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Line density p.d.f.

- Up to 5x higher vertex density
- Current track-vertex compatibility
cutis @ 1mm
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ﬂ Why a MIP Timing Detector in CMS?

The MTD will provide timing information for MIPs with a 30-40 ps resolution.

Time-tagged charged tracks enable

t (ns)

* time compatibility check for track-
vertex association

» charged tracks/vertices association
with photons and hadronic showers
(measured by upgraded
calorimeters)

* Reduction of effective pile-up to the
level of the current CMS detector,
exploiting the longitudinal extent of
the beams

0.6

0.4

0.2

-0.2

-0.4

Simulated Vertices
3D Reconstructed Vertices
—=6—— 4D Reconstruction Vertices

—+— 4D Tracks

Interactions are distributed over time
(and space) with an RMS of 180-200 ps
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Design of the MTD detector

Thin layer between tracker and calorimeters
MIP sensitivity with time resolution of 30-50 ps
Hermetic coverage for |n|<2.9

~ 38 m?
~ 332k
~2x10"n__/cm?

LYSO crystals + SiPMs

ENDCAPS

Surface ~7 m?

Number of channels  ~ 4000k
Radiation level ~2x10" n,Jcm?
Sensors: Low gain avalanche diodes




W The Endcap Timing Layer (ETL) layout
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+Yis up 1:  ETL Thermal Screen
= = 2 Diskl,Facel

3:  Disk 1 Support Plate

e foDkbRe2 each face made of 4 identical wedges
o 6: _Disk 2, Face ] —

7: Disk 2 Support Plate

8:  Disk 2, Face 2

9:  HGCal Neutron Moderator
10: ETL Support Cone

11: Support cone insulation

12: HGCal Thermal Screen

On each endcap side [ [n]| =1.6t02.9 ]
2 supporting disks, with sensor modules mounted on all four faces of the two disks, placed in an

x-y layout, in a staggered way
(areas for readout, power, and cable infrastructure are covered by the sensors on the opposite face)




The Endcap Timing Layer (ETL) layout

+Yisup ETL Thermal Screen
Disk 1, Face 1

1
2
3:  Disk 1 Support Plate
4
5

ety O LHO Hhe Disk 1, Face 2
ETL Mounting Bracket
6:_Disk2, Tacel
7: Disk 2 Support Plate
8:  Disk 2, Face 2
9:  HGCal Neutron Moderator
10: ETL Support Cone
11: Support cone insulation
12: HGCal Thermal Screen

+Z: anticlockwise LHG
beam direction

portion of supporting disk with
sensors and services

Service Channels
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The Endcap Timing Layer (ETL) layout

i 1:  ETL Thermal Screen

2: Disk 1, Face 1

3:  Disk 1 Support Plate

4:  Disk 1, Face 2

5:  ETL Mounting Bracket
7: Disk 2 Support Plate

8:  Disk 2, Face 2

9:  HGCal Neutron Moderator
10: ETL Support Cone

11: Support cone insulation
12: HGCal Thermal Screen

+X towards center of LHC ring

+Z: anticlockwise LHG
beam direction

portion of supporting disk with
sensors and services

AIN module cover
LGAD sensor

ETL ASIC

Mounting film

AIN carrier
Mounting film
Mounting screw
Front-end hybrid
Adhesive film

10: Readout connector

i W
. 7

8 10
11
10

LeNUHWNR

One ETL sensor module, with 2 LGAD
sensors read out by 4 ETL ASICs




R. Arcidiacono — Tredi2019 - Trento

w Expected Irradiation Conditions of ETL

Fluence vs radius |;/l| = 6 to 29
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o f The LGAD sensor production/R&D
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ETL sensor design

~42.6 mm

N

N
v

wuw 8°T¢

ETROC ETROC
matrix of 32x16 pads
pad size: 1.3 x 1.3 mm? (C=3.4 pF)
UFSD 50 microns thick
Total area to cover:
7m2x2

Number of sensors: ~18500

3 VENDORS (FBK, HPK, CNM) engaged in the R&D
towards large area UFSDs production (2018)
for CMS/ATLAS upgrades, focusing on

Large Area sensor feasibility

Optimization of gain layer radiation
hardness, inter-pad dead spaces,
sensor edges, gain uniformity

Long term stability

Evaluate the 35-micron option

Common R&D project with ATLAS

Development work done also in collaboration with RD50
10
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i ETL sensor specifications

For radiation damage mitigation, the sensors will be operated at -30°C

Considering the present ETL read-out chip simulation, a time resolution better than ~40 ps is
achieved for charges larger than 5 fC (min Gain = 10)

-> sensor needs to provide enough charge, without increasing the noise contribution, till the
end of HL-LHC lifetime

When new:
e sensor gain between 10 and 20 in a bias interval between 125V - 175V, with BD > 220V
* |ess than 2 uA leakage current per mm?
* Sensor edge < 500 microns, interpad (no-gain) distance < 50 microns
* Gain uniformity within a sensor better than 20%
Low noise, stable operation, and gain above 10 after a fluence of
* 5E14 neq/cm? for 50% of the total sensors
* 1E15 neq/cm? for 30% of the total sensors
* 2E15 neq/cm? for 20% of the total sensors.
11



O 2018 R&D SENSOR PRODUCTIONS
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FBK, HPK and CNM have delivered their first CMS/ATLAS dedicated R&D productions:
Lot’s of results collected so far... some still not final.

Given their R&D nature, there were unforeseen problems for all the vendors

(either related to the optimizations undertaken, or not ...)

FBK: structures with early breakdown and/or “pop-corn” noise (p-stop design, inter-pad design?)
HPK: the 35microns sensor design suffers very early breakdown (too low bulk resistivity, too high
gain layer doping)
CNM: high leakage current/ large variations (inter-pad design ?)
All vendors are "offering” engineering internal productions to address the problems. These productions will be
extremely useful for the definition of the characteristics of the next prototyping production this year.

Final Production expected to start in Q1 2023

12
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w Wafer uniformity and sensor yield

Overall, a very good uniformity and yield from HPK and FBK.

Table 3.4: Summary of the uniformity studies on the latest sensor productions.
| Foundries | Sensor type | # Sensor tested | # Warm pads | # Hot pads | Comments |

FBK 4x24 pads 152 14 (0.1%) 0 bias = 100V
FBK 5x5 pads 23 4 (0.7%) 0 bias = 300V
HPK 4x24 15 20 (1.3%) 0 bias = 250V
CMS_LG_4X24-95-500-P1 (230 V) ~ BD Voltage ~ 240/250 V
:? 10 Current Distrubution CMS_LG_4X24-95-500-P1 (230 V)
% 5 o
3 £ = Good pad 94
g E 5 Warm pad 2
v b 105 £ Bad pad 0
g 8 E o Fi3
L 210 E
2.4cm 0.65cm g % g -
= h E 1
a 15 L 1n-3 3
hel t devi t 15 whe o Ty
.T e arges eVIce pres.en %—g § 0 0.00 -O;S. DgO O'IIS l:']O lﬁS\ll"Sﬁ'JﬁI/S
in the 2018 prods, 3.5 times 2 E Curent (A e
smaller than the final one % -
0123
pad column index See also V.Sola/G. Paternoster talks
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i Status of interpad no-gain area

| Foundries | No-gain distance [pm] | Comments |

CNM 100 The latest production with smaller dis- See also V.Sola/G. Paternoster talks

tances has very high leakage current and

cannot be used. A new production is ex-

pected in August 2019 T

FBK 40,70 In the latest production much smaller dis- TE | ‘7\
tances were attempted but the sensors go ,:' No-gain area

into early breakdown. A dedicated new !

production is expected in April 2019.

HPK 75, 90, 135 Even the shortest separation works well,

most likely HPK can obtain even smaller

distances.

p+ gain layer

14
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W Status of interpad no-gain area

| Foundries | No-gain distance [yum] | Comments |

CNM 100 The latest production with smaller dis- See also V.Sola/G. Paternoster talks
tances has very high leakage current and
cannot be used. A new production is ex-
pected in August 2019 T

FBK 40,70 In the latest production much smaller dis- TE | ‘7\
tances were attempted but the sensors go /
into early breakdown. A dedicated new
production is expected in April 2019.

p+ gain layer ':' No-gain area
!

HPK 75,90, 135 Even the shortest separation works well,
most likely HPK can obtain even smaller
distances.
Fill factor vs no-gain distance for a 1.3 x 1.3 mm? pad
. . . 100
Our goal is to have a fill factor of 85% per layer, for a final
98
average 1.8 hits per track o |
* 5% comes from the sensors placement Sy
. . S i
* 2-3 % dead area comes from the butting of sensors in the g 2T |
= 9% | i
module - !
88 !
* 7-8% comes from the no-gain area 8 |
. 8a - I - - ;
...Not yet achieved 0 20 a0 50 80 100 120

No-gain distance [um)]
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Resolution [ps]

Time Resolution (beta source lab tests)

See Stefan Guindon talk for time resolution
performances of CNM and preliminary results
on HPK Type3.1
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On radiation hardness...
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1. Galloway et al.,
https://arxiv.org/abs/1707.04961
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A

On the detector sensor biasing schema

Comparison between the best devices of the three vendors so far:

100
90 [
80
70
60
50
40
30
20
10 1

Voltage [V]

Bias working point difference between each
4-cm wide ring - FBK, HPK 35

End of lifetime
m 1/2 Lifetime

1/4 Lifetime

Voltage [V]

30 34 38 42 46 50 54 58 62 66 70 74 78 82 86 90 94 98 102
Radius [cm)]

Difference in sensor biasing voltage for G=10 over a 4-cm sensor,

100
20
80
70 |
60
50
40
30 |
20
10

Bias working point difference between each
4-cm wide ring - CNM, HPK 50

End of lifetime
m 1/2 Lifetime

1/4 Lifetime

30 34 38 42 46 50 54 58 62 66 70 74 78 82 86 90 94 98 102
Radius [cm]

as a function of ETL radius, for three different moment in CMS lifetime.

The sensor edge at higher rapidity would require higher bias, so it will be under-biased to prevent

breakdown at the sensor edge at lower rapidity.
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" On the detector sensor biasing schema

Bias point for a Gain=10 sensor as a function of ETL radius

Bias vs radius - FBK, HPK 35 Bias vs radius - CNM, HPK 50

800 End of lifetime 800 r End of lifetime

700 ——1/2 Lifetime 700 ——1/2 Lifetime

600 1/4 Lifetime 600 1/4 Lifetime
Esoo - Esoo -
w 400 | w400 |
R 0
@ 300 | o 300 f

200 | 200 |

100 | 100 |

0 L L L L L L J 0
0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0
Radius [cm] Radius [cm]

Difference in sensor biasing voltage for G=10 over a 4-cm sensor,
as a function of ETL radius, for three different moment in CMS lifetime.
The sensor edge at higher rapidity would require higher bias, so it will be under-biased to prevent

breakdown at the sensor edge at lower rapidity.
19



N Conclusions
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Both CMS and ATLAS need to build large area timing detectors using UFSD sensors

of ~¥8-9 cm? . Common R&D project!

CNM, FBK and HPK are engaged in this R&D, and it is progressing well:
* Theyield for large area sensors (measured now in FBK, HPK) is very high

* The radiation hardness has improved: latest FBK can reach good gain above

1.5E15 n./cm?.

* The sensors tested in lab can reach a time resolution better than 40 ps

Stay tuned! a new round of prototyping production will be available in 2019.

NB: writing the MTD TDR, to be submitted to LHCC by the end of March.
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Ultra Fast Silicon Detectors

LGAD (Low Gain Avalanche Diodes)
technology sensors optimized for timing

measurements
The idea: add a thin layer of doping to produce low

controlled multiplication (the gain layer)

UFSD Simulation
50 pm thick
MIP Signal
Gain=10

2* Toia\?ignol

Current [uA]

S R R - T - )
QAU L T

(\
Gain Holes

Electrons
Gain Electrons

St “//Holes
= 1 U T S S RN
0.2 04 06 08

L
1

Time [ns]

The main contribution to the signal comes from gain holes.
The signal shape depends on the sensor thickness and gain

High E field

Cathode

Ring
x
Avalanche
. egion
"oh
Depletion |
Region v
n
1
— Anode
w Ring
A
4.5e-05 I\ Proton MIP
‘f | Thickness: 50um
4005 ‘,A) \ Gain: 15
s se08 [ \ \‘\ Landau
| \ Fluctuations

3-30 fC

5e-09 5.20-09 5.4-09 56e-09 58¢-09 6e-09 6.2¢-09 6.4e-09
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. UPO
How do we measure the time

Ojirter= N/(dV/dt) = t,.o/(S/N) Non uniform charge depo§ition
Decreases with detector thickness

» need gain to increase S
» need thin detector to decrease t,;,

S G
iy, & Gain

i(t) /| medium

thick
|

2 - ~2 2 2 2 2
o t— o Jitter +0 Time Walk+ o Landau Noise +0 Distortion t0 TDC

L Minimized by
Minimized by optimized RO
corref:tlon L electronics

techniques A

IRamoz A Vyrift Ew
Requires uniform vy, and E,

R. Arcidiacono — Tredi2019 - Trento

23



R. Arcidiacono — Tredi2019 - Trento

LHC upgrade: the High Luminosity Challenge

| | Run 3 | Run4-5...
LS2 14 TeV LS3 14 TeV
13 TeV € —_—energy
T INJECTOR UPGRADE Er': Ot% ;;l
TDIS absorber HL-LHC lunal
11T dipole & collimator installation luminosity

Civil Eng. P1-P5

2018 2019 | 2020 | 2021 | 2022 | 2028 | 2024 | 2025 | 2026 ||H||||| 2038

ATLAS -CMS

upgrade phase 1 ATLAS - CMS
 nom. luminosity 2.5 x nominal luminosity | upgrade phase 2
—— ALICE - LHCb e 1
upgrade

150 fb" (300 b g

Inst. Lumi Peak pileup (PU) Int. Lumi Hadron fluence (particles/cm?)
(cm2s?) (fb/y)
LHC 1.7 x 1034 60 40-50 12E11 |n|=1;3E13 |n|=2.6
HL-LHC 5-7.5 x 1034 140-200 250-320 7.6E12 |n|=1;2E14 |n|=2.6
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UFSD3 wafer layout
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Bias for Gain = 10 vs fluence

vI

Evolution of the Gain = 10 bias working point for CNM, FBK and HPK sensors

800

700 L cwmG=10

600 | HPK 50 G = 10
* HPK35G =10
FBKG = 10

500 |
«» 400 |

Bia

300 |

200 L

100 T
0

1.00E+13

1.00E+14

1.00E+15 1.00E+16
Fluence [n/cm2]

Carbon reduces the HV values needed at a given fluence

The “voltage reach” of the detectors: sensors should hold high bias since it extends

the possibility to go to higher fluences.
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