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Precision timing for HL-LHC
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• HL-LHC will reach pileup of approximately 200 simultaneous interactions!
• Precision timing can help maintain detector performance

• CMS MIP Timing Detector (MTD): timestamp every track with 30 ps resolution at 
beginning of HL-LHC, up to 50 ps resolution after 4000 fb-1
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MTD impact on physics performance
• Substantial reduction in pileup mis-association 
- Improved isolation, tagging efficiency, MET resolution..

• Particle ID for heavy ion/B-physics
• Enhanced sensitivity to BSM long-lived particles

3

4 Chapter 1. Overview of the MIP Timing Detector Project

Figure 1.2: Simulated and reconstructed vertices in a bunch crossing with 200 pileup inter-
actions assuming a MIP timing detector with ⇠30 ps time resolution covering the barrel and
endcaps. The horizontal axis is the z position along the beam line, where the “0” is the cen-
ter of the IR. The vertical axis is the time with “0” being the point in time when the beams
completely overlap. The simulated vertices are the red dots. The vertical yellow lines indicate
3D-reconstructed (i.e. no use of timing information) vertices, with instances of vertex merging
visible throughout the display. The black crosses and the blue open circles represent tracks and
vertices reconstructed using a method that includes the time information and is therefore re-
ferred to as “4D”. Vertices that are merged in one spatial dimension are clearly separated when
time information is available.

interaction vertex. This reduction is quantified in Fig. 1.3. The left plot shows the mean number
of tracks incorrectly associated to the primary vertex as a function of the line density of the col-
lision vertices. For a line density of 1.9 collisions per mm, which is the peak density for the
case of 200 pileup collisions, the mean number of incorrectly associated tracks reaches over 20
without the use of timing information.
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Figure 1.3: (left) Number of pileup tracks incorrectly associated with the hard interaction ver-
tex as a function of the collision line density for different time resolutions. (right) Distribution
of the number of incorrectly associated tracks with the use of a 3 s (where s = 35 ps) selection
on timing information and without use of timing information. The vertical axis is the frac-
tion of primary vertices which have the number of pileup tracks shown on the horizontal axis
associated to them.
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Time-of-flight particle identification: full simulation of 
Heavy Ion minimum bias events  

Full  SIM+RECO performance close to back of the 
envelope calculations for !/K (up to p~2.5 GeV) 
and K/p separation (up to p~5 GeV) 

Same performance also in PU200 events: important 
new handle for heavy flavour physics
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Sensors for Endcap Timing Layer
• CMS Endcap: high occupancy & radiation

→ Highly granular silicon detector
• Low-Gain Avalanche detectors (LGADs): 

novel ultra-fast silicon detectors
- Moderate internal gain (10-20)
- Thin (50 micron depletion region)
• ETL: (1.3 mm)2 pads, (2.1 cm)2 sensors

4

3.2. Silicon sensors 101

Figure 3.5: A cross-section diagrams comparing a standard Silicon detector and an Ultra-Fast
Silicon Detector. UFSDs have an additional p implant providing the larger electric field needed
for charge multiplication.

each pad has an extension of at least 1 mm in each direction, while the thickness is2616

about 50 µm, yielding an almost perfect parallel plate configuration. Distortion due2617

to non saturated drift velocity is minimized by operating the sensor at a bias voltage2618

where the carriers’ velocity is saturated.2619

• sTDC: the effect of the TDC binning is discussed in Sec. 3.3.5.2620

3.2 Silicon sensors2621

3.2.1 Design and specifications2622

The design requirements for a hermetic MIP precision timing detector in the CMS endcap re-2623

gion present a number of challenges. What is needed is a uniform and efficient device capable2624

of operating with sufficient radiation resistance to maintain performance throughout the life-2625

time of the HL-LHC. To meet these needs the ETL will be instrumented with Ultra-Fast Silicon2626

Detector (UFSD), planar silicon devices based on the LGAD technology [21, 22].2627

UFSDs are planar silicon sensors incorporating a low, controlled, gain in the signal formation2628

mechanism, see Figure 3.5. Charge multiplication in silicon sensors happens when the charge2629

carriers are in electric fields of the order of E ⇠ 300 kV/cm. Under this condition the electrons2630

(and to less extent the holes) acquire sufficient kinetic energy to generate additional e/h pairs.2631

A field value of 300 kV/cm can be obtained by implanting an appropriate charge density that2632

locally generates very high fields (ND ⇠ 1016/cm3). The gain has an exponential dependence2633

on the electric field N(l) = Noea(E)l , where a(E) is a strong function of the electric field and l2634

is the path length inside the high field region. The gain layer is realized through the addition2635

of a p-type implant and, to avoid breakdown, its lateral spread is controlled by deep n doped2636

implant, called JTE. Typical gain values are in the 10-30 range, modest compared to gains of2637

thousands or more in APDs or SiPMs.2638

Three vendors have successfully produced optimized UFSDs which have been tested by CMS2639

and are being considered for providing the ETL sensors, including Centro Nacional de Mi-2640

croelectronica (CNM), Barcelona [21, 56, 57], Fondazione Bruno Kessler (FBK) [58, 59], and2641

Hamamatsu Photonics (HPK) [60, 61].2642

Achieving good time performance at low gain requires silicon pixel sizes typically less than a2643

few mm2, to limit the sensor capacitance, implying that a large number of pixels are required2644

to cover the 7 m2 of each ETL endcap. The design studied in the 2017 CMS MTD Technical2645

Proposal (TP) used very large sensors, 5 cm ⇥ 10 cm, with 3 mm ⇥ 1 mm pixels. Our R&D and2646

Si diode LGAD

5x5 LGAD array, HPK

4x4 LGAD array, HPK



5/25/21 Ryan Heller

LGAD sensor characterization
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Figure 7: Hit e�ciency across surface of the 4x4 sensor for a threshold of 40mV (top). Projection of the e�ciency along the
x-axis for the second row of pads, averaging over the region 33.6 < y < 35 mm (bottom).
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Figure 8: Most probable signal amplitude across the surface of the 4x4 sensor (top). Projection of the most probable amplitude
along the x-axis for the second row of pads, averaging over the region 33.6 < y < 35 mm (bottom).
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Figure 4: A schematic diagram of the test beam setup and FTBF telescope geometry (top) A photo of the experimental setup
and the telescope tracker at FTBF.

Figure 5: The FNAL beta source setup, showing the beta gun, the LGAD readout board mounted on cooling block, and the
MCP-PMT (left). Backside of the cooling block with tungsten pinhole attached (right).

8

Fermilab test beam facility with Si 
tracker & dedicated LGAD test stand

Good signal uniformity across 4x4 LGAD array

• Leverage diverse set of characterization facilities
1. Fermilab test beam (120 GeV protons): highly detailed information; limited sensor statistics
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Figure 19: Risetime and time resolution for the 22 sensors as a function of the collected charge at each bias voltage. The
1⇥ 3mm2 pads have a slightly slower risetime due to the larger capacitance, but similar asymptotic time resolution at high
values of charge. The time resolution values shown have been corrected to remove the MCP-PMT contribution of 15 ps.

5.4. Correspondence with probe CV measurements340

A key challenge for the operation of a large scale timing detector is ensuring all pads on each sensor341

can reach the gain needed to achieve the required time resolution with all pads on each sensor constrained342

to operate at the same bias voltage. Due to the long duration and complexity of the measurement, it343

is not possible to characterize each sensor fully using the beta source telescope during the construction344

phase of the detector. However, probe station measurements for a sample of pads on each sensor are a345

practical alternative for sensor quality characterization. Therefore establishing the relationship between346

charge collection and the probe station measurements allows for e�cient LGAD sensor quality control and347

characterization of uniformity. With the goal of establishing that relationship, the 22 sensors included in348

this campaign were characterized using a probe station in the Torino UFSD lab [17].349

Probe station CV measurements can be used to determine the depletion voltage of the gain layer, which350

indicates the concentration of the gain layer dopant. The CV curves for all 22 sensors are shown in Fig. 20351

(left). Sensors which require a larger voltage to deplete the gain layer should have a larger gain at a given352

bias voltage. To quantify the variation in the depletion voltage of the gain layer, we define a CV transition353

voltage where the capacitance crosses a particular threshold: 75 pF (52 pF) for 1⇥ 3mm2 (1.3⇥ 1.3mm2)354

pad sensors. These capacitance thresholds correspond to roughly the midpoint of the steeply falling portions355

of each curve.356

We study the relationship between the CV transition voltage and the operating voltage of each sensor.357

As was observed in Sec. 5.3, a collected charge of 20 fC ensures 30 ps or better time resolution for the sensors358

produced. The operating voltage is taken to be the bias voltage at which the MPV of the collected charge359

reaches 20 fC. In Fig. 20 (right) we show the CV transition voltage versus the operating voltage for each of360

the sensors studied, where we observe a near linear relationship with few outliers. Therefore, it is possible361

to predict the operating voltage to within a few volts based on the measured CV transition voltage. This362

ability will be a crucial tool for designing the bias voltage distribution scheme and performing sensor quality363

control during the production of the ATLAS and CMS timing detectors.364

For reliable operation of a large sensor, the pad with the smallest gain must reach the desired operating365

gain at a bias voltage less than the breakdown voltage of the pad with the largest gain. For the HPK type366

3.1 batch, the di↵erence between the operational bias voltage and the breakdown voltage is approximately367

18

• Leverage diverse set of characterization facilities
1. Fermilab test beam (120 GeV protons): highly detailed information; limited sensor statistics
2. Beta source: high volume testing with MIP signal

LGAD sensor characterization

Beta source: MIP signal available 365 days a year!

Deep understanding of dozens of 
sensors with beta source

Smaller pads (1.7 mm2): CMS geometry

Larger pads (3 mm2): TP geometry 

Ru106 beta “gun” MCP (time ref. & trig.)

LGAD on readout board

Cooling block
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Figure 14: Distributions of collected charge (left) and arrival time di↵erence (right) observed from a single sensor exposed to
the test beam and the beta source. This sensor has a pad size of 1⇥ 3mm2, is from wafer position P2, and has a nominal
inter-pad gap of 50 microns. It was operated at a bias voltage of 170V and a temperature of -20 C. The legends indicate the
most probable values of the collected charge, and the width of the �T distributions. The width includes contributions from
the LGAD resolution as well as the MCP-PMT reference.
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Figure 15: Comparison of the collected charge (left) and time resolution (right) observed using the test beam and the beta
source for a sequence of measurements with varying bias voltage. The measurements with a bias voltage of 170V correspond
to the distributions shown in Fig. 14. The time resolutions shown includes both the LGAD and MCP-PMT contributions.
The small di↵erence observed at very high charge is used to estimate the additional resolution contribution present in the beta
source setup.

15

0 10 20 30 40 50 60
 MPV collected charge [fC]

400

450

500

550

600

650

700

750

 R
is

et
im

e 
(1

0 
to

 9
0%

) [
ps

]

mµP2 95 m (metal)µP2 95 mµP2 50 

mµP3 95 m (metal)µP3 95 mµP3 50 

mµP4 95 m (metal)µP4 95 mµP4 50 

mµP1 50 m (metal)µP5 95 

m (metal) #1µ50 m (metal) #2µ50 

m #1µ90 m #2µ90 

m (metal) #1µ30 m (metal) #2µ30 

m (metal) #1µ90 m (metal) #2µ90 

m (metal) #3µ90 m (metal) #4µ90 

m (metal) #5µ90 

 pads21x3 mm  pads21.3x1.3 mm
 source-

βRu 106 HPK type 3.1, -20 C

0 10 20 30 40 50 60
 MPV collected charge [fC]

20

30

40

50

60

70

80

 T
im

e 
re

so
lu

tio
n,

 L
G

AD
 o

nl
y 

[p
s]

mµP2 95 m (metal)µP2 95 mµP2 50 

mµP3 95 m (metal)µP3 95 mµP3 50 

mµP4 95 m (metal)µP4 95 mµP4 50 

mµP1 50 m (metal)µP5 95 

m (metal) #1µ50 m (metal) #2µ50 

m #1µ90 m #2µ90 

m (metal) #1µ30 m (metal) #2µ30 

m (metal) #1µ90 m (metal) #2µ90 

m (metal) #3µ90 m (metal) #4µ90 

m (metal) #5µ90 

 pads21x3 mm  pads21.3x1.3 mm
 source-

βRu 106 HPK type 3.1, -20 C

Figure 19: Risetime and time resolution for the 22 sensors as a function of the collected charge at each bias voltage. The
1⇥ 3mm2 pads have a slightly slower risetime due to the larger capacitance, but similar asymptotic time resolution at high
values of charge. The time resolution values shown have been corrected to remove the MCP-PMT contribution of 15 ps.

5.4. Correspondence with probe CV measurements340

A key challenge for the operation of a large scale timing detector is ensuring all pads on each sensor341

can reach the gain needed to achieve the required time resolution with all pads on each sensor constrained342

to operate at the same bias voltage. Due to the long duration and complexity of the measurement, it343

is not possible to characterize each sensor fully using the beta source telescope during the construction344

phase of the detector. However, probe station measurements for a sample of pads on each sensor are a345

practical alternative for sensor quality characterization. Therefore establishing the relationship between346

charge collection and the probe station measurements allows for e�cient LGAD sensor quality control and347

characterization of uniformity. With the goal of establishing that relationship, the 22 sensors included in348

this campaign were characterized using a probe station in the Torino UFSD lab [17].349

Probe station CV measurements can be used to determine the depletion voltage of the gain layer, which350

indicates the concentration of the gain layer dopant. The CV curves for all 22 sensors are shown in Fig. 20351

(left). Sensors which require a larger voltage to deplete the gain layer should have a larger gain at a given352

bias voltage. To quantify the variation in the depletion voltage of the gain layer, we define a CV transition353

voltage where the capacitance crosses a particular threshold: 75 pF (52 pF) for 1⇥ 3mm2 (1.3⇥ 1.3mm2)354

pad sensors. These capacitance thresholds correspond to roughly the midpoint of the steeply falling portions355

of each curve.356

We study the relationship between the CV transition voltage and the operating voltage of each sensor.357

As was observed in Sec. 5.3, a collected charge of 20 fC ensures 30 ps or better time resolution for the sensors358

produced. The operating voltage is taken to be the bias voltage at which the MPV of the collected charge359

reaches 20 fC. In Fig. 20 (right) we show the CV transition voltage versus the operating voltage for each of360

the sensors studied, where we observe a near linear relationship with few outliers. Therefore, it is possible361

to predict the operating voltage to within a few volts based on the measured CV transition voltage. This362

ability will be a crucial tool for designing the bias voltage distribution scheme and performing sensor quality363

control during the production of the ATLAS and CMS timing detectors.364

For reliable operation of a large sensor, the pad with the smallest gain must reach the desired operating365

gain at a bias voltage less than the breakdown voltage of the pad with the largest gain. For the HPK type366

3.1 batch, the di↵erence between the operational bias voltage and the breakdown voltage is approximately367
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• Leverage diverse set of characterization facilities
1. Fermilab test beam (120 GeV protons): highly detailed information; limited sensor statistics
2. Beta source: high volume testing with MIP signal

LGAD sensor characterization

Beta source: MIP signal available 365 days a year!

Detailed validation of beta source results 
with beam data.

Deep understanding of dozens of 
sensors with beta source

Smaller pads (1.7 mm2): CMS geometry

Larger pads (3 mm2): TP geometry 
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• Leverage diverse set of characterization facilities
1. Fermilab test beam (120 GeV protons): highly detailed information; limited sensor statistics
2. Beta source: high volume testing with MIP signal
3. Probe station CV: wafer-scale uniformity studies
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Figure 20: Capacitance-voltage curve for the 22 sensors, measured with probe station (left). Correlation of the CV transition
voltage of each sensor with the bias voltage to collect 20 fC (right).

20 V as seen in Fig. 17. Furthermore, based on Fig. 20, all pads can reach the desired gain within a 20 V368

interval as long as the variation in the CV transition voltage is within approximately 1% (the full range in369

the y-axis).370

Probe station measurements have been previously reported over the scale of entire wafers that were part371

of this LGAD production [18]. The variation in the gain layer depletion voltage has been observed to be on372

the order of a few percent on distance scales across an entire wafer. However, in regions limited to the size of373

a single sensor for CMS and ATLAS (about 2⇥ 4 cm2), the variation is limited to roughly 1%. The results374

presented here shows that this magnitude of gain variation would allow all pads on a full sized sensor to be375

operated with better than 30 ps resolution even when constrained to a single bias voltage. We conclude that376

the gain layer uniformity achieved in HPK type 3.1 production batch would be su�cient to provide working377

full-sized sensors for CMS and ATLAS.378

6. Conclusion379

We report comprehensive studies of HPK type 3.1 LGAD prototypes for the CMS and ATLAS timing380

detectors, including testbeam, beta source, and probe station measurements. Through careful design of381

each measurement campaign, we have been able to correlate the results from each measurement significantly382

expand the value of each technique. By comparing to testbeam measurements, we successfully validated383

the accuracy of the beta source measurements, which enables us to survey a much larger volume of sensors.384

Careful subsequent comparisons with probe station measurements allowed us to translate the impact of subtle385

variations in the gain layer doping concentration to quantitative variations in operating voltage. Ultimately386

this collection of measurements yields the possibility for detailed assessment of LGAD productions relying387

only on simple probe station measurements.388

The uniformity observed in the HPK 3.1 LGAD production is su�cient to produce working, full-sized389

sensors for CMS and ATLAS capable of yielding a time resolution of 30 ps before irradiation. This conclusion390

addresses one of the two critical questions facing the sensors for these timing detectors. The remaining391

question is to demonstrate that the LGAD sensors have su�cient radiation tolerance to survive until the392

end of the life of the HL-LHC, or a fluence up to 1.5 ⇥ 1015neq/cm2 for the inner radius of CMS. The393
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Gain layer implant uniformity – Type 3.1 (II)

Clear gradient in implant 

doping: 1.3 V/40 V = 3% 

Confirmed on W2

Study of spatial distribution 
on one wafer (W4)

Effect of gain non-uniformity on charge collection: 
• the amount of doping  strongly affect the gain value and the charge 

collected:  +3% doping doubles the collected charge

-4% halves the collected charge

A 1% difference in the doping concentration reflects in a 
difference in gain that is compensated by 

an increase in Vbias of 11 V.  

Accurately predict MIP response 
from probe station

Easily characterize wafer 
uniformity: essential for QA/QC

Probe measurements for sensors across wafer

LGAD sensor characterization

More results in arXiv 2104.08369

https://arxiv.org/abs/2104.08369
https://arxiv.org/abs/2104.08369
http://www.apple.com
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• Leverage diverse set of characterization facilities
1. Fermilab test beam (120 GeV protons): highly detailed information; limited sensor statistics
2. Beta source: high volume testing with MIP signal
3. Probe station CV: wafer-scale uniformity studies
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Figure 20: Capacitance-voltage curve for the 22 sensors, measured with probe station (left). Correlation of the CV transition
voltage of each sensor with the bias voltage to collect 20 fC (right).

20 V as seen in Fig. 17. Furthermore, based on Fig. 20, all pads can reach the desired gain within a 20 V368

interval as long as the variation in the CV transition voltage is within approximately 1% (the full range in369

the y-axis).370

Probe station measurements have been previously reported over the scale of entire wafers that were part371

of this LGAD production [18]. The variation in the gain layer depletion voltage has been observed to be on372

the order of a few percent on distance scales across an entire wafer. However, in regions limited to the size of373

a single sensor for CMS and ATLAS (about 2⇥ 4 cm2), the variation is limited to roughly 1%. The results374

presented here shows that this magnitude of gain variation would allow all pads on a full sized sensor to be375

operated with better than 30 ps resolution even when constrained to a single bias voltage. We conclude that376

the gain layer uniformity achieved in HPK type 3.1 production batch would be su�cient to provide working377

full-sized sensors for CMS and ATLAS.378

6. Conclusion379

We report comprehensive studies of HPK type 3.1 LGAD prototypes for the CMS and ATLAS timing380

detectors, including testbeam, beta source, and probe station measurements. Through careful design of381

each measurement campaign, we have been able to correlate the results from each measurement significantly382

expand the value of each technique. By comparing to testbeam measurements, we successfully validated383

the accuracy of the beta source measurements, which enables us to survey a much larger volume of sensors.384

Careful subsequent comparisons with probe station measurements allowed us to translate the impact of subtle385

variations in the gain layer doping concentration to quantitative variations in operating voltage. Ultimately386

this collection of measurements yields the possibility for detailed assessment of LGAD productions relying387

only on simple probe station measurements.388

The uniformity observed in the HPK 3.1 LGAD production is su�cient to produce working, full-sized389

sensors for CMS and ATLAS capable of yielding a time resolution of 30 ps before irradiation. This conclusion390

addresses one of the two critical questions facing the sensors for these timing detectors. The remaining391

question is to demonstrate that the LGAD sensors have su�cient radiation tolerance to survive until the392

end of the life of the HL-LHC, or a fluence up to 1.5 ⇥ 1015neq/cm2 for the inner radius of CMS. The393

19
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LGAD radiation tolerance
• Increase bias voltage to maintain gain after irradiation
• Radiation tolerance in latest prototypes: keep 40 ps resolution to end of life.
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ETROC ASIC prototyping
• Timing measurement performed by 

ETROC ASIC (ToA + ToT correction)
• Preliminary test beam results with LGAD 

and ETROC1 prototype: σ = 42-46 ps

11

ETROC1 – Preliminary Test Beam Results

4/17/2021 Zhenyu Ye @ UIC 11
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120 GeV proton Beam 
Ch 3   2   1

LGAD

ETROC1ETROC1 Test Board

From preliminary analysis of the data from 
ongoing beam test at FNAL, the resolution 
of single LGAD+ETROC1 devices with 
large signal amplitude is 42-46 ps.  

ETROC1 – Preliminary Test Beam Results

4/17/2021 Zhenyu Ye @ UIC 11

!" = 0.5 ' !"() + !"+) − !(+)

120 GeV proton Beam 
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LGAD

ETROC1ETROC1 Test Board

From preliminary analysis of the data from 
ongoing beam test at FNAL, the resolution 
of single LGAD+ETROC1 devices with 
large signal amplitude is 42-46 ps.  Extract single-layer resolution from 3-layer ΔT:
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ETL modules
• Intense activity in module prototyping & development of assembly procedures

12

LGAD

Cover

ETROC

Baseplate

Flex to service hybrid

Module schematic Recap: mockup module components

1/30/2020 Frank Golf | CMS Timing Days 20205

4 cm

3 
cm

Si with metallization

3-prong 
mockup 
of flex

PCB mockup of substrate.
AlN

Heating foil

SH boards mockups

Mockups for thermal & mechanical testing

Assembly via jig or gantry

Bump-bonding prototypes
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Endcap Timing Layer
• Attach modules to service hybrids; assemble into D’s
• 2 disks at each endcap: 2 hits per track.
- Single-hit resolution < 50 ps → track resolution < 35 ps.

13

N. Koss January 30th 2020, Timing Days 7

• Outer radius: 1270mm Æ 1190mm

• Inner radius coupled to inner support tube

• Design of the cooling manifolds at the periphery of 
the disks 

• Vertical orientation of the on-detector cooling 
channels

• Horizontal placement of modules and service hybrids

• 90deg wedges replaced with the Dees installed on 
the CE’s thermal screen

• PP0 behind the disks

• Increased space between the disks (due to thicker 
service hybrids)

• Implementation of longer service hybrids to cover the 
empty spaces at the detector rim

• Detailed layout of cables, fibers and cooling in ETL 
3D model

New mechanical 
structureETL 2-disk stack

One endcap (2-layer)
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Endcap Timing Layer
• Attach modules to service hybrids; assemble into D’s
• 2 disks at each endcap: 2 hits per track.
- Single-hit resolution < 50 ps → track resolution < 35 ps.

14

N. Koss January 30th 2020, Timing Days 7

• Outer radius: 1270mm Æ 1190mm

• Inner radius coupled to inner support tube

• Design of the cooling manifolds at the periphery of 
the disks 

• Vertical orientation of the on-detector cooling 
channels

• Horizontal placement of modules and service hybrids

• 90deg wedges replaced with the Dees installed on 
the CE’s thermal screen

• PP0 behind the disks

• Increased space between the disks (due to thicker 
service hybrids)

• Implementation of longer service hybrids to cover the 
empty spaces at the detector rim

• Detailed layout of cables, fibers and cooling in ETL 
3D model

New mechanical 
structure

One endcap (2-layer)

N. Koss January 30th 2020, Timing Days 4

ETL

CE

CMS Phase II Endcap
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Barrel Timing Layer (BTL) Overview

• LYSO crystal bars read by SiPMs at both ends
• Tracker/ECAL interface: ~40 mm
• Hermetic coverage for |η| < 1.45. Surface: 38 m2,  332k channels

15

#

BTL Structure
• Barrel Timing Layer [BTL]
• Space allocated in previous TRACKER Support Tube heat shield. 40 mm radial 

spacing in the 2021mm of radius support tube of 30mm of thickness.
• Estimated below 2 Tons including services
• Sharing services with TRACKER
• Not accessible to be serviced during its 20 year lifetime. 

3/24/2021 4

2 trays in (Z)

BTL Tray
6 Read-Out-Units
4608 Channels

BTL Read-Out-Unit
12 Modules
768 Channels

BTL Module
2x16 LYSO Crystals
2*32 Channels

72 trays, 2(z)*36(𝜑)
332K channels

Z
𝜑

BTL sensor design

o Scintillator:  LYSO:Ce crystal
◦ Provides good photostatistics

◦ Fast risetime (100 ps)

◦ Fast decaytime (40 ns)

◦ Good light yield (40000 photons/MeV)

◦ Great radiation tolerance

10

o Photosensor:  Silicon Photomultiplier (SiPM)
◦ Compact, robust, and insensitive to 

magnetic fields
◦ Optimal cell size = 15 um

◦ Good radiation tolerance

◦ Good photodetection efficiency (20-40% at 420 nm)

~3x3x57 mm3

Edep ~3 MeV/MIP
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BTL sensor prototypes
• Extensive studies of sensor prototypes using Fermilab test beam
- Manuscript under review at JINST: arXiv 2104.07786
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configurations. The average of the amplitudes of left and right SiPMs, which is proportional to the
total light collected, is instead in both cases rather uniform across the bar, with variations within
5%.
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Figure 10: Mean signal amplitude of the individual SiPMs and average of the two for a 3⇥3⇥57 mm3

LYSO:Ce bar coupled to HPK SiPMs (left) and for a 3⇥ 4⇥ 57 mm3 LYSO:Ce bar coupled to FBK
SiPMs (right) as a function of the hit position on the crystal bar. Amplitudes are normalized to the
most probable value of the signal amplitude distribution. In the right plot, the distance of the track
impact point from the bar center is shown on the horizontal axis, as two sets of data with the bar in
di�erent positions were combined to cover a larger range of hit positions along the bar.

The time of arrival measured at a single bar end depends on the distance between the point
where the scintillation photons are emitted and the SiPM, due to the propagation time of optical
photons within the crystal. On the contrary, the average of the times measured at the two ends of a
bar provides a uniform time response, as shown in Figure 11. A small residual non-uniformity is
observed in C0E4A064 � C"%⇠ across the bar length of approximately 50 ps for the setup with HPK
SiPMs and 20 ps for the one with FBK SiPMs. This remaining non-uniformity can be due to both
the intrinsic non-linearity of the crystal bar response (related to self-absorption in LYSO and e�ects
due to the crystal wrapping) and to an imperfect correction of the non-uniformity of the MCP-PMT
response. An additional e�ect that would bring a di�erent dependence of C0E4A064 � C"⇠% on
the impact point position in the two configurations could be a di�erent tilt of the MCP-PMT with
respect to the bar. Overall the impact of this residual non-uniformity on the global time resolution
of the bar is marginal, as will be shown later.

The time resolution for various impact point positions of the tracks along the G direction is
reported in Figure 12 for C;4 5 C , CA86⌘C , C0E4A064 and C38 5 5 /2 at about 6 V OV. A local bar time
resolution of about 30 ps and 25 ps is achieved for a 3 ⇥ 3 ⇥ 57 mm3 LYSO:Ce bar coupled to
HPK SiPMs and for a 3 ⇥ 4 ⇥ 57 mm3 LYSO:Ce bar coupled to FBK SiPMs, respectively. The
better performance in the configuration with the FBK SiPMs can be ascribed to the larger energy
deposited due to thicker crystal and larger light collection e�ciency. The combination of the two
SiPM measurements in C0E4A064 improves the time resolution by about

p
2 with respect to the

individual SiPM, since the dominant stochastic fluctuations from photostatistics are uncorrelated
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is measured. The di�erence between the two values is attributed both to di�erences in the light
propagation mechanism related to the dimension of the SiPM active area relative to the crystal end
surface and to the di�erent optimal operation threshold (as discussed in Section 4.1). The larger
active area of the FBK SiPMs allows one to collect light coming out at wider angles, thus with
longer optical paths.
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Figure 8: (a) Example of measured amplitude dependence of the MIP time of arrival measured
by one channel of the three-bar setup: the range of amplitudes, extending down to about 0.1·MPV,
corresponds to MIPs traversing a crystal bar rotated by 45� around its longitudinal axis, with
MPV being the most probable value of the amplitude distribution for a crossed crystal thickness of
4.2 mm; a global o�set was added on the vertical axis in such a way that the average value of the
time di�erence between the SiPM and the MCP-PMT is equal to 0. (b) Time di�erence between
two SiPMs as a function of the track impact point position for a 3 mm thick bar read out by HPK
SiPMs using a leading edge discrimination threshold of 20 mV, and (c) for a 4 mm thick bar read
out by FBK SiPMs using a leading edge discrimination threshold of 100 mV.

4 Results

4.1 Time resolution at di�erent thresholds
The time resolution was first studied by varying the leading edge threshold used to extract the MIP
time of arrival. Figure 9 shows the time resolution, estimated using the C38 5 5 method, as function
of the threshold for the three bars coupled to HPK SiPMs operated at Vbias= 72 V and for the single
4 mm thick bar readout by FBK SiPMs at Vbias= 43 V. These operating voltages correspond to
approximately an OV of 6 V and 36% PDE in both configurations.

The time resolution as a function of the leading edge threshold is the result of two main
contributions: one from stochastic fluctuations in the time of arrival of the photons, which increases
as a function of the threshold, and one from the noise, which decreases with increasing threshold; the
contribution from the noise, given by the noise divided by the derivative of the pulse (f+ /(3+/3C)),
reduces at larger thresholds because the derivative 3+/3C is larger, as shown in Figure 6. The
combination of the two contributions results in a minimum in the time resolution which corresponds
to the optimal operating threshold. In these configurations, the optimal threshold is found to be
around 20 mV for HPK SiPMs and 100 mV for FBK SiPMs. We attributed the higher value of
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– Single bar with 
2x SiPMs

Amplitude response variation across bar Left-right time difference

Double-ended readout → uniform response along 5.7 cm length

https://arxiv.org/abs/2104.07786
https://arxiv.org/abs/2104.07786
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BTL sensor prototypes
• Two-channel timestamp: uniform 25 ps resolution 
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Figure 12: Time resolution of the left and right SiPMs, their average, and half of the time di�erence
as a function of the MIP impact point for a 3 ⇥ 3 ⇥ 57 mm3 LYSO:Ce bar coupled to HPK SiPMs
(left) and for a 3 ⇥ 4 ⇥ 57 mm3 LYSO:Ce bar coupled to FBK SiPMs (right). For C;4 5 C , CA86⌘C ,
C0E4A064, the estimated contribution from the resolution of the MCP-PMT (12 ps) was subtracted
in quadrature.
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Figure 13: Global and local time resolution for a 3 ⇥ 3 ⇥ 57 mm3 LYSO:Ce bar coupled to HPK
SiPMs (left) and for a 3⇥ 4⇥ 57 mm3 LYSO:Ce bar coupled to FBK SiPMs (right). The local time
resolution is for tracks with impact point in a 2 mm wide spot at 1 cm from the bar end.

is achieved for the configuration with HPK and FBK SiPMs, respectively. No dependence of the
residuals on the impact point position is observed (Figure 14 (right)). The better spatial resolution
measured with the bar with FBK SiPMs is the result of both a better time resolution and of the
steeper slope : , as shown in Figure 8. This method is valid for high ?) tracks in CMS that are at
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close to normal incidence on the crystal bars.
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Figure 14: Distribution of the residuals between the impact point GA42> estimated from the time
di�erence between the times of arrival measured at the two bar ends and the impact point GCA02:
measured by the tracking system for a 3⇥3⇥57 mm3 LYSO:Ce bar coupled to HPK SiPMs and
3⇥4⇥57 mm3 LYSO:Ce bar coupled to FBK SiPMs. A fit with a Gaussian function is superimposed
(left). The distribution of the residuals as a function of the impact point position is shown on the
right.

4.3 Dependence of the time resolution on the signal amplitude

In this section the dependence of the time resolution on the amplitude of the signals is discussed.
We describe the e�ects of crystal thickness, SiPM over-voltage and the dependence on the energy
deposited in the crystals.

4.3.1 Role of the crystal thickness
The crystal thickness traversed by a MIP determines the energy deposited in the crystal and therefore
the number of signal photo-electrons. The energy deposited by a MIP in a LYSO:Ce crystal follows
a Landau distribution with the most probable value (MPV) of 0.86 MeV/mm [1] and thus a total
energy deposit of about 2.6 MeV for a MIP at normal incidence in a 3 mm thick crystal. In the
design of the MTD barrel detector the crystal thickness is optimized to limit the material budget in
front of the CMS electromagnetic calorimeter. In particular, three di�erent crystal thicknesses of
2.4, 3.0 and 3.75 mm are used, as described in [1]. For this reason, the signal amplitude and time
resolution were studied for crystals of di�erent thicknesses in a range that mimics the one for the
BTL final design.

Data were taken using individual crystal bars of dimensions 3⇥ C⇥57 mm3, with C = 2, 3, 4 mm,
and read out by FBK SiPMs. FBK SiPMs were used in this study because their active area is large
enough to read out the entire face of all the crystals with some margin, thus reducing uncertainties
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C"⇠%:

�C10A = C0E4A064 � C"⇠% =
1
2
(C;4 5 C + CA86⌘C ) � C"⇠% (3.1)

The time resolution of the bar is then obtained from a Gaussian fit to the distribution of �C10A
after subtracting in quadrature the time resolution of the MCP-PMT:

fC0E4A064 =
q
f

2
�C10A

� f
2
C"⇠%

(3.2)

Since the times of arrival are derived using a leading edge discrimination approach at a
fixed threshold, a dependence of the times of arrival on the amplitude of the signals is expected.
The observed variation of the times of arrival across the entire range of measured amplitudes
amounts to several hundreds of picoseconds (Figure 8 (a)) and needs to be corrected to obtain the
optimal time resolution. This correction is referred to as "amplitude walk correction". Amplitude
walk corrections are derived from data by studying the mean value of C;4 5 C (A86⌘C) � C"⇠%, where
C;4 5 C (A86⌘C) is the time measurement from the high gain channel (as described in Section 3.1) and
C"⇠% is the time measured by the MCP-PMT after corrections for the track position dependence
(Section 3.2), as a function of the amplitude of the pulses from the low gain channel. This
dependence is parametrized by fitting the profiles with a sum of powers of logarithmic functions
and a correction is applied event-by-event by subtracting the value of the fitted function from the
raw value of C;4 5 C (A86⌘C) � C"⇠%. The e�ect is larger for higher values of the leading edge threshold,
therefore corrections are derived for each threshold individually. As the crystal dimensions a�ect
the light propagation, amplitude walk corrections are also derived independently for each sensor
configuration. An example of measured amplitude dependence of the time of arrival is shown in
Figure 8 (a).

At a fixed position along the crystal bar, the bar time resolution can also be estimated as half
of the width of the di�erence C38 5 5 = C;4 5 C � CA86⌘C between the times of arrival measured at the
two bar ends as

1
2
fC38 5 5 =

1
2

q
f

2
C;4 5 C

+ f
2
CA86⌘C = fC0E4A064 (3.3)

The relation of Eq. 3.3 holds if there are no correlated sources of fluctuations between the C;4 5 C
and CA86⌘C measurements. While fluctuations due to photostatistics and SiPM noise are uncorrelated
between the two SiPMs, fluctuations due to electronics noise may be correlated. This is the case for
the three-bar setup used in this beam test. As our goal is to characterize the timing performance of
the sensors (i.e. crystal+SiPMs), the time resolution estimated from a Gaussian fit of the C38 5 5 /2
distribution is used for most of the results that will be presented in the following.

The quantity C38 5 5 has a strong dependence on the impact point position of the MIP along the
bar, as shown in Figure 8. This dependence is fitted with a linear function and the result of the
fit is used to correct C38 5 5 on an event-by-event basis. For the configuration with bars coupled to
HPK SiPMs (Figure 8 (b)), the slope of this linear function is about 15 ps/mm, which is slightly
larger than twice the reciprocal of the light speed in LYSO (1/v = n/c ⇠ 6.1 ps/mm, with n = 1.82),
suggesting that the time response is mostly determined by optical photons with a quasi-direct path to
the SiPMs. For the single bar setup with FBK SiPMs (Figure 8 (c)) a larger slope (about 18 ps/mm)
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 ΔT vs 10 ps ref. (MCP): 
Gold standard

Left vs right ΔT:
• Monitor σ without 
ext. reference

• Check for 
correlated noise

Extract impact parameter 
from left-right ΔT!

~3 mm IP 
resolution!

Double end readout provides rich set of information.
Many more results in paper: arXiv 2104.07786

https://arxiv.org/abs/2104.07786
https://arxiv.org/abs/2104.07786
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BTL evolution with fluence

• Photostatistics dominates resolution 
at beginning of life

• SiPM dark rate becomes significant 
after irradiation—O(10 GHz)

• Key innovations to fight SiPM DCR:
- Noise cancellation in ASIC (TOFHIR)
- Clever thermal management

18

BTL performance

o Photostatistics and dark counts are most critical 

o SiPM dark counts (DCR) will increase with radiation damage
◦ Noise cancellation technique (delay and invert) used in ASIC
◦ Operate at low temperature
◦ Use time during technical stops and long shutdowns to anneal SiPMs
◦ Tune operating voltage over time to optimize S/N

o Photostatistics can decrease as radiation damage causes 
decrease in light collection

◦ Need optically transparent and rad-hard glue for LYSO/SiPM coupling

12

TDR resolution projection
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Thermal management with TECs
• BTL cooled by dual-phase CO2 to reach -35 C 
• Post-TDR: observe SiPM radiation damage larger than anticipated
• Compensate with thermoelectric coolers (TEC): double advantage
- SiPM operating temp: -35 C → -45 C
- Reverse operation: anneal at +40 C without heating tracker volume!

19

March 18, CPAD 2021 Stony Brook, NY

Annealing

!6

Silicon Anneling vs temperature

- In general an annealing of 80 min at +60C can be used to simulate long RT annealing after irradiation  
- Good agreement is found by using 4 days at +40°C   

- We also studied SiPM annealing on higher temperatures to investigate if TEC can also be used to 
enhance annealing during LHC yearly shutdown/maintenance cycles.

(From M.Moll thesis)

0 hours

1000 hours

16 ch array annealing at 40°C after 2E14 n/cm2

Measurements  at -31°C

March 18, CPAD 2021 Stony Brook, NY

Phononic custom TECs of 3x4x0.9 mm 

!14

Through via’s design

Resistors to simulate SiPM load

TECs (Peltier)

MTDSiPMs studies 

7

} Studies with HPK and FBK SiPM arrays 
(2020 prototypes) after 2E14 n/cm2

} SiPMs performance after irradiation in good 
agreement with 2019 irradiation studies (✸). 

} Cooling and annealing studies 
} Information used in the performance plot 

1. SiPM dark current (and dark counts) reduced 
by factor ~2 for ΔT = −10 0C

2. Periodic annealing at +40 0C will decrease 
the SiPM dark current by a factor >2.5 

✸ Addressing one comment from the reviewers [link]
} Observed loss of PDE, specific to one vendor, 

claimed to be understood and addressed by 
the vendor (details not disclosed). 

} Preliminary tests of new SiPMs indicated a 
reduced PDE loss under irradiation (~halved)

} Newer SiPMs indicate a +15% PDE before 
irradiation; irradiation tests in progress

• 0.5x in 2 days
• <0.4x  in 40 days

• 0.7x in <1 day

1.

2.

✸ [B2] – Update on TECs/SiPMs

Half current → half noise.

Dark current for -35 C vs -45 C Dark current after +40C annealing

Periodic annealing: reduce noise by x2.5
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Thermal management with TECs
• BTL cooled by dual-phase CO2 to reach -35 C 
• Thermoelectric coolers (TEC): double advantage
- SiPM operating temp: -35 C → -45 C
- Reverse operation: anneal at +40 C during shutdowns.

20

March 18, CPAD 2021 Stony Brook, NY

Phononic custom TECs of 3x4x0.9 mm 

!14

Through via’s design

Resistors to simulate SiPM load

TECs (Peltier)

MTDTECs are now part of the baseline (*)

6

} BTL with TECs recover the TDR performance

} Additional studies on the performance impact on physics benchmarks in progress; 
we prioritized the identification of a design that achieves the TDR performance goal ✸ [RB1] link

} Note: Performance with TECs is similar for the two SiPMs vendors (reduction of the cost risk)

} Critical areas identified: no show-stoppers emerged and associated risks manageable
} Full validation of the performance plot and of the operation scenarios in Summer/Fall 2021

Performance summary: 

• TOFHIR2B simulation for 
nominal LYSO pulses

• DCR and PDE from SiPMs 
annealing/cooling studies 
(2020 prototypes) 

• Operation: T = –45 0C 
• Annealing: T = +40 0C 

Range spans plausible 
annealing cycles and power 
budget assumptions

Technical stops

(*) CMS TDR change review passed on March 26th

✸ [B2] – Update on TECs/SiPMs

•Maintain σ < 60 ps at 
end of life.

•Provides operating 
margin.
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BTL modules

21

MTD

} Four TECs on the backside of the SiPM arrays

} Shorter LYSO bars (~0.9 mm on each side) 
} Critical thermal interface between copper housing and TECs
} SiPMs arrays and RU proto2 boards forward compatibile with TECs 

} Bias distribution: 8 arrays in series x 6 strings in parallel per RU

} Cooling/annealing compatible with Tracker operation and power budget
} Powering will follow choices for BTL LV powering

} Part of a joint tender process for HGCAL, ECAL, ETL and BTL
} Additional requirement for TEC powering: polarity reversal

8

TECs implementation
Detector module
(two arrays)

Concentrator

and power card

Cooling plate

Detector modules

Readout Unit (RU)

SiPM and 
LYSO array

TECs
SiPM array backsideTEC: Bi2Te3  – 3x4 mm2 x 0.9 mm

✸ [B2] – Update on TECs/SiPMs

MTD

} Four TECs on the backside of the SiPM arrays

} Shorter LYSO bars (~0.9 mm on each side) 
} Critical thermal interface between copper housing and TECs
} SiPMs arrays and RU proto2 boards forward compatibile with TECs 

} Bias distribution: 8 arrays in series x 6 strings in parallel per RU

} Cooling/annealing compatible with Tracker operation and power budget
} Powering will follow choices for BTL LV powering

} Part of a joint tender process for HGCAL, ECAL, ETL and BTL
} Additional requirement for TEC powering: polarity reversal

8

TECs implementation
Detector module
(two arrays)

Concentrator

and power card

Cooling plate

Detector modules

Readout Unit (RU)

SiPM and 
LYSO array

TECs
SiPM array backsideTEC: Bi2Te3  – 3x4 mm2 x 0.9 mm

✸ [B2] – Update on TECs/SiPMs



Ryan Heller5/25/21

BTL sensor market survey
• Massive campaigns to characterize LYSO and SiPM arrays from several vendors
• Sensor properties well understood: proceed towards procurement!

22

MTD

11

LYSO arrays market survey and QA specs

Example: <σt> and RMS spread with Na-22

Acceptance threshold

Roma

} Supply for the final step of the market survey
received in February 2021
} 285 crystal arrays (2.75% of BTL) from 

9 different vendors (all 3 geometry types)
} 180 single bars with and without ESR reflector
} Crystals from different ingots and ingot depths to 

assess uniformity at the mass production scale

} Massive comprehensive qualification of 
crystal arrays almost complete
} New laboratory and benches to scale up the 

QA & QC with improved reproducibility 
} Crystal qualification before irradiation completed
} Irradiations with n, p, and γ done, analysis ongoing

} Many vendors compliant specs (preliminary)

} Tender preparation finalized by Jul ‘21
} The breadth and depth of the tests performed 

to probe the LYSO quality and production 
uniformity is representative of the QA process

} ✸ Acceptance specifications being tuned (will be 
submitted for review to the CMS PRR panel)

✸ Addressing one comment from the reviewers [link]

M
TD

}
Delivery of SiPM

 arrays for the final step of 
the m

arket survey ongoing 
}

All SiPM
 arrays from

 vendor #1 in hand and first batch 
from

 vendor #2 shipped to C
ER

N
}

460 SiPM
 arrays in total (~2.2%

 of B
TL) of all the 

three different geom
etries, 50%

 w
ith TEC

s already 
m

ounted by vendors 
}

Irradiation at JSI at the end of April 

}
Key goals of this step: 
}

Assess vendor capability to produce a large quantity of 
SiPM

 arrays according to specifications 
}

C
hannels functionality (at reception and after aging)

}
Specifications of encapsulation, flex, TEC

s 
}

U
niform

ity of breakdow
n voltage

}
Tuning of the specifications and of the Q

A&Q
C

 process
}

N
ew

 test bench for sim
ultaneous testing of 12 

SiPM
 arrays in a cold box 

}
C

ross validation of test benches at C
ER

N
 

(N
otredam

e and R
D

M
S) and D

ebrecen

}
SiPM

 tender can be finalized by O
ctober 
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B
TL: Progress on

 S
iPM

 arrays

C
old box

D
isposable PC

B 
for array testing

MTD

} Delivery of SiPM arrays for the final step of 
the market survey ongoing 
} All SiPM arrays from vendor #1 in hand and first batch 

from vendor #2 shipped to CERN
} 460 SiPM arrays in total (~2.2% of BTL) of all the 

three different geometries, 50% with TECs already 
mounted by vendors 

} Irradiation at JSI at the end of April 

} Key goals of this step: 
} Assess vendor capability to produce a large quantity of 

SiPM arrays according to specifications 
} Channels functionality (at reception and after aging)
} Specifications of encapsulation, flex, TECs 
} Uniformity of breakdown voltage

} Tuning of the specifications and of the QA&QC process
} New test bench for simultaneous testing of 12 

SiPM arrays in a cold box 
} Cross validation of test benches at CERN 

(Notredame and RDMS) and Debrecen

} SiPM tender can be finalized by October 

12

BTL: Progress on SiPM arrays

Cold box

Disposable PCB 
for array testing

Automated LYSO scanner with Na22 source

Scan 100s of sensors w/ high reproducibility; practice QA/QC
Measure light yield, σt,, etc. Study pre/post irradiation.

SiPM characterization setup

Cold box allows testing 12 arrays at once
Assess vendor capability for high-volume, uniform 
production
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Summary
• CMS MTD on track to be first-of-its kind 

hermetic timing detector

• Mature design established through 
extensive prototyping and testing

• Key system tests forthcoming

• Transition towards procurements and 
high-volume production
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