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Where do we do electronics in FNAL ?
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Feynman 
Computing
Center

High Rise, 14° floor



Readout electronics
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How do we build electronics ?
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Old ways of implementing digital circuits:



Modern way: Field Programmable
Gate Array (FPGA)
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- Integrate millions of simple gates but given to the user 
the possibility to interconnects these gates in a 
programmable way.

- The interconnects can be readily reprogrammed allowing 
an FPGA to accommodate changes to a design or even 
support a new application during the lifetime of the part.



FPGA
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How do we program FPGA:
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Introduction

• Electronics is strongly linked to the physical 
processes that we want to study 

• Electronic problems are very complex 
because:
– Very high data flow
– Harsh environment:

• Temperature
• Radiative stresses
• Mechanical stresses
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AMS-02 -ISS
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Harsh environment: Radiation, Vacuum, Temperature and Vibration



TOTEM – CMS @ LHC IP5

July 20, 2022 E.Pedreschi – F. Spinella 10

Harsh environment:
• Radiation Dose ≈ 100 Mrad



NA62 – CERN SPS
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Harsh environment:
• Electronics near the beam → sensitive to radiation
• Very high data flow → high trigger efficiency



The Mu2e Calorimeter
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• Crystal calorimeter
– Compact
– Radiation hard
– Operated in vacuum

2 disks d= 70 cm (𝜆𝜆/2)

INFN is in charge of the 
design and of the 
construction
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E, t measurements – Why a digitizer?
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Typical 1.7 µs Mu2e event

• Very intense particle flux expected in the 
calorimeter

calorimeter

Disk0   Disk1
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Example of Front-End output
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• We need high-sampling rate digitizers to resolve 
pile-up



Digitizer requirements
• Digitization requirements are determined by 

the calorimeter requirements
• Particle identification:
σt < 500 ps  @ 100 MeV
σE/E <10%  @ 100 MeV

• We require the additional contribution due to 
the digitization procedure itself to be:
σt < 200 ps  @ 100 MeV
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Analog input: signal waveform
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From Analog to Digital: ADC converters
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• What is an ADC?
– An electronic integrated circuit which transforms a signal

from analog (continuous) to digital (discrete) form
– Analog signals are directly measurable quantities
– Digital signals have only two states

• Why ADC is needed?
– ADC provides a link between the analog world of 

transducers and the digital word of signal processing
• Application of ADC

– ADC are used virtually everywhere an analog signal has to
be processed
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From Analog to Digital: ADC converters
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• 2 steps:
– Sampling and Holding
– Quantizing and Encoding

• 2 ways to improve the accuracy
of A/D Conversion:
– increasing the resolution 

which improves the accuracy 
in measuring the amplitude 
of the analog signal

– increasing the sampling rate 
which increases the 
maximum frequency that can 
be measured



Calorimeter digitization scheme

• Sampling frequency and number of ADC readout bits impact time and 
energy resolution

• Thresholds impact the total data throughput and Energy resolution
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Zero suppression: acquire only
samples in blue and red regions
 Red region needed for time 

and pedestal calculation
 Blue region for energy



Time resolution versus sampling frequency and ADC-bits

• Time is reconstructed by fitting the leading edge
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150 MHz 200 MHz 250 MHz

8 bits 470 ps 440 ps 440 ps

10 bits 370 ps 250 ps 250 ps

12 bits 300 ps 170 ps 170 ps



Energy resolution versus sampling frequency and ADC-bits

• Energy is reconstructed from the total number of 
ADC counts
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150 MHz 200 MHz 250 MHz

8 bits 9.8 MeV 8.0 MeV 7.8 MeV

10 bits 6.5 MeV 5.5 MeV 5.5 MeV

12 bits 6.2 MeV 5.5 MeV 5.5 MeV



Mu2e environment
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• Radiation (not too high but present) 0,5 Krad/y and high neutron flux (~ 
6x10^11 / cm^2 * year)  select rad-hard components 

• High magnetic field (1T)  problems for magnetic nuclei of  DC-DC converters 
• All the electronics is in vacuum  degassing problems and need to use only 

conductive thermal dissipation.
• Maintenance complicated  cryostat will not be opened more often than 

once per year

Project must be realized in “high reliability mode”, 
like an experiment in the space



Mu2e environments:  principal
problems for electronics
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• Radiation

July 20, 2022 E.Pedreschi – F. Spinella

neutrons

Ionizing 
radiation

Radiation on calorimeter electronics:
 Expected dose per year ~ 0.2 ÷ 0.5 krad
 Expected total dose 0,5 x 12 x 5 = 12 ÷ 30 krad
 Neutron flux 6x10^11 / cm^2 * year

 -

• Saturation effects on ferromagnetic nuclei (high magnetic field)
• Heat transfer (vacuum)



Radiation Effects on Electronics

• Long Term Effects 
– Total Inizing Dose → cumulative long term ionizing damage 

due to protons & electrons
– Displacement Damage → cumulative long term non-

ionizing damage due to protons, electrons & neutrons
• Transient or single particle effects (SEE) → caused by a single 

charged particle as it passes through a semiconductor (heavy 
ions & protons)  
– Effects on electronics:

• Soft errors such as upsets (SEUs) or transients (SETs)
• Hard (destructive) errors such as latchup (SEL), burnout (SEB), or 

gate rupture (SEGR) 
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Component choice

• The presence of radiation, B field and vacuum pose stringent 
requirements on the components. 

• The main components are the FPGA, ADCs and DCDC 
converters

• As a first step towards the prototype we need

– Choose components that  meet the specifications
– Qualify independently all the main components
– Test if they are compatible one to the other
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FPGA
The choice is for Microsemi Polarfire FPGA 
• Specs: 

 non-volatile 28 nm technology
 Cost-optimized, lowest power, mid-range 

density FPGAs
 250 Mbps to 12.7 Gbps transceivers
 100K to 500K logic elements, up to 33Mbits of 

RAM
 Best-in-class security and exceptional reliability
 SEU immune FPGA configuration cells

• We used the largest and fastest one MPF500T 
(1152 pins)

• We don’t need to qualify this part as a single 
element
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ADC
• Specs:

– >= 200 Msample
– >= 12 bit
– Ultra Low power
– Not enough serializers on the 

FPGA
->  Parallel readout 
->  Possibly DDR (2 bits/pin) -> half 
pins

requested
– Not too expensive 
– High (and given) MTBF
⇒ TI ADS4229

We need to qualify for radiation
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DC-DC
• DCDC converters are quite delicate

devices, prone to radiation 
damage and B field

• INFN has financed a test 
survey to study which DCDC

• are suitable to be used in 
HEP environments (LHC …)

• From these studies the Texas 
Instruments LMZM36606
seems the best suitable for MU2E 
environment
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Neutron irradiation test – FNG facility
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• Up to 10^11 14 MeV neutrons/s.

• almost isotropic source, flux
scales with r^2.

• calibrated at 3% level using alpha
particles.

FNG (Frascati Neutron Generator) is a linear electrostatic accelerator in
which up to 1 mA D+ ions are accelerated onto a Tritium target.
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Ionizing dose test – CALLIOPE facility
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• Gamma rays at 1.17 and 1.33 MeV from Co60.
• 3.7x10^15 Bq of activity.
• Isotropic source, flux scales with r^2.
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DCDC neutron irradiation test - Results
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No significative differencies between orientations..

6x10^11 n 1 MeV (Si) / cm^2

3 years of Mu2E
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DCDC gamma irradiation test - Results
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No significative differencies between orientations..

0.42 krad/h
for a total dose of 

~ 20 krad3 years of Mu2E
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Magnetic Field exposure test (1)

July 20, 2022 E.Pedreschi – F. Spinella 33
z

y

x
• Uniform magnetic field up to 

1.2 T.

• We tested different 
orientations of the DCDC with 
respect to the magnetic field.

• Same setup of the radiation 
tests.



DC-DC magnetic field exposure test–3 axis
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No significative differencies between orientations.



DC-DC magnetic field exposure test – x axis

July 20, 2022 E.Pedreschi, F. Spinella 35

10% efficiency loss
at the working point

Mu2E



Magnetic Field exposure test (2)
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• Uniform Magnetic Field up to 1.4 T.

• We tested different orientations of the 
electronics with respect to the magnetic 
field.

• Same setup of the radiation tests.
• Same results of DC-DC converters B test



Heat Transfer in vacuum
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• The fundamental modes of heat transfer are:
– Conduction → transfer of energy between objects that are 

in physical contac
– Convection → transfer of energy between an object and its 

environment, due to fluid motion
– Radiation → transfer of energy by the emission 

of electromagnetic radiation

In vacuum the heat is dispersed basically by conduction
because there is no convection!
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Heat transfer - preliminar studies
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Card-lok
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Cooling
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DAQ cooling
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Finally the design
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X 35

X 2

250V 36V

Spare

FPGA

DC/DC
3.3V/1.8V

ADC ADC

ADC ADC

ADC ADC

ADC ADC

ADC ADC

WD

HV 
Reg

FE

FE

FE

FE

X 10

HV LV
DISK 0/1

slow control (T,rad, …)



Digitizer …
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• 20 channels/ board
• 160 boards
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Digitizer …
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Digitizer …
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Digitizer-DIRAC
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Conclusions

• Elettronics is strongly linked to the physical 
processes that we want to study 

• Elettronic problems are very complex because:
– Very high data flow
– Harsh environment:

• Temperature
• Radiative stresses
• Mechanical stresses

• the cooperation among physicists, electronics 
and mechanical engineers is necessary for the 
success of the experiment
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Thank you!
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