
urement. 

However, much work needs to be done in prototyping, simulation and modelling to prove that
LUCID can meet the challenges of precise luminosity monitoring in the ATLAS environment.
This work is well underway.

Figure 9-9  The ionizing radiation environment of ATLAS measured in Gy/year (TID). The LUCID region as
picked out suffers an annual dose of 105 Gy/yr.
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Figure 9-10  The neutron flux (En > 100 keV) throughout the ATLAS experiment measured in KHz/cm2. The
neutron flux through the LUCID regions is shown at around 1013 neutrons/cm2 (1 MeV equivalent).
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10 Project Organization and Plan

The ATLAS Forward Luminosity project naturally divides into two major parts: the Roman Pot
detectors and the luminosity monitor detector LUCID. The planning and development for the
LUCID detector is in a relatively advanced stage, while the activity of the Roman Pot detectors
has only recently started. Therefore, the proposed plan and cost estimates outlined below are
necessarily crude and many details are unknown at this stage; these have to await the prepara-
tion of a full technical design for both systems. If the present LoI is encouraged to proceed, we
propose to present a Technical Design Report (TDR) within a year of this LoI. We are aware of
the tight installation schedule of both ATLAS (concerning LUCID) and LHC machine (concern-
ing the Roman Pot inserts). We are already in contact with the relevant groups and we will iden-
tify the critical items and work out solutions already before the complete TDR becomes
available.

10.1 LUCID

The preliminary cost estimate for the LUCID detector is given in Table 10-1. At the moment en-
gineering and industrial cost estimates are available only for part of the detector components.
Electronics and DAQ costs are only partially included. The total material cost of LUCID is
380KCHF, which excludes costs of design and engineering labour, construction labour, ship-
ping, and travel for commissioning.

The University of Alberta has overall responsibility for the LUCID detector system and its man-
agement. The final sharing of responsibilities will be established once this LoI is approved and
will be described in the TDR. The expressed interest by the collaborating institutes at present is
shown in Table 10-2. Tight consultation with the ATLAS Technical Coordination and ATLAS
management is also assured for the integration and scheduling issues. 

During 2004, our effort will concentrate on the photo collection optimization, quartz fiber bun-
dle technology, and photo detection R&D. Detailed read-out electronics development will only
start after the photodetection option has been frozen.

Table 10-1  Preliminary cost estimates for the LUCID system (in KCHF).

Item Material cost Comments

Tubes 37.0 tubes for three full LUCID sub-systems

Winston cones 31.0 R&D ongoing

Quartz fibres 62.0 R&D ongoing, path estimates to be done

Read-out PMTs 62.0 choice between APDs and MAPMTs to be made. Front-end elec-
tronics included.

Auxiliary material 125.0 Gas distribution and vessel, calibration system, power supplies, 
infrastructure.

R&D 62.0 30% of the cost for the first four points.

total 379.0
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Construction of LUCID will take place in 2005, with installation foreseen in mid-2006. Commis-
sioning of LUCID can begin at the earliest switch-on of the LHC, with single beams, in 2007. In-
deed, we intend that LUCID serve as a useful, and robust, machine development instrument,
monitoring the ATLAS IP, during the initial beam periods when beams may be unstable and of
low density: beam-gas as well as beam-beam interactions at ATLAS are efficiently detected by
LUCID.

10.2 Roman Pot Detectors

A preliminary cost estimate for the major components of the Roman Pot detector is given in
Table 10-3. It is evident that several items, including for example integration of the RP units to
the LHC vacuum, are not included. The total cost of the Roman Pot detector is estimated at
875 KCHF. This compares well with the cost of the 4 station system employed at RHIC by the
PP2PP Collaboration[11-23]. 

Table 10-2  Areas of interest for the LUCID detector construction.

Activity Institutions interested

Overall responsibility University of Alberta

Design and construction University of Alberta, University of Montreal

Photodetectors (shared activity with the 
Roman Pot detectors)

University of Alberta, CERN, SUNY Stony Brook

Fibres University of Alberta

Gas and support system University of Alberta

Trigger and DAQ Not addressed yet. Similar solutions to those in other 
ATLAS sub-systems will be adopted.

Table 10-3  Preliminary cost estimates for the Roman Pot detector (prices in KCHF).

Item Cost Comments

Roman Pot units 220.0 Complete units: mechanics, control 
electronics, and Pot proper.

Polarity inverters for Q4 30.0

Scintillating fiber detectors 175.0

Photodetectors 500.0 Similar for both APDs and MAPTs

Trigger scintillators, read-out, power supplies (LV, 
HV), slow controls, cabling.

150.0 

System integration and material 75.0 Crude estimate.

R&D costs 100.0 30% of detector + PMT cost

total 1250.0
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At this stage of the project, the final responsibilities among the institutes that have expressed in-
terest in the project, are not yet defined. Indications for areas of interest and potential construc-
tion capabilities of the collaboration are given in Table 10-4.

As discussed in Chapter 6, the Roman Pot unit design is already well advanced. We hope, pro-
vided this LoI is encouraged to proceed, to join with the TOTEM Roman Pot unit production
and have our Roman Pot units in line with the LHC machine installation schedule. 

The design of the Pot proper will require some R&D effort and help from a group with strong
engineering support, which will be able to collaborate closely with the LHC machine groups
and the RP unit designers. Within ATLAS such institutions exist, and we would hope to acquire
their help. We estimate the detector construction to last about one year, preceded by fiber pro-
curement (6 months). Trigger detectors and their read-out and logic are assumed to be straight-
forward and simple.

Table 10-4  Areas of interest for the Roman Pot detector construction. 

Activity Institutions interested

Scintillating fibre detectors CERN, Ecole Polytechnique

PMT evaluation and procurement CERN, Ecole Polytechnique, SUNY Stony Brook, 
Institute of Physics Academy of Science Czech 
Republic

Trigger detectors University of Texas

Trigger, DAQ and electronics University of Manchester
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A Alternative Determinations of Luminosity

In this Letter, the Coulomb normalization of the luminosity is proposed as the primary means of
luminosity calibration. In the following sections we discuss in more detail the status of alternate
methods of luminosity determination as pursued by ATLAS. 

A.1 Using muon pair production by double photon exchange

For measurement of the luminosity at proton colliders it is attractive to use some QED process
with well known cross section. Such possibility presents the two photon production of lepton
pairs (electrons or muons) where virtual photons accompanying protons collide at large impact
parameters. In this case accurate knowledge of the proton structure is not needed. The detail
study of the trigger issues and the background conditions has shown that using of pp→pp+µ+µ−

with pT(µ)>6 GeV and |η|< 2.3 looks favorable for ATLAS [A-5]. The expected statistical accu-
racy of the luminosity measurement is about 1.5% for an integrated luminosity of 10 fb-1.

Important questions to this method are backgrounds from other processes, systematic errors
connected with the proton structure and its possible dissociation, strong interactions between
protons (so called rescattering). These questions has been analyzed in [A-5]. It was concluded
that the theoretical accuracy of the elastic signal is better than 0.5% and limited by the accuracy
of the proton form factors. The inelastic contribution is small enough and can be subtracted be-
cause the acolinearity angle distribution of the inelastic process is much wider than that of the
signal (elastic process). The rescattering does not change the elastic cross section, for inelastic
process it gives some change but due to the above subtraction its contribution to the luminosity
measurement is negligible. 

The total cross section of inclusive µ+µ- production in pp collisions is larger than the two photon
cross section in the chosen kinematical region by a factor of 3×104. It is spectacular that after
proper cuts which only slightly decrease the efficiency of the two photon process one can reach
a suppression factor for backgrounds about one million making the contribution of back-
grounds negligible. The cuts are the following: 

• The event contain two muon tracks of opposite sign with pT > 6 GeV and |η|< 2.2;

• Muon pair invariant mass Wµµ< 60 GeV (against Z0);

• The absolute values of pT of the muons are equal within 2.5σ of the measurement uncer-
tainty (σ(pT)/pT ≈ 1.5% for pT< 20 GeV);

• The acollinearity angle θ > 1° so the muons are not exactly back-to-back (against the cos-
mic ray background);

• Probability of χ2 > 1% for the muon vertex fit;

• There are no other charged tracks with pT> 0.5 GeV, |η|< 2.5 which comes from the µµ
vertex (against events with large multiplicity).

The last cut suppress the Drell-Yan process by a factor of 100 and heavy quarks and π, K decays
by a factor of 1000. The loss of the process under study due to overlap of events can be accurate-
ly taken into account using the same experimental data. The simulation was done using the par-
ticle level Monte Carlo code with detector properties parameterized according to ATLAS
specifications. Backgrounds were simulated using PYPHIA code.
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The resulting acomlanarity angle distribution for the muon pair is presented inFigure A-1.  

The dominant background contribution give inelastic two-photon and Drell-Yan processes
which also have non-uniform acoplanarity distribution but much wider than the elastic two-
photon process. The final signal extraction can be performed by fitting the φ distribution in the
range 20-40 mrad with the signal shape obtained by Monte Carlo and the symmetric parabolic
background A-Bφ2. The cross section of the elastic two photon process under these conditions,
taking into account of the trigger efficiency (≥ 0.65) is about 1 pb. 

As the trigger for the process γ γ → µ + µ - one can use in low luminosity runs the first level trig-
ger MU6 and in high luminosity runs MU6×2. The experimental uncertainty is connected with
the trigger efficiency. This is a problem for any luminosity measurement method and can be
solved only by experimental measurement of the efficiencies using independent trigger condi-
tions. In order to check the efficiency in low luminosity runs one can use the first level trigger
MU6. In the second level trigger one should select events with additional track in the region
within the acoplanarity angle ±50 mrad. After the full reconstruction and muon identification
one can check the presence of the MU6 trigger in this region and thus to find the efficiency of
the MU6 trigger. Another option to measure the efficiency of MU6 is to use the independent
first level trigger MU20 which has acceptable rate at any luminosity. This trigger will pass, for
example, events J/ψ, Y, or Z→µ+µ-, where the second muon can have momenta in wide energy
range and can be used for checking the MU6 efficiency. 

A.2 Using Single Gauge Boson Production

A luminosity monitor, utilizing the important and well studied process of single gauge boson
production at hadron colliders, can be realized by observing and counting the production of W±

and Ζο gauge bosons and their subsequent leptonic decay to either electrons or muons [A-1]:
W→lν and Z→ll, where l=e,µ.

Figure A-1  The acoplanarity distributions for the signal and dominant background processes with all
cuts applied.
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As can be seen from the equation below the measurement of the delivered luminosity can be
made using the experimental observed event rate, a knowledge of the parton distribution func-
tions (from theory and experiment) and the known cross-sections (from theory and experiment)
for single gauge boson production at the LHC

. A-1

Various theoretical and experimental considerations must be taken into account to evaluate this
method of monitoring the luminosity delivered to the LHC experiments. Any determination of
the collider luminosity and its corresponding uncertainty is dominated by the uncertainty in the
knowledge of the cross-sections: σqq→W and σqq→Z. Currently the theoretical cross-section un-
certainties are estimated to be approximately 4% [A-2]. Experimental factors which must be
considered when implementing gauge boson counting as a luminosity monitor include:

• W→lν and Z→ll, (where l=e,µ) event selection,

• Electron and muon selection and identification efficiencies

• Detailed knowledge of trigger efficiencies

• Geometric and kinematic acceptance of the detector

• Systematic uncertainties of the EM scale, W boson width and PDFs

• QCD backgrounds

For the case of single W± counting the value of the delivered luminosity can be written to in-
clude such experimental factors:

A-2

where, Ncand is the number of W candidates, fQCD is the fraction of events from the QCD back-
ground, NZ equals the number of candidates that are Z events, ε is the lepton identification effi-
ciency, A is the detector acceptance, AT is the detector acceptance times Br(W→τν) and σW is the
theoretical W production cross-section. 

This approach to online luminosity monitoring is also being studied by the CDF and D0 collab-
orations for RUN II of the Tevatron [A-3].

ATLAS Trigger Conditions and Event Rates
Table A-1 lists the requirements of the ATLAS first and second level triggers for the selection of
W± and Ζο events during running at low and high luminosity [A-4]. Higher thresholds and
more stringent isolation requirements are applied at the second level in order to efficiently iden-
tify leptons coming from single gauge boson production. For example the selection of single W±

events requires at the second level trigger either a 20 GeV muon or an isolated electron at low
luminosity. The energy threshold of the isolated electron is raised to 30 GeV for high luminosity
running.

Npp W→ L PDF x1 x2 Q
2, ,( ) σqq W→⋅⋅=

Npp Z→ L PDF x1 x2 Q
2, ,( ) σqq WZ→⋅⋅=

L
Ncand 1 fQCD–( ) NZ–
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AT
A
------+ 

  σW
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As part of the W→lν event selection it is also
required that the event contain an isolated e or
µ with PT>25 GeV within |η| < 2.4 as well as
missing transverse energy ET

miss > 25 GeV.
Furthermore it is required that no jets with PT
>30 GeV be found in the event and the recoil
should satisfy |PT| <20 GeV. Based upon the
efficiency values for event selection, lepton
identification and lepton reconstruction
shown in Table A-2 the final selection criteria
for W→lν events yield approximately 6x106 events for every 10 fb-1 collected at the LHC 

At low luminosity and high luminosity the expected W→lν event rates are 6 Hz and 60 Hz, re-
spectively. For low luminosity running approximately 30 minutes (1 minute) is required to
measure the delivered luminosity to a statistical accuracy of 1% (5%). At high luminosity ap-
proximately 3 minutes (6 seconds) are required to measure the delivered luminosity with a sta-
tistical accuracy of 1% (5%). These rates are large enough to allow an online monitoring system
that can follow the luminosity as it degrades across the lifetime of a fill.

Conclusion
The counting of single gauge bosons events is a promising method for fast online and more ac-
curate offline, luminosity measurement at the LHC. Due to the large rate of single gauge boson
production expected at the LHC the final uncertainty in the measured luminosity will be limit-
ed by the accuracy of the cross-sections for single boson production and our knowledge of the
PDFs. At low luminosity statistical uncertainties in the calculation of the luminosity of less than
5% are achievable after only one minute of running. It is likely that the continuing study of such
channels at the Tevatron along with continued theoretical attention to the cross-section calcula-
tions at NLO and beyond, will enable us to use single gauge boson counting at the LHC to ob-
tain an offline estimate of the absolute luminosity to better than 5%.

A.3 Luminosity measurement in heavy ion running

The method for Luminosity determination in Heavy Ion collisions is very different from that
proposed for pp running. The analogous, calculable, electromagnetic interaction between Pb
beams results in coincident (mutual) Coulomb dissociation of the outgoing beam particles. Sin-
gle beam dissociation is a primary contributor to Luminosity lifetime at the LHC. The experi-
mental signature is the emission of one or more neutrons (it is completely dominated by
neutron emission in the case of heavy nuclei because of the Coulomb barrier) with small kinetic

Table A-1  ATLAS trigger conditions for the selection of W→lν and Z →ll events at the LHC

Process Trigger 

Low Luminosity High luminosity

1033 cm−2s−1 1034 cm−2s−1

W→lν Level 1 MU6/EM20I MU20/WEM30i

Level 2 µ20/e20i µ20/e30i

Z→ll Level 1 MU6/EM15I X 2 MU6/EM20I X 2

Level 2 µ6 + µ5/(e15i x 2) (µ10/e20i) x 2

Table A-2  W selection efficiencies for ATLAS.

Quantity Efficiency

W→lν selection 25

Lepton reconstruction 90

Lepton identification 80

Overall event selection 20
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energy relative to the beam nucleus. At the LHC, dissociation neutrons can be detected by for-
ward calorimetry in the TAN absorber. 

The cross section for Mutual Coulomb Disso-
ciation at the LHC is also large and compara-
ble to the total geometrical cross section as
shown in Table A-3. It has been used for real-
time luminosity measurement and beam com-
missioning throughout the RHIC program be-
cause the 2 arm coincidence it provides is
essentially immune to machine backgrounds.
Typically, even in pp running mode, the sig-
nal-to-noise ratio is > 104 as inferred from Van
der Meer scans where the luminosity is re-
duced to zero by mis-aligning the beams, see
Figure A-2. 

Calculations for Mutual Coulomb Dissociation
[A-6] at both RHIC and LHC have an estimat-
ed theoretical accuracy of order 5%. Further-
more the cross-sections have now been
measured at RHIC and, based on these and
other measurements, it is likely that this un-
certainty can be further reduced by the time of
LHC start-up [A-7]. 

Once the instrumentation is in place for for-
ward neutron measurement (and we expect it
to be in at LHC start-up), absolute luminosity
measurement can be carried out without any
special requirements on the machine configu-
ration. The corresponding measurement at
RHIC was completed during the first commis-
sioning run of the machine.

The forward neutron (so-called Zero Degree)
Calorimeters are a common tool for minimum
bias triggering in the Heavy Ion program. Since the energy scale is readily calibrated from the
spacing and location of the multiple neutron emission peaks, fully calibrated data have been
available very early on in commissioning. As at RHIC, the forward “spectator neutron” meas-
urement is likely to be a widely used tool for event characterization (reaction plane determina-
tion, centrality, etc.) in the ATLAS Heavy Ion program. For this reason the methodology for
absolute luminosity determination during Pb beam runs will be in place with no additional im-
pact on ATLAS or the machine scheduling.

A.3.1 Impact on Luminosity determination during pp runs:

At RHIC, Heavy ion running preceded the initial proton runs. Although designed for a role spe-
cific to Heavy Ion runs, the Zero Degree calorimeters were also used for commissioning and lu-
minosity monitoring in the proton runs.

Figure A-2  RHIC Van-der-Meer scans.

Table A-3  Calculated mutual Coulomb dissociation
cross sections for PbPb at the LHC.

Process Cross-section [barn]

σ(1n,1n) 0.537

σ(1n,Xn) 1.897

σ(Xn,Xn) 14.75

σ(Xn) 227.3
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If, as appears likely, there will be limited Pb beam running within a year or so of LHC start-up,
the Heavy Ion luminosity determination will impact ATLAS’ ability to determine the absolute
luminosity during proton runs also. The absolute luminosity measurement with Pb beams is ef-
fectively a calibration of the Luminosity calculation using real-time accelerator parameters.
Even though the design luminosity of Pb and proton beams are quite different from one-anoth-
er, the physical measurements performed by the machine instrumentation (total charge within a
bunch, beam profile, etc.) span similar ranges during early running. Furthermore these parame-
ters change with time so, even within a span of a few stores, a lot of data will be logged on the
measured luminosity versus the calculated quantity. Similar studies have been performed at the
Tevatron. Calibration of the accelerator-based luminosity determining tools in a Heavy Ion run
will lead to improved understanding of the pp luminosity. Based on CDF experience this pro-
gram should lead to pp absolute luminosity determination with an uncertainty <10%. The cor-
responding exercise resulted in a 7% uncertainty in CDF when a study was done to infer
luminosity scale at 1800 GeV based on a calibration at 546 GeV. 

This application of luminosity calibration based on Heavy Ions will be a useful benchmark until
the more precise determination from the luminosity independent method can be completed. It
is also likely to be useful to have more than one independent determination of luminosity for
the pp data since the previous history of the total cross-section measurements at the Tevatron
energies contains some unresolved inconsistencies. 
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B Scintillating Fiber Detector

The detector based on optical scintillating fibers has proven its performances during the UA4/2
experiment data taking at the p-pbar Collider at CERN. This kind of detector is simple in con-
struction and operation. It doesn’t need any internal calibration; it can work in a high flux. Its
sensitivity up to the edge cannot be reached by any other type of detector. It is insensitive to
electrical noise induced by the very close circulating proton bunches. The UA4/2 detector was
made of twelve planes of 1mm diameter round fibers. The availability of square shape fibers al-
lowed us to construct a more recent detector used as a beam hodoscope. Its construction and
performance are described below.

B.1 Mechanical Assembly

The detector is composed of 2 identical planes of optical scintillating fibers. Each plane consists
of 32 square 1×1 mm2 fibers. The two planes are staggered by 0.5 mm. The assembly is done by
a radiation resistant glue. The fibers are aluminium coated to avoid optical cross-talk between
two adjacent fibers.The position of each fiber was measured and taken into account in the data
analysis. The total position dispersion was less than 0.03 mm. Each fiber is positioned in the
center of a pixel of a Hamamatsu multianode photomultiplier (type H7546). The cross talk be-
tween two adjacent anodes is given as 2.5%. Care was taken to avoid positioning of two close
fibers to adjacent anodes. Figure B-1 shows the schematic of the assembly. 

B.2 Associated Electronics.

The photomultiplier is a multianode -64 channels- assembly, type H7546, from Hamamatsu. The
pixel size is 2×2 mm2; the fibers are centred on the pixel. The cross talk is given as 2.5% by the
constructor. The photomultiplier output is read out by a large gain amplifier. Each channel has a

Figure B-1  Detector assembly: fibers and PMTs. Figure B-2  Two hodoscope elements installed in the
H4 beam line at CERN SPS.
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gain adjusted to compensate the in homogeneity measured by Hamamatsu. A minimum ioniz-
ing particle gives between 5-7 photoelectrons.

 A wide band amplifier is associated to each photomultiplier channel. As the photomultiplier
gain can vary up to a factor two between different channels. The amplifier gain is adjusted to
get a uniform output. The 64 channels are then discriminated at an adjustable threshold from 1
to 70 mV. Line drivers send the signal to the data acquisition pattern units through 85 meters of
twisted pair cables. The electronics scheme is shown in Figure B-3 together with a picture of the
board.  

Figure B-3  View of the front-end electronics card mounted at the back of the PMTs.
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B.3 Performance

Two assemblies composed each of two detectors (one vertically, the second horizontally) are
currently installed 3 meters away from each other and operational in the H4 beam line at the
SPS. The trajectory selection is made by coincidence of two fiber clusters in each associated
group of detectors. This eliminates essentially the photomultiplier cross-talk. A total inefficien-
cy of 5% was measured; it corresponds to the dead space between fibers (gladding + glue). In
that case the particle position is fixed to the interspace. The measured resolution is 150 microm-
eters, which is very close to the theoretical obtained by dividing the binning of 0.5 mm by
square root of 12. The attached figures show beam profiles obtained with these detectors. The
measured global efficiency is 99.7%. 

Figure B-4  Beam profile Figure B-5  Beam profile
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