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LUCID in ATLAS
• LUCID (LUminosity Cherenkov Integrating Detector) is the main ATLAS 

luminometer for online and offline luminosity.

• LUCID is located at ~17 m from the IP, at ~12 cm to the beamline (𝜂 ~ 5.6).
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The LUCID challenge

• Fast
– Time between colliding bunches is only 25 ns.

• Stable in time
– Only one calibration fill per year is highly demanding in terms of stability which 

must be continuously monitored.

• Stable over a wide luminosity range
– The average number of pp-interactions (𝜇) is calibrated at very low values (10-3) 

and is accurately extracted to more than 60.

• Stable for different pile-up conditions
– Particles from overlapping pp-interactions might affect the accuracy of the 

luminosity determination.

• Radiation hard
– High level of radiation in the proximity of the LHC beam-pipe.

Detector requirements for an accurate luminosity monitoring @ LHC
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The LUCID evolution
• LUCID-1 was a Cherenkov tube detector with a gaseous radiator.

• LUCID-2 is designed to cope with an increased number of interactions (𝜇) 
per LHC bunch crossing and a reduced bunch spacing (from 50 to 25 ns):

– Remove the gas detector to reduce systematics.
– Use PMTs with smaller windows to reduce acceptance.
– Read-out electronics has been redesigned to cope with 25 ns bunch spacing.

LUCID-1 LUCID-2
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The LUCID-2 detector

• …

From 2017 all PMTs are monitored with Bi-207, except those for fiber read-out.

2016
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The LUCID-2 readout
• Four custom VME boards (“LUCROD”) hosting 16 FADCs.

– Boards are placed at ~15 m from the detector to cope with 25 ns bunch spacing.

• The FADC performs digital samplings of analogic signals with 12 bits 
precision and stores them in FIFOs.

– FADC sampling rate: 320 MS/s (one every 3.125 ns).
– Number of sampling: 64 but it can be changed.
– Range of input signals: 1.5 V.
– Optical data transfer: 1.3 Gb/s.
– Max transfer rate: 100 k events/s.

LUCROD
Figure 18. Picture of the LUCROD board.

16), one serving the analog output and the other one feeding a 320/480 MHz FADC 5 with 12-bit
resolution (ENOB simeq 10) and 1.5 V dynamic range. The zero level of the signals is as well
adjustable with dedicated DACs.365

Each LUCROD board hosts one group of eight channel FPGAs6 and another group of two
FPGAs7. The former are directly connected to the inputs, each receiving the digitized data of two
channels. The latter implement the VME interface and the interface to the optical transceivers. All
data buses are 16-bit, while the VME interface at both 16 and 32 bits are implemented.

In the Channel FPGAs the digitized inputs are summed over each BCID (Bunch Crossing370

ID) period (25 ns, or 8 samples) to provide charge information, and compared to a programmable
threshold to define hits within the same time windows. While hits and charge are accumulated in
3564-slot FIFOs (the depth corresponds to an LHC orbit), 64 samples of the digitized waveforms are
made available for VME readout upon the presence of a trigger, selectable between a programmable
portion of the LHC orbit, or the presence of a hit. This slow VME readout provides a monitoring375

data stream, representing a hardware sampling of each PMT waveform. The other FPGAs receive
charges and hits from programmable combinations of the Channel FPGAs, and provide charge-sums,
hit-sums, and event (at least one hit in one of the selected inputs) sums with BCID granularity.
In addition, the FPGA receiving hits routes them to the output transceiver feeding optical fibers
connected to a LUMAT board. Since the transceiver operates at a 100 MHz frequency and sends380

serialized 16-bit words to the optical fiber, an interface is needed in the FPGA to implement an
8b/10b protocol and bridge the clock domains. This is accomplished through an elastic buffer where
control k-words are added with the triple purpose of feeding the higher transceiver clock, serving

5AD9434BCPZ-500
6Altera Cyclone IV EP4CE40F484
7EP4CGX30F484

– 18 –
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The LUCID-2 readout

• The LUCROD amplifies, digitizes, discriminates and integrates signals to 
measure the charge in every 25 ns bunch crossing periods. 

• Hit patterns in 25 ns time slots are transmitted to two LUMAT boards 
located about 100 m away from the detector via optical links.

• The LUMAT correlates hits of the two LUCID detectors and produce online 
and offline luminosity measurements with several independent algorithms.



ICNFP 2017 - A. Sbrizzi 8

Radiation hardness

• PMTs with fused silica (100% SiO2) windows are radiation hard. 

• PMTs have been exposed to 𝛾 (200 kGray) at the CALLIOPE facility and to 
neutrons (2.6 1014 n/cm2) at the TAPIRO facility. 

– An increase of the dark current was observed but no change of signal size or gain. 
– The measured dose delivered to PMTs in 2015 was 9.4 kGray.

Before irradiation

After 𝛾 irradiation
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The luminosity measurement

LUCID measures the average instantaneous luminosity for each pair of 
colliding LHC bunches during time periods of about 1 minute.

𝐿 = 𝑓'()
𝜇*+,
𝜎*+,

𝑓'(): LHC revolution frequency 11.245 kHz.
𝜇*+,: “visible” average number of pp interactions per 
bunch crossing measured by LUCID. 
𝜎*+,: “visible” cross section measured in beam 
separation scans, typically once per year.

• 𝜇*+, is measured with algorithms 
based on events/hits counting and 
on charge integration.

• Each PMT can be used as an 
independent luminosity detector.

colliding bunches

after glow background
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Beam separation scan

”Low intensity” runs (𝜇 ~ 10-3) in which luminosity detectors measure the 
interaction rate for several beam separations to extract 𝜎*+,.

𝜎*+, = 𝜇*+,./0 2𝜋Σ0Σ4
𝑛6𝑛7

• n1n2: beam population product from beam current measurement.
• 𝜇*+,./0: maximum interaction rate.
• Σ0Σ4: product of the widths of the interaction rates.

Luminosity Scans at the LHC

S. M. White, CERN, Geneva, Switzerland

Abstract

INTRODUCTION
For particle colliders, the most important performance

parameters are the beam energy and the luminosity. High
energies allow the particle physics experiments to study
and observe new effects and the luminosity is used as a
measure of the number of collisions. It is defined as the
proportionality factor between the event rate, measured by
the experiments, and the cross section of the process ob-
served.

The Large Hadron Collider (LHC) is designed to pro-
duce proton proton collisions at a center of mass energy of
14 TeV. This energy will be the highest ever reached in a
particle accelerator. The knowledge and understanding of
particle physics at such high energy is based on simulations
and theoretical predictions. As opposed to e+e− colliders,
for which the Bhabba scattering cross section can be accu-
rately calculated and used for luminosity calibration, there
are no processes with well known cross sections and suf-
ficiently high production rate to be directly used for the
purpose of luminosity calibration in the early operation of
the LHC.

The luminosity for colliding beams can be directly ob-
tained from geometry and numbers of particles flowing per
time unit, as pioneered by S. Van Der Meer at the ISR [1].
For the LHC, it was proposed to use this method to provide
a first luminosity calibration based on machine parameters
for the physics experiments [2, 3].

Later, dedicated operation of the LHC using special spe-
cial high-β∗ optics should allow to independently obtain
an accurate cross section and luminosity calibration close
to the 1% level, by measurements of the very forward pro-
ton proton scattering with the TOTEM and ATLAS experi-
ments [4, 5].

THE VAN DER MEER METHOD
We consider two bunches of N1 and N2 particles col-

liding in an interaction region as shown in Figure 1. For
bunches crossing head-on at a frequency f (revolution fre-
quency in the case of a circular collider) the luminosity is
expressed as:

L0 =
N1 N2 f

Aeff
, (1)

where Aeff is the effective transverse area in which the
collisions take place. The revolution frequency in a col-
lider is accurately known and the number of particles or

beam intensity is continuously measured with beam cur-
rent transformers which should reach an accuracy of 1 %
for LHC nominal beam parameters [6]. The only unknown
parameter that needs to be measured is the effective trans-
verse area which depends on the density distribution ρ1 and
ρ2 of the two beams.

Figure 1: Luminosity from particles flux and geometry.

It was shown by S. Van Der Meer in [1], that if the den-
sity distributions in the horizontal and the vertical plane are
uncorrelated and stable, the effective transverse beam size
can be measured by performing scans in separation and in-
tegrating the resulting curve of the interaction rate versus
the separation δu (where u stands for x or y). Indepen-
dently of the beam shape, the effective area is then given
by:

Aeff =

∫
Rx(δx) dδx

Rx(0)

∫
Ry(δy) dδy

Ry(0)
, (2)

where R(δx, δy) = Rx(δx)Ry(δy) if the horizontal and
vertical density distributions are uncorrelated, describes the
evolution of the interaction rate as a function of the trans-
verse offsets δx and δy measured during the separation
scans.

For Gaussian distributions, the luminosity L as a func-
tion of the transverse offsets is also a Gaussian

L = L0 exp

[
− δx2

2 (σ2
1x + σ2

2x)
− δy2

2 (σ2
1y + σ2

2y)

]
, (3)

where σ1u and σ2u are the individual r.m.s. beam widths.
Applying Equation 2 to compute the effective area we get:

Aeff = 2π
√
σ2
1x + σ2

2x

√
σ2
1y + σ2

2y, (4)

and

L0 =
N1 N2 f Nb

2π
√
σ2
1x + σ2

2x

√
σ2
1y + σ2

2y

, (5)

which is the standard formulae of the luminosity for el-
liptical beams colliding head-on [7]. To be noted that the
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PMT stability monitors

• Three systems to monitor the PMT stability between LHC fill.
• The monitoring system based on Bi-207 has performed better than the 

system based on LED light.

mu-metal shielding magnetic fields 

Bi-207 produces electrons with energy 
of about 1 MeV, which is  above the 
Cherenkov threshold in quartz. 
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The Bi-207 monitoring system

The mean amplitude and charge are also used 
for online and offline luminosity corrections.

HV is automatically changed to 
correct for PMT gain variations.
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Accuracy of luminosity measurement

• LUCID luminosity is corrected for:
– PMT gain changes using the Bi-207 monitoring system.
– PMT gain drift using other detectors (0.7%). 
– µ-dependence using track counting in one run.

𝜎9:97;6< = 2.1%
𝜎9:97;6@ = 2.2%

Statistical uncertainty is negligible.

Systematic uncertainty is obtained 
by comparing to other detectors.

The red arrow indicates the run 
used to normalize LUCID to all 
other detectors.
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Conclusions
• The LUCID-2 detector is the main ATLAS luminosity detector.

• It is a Cherenkov detector made of radiation hard PMTs 
– The Cherenkov radiator is the 1.2 mm thick quartz window. 

• Thanks to fast PMT signals (1 ns rise-time), LUCID-2 can measure 
the luminosity of individual LHC bunch crossings (25 ns).

• High stability is necessary for an accurate luminosity measurement.
– Novel monitoring system: small drops of radioactive Bi-207 deposited on the 

PMT quartz windows provides a flux of ~1 MeV monitoring electrons.

• Despite more than 60 pp-interactions per bunch crossing, the 
systematic uncertainty reached in 2016 was slightly higher than 2%.


