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EMC Calibration Team
Calorimeter experience from Crystal Ball, Mark II, BaBar, SuperB
BaBar source calibration system was Caltech responsibility

• Frank Porter (Caltech):
– EMC Calibration L3 Manager

• Kevin Flood (Caltech):
– Engineering physicist, source

• Jason Trevor (Caltech):
– Engineer, source

• Bertrand Echenard (Caltech):
– Simulation, source
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• Pasha	Murat	(Fermilab):
─ Decays	in	orbit,	p+ ->	e	n

• Marco	Cordelli (INFN-LNF)
• Laser	system

• Stefano	Miscetti	(INFN-LNF)
• Laser	system



Scope 475.7.6 - Calorimeter calibration
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This task contains all aspects needed to build an operative 
calibration system both with the radioactive source for the 
determination of the absolute scale and with the laser system for a 
monitor of the photo-sensor gains.  The laser system will be 
provided by INFN as in-kind contribution.



Requirements
The EMC requirements are described in docdb-864
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R1) Online calibration sufficient for calorimeter trigger, online diagnostics

(R2) Precision commensurate with calorimeter resolution requirement of
FWHM/2.35 ~ 5% at 100 MeV

(R3) Absolute precision and stability better than 1%

(R4) Independent calibration of each crystal

(R5) Track time dependence

(R6) Perform (source) calibration of entire calorimeter in ~10 minutes

(R7) Timing resolution better than 0.5 ns (driven by PID)

(R8) Position resolution < 1 cm



Design choice for calorimeter calibration 
• Unchanged since CD-2 (2014) except for adjustments for 

change from BaF2 to CsI
– Laser frequency changed from UV to green
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Our solution to calorimeter calibration requirements
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• Pre-insertion calibration with 6 MeV source
• Weekly crystal-by-crystal calibration with 6 MeV source
• Monitor readout on shorter time scale with LASER pulsing 

system
• Higher energy with DIOs (Decays In Orbit)

– Interpolation and extrapolation with source
– Tracker can be used, low field for outer crystals
– Absolute spectrum (at lower fields)
– Check of MC extrapolation

• Cosmic rays as independent check
• p+ e+ne as optional independent check (70 MeV e+)
• Monitor electronics gains with pulser
• Monitor temperatures
6



6 MeV source calibration
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Reaction	yielding	6.13	MeV	photons	is:

• Low	energy	neutrons	from	a	DT	generator	irradiate	
FluorinertTM fluid	outside	detector

• Activated	liquid	pumped	through	pipes	to	front	faces	of	
crystals

• DT	neutron	generator	d+t ->	n(14.2	MeV):	109 n/s	(ING-07)
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Energy of each crystal hit at the generator level

Full annihilation, single and double escape peaks + Compton

Source	calibration	simulation	- Energy	spectrum,	generator	level

Full	annihilation

Single	escape

Double	escape



Spectrum corresponding to 10,000 calibration photons
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p.10

Precision (%)

Performance - Source calibration simulation results

Source	rate	is	~10,000	entries/crystal/10	min

Precision	(%)	to	have	
10%	effect	on	resolution

Resolution 
(%)

Calibration 
precision (%)

3 1.4
4 1.8
5 2.3

Relative	peak	
strength	fixed

Relative	peak	
strength	free
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LASER	System
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Laser System requirements

§ To keep the timing and energy resolution required we need also a continuous
monitoring of the detector gain and of the timing offsets.

§ ENERGY: While absolute energy scale will be provided by weekly calibration with
the source, a control of faster gain changes (due to irradiation, increase of leakage
current or temperature variation) will be performed to keep the detector
equalization constant. Since we expect slow variation trends, the relative gain
change, at 0.5 % accuracy, can be tracked each hour.

§ TIMING: Similarly the determination of channel by channel timing offsets, T0, and
pulse height dependence, slewing, has to be determined to compensate for small
differences on cable lengths, transit times of SIPM response or electronics
delays/jitters. Timing calibration to be kept below few tens of ps. Final
calibration of the timing scale between calorimeter and tracker will be provided “in
situ” by means of DIO electrons.
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Laser System specifications
§ Laser system to have enough power to get light to all 1374 crystals by means

of an optical distribution system and to a monitoring system that tracks the
variation of the Laser light at the source. We are tuning this system to get a
laser signal with a pulse height equivalent to 100 MeV electrons, 3000 Npe.

§ The laser has to emit on blue or green wavelengths to be in a region far from
the CsI emission peak (310 nm), to be in a region where transmittance changes
due to irradiation are small. This isolates photosensor gain variation.

§ The Laser has to be pulsed with a settable frequency below 100 Hz by means
of an external trigger. During running the Laser will be pulsed at a rate of 0.1 Hz
and will be synchronized to be in the “beam-off” region.

§ Laser output to be controlled in amplitude to allow a measurement of the
response linearity for the photosensors and FEE chain.

§ The monitoring system will be based on PIN diodes in a thermally controlled
box
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Laser System Scheme

Mu2e!
27/8/2015!S.Miscetti - Calorimeter Technical  Review!5!

The Mu2e experiment: pulsed beam structure!

  Mu2e Technical Design Report 

Fermi National Accelerator Laboratory 

11-2 

Calorimeter – 1860 crystals in 2 disks.  There are 240 Readout Controllers 
located inside the cryostat. Each crystal is connected to two avalanche 
photodiodes (APDs). The readout produces approximately 25 ADC values (12 
bits each) per hit. 
 
Cosmic Ray Veto system – 10,304 scintillating fibers connected to 18,944 Silicon 
Photomultipliers (SiPMs). There are 296 front-end boards (64 channels each), and 
15 Readout Controllers.  The readout generates approximately 12 bytes for each 
hit. CRV data is used in the offline reconstruction, so readout is only necessary 
for timestamps that have passed the tracker and calorimeter filters. The average 
rate depends on threshold settings. 
 
Extinction and Target Monitors – monitors will be implemented as standalone 
systems with local processing.  Summary information will be forwarded to the 
DAQ for inclusion in the run conditions database and optionally in the event 
stream. 

 
Tracker – 23,040 straw tubes, with 96 tubes per “panel”, 12 panels per “station” 
and 20 stations total. There are 240 Readout Controllers (one for each panel) 
located inside the cryostat.  Straw tubes are read from both ends to determine hit 
location along the wire.  The readout produces two TDC values (16 bits each) and 
typically six ADC values (10 bits each) per hit. The ADC values are the analog 
sum from both ends of the straw. 

 

 

Figure 11.1. Mu2e Beam Structure. 

 
 

%  To%reduce%the%contribuHon%
of%the%prompt%background,%%
Mu2e(uses(a(pulsed(beam.(
%  The%Microbunch(structure(
well%matches%%the%μ%lifeHme%%
in%the%bound%system%(826%ns)%
%  Data(are(acquired(only(
starDng((from(700(ns(a`er%
%the%%beam%arrival%on%target.%
%  Negligible(contribuDon(
remains(from(prompt(bkg.(
%  Wait%for%rates%associated%with%

the%beam%flash%to%subside%
before%looking%for%conversion%
electrons.%

%  The%beam(flash(sDll(
dominates(the(radiaDon(dose.(

q The laser beam intensity is attenuated up to a
factor of 10 by a graduated neutral density filter

q The beam will be split, by means of semi
transparent mirrors to 8 beams and focused by
optical lens to 1 mm diameter Fused Silica fibers.
1/3 of the light will be sent to a 2” diffusing sphere
with 3 pin-diodes for monitoring.

q Eight 60 m long fibers, routed from the
counting room to the DS bulkhead brings the light
to 8 2” diffusing spheres on the mechanical
structure

q Each sphere, will have 1 pin diode for monitor
and 3 bundles of 200 μm silica fibers. Each fiber
will be inserted into a lodging in the back of the
crystals close to the SIPM holders.

q Laser Trigger will be synchronized with the DAQ
Clock signals and delayed into the beam-off region.

Laser
pulse
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Laser Model specifications

LaserHead+Laser
Controller	Box
Diode	Pumped	Nd:Yag
Solid-State	Micro	Laser

q Available	@ different	emission	wavelengths	à similar product	also	@	355	nm.
q It	is	a	good	match	between	very	high	pulse-energy,	good	power	stability,	repetition	
rate	and	command	from	an	external	trigger. It	has	been	used	for	the	prototype	phase.
q 5	μJ pulse	à equivalent	to	 1013 photons	produced	at	the	source.
q Distribution	losses	are	large	but	light	output		is	more	than	enough	for	our	purposes.
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Light distribution system  Mu2e Technical Design Report 

Fermi National Accelerator Laboratory 

9-56 

 
Figure 9.61. Picture of the ThorLab IS-200 integrating sphere (left); and the sphere’s reflectivity 
dependence on wavelength. 

There is not a stringent requirement on the laser pulse width, since the APD readout 
electronics has a rise time between 6 to 8 ns, thus setting an upper limit on the width of 
10 ns. Similarly, the pulse frequency is not strongly constrained since, as shown in the 
prototype test, running at 1 Hz provides better than per-mil statistical precision in one 
hour of data-taking. It is instead mandatory to synchronize the laser pulse with an 
external trigger to allow the light to reach the detector at the correct time relative to the 
proton beam pulse so that laser data can be taken during the time when the calorimeter is 
acquiring physics data as well as during the gaps between beam when the calorimeter is 
quiet. The laser pulse energy is strongly attenuated by the distribution system. However, 
the laser signal is required to simulate a 100 MeV energy deposition. For BaF2 this 
corresponds to ~10,000 p.e. in each photosensor. This roughly translates to a 10-20 nJ 
energy source. A safety factor of 20 is designed into the system to account for the 
eventual degradation of the signal transmission with time, resulting in an energy pulse 
requirement of ~ 0.5 µJ.  
 
There is a stringent requirement on the fibers. They should have high transmission at 
200-260 nm, a small attenuation coefficient and they must be radiation hard up to O(100 
krad). The best choice is fused silica fibers, both for their transmission properties (see 
Figure 9.62, left), a nearly flat wavelength dependence down to 150 nm, a long 
attenuation length and high radiation tolerance. 

9.12.1 Laser monitor prototype for the LYSO crystals 
The setup used for the transmission test and for the calibration of the LYSO calorimeter 
prototype is shown in Figure 9.62 (right).  The light source was an STA-01 solid-state 
pulsed laser emitting at 532 nm with a pulse energy of 0.5 µJ, a pulse width < 1 ns, good 
pulse-to-pulse stability (3%), and synchronization to an external trigger for frequencies 
up to 100 kHz. Table 9.7 summarizes the performance of equivalent STA-01 lasers 
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emitting in the UV region that are being evaluated for the final implementation. The 
prototype distribution system uses a 2” integrating sphere, the ThorLab-IS200, with one 
input port and 3 output ports. Each of the output ports has a 0.5” diameter. Pictures of the 
sphere and of its reflectivity diagrams are shown in Figure 9.61. A Hamamatsu Pin-Diode 
S1722-02 is mounted in one sphere port to monitor the laser pulse variation, while a 
bundle of fifty 2 m long, Leoni fused silica fibers of 200 (400) µm diameter core (core 
plus cladding) is inserted with an SMA connector to another port. 
 

Figure 9.62. Transmission as a function of wavelength for fused silica fibers (left) and a picture of 
the light distribution system prototype (right).  

 
Table 9.7. Main properties of STANDA Lasers operating in the UV region 

Models STA-01-TH STA-01-FH 
Wavelength, nm 354 266 
Average output power (max), mW 15 20 
Pulse energy, µJ > 1.5 20 
Pulse duration, ns < 0.5 < 0.5 
Repetition rate (max), Hz 10,000 0.1 - 1000 
Beam profile M2 < 1.2 

Single longitudinal mode 
> 100:1 
25 - 200 

< 5 (near transform limited) 
< 0.6 
< ± 1.5% 
100 - 240 
15 - 40 

USB, External trigger (TTL rising edge) 1 Hz max 
repetition rate 

Pulse spectral structure 
Polarization ratio 
Beam waist diameter inside the laser 
head 1/e2, µm 
Pulse spectrum FWHM, pm 
Pulse-to-pulse energy stability rms 
Power stability over 6 hours 
External power supply voltage, VAC 
Operating temperature °C 
Interfaces 
 

(le$)&transmission&as&a&func2on&of&wavelength&
&for&the&fused&silica&fibers&and&(right)&picture&of&&
the&light&distribu2on&system&prototype.&&

§ Fused	silica	fibers	have	good	transmission	for	the	wavelengths	under	consideration	
(from		355	to	500	nm),	high	reliability	and	radiation	hard	for	Mu2e.	

§ We	have	tested	them	up	to	90	krad and	1012 n/cm2 seeing	no	deterioration.

ThorLab-IS200	Sphere
§ 1	input,	4	output	ports
§ PIN-diode	ThorLab-SM05PD1A
§ 3	Bundle	of	fibers	with
SMA	connector	in	the	port
and	final	ferrule	on	each	fiber.

ü Loutput/μJ =2x1012
ü T(filter+optical)	=	10-3
ü Tfiber =		7	x	10-5
ü Ttotal =	7	x	10-8

ü LY	=		105 Nphotons/pulse
ü LY	(NPE)	=	LY	x	QE	=	3x104
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Fiber routing

Mu2e!

Crystal 34.3 mm x 34.3 mm (including wrapping 0,15 mm)

674 crystals
(34 mm + 0.15 mm + 0.15 mm) x (34 mm + 0,15 mm + 0.15 mm)

Crystals Layout - overall sizes:
Din=748 mm
Dout=1320 mm

Ø1820

Calorimeter - overall sizes
Din=672 mm
Dout=1820 mm

Crystal Dimensions:
34 mm x 34 mm x 200 mm

Wrapping Teflon thickness:
0,15 mm

R374

R336

R660

Ø1900

R351

2/16/2016!XXXX@MU2E_CALORIMETER_DESIGN_REVIEW FNAL!4!
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After last round of optimization, the number of
channels is frozen and we are completing the cable
routing for the fibers:
§ 2 HV/LV/Fiber Box will be located at± 7° in φ.
§ 1 serving the Top area, 1 serving the Bottom area
§ Each sphere will have 1 input and 3 output fiber
bundles (225 total), serving 170 crystals+ 1 PIN Diode
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Performance – Laser System Prototype
• A prototype of the laser system 

(below) was used to study, e.g., 
laser pulse stability.

• The plots (right) show the anti-
correlation between temperature 
and APD gain, as well as the ~5% 
pulse-to-pulse variation.
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Prototype system performance @ LYSO test beam for timing

been calculated as
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=
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and the widths of the distributions in t

n

� t

start

have been plotted versus the
mean total energy corresponding to the integrated charge in the crystals in-
cluded in the group, as shown in Fig. 13. A fit with the function:

�

t

(E) =
ap

E/GeV
� b, (10)

returns a = (9± 1) ps and b = (48± 4) ps.
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Figure 13: Time resolution for laser signals as a function of the equivalent
deposited energy.

8. Conclusion

The calorimeter time resolutions measured using di↵erent techniques are
shown together in Fig. 14. Measurements with the external start are corrected
for the timing jitter of the start signal. Measurements using the neighboring
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measured by the digitizer (Fig. 6). Signals from the trigger counters have been
fitted with a log-normal distribution [14] in the range [t

max

�15 ns, t
max

+10ns].
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Figure 6: Examples of the calorimeter signals. Left: waveform for a e

� beam
event fitted with the Landau distribution. Right: waveform for a laser event
fitted with the log-normal distribution.

The time corresponding to the maximum of the fitted function has been used
as the signal time. Signals above 10 mV were used in the data analysis.

7.1. Calorimeter time resolution with an external start

The time resolution was determined from the width of �t = t

signal

� t

start

distributions, using either the central crystal alone or the entire calorimeter
prototype. In the latter case, t

signal

is an energy-weighted sum of times recon-
structed in di↵erent channels:

t
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=

25P
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E
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, (3)

where t

i

is the peak time of the i-th crystal, E
i

is the energy deposition in the
i-th crystal, and t

start

= (t
f1 + t

f2)/2 is the average of the beam counter times.
After correcting for delays due to the cable length di↵erences between chan-

nels (T 0s), a residual time-walk e↵ect, a dependence of t

i

on the deposited
energy, remains. In Fig. 7, examples of this dependence for the central crystal
for E

beam

= 100 MeV and E

beam

= 400 MeV runs are shown. Due to the dif-
ferent gains (25 vs 75), the energy depositions at E

beam

= 400 MeV run have
been scaled down by a factor of 3. We parameterize the dependence with a
a+ b/E + c/

p
E function and correct the individual reconstructed times in Eq.

(3) as follows:
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Fig. 8 shows distributions of the corrected t

signal

at 100, 200, 300, and 400
MeV with the gaussian fits superimposed. Gaussians describe well the central
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Environment, Safety & Health
• Radiation (Mu2e HAR: DocDB 675)

– The DT generator is a radiation-producing device that must be 
licensed and appropriately shielded for safe operation

– Bunker design for generator installation at FNAL has been 
simulated using MARS, acceptable levels of radiation in 
accessible areas. Survey with fluid to be performed

– We have California licensing for operation of the DT generator at 
Caltech, and radiation survey records

– Light flasher laser will be appropriately enclosed
– Residual activity of the fluid is suppressed by its 7 s half-life

• Electrical
– DT generator operates at ~100 kV, standard HV precautions and 

interlocks will apply. Under keyed control
• Chemical

– The source calibration working fluid is Fluorinert™ FC-770, will 
be protected from accidental release to the environment
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Points to be addressed
• LASER Choice:

à Compromise between Pulse Energy and distribution system
à Maximum repetition rate
à Long term reliability and duration of Laser Head ?

§ Safety Class for LASER and Laser HUT

§ Primary optical distribution and PIN-Diode selection for Monitoring
§ Laser Wheel: Model Home-made or COTS (Comm. Off the Shelfs)?
§ PIN diode resistance to radiation and change of response with 

temperature.

§ Integrating Sphere under Vacuum? Problems?
à Pro/contra of Diffusers ? Dimension and technical Specs?
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