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• Using light to “see” particles 

• Optics is becoming a key tool for the task of meeting the ever more 
stringent requirements of particle detectors 

• High precision measurements are made possible by implementing 
advanced optical techniques and integrating them in detector 
systems 

• Main areas of interest 

• energy calibration 

• alignment 

• stability monitoring 

• …

Introduction
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Laser calibration in Muon G-2
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Why use a storage ring?
• Parity violation in muon decay ! high 

energy decay positrons are 
preferentially emitted in the muon spin 
direction 

• Measure the energy spectrum with 
detectors around the inside of the ring

e
+
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• The laser calibration system is a key element of Muon g-2, it was practically absent in the previous 
Brookhaven Lab experiment 

• Simple working principles: 

• a “source monitor” employing a 241Am source as reference gives the absolute calibration of laser pulse amplitudes 

• laser pulses are distributed to the calorimeter crystals through a fibre optic network monitored by “local monitor” 

• laser pulses illuminate the calorimeter crystals through a “diffuser”, and several pulse sequences are used in order 
to obtain the gain corrections to be applied to the SiPMs

The laser calibration system
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124 STATISTICAL AND SYSTEMATIC ERRORS FOR E989

5.2 !a systematic uncertainty summary

Our plan of data taking and hardware changes addresses the largest systematic uncertainties
and aims to keep the total combined uncertainty below 70 ppb. Experience shows that many
of the “known” systematic uncertainties can be addressed in advance and minimized, while
other more subtle uncertainties appear only when the data is being analyzed. Because we
have devised a method to take more complete and complementary data sets, we anticipate the
availability of more tools to diagnose such mysteries should they arise. Table 5.2 summarizes
this section.

Table 5.2: The largest systematic uncertainties for the final E821 !a analysis and proposed
upgrade actions and projected future uncertainties for data analyzed using the T method.
The relevant Chapters and Sections are given where specific topics are discussed in detail.
Category E821 E989 Improvement Plans Goal Chapter &

[ppb] [ppb] Section
Gain changes 120 Better laser calibration

low-energy threshold 20 16.3.1
Pileup 80 Low-energy samples recorded

calorimeter segmentation 40 16.3.2
Lost muons 90 Better collimation in ring 20 13.10
CBO 70 Higher n value (frequency)

Better match of beamline to ring < 30 13.9
E and pitch 50 Improved tracker

Precise storage ring simulations 30 4.4
Total 180 Quadrature sum 70

5.3 !p systematic uncertainty summary

The magnetic field is mapped by use of NMR probes. A detailed discussion is found in Chap-
ter 15. In Table 5.3 we provide a compact summary of the expected systematic uncertainties
in E989 in comparison with the final achieved systematic uncertainties in E821. The main
concepts of how the improvements will be made are indicated, but the reader is referred to
the identified text sections for the details.

BNL (2001) Muon g-2 at FNAL

from Muon g-2 “TDR”
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• Main requirements for the laser system 

• monitoring and calibration of the calorimeters at the 0,04% level on the time 
scale of a single muon “fill” (700 μs) 

• detector gain correction and monitoring at a level <10-3  over several hours of 
running 

• synchronization of calorimeters, integral beam counter (“T0 counter”) and 
beam position monitors (“Fiber Harps”) 

• Adopted solutions 

• laser pulses sent simultaneously to all 54x24=1296 calorimeter crystals 

• pulses distributed over a multimode optical fiber network 

• continuous monitoring of both pulses and fiber network 

• custom timing and control electronics

Main requirements and solutions
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• Laser heads 

• generate triggerable 405 nm laser light pulses  

• Diffusers 

• uniformly distribute light intensity on every single calorimeter crystal 

• Source Monitor (SM) 

• corrects amplitude fluctuations by comparing the amplitude of the laser pulses with 
a reference signal generated by a radioactive source 

• Local Monitor (LM) 

• monitors the stability of the light distribution system using a reference from the SM 

• Custom electronics 

• interfaces with the beam triggers to control laser pulse generation 

• acquires and stores locally the laser system signals

Subsystems
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Laser calibration system layout
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system, 4.2. Section 5 describes the system performance in di�erent laser operation modes:
standard operation mode, 5.1, double-pulse gain calibration, 5.2, absolute energy calibration, 5.3,
and flight simulator mode, 5.4.

2 The laser distribution system

The E989 experiment requires a continuous monitoring and calibration of the calorimeters photo-
detectors at the 0.04% level on the short timescale of a single beam fill (700 µs). Monitoring and
correction of the gain over the longer term of an entire run (several hours) below the per mille level
is also required. This is a challenge for the design of the calibration system because the desired
precision is at least one order of magnitude higher than that of all other existing or past calibration
systems for calorimetry in particle physics [11–13]. The proposed solution, whose scheme is
sketched in figure 1, is based on the method of sending simultaneous light calibration pulses onto
each of the 1296 crystals of the electromagnetic calorimeter. Light pulses must be stable in intensity
and timing in order to correct drifts in the response of the crystal readout devices. The stability of
the laser intensity is monitored with a suitable photo-detector system.

Figure 1. Schematic of the laser distribution system. For clarity each laser box indicates both the Laser
Head and the optical setup to split the laser beam in four part to be sent to 4 calorimeters. Also for clarity
the links that exist between each Laser Head and its Source Monitor and between each Di�user and its Local
Monitor are shown only for one SM and LM respectively.

The filling of the muon ring by the Fermilab beamline occurs with a particular time sequence
(see figure 11), where the main clock cycle has a period of 1.4 seconds. At each cycle 2 groups of 8
bunches each are sent to the storage ring with a frequency of 100 Hz. Each bunch is observed in the
ring for approximately 700 µs fill time, corresponding to roughly 11 muon lifetimes. Laser calibra-
tion pulses can be sent, according to a strategy, described in section 5.1 and illustrated in figure 11,
before or after each fill (called Out-of-Fill Pulses, OoFP) or inside a fill (called In-Fill Pulses, IFP).

– 3 –
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Optical bench 

“Laser Hut”

Optical bench and “Laser Hut”
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As the laser calibration pulses must arrive simultaneously to all the channels located in 24
calorimeters around the 14-meters diameter Fermilab muon storage ring, we chose to put most of
the laser apparatus in a dedicated room, the Laser Hut, located inside the g�2 experiment hall. It is a 4
by 4-meters wide, light-tight, acoustically isolated and thermally controlled room, from where laser
calibration pulses are sent to calorimeters through multimode optical fibers. Additional laser signals
for timing/calibration purposes are also sent from the Laser Hut to two other g�2 detectors called T0
and Fiber Harps. All monitor signals of the laser power are recorded only inside the Laser Hut, thus
avoiding any electric contamination from signals coming from other detectors. The crucial elements
for the realization of this system are: 1) the light source; 2) the distribution system that distributes
the light to the calorimeters with adequate intensity and homogeneity, and 3) the monitoring system.
The light wavelength must be in the range of the calorimeter photo-detector sensitivity and the light
source must have an adequate power to deliver an appropriate amount of light to all crystals.

Figure 2. Picture overviewing the optical table. On the right side are the laser heads, partially hidden by the
Source Monitors (silver aluminum boxes). The laser beams are then attenuated by 6 motorized filter wheels
(black aluminum). In the center the optical elements used to split each laser beam in four parts, each one
injecting a launching fiber (yellow cables). On the far right, the rack with the Local Monitor boxes, with the
reference signals coming from the Source Monitors through optical fibers (blue cable). On the far left the
orange plastic tubes guiding launching and monitoring optical fibers to the 24 calorimeters. Zoom in for a
more detailed view of the components.

Given these requirements, the chosen setup is the following (see scheme in figure 1, and picture
in figure 2). Laser calibration pulses for the 24 calorimeters are generated by 6 identical laser
diode heads (Picoquant, mod. LDH-P-C-405M), 700 pJ/pulse, 600 ps (FWHM) duration, each one
serving 4 calorimeters. This has been a somewhat conservative choice, as the laser power available
exceeds what is actually required by over a factor 4, but it allows special calibration modes, i.e. the
double pulse mode (see section 2.3 and 5.2), and recovery, in case of failure of one or more laser
heads. The laser heads are driven by a multi-head controller (Picoquant, mod. PDL 828 “Sepia II”)
and can be separately triggered. The power of each laser head can be varied either in discrete steps

– 4 –
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• The main cause of gain drifts over long time scales (~seconds) is temperature effects 

• Correction factor: 

Gain correction example
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cause of long timescale, i.e. seconds, drift in the gain of the system. The OoFG correction folds all
these e�ects and accounts for the aggregate e�ect. Temperature is known to a�ect the amplification
of SiPMs, PMTs, PIN diodes, the intensity of the lasers, and the transmission of fiber optic cables
at di�erent levels. Figure 21a shows the response of one of the calorimeters’ SiPM and the SM
PIN diode. An implementation of the correction GSiPM for each SiPM, shown in figure 21b, is
given by the following equation:

GSiPM(i) = hRSiPM(i)isubrun
RSiPM(0) · RSM(0)

hRSM(i)isubrun
, (5.2)

where RSiPM is the response amplitude of the SiPM to the laser, RSM is the response amplitude of the
Source Monitor to the laser, the bracket variables indicate averaging all data over a sub-run (about
5 seconds), and RSiPM(0) and RSM(0) are reference amplitudes used for normalization. Figure 21c
shows the comparison between the OoF-corrected energies of the IF laser pulses and the Source
Monitor energies. Their ratio, shown in figure 21d, is stable on the long term of the run to ±1⇥10�4.

Figure 21. The principle of the Out-of-Fill gain correction: in (a) the subrun-averaged raw energies of one
SiPM (OoF pulses) and of the SM energies are used to compute the correction factors (b) for the SiPM gain.
In (c) the OoFG-corrected SiPM energies (IF pulses) are compared to the SM energies: their ratio (d) is
stable to ±1 ⇥ 10�4 on the long timescale, showing the consistency of the OoFG correction procedure. In
this particular plot the stability exceeds the experimental requirements.

5.5.3 In-Fill Gain correction

After properly applying the OoFG correction, the laser calibration system becomes sensitive to
the IFG e�ects. In order to monitor and model the IFG function, the laser system interlaces laser
pulses on a prescaled subset of the muon fills. A pre-defined number of pulses are delivered at the
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• Direct determination of the hadronic contibution to the muon gyromagnetic anomaly 

• critical for the theoretical interpretation of the recent “Muon G-2” result 

• high precision measurement of the scattering angle in µ-e- elastic scattering 

• Main characteristics of the apparatus 

• muon beam at the CERN North Area 

• chain of 40 “tracking stations", each equipped with a fixed target and three Si tracking planes,  ending with an ECAL 

• Critical points 

• … 

• longitudinal alignment between tracking planes inside a station must be kept stable within 10 microns

MUonE Project
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SPSC 21/01/2020 Clara Matteuzzi 9

Sketch of the final apparatus (not on scale):
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This scheme is based on the following constraints:
• 1000 mm between targets
• equidistant Si layers within station
• 150 mm between target and first layer
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10
00

10
15

11
65

50

CMS module frame

CMS module outer Si 
tracking plane

target

tracking plane

object beam

reference beam
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tracking plane

• Solution to the longitudinal alignment stability requirements 

• build the tracker support structure (“frame”) in Invar and stabilize temperature inside a protective cover 

• monitor the stability by detecting in “real time” possible relative movements between tracking planes 

• optical technique of choice: holographic interferometry 

• HAM Working principle 

• Two coherent light beams are obtained by splitting a single laser source, one is the “reference” beam, while the other reflects off  the object 
to be monitored (“object” beam”). Splitting and transport is done via optical fbers ⇒ novelty in holography 

• The reference and object beams superimpose on the surface of a CMOS image sensor generating a raw holographic image, which is then 
reconstructed with a Fourier transform procedure 

• Interference takes places between two raw holographic images of the object taken at different times. If the object moves with respect to the 
light source between the two images, fringes will appear in the reconstructed holographic image of the superposition of the two raw 
individual images.

HAM - Holographic Alignment Monitor

13

Holography WG in MUonE: 
A. Arena and M. Karuza (Univ. of Rijeka and INFN Trieste), G. Cantatore (Univ. and INFN Trieste)
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MUonE tracking frame
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Fiber optic distribution
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HAM test setup in Trieste
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Test setup

1x12  fiber splitter

fiber coupled 532 nm laser
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HAM tests with a dummy CMS  tracking module
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CMS Si tracking module 

Object beam

reference beam CMOS image sensor
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• Controlled tilt movement of the CMS Si tracking module  

• calibrated stepping motor actuator with spring loaded counterforce 

• labview software for motor control, raw image acquisition and reconstruction 

• Images are taken at intervals during module movement and superimposed on a “zero”image taken initially 

• interference fringes appear revealing relative movements in 3 dimensions 

• spatial resolution is given by λ/2 = 256 nm, and the number of observed fringes corresponds to the total sample displacement

Preliminary calibration tests
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• Sample holographic image of the moving Si module

HAM: preliminary results

19

No. of fringes Illuminated area displacement 
(microns)

3 0.8
6 1.6

12 3.2

18 4.7

24 6.3
module image

zeroth order image 
(reference beam)

conjugate image



G. Cantatore - PBC Tech WG Optics Workshop - CERN, 10/12/21

• Energy and gain calibration of the MUonE calorimeter with a pulsed 
laser system 

• based on the experience from “Muon G-2 (simpler system, only 1 calorimeter) 

• absolute energy calibration with a black body source 

• Now in the initial assembly phase

MUonE ECAL laser calibration

20

Photodiode

APD

PhotodiodeCurrent-to-voltage 
amplifier

Laser

Drawings courtesy of C. Ferrari - INO Pisa

ECAL WG in MUonE: 
E. Conti (INFN Padova), C. Ferrari (INO Pisa) and G. Cantatore (Univ. and INFN Trieste)
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• Optics is very much alive in experimental particle 
physics 

• Precision requirements for particle detectors are 
constantly stepping up, and optical techniques are an 
excellent solution in meeting them 

• Our creativity is the sole limitation!

What we are learning

21
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Laser source
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Triggerable laser head 
controller (Picoquant Sepia PDL 
828)


Pulsed laser headT, 700 pJ/
pulse, 600 ps (FWHM)
(Picoquant, mod. LDH-P-
C-405M)


Motorized filter wheel 
(Thorlabs, mod. FW212CWNEB)


4 “launching” optical fibers (Si, 
25 m long, 400 µm dia. 
Polymicro, mod. FDP400440480)


70:30 splitter

to Source Monitor
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Diffuser - the “PiTs frame”
First diffuser prototype: designed in Trieste and 
tested in Rijeka “


• thin 2 cm frme

• the launching fiber hits a column of 

beamsplitters having increasing reflectivity

• reflected beams illuminate a grid of rectangular 

beamsplitters, also having increasing reflectivity, 
which steer the beams towards the calorimeter 
crystalso


• the transmitted beam returns to the Local 
Monitor


Efficient and compact, but assembly is delicate
Figure 1: The model of the PiTs frame with light path and beam splitter reflectances.

coupled to the frame or a laser light coming through an optical fibre to the
station. The light coming out at the bottom of the panel is proportional to
each of the outgoing light matrix elements of the panel. In case there are no
systematic e↵ects the uncertainty in the number of photons in the output matrix
elements is within statistical error due to a finite number of photons reaching
each beamsplitter.

2.1. Output beam matrix photon statistics

In the classical description a beamsplitter splits the intensity of the input
beam into two output beams whose intensities depend on the beam splitter
transmissivity (or reflectivity). On the other hand, quantum mechanical behav-
ior of the beam splitter is described with probability to transmit (or reflect) each
photon [10]. In fact, behavior of an ideal lossless beam splitter can be described
as binary selector i.e. it randomly transmits or reflects incoming photons one
by one. Therefore we simulated our distribution system using random number
generators (0 to 1) where photons are selected according to condition imposed
by a beam splitter transmittance, T . If randomly generated number is greater
than T , impigning photon is transmitted, else it is reflected. The number of

4

from launching fiber

to the local monitor

Assembly and uniformity tests in Rijeka
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Diffuser solution
Adopted diffuser solution


• light from the launching fiber passes 
through a pre-diffuser which turns 
the beam profile from gaussian to 
flat 


• a 54-fiber bundle (+ 2 “return” 
fibers) collects light after the pre-
diffuser and brings it to a 
distribution panel


• A thin Delrin panel, containing 54 
90˚ reflecting mini-prisms, steers 
light towards the calorimeter 
crystals


• the two “return” fibers, one Si and 
one PMMA, bring light back to the 
Local Monitor

launching fiberpre-diffuserfiber bundleDelrin panel with 
54 mini-prisms

return fibers

97% uniformity
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Source Monitor

The Source Monitor monitors the 
stability of the laser source. There 
is a total of 6 SM, one for each 
laser head. Each SM:


• collects 30% of the laser initial 
intensity and averages out 
pointing fluctuations by means 
of an input integrationg sphere


• the 4 sphere outpits are sent to

- 2 PIN photodiodes

- a PMT coupled to a NaI scintillator

- an optical fiber bringing the 

reference signal to the Local 
Monitor


• the signal amplitude  “seen” by 
the PMT is calibrated in an 
absolute way against a low 
activity 241Am source

2019 JINST 14 P11025

Figure 6. (a) External view of Source Monitor. The laser beam is sampled directly after the laser head by
a 30/70 beam splitter cube, and directed into an integrating sphere after a lens and a di�user. (b) Vertical
section of SM. Two large-surface PIN diodes are coupled directly to two ports of the integrating sphere,
while a third one is used to send light to a PMT and to an optical fiber for referencing of the Local Monitor.
A 241Am/NaI light pulser for absolute light reference is positioned in front of the PMT.

– 11 –
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Local Monitor characteristics
Two twin Local Monitor systems


• main (LM1): monitors the 24 Si return fibers

• redundant (LM2): monitors the 24 PMMA 

return fibers

PMT racks and electronics are placed inside 
shielded boxes in the Laser Hut, where 
“return” fibers from the ring terminate


Each LM channel compares the signal from 
its return fiber with the reference signal 
provided by a SM

2019 JINST 14 P11025
Figure 8. The distribution of signals generated by the emission of 5 MeV ↵ particles by the 241Am deposited
on the surface of the NaI in the reference pulser. Notice the much larger distribution of pulse amplitudes with
respect to the laser pulses of figure 7a.

3.2 The Local Monitor

The Local Monitor is a component of the calibration system designed mainly to monitor the
stability of the light distribution system. It consists of 2 ⇥ 24 photo-multiplier tubes (Hamamatsu
R1924A, [21]) receiving two optical signals back from each one of the 24 calorimeters.1 The PMTs
are mounted in three ventilated boxes together with shaping and adapting electronics for the final
readout by waveform digitizers. The data are then sent to the experiment DAQ and stored.

Figure 9. Details of the LM. Left picture: PMTs, electronics and connectors are fixed on the front panel.
Right picture: LM boxes in the rack prepared for connecting the fibers, the fiber receptacles are covered with
black tape and, after connection, by a light-tight plastic conduit.

1In the first run of the experiment only 24 PMTs were installed, subsequently the system was doubled for redundancy.

– 13 –
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The LM boxes are placed in the thermally controlled Laser Hut, in racks close to the optical
table. Close to the boxes there is also a CAEN 127 HV supply that provides the necessary voltage
for the PMT operation. The LM boxes and rack are shown in figures 9.

As described in section 2, calibration laser pulses are directed from the optical table to each
of the 24 calorimeters by launching silica fibers, each coupled to a di�using box. In principle
all elements of the distribution chain, the optical elements to split the beam in 4 and inject the
fibers, the launching fibers, and the di�using box, are designed specifically to ensure the necessary
stability of the laser light delivered to the calorimeter. Nevertheless either small changes, mainly
due to temperature variations, or abrupt ones due to catastrophic events like fiber damage may occur
during the long run-time period. The LM is thus intended to give a prompt diagnostic of the status
of the distribution chain and provide a correction to the SiPM response due to variations in the light
distribution chain. This is achieved by taking a small fraction of light from the di�user with two
long fibers (one plastic and one silica) and sending them back into the Laser Hut to two PMTs. The
redundancy in the LM is needed to study and compensate for fluctuations due to temperature of the
transmission coe�cient of the LM optical fibers. The use of two di�erent types of fibers allows the
monitoring of temperature and solarizing e�ects on the PMMA fibers.

In order to be independent of possible fluctuations of the PMT gain in the LM, a small quantity
of light is also taken directly from the integrating sphere of the Source Monitor and guided by
an optical fiber to each PMT of the LM to provide a reference signal (each SM feeds the 4 LMs
corresponding to the 4 calorimeters that are illuminated by the same laser head). In this way each
PMT sees two pulses (see figure 10) separated by roughly 240 ns, corresponding to the 50 meters
of fiber going back and forth from the Laser Hut to the calorimeter position.

Figure 10. Typical trace of a Local Monitor PMT signal. Notice that the height of the delayed LM peak is
only incidentally smaller than the reference SM one, as both peak intensities can be independently adjusted.

– 14 –

Laser Hut calorimeters

Shielded LM boxes inside the Laser 
Hut

LM PMTs and front-end electronics 
during assembly

return fiber signalSM reference signal

Typical LM PMT trace

~240 ns (50 m of fiber)


