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Chapter 3

The Endcap Timing Layer

3.1 Overview and principle of operation
The endcap regions of the CMS detector will be instrumented with two disks of MIP-sensitive
silicon devices with excellent time resolution, covering a pseudorapidity range from about 1.6
to 3.0. This Endcap Timing Layer (ETL) will be mounted in its own independent, thermally
isolated volume, on the nose of the endcap calorimeter (CE). Specifically, the ETL will be lo-
cated on the interaction side of the neutron moderator at a distance of about 2.98 m from the
interaction point, as shown in Fig. 3.1. It uses a cold, dry volume that is isolated from the CE
so that the two detectors can each be operated independently of the cooling flow in the other
detector. This allows independent access to the ETL during LHC shutdown periods for repairs
and replacements of faulty components.

Figure 3.1: Placement of the endcap timing layer on the calorimeter endcap structure. The ETL
(shown in blue) is placed on the interaction side of the polyethylene neutron moderator (shown
in red). The ETL and CE detectors are in two separate cold volumes, with each detector having
its own thermal screen (shown in yellow). This makes it possible to access the ETL detector for
maintenance during cold operation of the CE detector.
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Figure 3.2: Cross-sectional view of the ETL along the beam axis. Shown are two disks popu-
lated with modules on both faces, along with the support structure and CO2 cooling pipe inlets.
The interaction point is to the left of the image.

The detailed position of the disks and the thermal screen are illustrated in Fig. 3.2. Sensor
modules are mounted on all four faces of the two disks in each endcap in an x � y layout as
shown in Fig. 3.3. The sensors are placed in a staggered way such that areas for read out,
power, and cable infrastructure, arranged in channels along each line of sensors on one face,
are covered by the sensors on the opposite face. The fractional area of each disk that is sensitive
to MIPs is greater than about 85%. The use of two such disks per endcap, adjacent to each other
with 20 mm z-separation, provides hermetic coverage and an average of about 1.7 hits per track,
with a total sensor area of about 7.9 m2 per endcap. The symmetry of the layout allows each
disk to be composed of four identical and independent 90� structures, called wedges, which
can be installed onto the CE or removed from the detector even with the beam pipe in place.

The total amount of space required along the beam axis for the detector is 45 mm, plus 20 mm
for the additional thermal screen between the ETL and CE cold volumes. This space can be
accommodated on the nose of CE without changing its envelope by reducing the thickness of
the polyethylene neutron moderator from 15.7 cm, the value used in the CE TDR [7], down to
12 cm. The neutron moderator protects the tracker from the flux of neutrons that originate from
hadron interactions in the CE. The reduced neutron moderator thickness increases the particle
flux in the tracker; the largest change of fluence is around 12–15% and occurs at the largest
radius of the last tracker endcap double-disks (TEDD-5). The change in fluence is about 5–7%
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3.4 ETL modules
3.4.1 Module design

The ETL modules are built from sub-assemblies containing a single sensor that is bump bonded
to two ETROCs. Each sensor contains a 16 ⇥ 32 array of pads of size 1.3 ⇥ 1.3 mm2, shown
in Fig. 3.6. With the guard ring structures and bias ring, the dimensions of the sensor are
21.2 ⇥ 42.0 mm2. The ETROCs, each of dimension 22.3 ⇥ 20.8 mm2, are placed such that the
short edge of each ETROC is oriented along the long edge of the sensor. The ETROCs extend
over the long edge of the sensor, forming a “balcony” with wire-bond pads for the input and
output signals and for power connections. Figure 3.57 shows the final assembled ETL modules,
together with an exploded view of the module parts. In the majority of modules, two sub-
assemblies are glued to an Aluminum Nitride (AlN) substrate, shown in Fig. 3.57 (left). This
AlN baseplate provides a cooling path with a thermal expansion coefficient closely matched to
that of silicon. A thermally conductive film is glued to the bottom side of the AlN baseplate.
The lower surface of the film will not be sticky to allow replacement of modules after mounting
on the cooling plate. Flex circuits laminated to each edge of the AlN substrate provide electrical
connections to service hybrids that are described in Section 3.4.4. The sensor bias voltage is
provided by wire bonds between pads on the flex circuit and the contact on top of the sensor.
A second AlN plate is fixed atop this structure to protect the sensors. A U-shaped cutout in that
AlN plate in the location where the bias-voltage wire bond is placed is visible in Fig. 3.57. The
resulting “AlN sandwich” assemblies are rugged structures that are easy to handle during the
assembly steps and installation. In addition to these two-sensor modules, a small number of
single sensor modules, shown in Fig. 3.57 (right), will be assembled to increase coverage near
the edges of the cooling disks.

Figure 3.57: The two-sensor and one-sensor modules. Shown are views of the assembled mod-
ules (top), and the details of the module parts (bottom).
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How	to	obtain	50	ps	
resolu0on	per	hit

Preamp Discriminator

TOA	
TDC

TOT	
TDC

7/29/19 Ryan Heller

Time resolution in full detector chain

�9

LGAD

σioniz. ~ 30 ps
σClock < 15 ps

What resolution does ASIC contribute?

ASIC: ETROC

Global clock
LGAD	sensor

Karri Folan DiPetrillo

LGAD time resolution
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Distor0on

• Total	number	and	local	density	of	e-h	produc0on	vary	event	by	event	
basis	

• Can	cause	change	in	signal	amplitude	(0me	walk)	and	irregulari0es	in	current	signal	(Landau	
noise)	

• Time	walk	minimized	by	fast	slew	rate	and	low	intrinsic	noise	(also	in	readout	chain)	

• Laudau	noise	needs	to	be	measured	carefully	

• Distor0on	of	signal	shape	caused	by	non-uniform	drik	velocity	and	
weigh0ng	field		

• 	Reduced	by	(1)	saturated	drik	velocity	with	high	field	and	(2)	uniform	weigh0ng	field	using	
parallel-plate	geometry
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Figure 3.19: Variation of the jitter and total time resolution as a function of the UFSD gain, as
measured on a Hamamatsu 50 µm thick UFSD sensor [65]. The jitter term decreases with gain
while the total time resolution flattens around st = 30 ps.

3.2.4.6 Time resolution

The time resolutions achieved in the development phase of ETL are due to a combination of
good sensor performance and very good read-out electronics. The front-end electronics used
in laboratory studies and beam tests is custom made, using a very low-noise design based on
a Si-Ge frontend, and is operated without a power limitation. Consequently, these results are
considered a measurement of the intrinsic time resolution of the sensors. A description of the
front-end electronics is provided in Refs. [66, 90]. As explained in Eq. 3.1, non-uniform charge
deposition determines the intrinsic time resolution; this limit is a function of the sensor thick-
ness and is about st ⇡ 25 ps for 50 µm thick sensors [65]. The results shown in Fig. 3.19 [71]
illustrate the behaviour of the UFSD time resolution as a function of gain. The total time res-
olution decreases with increasing gain and then saturates when the jitter component becomes
smaller than the intrinsic time resolution. The plot also shows that the time resolution at dif-
ferent temperatures depends only on the gain value; for equal gain the same time resolution is
achieved, regardless of the temperature. The gain increases at low temperature as the electron
mean free path increases, roughly doubling between +20 �C and �20 �C.

The evolution of the time resolution as a function of neutron and proton irradiation for HPK
and FBK sensors has been examined in Refs. [84–86]. These studies are consistent in demon-
strating that UFSDs maintain a time resolution below 40 ps up to fluences of 1.5 ⇥ 1015 neq/cm2.
Figure 3.20 shows in the right panel a summary of the time resolution studies on the second
FBK production (UFSD2) [91], while the left panel shows a summary for the HPK production.
The time resolution for both families of sensors is measured to remain in the interval st =
30–40 ps throughout the HL-LHC lifetime, and to moderately degrade to st = 40–50 ps at a
fluence of 3 ⇥ 1015 neq/cm2, which is beyond the maximum fluence, with safety factor, shown
in Table 1.3.
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• Manufacturers:	Centro	Nacional	de	Microelectronica	(CNM),	Fondazione	Bruno	Kessler	
(FBK),	Hamamatsu	Photonics	(HPK)	and	poten0ally	Novel	Device	Laboratory	(NDL)	

• The	design	of	sensors	needs	detailed	op0miza0on	to	achieve	high	gain,	low	noise,	and	
uniform	response		

• Parameters	to	be	studied	and	op0mized	for	sensor	development	

• Fill	factor	(ac:ve	area/total	area):	high	fill	factor	to	increase	number	of	two-hit	tracks	(small	gap,	edge)	

• Hit	efficiency	and	signal	uniformity:	high	and	uniform	gain	within	the	pad,	sensor,	and	wafers	

• Gain	and	noise:	high	gain	and	low	noise	crucial	for	electronics	to	achieve	excellent	0me	resolu0on	

• Longterm	stability:	stability	may	be	affected	by	annealing	effect	

• Failure	modes:	high	Vbias	might	lead	to	detector	damage,	e.g.,	irradiated	sensors	can	die	during	opera0on	

• Time	resolu:on:	use	custom	low-noise	FE	boards	to	measure	sensor’s	0me	resolu0on	
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2020 2021 2022
Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3

Receive	v2	R&D	sensors	from	vendors	

• Choice	of	best	gain	layer	doping,	
edges,	inter-pad	distance,	…	

Receive	v3	R&D	sensors	from	vendors	

• Implementa0on	of	the	final	set	of	
parameters

Ready	for	
preproduc0on

Sensor	
produc0on	

order

today
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How	are	sensors	tested?

• Probe	sta0on		

• Measure	IV	and	CV	curves	

• Data	provided	by	manufacturers	

• Test	beam	

• Measure	gain,	hit	efficiency,	0ming	

• At	FNAL,	1-2	0mes	per	year	

• Beta	source	

• Measure	gain,	0ming	

• Laser		

• Measure	uniformity	of	gain,	inter-pad	gap

Ryan Heller1/30/20

β telescope

β source
LGAD/ PCB

MCP

Tungsten pinhole (1.5 mm):
restrict path length

Schematic Ru106 beta gun Photek MCP

LGAD / UCSC readout board

Cooling block

• Fully characterize timing performance and gain, high throughput (1 sensor / day)
• Trigger on Photek MCP time reference: 
- ensure MIP-like deposit in LGAD
- unbiased LGAD signal measurement.
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Test	beam	setup	@	FNAL

Beta	source	test	setup	@	FNAL

Ryan	Heller
Andrés Abreu APS DPF 2019 Monday, July 29 2019

Test Beam Setup

!6

๏ Several LGAD prototypes tested at the 
Fermilab Test Lab Facility. 

๏ 120 GeV beam of protons. 

๏ Irradiated LGADs placed in cold box. 

๏ Micro-Channel Plate (MCP) sensor 
used as time reference (~10 ps 
resolution). 

๏ Tracking system with 7 strip and 4 
pixel sensors (upstream) and 2 strip 
trackers (downstream).

120 GeV 
beam

Strip (7) Pixel (4)
Scintillator  

Trigger Strip (2)

ETL Cold Box

LGADs
MCP

Simplified Setup

Cold Box 
• Up to 5 sensors 
• Motorized rack

Strip and Pixel 
• Tracking system provides 

~50 µm resolution

hips://www.micromanipulator.com/wafer-probe-sta0on/

Andres	Abreu	Nazario

Probe	sta0on
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• Tested	sensors:	16-ch	HPK	and	FBK	arrays	

• Pad	size	(earlier	test	sensors)	:	1x3	mm2	(HPK)	and	2x2	mm2	(FBK)	

• Results	from	FNAL	test	beam	

• 120	GeV	proton	beam,	MCP	PMT	as	a	0me	reference	(res	~10	ps),	
strip+pixel	tracking	system		Andrés Abreu APS DPF 2019 Monday, July 29 2019

Sensor Array Prototypes

!5

๏ Sensors from various manufacturers  
(HPK, FBK and CNM). 

๏ Example 16-ch arrays: 

• HPK 4x4 sensor array (1x3 mm2 pixel). 

• FBK 2x8 sensor array (2x2 mm2 pixel). 

• Various fluence levels (non-irradiated, 
4e14, 8e14 and 1.5e15 neq/cm2). 

๏ Ongoing program of prototype studies at 
Fermilab test beam.

HPK type 3.1 4x4 LGAD array

FBK 2x8 LGAD array
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Test Beam Setup

!6

๏ Several LGAD prototypes tested at the 
Fermilab Test Lab Facility. 

๏ 120 GeV beam of protons. 

๏ Irradiated LGADs placed in cold box. 

๏ Micro-Channel Plate (MCP) sensor 
used as time reference (~10 ps 
resolution). 

๏ Tracking system with 7 strip and 4 
pixel sensors (upstream) and 2 strip 
trackers (downstream).

120 GeV 
beam

Strip (7) Pixel (4)
Scintillator  

Trigger Strip (2)

ETL Cold Box

LGADs
MCP

Simplified Setup

Cold Box 
• Up to 5 sensors 
• Motorized rack

Strip and Pixel 
• Tracking system provides 

~50 µm resolution
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Sensor Array Prototypes

!5

๏ Sensors from various manufacturers  
(HPK, FBK and CNM). 

๏ Example 16-ch arrays: 

• HPK 4x4 sensor array (1x3 mm2 pixel). 

• FBK 2x8 sensor array (2x2 mm2 pixel). 

• Various fluence levels (non-irradiated, 
4e14, 8e14 and 1.5e15 neq/cm2). 

๏ Ongoing program of prototype studies at 
Fermilab test beam.

HPK type 3.1 4x4 LGAD array

FBK 2x8 LGAD array

Andres	Abreu	Nazario
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• Find	the	MPV	of	signal	MAX	

• HPK:	gain	uniform	at	5%	level		

• FBK:	hot	spot	due	to	varia0on	
in	doping	concentra0ons

Andrés Abreu APS DPF 2019 Monday, July 29 2019

Sensor Uniformity (Gain Distribution)

!8

๏ HPK non-irradiated (195 V): 

• Gain is uniform to ~5 %. 

๏ FBK non-irradiated (320 V): 

• Hot spot: 50% higher signal size due 
to variation in doping concentrations. 

• Small variations in rest of sensor due 
to amplifier.
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๏ Obtain amplitude and !  from each 
event: 

• Fit and interpolation used to find time 
value of MIP signal max. 

• Time difference between LGAD and 
MCP. 

๏ MIP amplitude fit to obtain peak (MPV). 

๏ !  distribution fit with Gaussian to 
obtain width (time resolution ! ). 
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Sensor Array Prototypes
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๏ Sensors from various manufacturers  
(HPK, FBK and CNM). 

๏ Example 16-ch arrays: 

• HPK 4x4 sensor array (1x3 mm2 pixel). 

• FBK 2x8 sensor array (2x2 mm2 pixel). 

• Various fluence levels (non-irradiated, 
4e14, 8e14 and 1.5e15 neq/cm2). 

๏ Ongoing program of prototype studies at 
Fermilab test beam.

HPK type 3.1 4x4 LGAD array

FBK 2x8 LGAD array
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Sensor Array Prototypes

!5

๏ Sensors from various manufacturers  
(HPK, FBK and CNM). 

๏ Example 16-ch arrays: 

• HPK 4x4 sensor array (1x3 mm2 pixel). 

• FBK 2x8 sensor array (2x2 mm2 pixel). 

• Various fluence levels (non-irradiated, 
4e14, 8e14 and 1.5e15 neq/cm2). 

๏ Ongoing program of prototype studies at 
Fermilab test beam.

HPK type 3.1 4x4 LGAD array

FBK 2x8 LGAD array
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• Hit	efficiency	>	99%	

• Efficiency	between	pads	=>	coverage	loss	due	to	gap	

• Meet	the	sensor	specifica0on	(<	90	um)	
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Hit Efficiency 
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๏ Non-irradiated: 

• ~100% efficient for all pads. 

๏ 4e14 neq/cm2 sensor (<50% of sensors 
will have lower fluence by end of HL-
LHC): 

• > 99% efficient for most pads.0
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Sensor Uniformity (Gain Distribution)
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๏ HPK non-irradiated (195 V): 

• Gain is uniform to ~5 %. 

๏ FBK non-irradiated (320 V): 

• Hot spot: 50% higher signal size due 
to variation in doping concentrations. 

• Small variations in rest of sensor due 
to amplifier.
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Hit Efficiency 
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๏ Non-irradiated: 

• ~100% efficient for all pads. 

๏ 4e14 neq/cm2 sensor (<50% of sensors 
will have lower fluence by end of HL-
LHC): 

• > 99% efficient for most pads.0
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Interpad Gaps from Efficiency
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๏ Efficiency between pads gives idea of 
coverage loss between sensors. 

๏ Inactive areas measured from gain-to-gain 
separation at 50% efficiency: 

• Small gaps (< 80 µm) meet ETL 
specifications. 

• Matches the values obtained from laser 
measurement.
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● Nominal distance provided by HPK 
is most likely not the gain layer 
distance

● We saw same feature in Torino 
using the laser (see next)
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Sensor Array Prototypes
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๏ Sensors from various manufacturers  
(HPK, FBK and CNM). 

๏ Example 16-ch arrays: 

• HPK 4x4 sensor array (1x3 mm2 pixel). 

• FBK 2x8 sensor array (2x2 mm2 pixel). 

• Various fluence levels (non-irradiated, 
4e14, 8e14 and 1.5e15 neq/cm2). 

๏ Ongoing program of prototype studies at 
Fermilab test beam.

HPK type 3.1 4x4 LGAD array

FBK 2x8 LGAD array



Jae	Hyeok	Yoo	(Korea	University) KPS	Fall	2020	(11/05/2020)

Tes0ng	results	-	0ming

18

Andrés Abreu APS DPF 2019 Monday, July 29 2019

Test Beam Setup

!6

๏ Several LGAD prototypes tested at the 
Fermilab Test Lab Facility. 

๏ 120 GeV beam of protons. 

๏ Irradiated LGADs placed in cold box. 

๏ Micro-Channel Plate (MCP) sensor 
used as time reference (~10 ps 
resolution). 

๏ Tracking system with 7 strip and 4 
pixel sensors (upstream) and 2 strip 
trackers (downstream).

120 GeV 
beam

Strip (7) Pixel (4)
Scintillator  

Trigger Strip (2)

ETL Cold Box

LGADs
MCP

Simplified Setup

Cold Box 
• Up to 5 sensors 
• Motorized rack

Strip and Pixel 
• Tracking system provides 

~50 µm resolution
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๏ Obtain amplitude and !  from each 
event: 

• Fit and interpolation used to find time 
value of MIP signal max. 

• Time difference between LGAD and 
MCP. 

๏ MIP amplitude fit to obtain peak (MPV). 

๏ !  distribution fit with Gaussian to 
obtain width (time resolution ! ). 
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Timing and Radiation Hardness 1/3

!11

๏ Time resolutions studied for 

non-irradiated and irradiated 

sensors. 

๏ Measured time resolutions in 

agreement with expectations. 

๏ Tested prototypes shown to 

meet LGAD requirements.
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• Max	expected	fluence	at	the	end	of	HL-LHC:		
	

• Radia0on	can	cause	decrease	in	gain	(due	to	worse	
charge	collec0on	efficiency,	change	in	doping	
profile)	and	higher	noise	(leakage	current)

1.5 × 1015	neq/cm2

106 Chapter 3. The Endcap Timing Layer

• sJitter: the jitter term is given by the ratio of the noise N over the signal slew rate
dV/dt, sJitter = N/(dV/dt). The noise is the sum of components from electronic

noise and sensor shot noise: N =
q

N2
El. + N2

Shot. The sensor shot noise is a sub-
leading contribution, see Section 3.2.4. Ignoring NShot, the jitter can be expressed as
sJitter µ enCd

Qin

p
trise where en is the electronic noise, Cd the detector capacitance, Qin

the total signal charge and trise the signal rise time at the input of the comparator.
The jitter is therefore minimized by large signals, small capacitance, and fast rise
time.

• sTotal ionization + sLocal ionization: the ionization process changes on an event-to-event
basis both in total magnitude (sTotal ionization) and in the non-uniform creation of
electron-hole pairs along the particle path (sLocal ionization). These two effects are cor-
related as large non-uniform ionizations often lead to large total ionizations, e.g.,
due to delta rays. The effect on the time resolution of varying total ionization,
the so-called time-walk effect, is largely compensated using a correction from mea-
surements of the total ionization with a time-over-threshold circuit (Section 3.3.6).
The second term, sLocal ionization, arises from the variation of the signal shape due
to non-uniform ionization. These signal shape variations, called Landau noise, are
the intrinsic limiting factor for the achievable time resolution. They depend on the
sensor thickness [65], but not on the gain value. As explained in more detail in
Section 3.2.4.6, the Landau noise contributes 30–35 ps to the time resolution, and it
dominates over the jitter term once the gain is larger than about 10–20.

• sDistortion: this term is due to the non-uniform weighting field and the non-saturated
drift velocity. The first term is reduced to a small contribution by using a parallel
plate geometry that has a uniform weighting field; in the ETL design each pad has
an extension of at least 1 mm in each direction, while the thickness is about 50 µm,
yielding an almost perfect parallel plate configuration. Distortion due to the non-
saturated drift velocity is minimized by operating the sensor at a sufficiently high
bias voltage where the charge carriers’ velocity is saturated.

• sTDC: the effect of the TDC binning is discussed in Section 3.3.6.

Figure 3.4: Left: ETL exposure to irradiation, in 1 MeV neutron equivalent per cm2, as a func-
tion of radius for three points in time during the expected HL-LHC 3000 fb�1 lifetime. Right:
The maximum fluence experienced by a given fraction of the ETL area.

1 × 1015 neq/cm2

4 × 1014 neq/cm2

3.2. Silicon sensors 111

Table 3.1: Summary of the measured c(rA(0)) for proton and neutron irradiations. The last two
columns show the NIEL factors calculated from these measurements.

c(rA(0)) for: KIT IRRAD JSI KIT/JSI IRRAD/JSI
p, 23 MeV p, 23 GeV n Expected Expected

NIEL = 2 - 3 NIEL = 0.4 - 0.6
Sensor [cm2] [cm2] [cm2] Measured NIEL Measured NIEL

FBK UFSD2 B+C 7.8 3.3 2.1 3.7 1.6
FBK UFSD2 B 16.6 6.5 5.4 3.1 1.2

FBK UFSD3 B LD + C 6.5 1.56 4.2

Figure 3.9: Gain as a function of bias voltage for different neutron fluences for sensors manu-
factured by CNM, HPK, and FBK. The dashed line in each plot shows gain = 10.

Figure 3.10: Bias voltage required to maintain a gain of 10 as a function of fluence for sensors
from HPK, CNM, and FBK. The dotted lines on the plot show the parametrizations used in the
calculations for the power consumption.

doping. Figure 3.9 shows the evolution of the gain value as a function of bias voltage at dif-
ferent fluences for HPK, CNM, and FBK. In each plot, a dashed black line indicates gain = 10.
Figure 3.10 shows the bias voltage required to maintain a gain of 10 as a function of fluence
for sensors from HPK, CNM, and FBK. Interestingly, sensors from HPK and CNM present the
same dependence, while FBK sensors, given the lower values of c(rA(0)) from the presence of
carbon, can obtain a gain of 10 at a lower bias as a function of fluence. The studies performed
so far indicate that all vendors can successfully manufacture sensors able to deliver a gain of at
least 10 up to the end of the CMS HL-LHC lifetime.

• To	maintain	the	gain,	need	operate	sensor	at	
higher	Vbias	

• Is	the	sensor	performance	maintained	by	the	
end	of	LHC	life?	 	Test	irradiated	sensors→
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• Hit	efficiency	>	99%	for	most	
pads	aker	 	
of	radia0on	

• :	more	than	50%	of	
the	sensors	will	have	less	fluence	at	
the	end	of	HL-LHC

4 × 1014	neq/cm2

4 × 1014	neq/cm2
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๏ Non-irradiated: 

• ~100% efficient for all pads. 

๏ 4e14 neq/cm2 sensor (<50% of sensors 
will have lower fluence by end of HL-
LHC): 

• > 99% efficient for most pads.0
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Timing and Radiation Hardness 1/3

!11

๏ Time resolutions studied for 

non-irradiated and irradiated 

sensors. 

๏ Measured time resolutions in 

agreement with expectations. 

๏ Tested prototypes shown to 

meet LGAD requirements.
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๏ General time resolution results: 

• Time resolution increases as function of 
applied Bias voltage. 

• Good performance for irradiated sensors: 

๏ 8e14 neq/cm2: >80% of sensors will 
have lower fluence at end of HL-LHC. 

๏ 1.5e15 neq/cm2: ~Maximum expected 
fluence for any sensor at end of HL-LHC.
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Larger	Vbias	(larger	gain)	=>	Smaller	 	
Maintain	0ming	performance	by	
opera0ng	sensors	at	higher	Vbias

σt

Andres	Abreu	
Nazario
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Sensor	tes0ng	status	and	what’s	next
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• What	we	learned	so	far:	manufacturers	can	meet	all	required	features		

• Doping	uniformity:	1-2%	varia0ons	in	a	wafer	and	among	wafers	

• Sensors	provide	large	signal	(>15	fC)	with	low	noise	un0l	the	end	of	HL-LHC	( )	

• Inter-pad	gap:	50-100	um	

• What	needs	to	be	tested	in	the	current/next	version	of	prototypes?	

• No	degrada0on	of	performance	up	to	 	

• Produc0on	uniformity,	par0cularly,	of	large	sensors	(16x16	and	32x16	pads)	

• Longterm	stability	

• A	few	groups	are	contribu0ng	to	the	effort	

• Torino,	FNAL,	UCSB,	Santander,	Helsinki

1.5 × 1015	neq/cm2

1.5 × 1015	neq/cm2
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Sensor	tes0ng	facility	in	Korea
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• Se|ng	up	sensor	tes0ng	facility	using	laser	at	Korea	University	

• Laser	provides	excellent	posi0on	granularity	to	study	inter-pad	design	and	
uniformity	of	sensors	

• Automated	sample	stage	makes	tes0ng	large	sensors	convenient			

• Exploring	possibility	of	using	probe	sta0on
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Basics	of	sensor	tes0ng	using	laser
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• Shoot	laser	to	LGAD	sensor		

• Fast	(pulse	dura0on=350	-	4000	ps)	and	narrow	
(FWHM	<	11	μm)	

• Wave	length:	1064	nm	(absorp0on	depth	in	silicon	=	1	
mm)	

• pulse	power:	few		-	100	MIPs	(equivalent	in	300	μm	Si)		

• Automated	sensor	posi0on	control	

• Moving	range:	10x10x10	cm	

• Posi0on	resolu0on:	<	1	μm	

• Use	Transient	Current	Technique	(TCT)	
apparatus	by	Par0culars	

• Can	save	0me	for	se|ng	up	the	facility

n++

p++

p
Vbias

p+

E

http://particulars.si/index.php
http://particulars.si/index.php
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TCT	Scanning	system		
(not	in	my	lab	yet..	it’s	coming…)	

Pel0er	cooled	
moun0ng	plane

focusing	
op0cs

laser

sample

DC	filter

amplifier

automated	xy	stage

au
to
m
at
ed

	z	
st
ag
e

Particulars, Advanced Measurement Systems 

How it should look when assembled. 
� Note that laser should be placed at foreseen location and fiber 

routed through the holders at the celling – make sure nothing comes 
in its way  

� The laser has a clamp which is used to fix it to the box (grounding) 

December 
2016 

Large Scanning TCT Installation Manual Ver. 1.0  

7 

cooling	
inlet/outlet	
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Sensor	tes0ng	plan	at	KU
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2020 2021 2022

Setup	testbed gain	exper:ses	
par:cipa:ng	in	v2	tes:ng contribute	to	v3	tes:ng

longterm	stability	&	
large-scale	system	

test	

2020 2021 2022
Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3

Receive	v2	R&D	sensors	from	vendors	

• Choice	of	best	gain	layer	doping,	
edges,	inter-pad	distance,	…	

Receive	v3	R&D	sensors	from	vendors	

• Implementa0on	of	the	final	set	of	
parameters

Ready	for	
preproduc0on

Sensor	
produc0on	

order

Person	power:	1	faculty,	1	postdoc,	2	students

today
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Summary	and	outlook
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• ETL	sensor	tes0ng	is	advancing	well	

• Making	a	good	progress	in	prototype	v2	tes0ng:	vendors	can	meet	the	LGAD	spec	requirements	

• Se|ng	up	sensor	tes0ng	facility	using	laser	at	Korea	University	

• Possibly	start	measurements	this	winter	

• Plan	to	make	important	contribu0ons	to	prototype	v3	tes0ng!	

• Exploring	possibility	of	using	probe	sta0on	

• Close	collabora0on	with	sensor	experts	in	FNAL,	UCSB	and	Torino	groups
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LGAD design choices

!8

Depletion region 
thickness 50 µm Minimize rise time, sufficient 

charge, gain uniformity

Pad size 1.3x1.3 mm2 Minimize capacitance,

Occupancy ~1%

Sensor size 2x4 cm2 

(16x32) Optimize wafer usage

Interpad gap < 90 µm Fill factor > 85%
Time res. after 

irradiation < 40 ps up to 1.7∙1015 neq/cm2

Key sensor characteristics

Recent prototypes from Hamamatsu (HPK), 
Fondazione Bruno Kessler (FBK) focus on


• improving radiation hardness 

• increasing fill factor 

• large arrays
7/29/19 Ryan Heller

LGAD prototyping campaigns
• Two main producers: Hamamatsu (HPK), Fondazione 

Bruno Kessler (FBK)
• First prototypes: optimization of gain layer & thickness for 

best time resolution
• Recent prototypes focus on:
- Improving radiation hardness
- Increasing fill factor
- Developing large arrays

�15

20

Wafer Layout (for CMS)

5： 4x24 array (1type)
       ・total： 8pcs/wafer

4： 4x4 array (1type)
       ・total： 5pcs/wafer

3： 3x3 array (1type)
       ・total： 5pcs/wafer

2： 2x2 array (8type)
       ・total： 56pcs/wafer

1： Single (6type)
       ・total： 117pcs/wafer

CONFIDENTIAL

FBK UFSD3

HPK type 3.1

304
x
2
4
 P

A
D
 (

fo
r 

C
M

S
)

5
0
0
±

4
0

5
0
0
±

4
0

5
0
0
±

4
0

2
5
3
0
0
±

4
0

1
3
0
0
0
±

4
0

1
2
0
0
0
 (
P

3
0
0
0
 x

4
)

2
4
0
0
0

(P
1
0
0
0
 x

2
4
)

3
0
0
0

A
c
ti
ve

 a
re

a 
P

A
D

1
φ

9
0
 (

fo
r 

U
B

M
)

8
0
0
±

4
0

1
0
0
0

A
c
ti
ve

 a
re

a 
P

A
D

2
1
0
0
 x

 2
0
0

5
6
5

1
5
6
5

In
n
e
r 

G
u
ar

d
 R

in
g 

P
A

D
 (

fo
r 

U
B

M
)

φ
9
0

1
: 
L
G
U
4
x
2
4
-9

5
-5

0
0

CO
N
FI
D
EN

TI
AL

18
04

06
 r

ev
is

ed 4x24 array

Prototypes satisfy all ETL requirements:
- Time performance < 40 ps beyond 1015 neq
- Fill factor > 85%
- Large, uniform arrays are achievable

FBK UFSD3

7/29/19 Ryan Heller

Low-Gain Avalanche Detectors
• CMS Endcap: high occupancy & radiation

→ Highly granular silicon detector

• LGADs: novel ultra-fast silicon detectors
- Moderate internal gain (10-20)
• Large signals, but low noise

- Thin (50 micron depletion region)
• Uniform field & fast rise-time

�3

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

5x5 array from HPK

Karri	Folan	DePatrillo
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Radia0on
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• Fluence	( :	1	MeV	neutron	
equivalent	per	 )	as	a	func0on	of	radius	
for	1/4,	1/2,	and	full	life0me	of	HL-LHC	

• Un0l	1/2	life0me,	fluence	is	less	than	
	(top	plot)	

• Large	frac0on	of	ETL	will	receive	mild	dose	

• 50%	of	sensors:	 	

• 80%	of	sensors:	 	

• 10%	of	sensors:	

neq/cm2

cm2

1 × 1015	neq/cm2

< 5 × 1014	neq/cm2

< 8 × 1014	neq/cm2

> 1 × 1015	neq/cm2

106 Chapter 3. The Endcap Timing Layer

• sJitter: the jitter term is given by the ratio of the noise N over the signal slew rate
dV/dt, sJitter = N/(dV/dt). The noise is the sum of components from electronic

noise and sensor shot noise: N =
q

N2
El. + N2

Shot. The sensor shot noise is a sub-
leading contribution, see Section 3.2.4. Ignoring NShot, the jitter can be expressed as
sJitter µ enCd

Qin

p
trise where en is the electronic noise, Cd the detector capacitance, Qin

the total signal charge and trise the signal rise time at the input of the comparator.
The jitter is therefore minimized by large signals, small capacitance, and fast rise
time.

• sTotal ionization + sLocal ionization: the ionization process changes on an event-to-event
basis both in total magnitude (sTotal ionization) and in the non-uniform creation of
electron-hole pairs along the particle path (sLocal ionization). These two effects are cor-
related as large non-uniform ionizations often lead to large total ionizations, e.g.,
due to delta rays. The effect on the time resolution of varying total ionization,
the so-called time-walk effect, is largely compensated using a correction from mea-
surements of the total ionization with a time-over-threshold circuit (Section 3.3.6).
The second term, sLocal ionization, arises from the variation of the signal shape due
to non-uniform ionization. These signal shape variations, called Landau noise, are
the intrinsic limiting factor for the achievable time resolution. They depend on the
sensor thickness [65], but not on the gain value. As explained in more detail in
Section 3.2.4.6, the Landau noise contributes 30–35 ps to the time resolution, and it
dominates over the jitter term once the gain is larger than about 10–20.

• sDistortion: this term is due to the non-uniform weighting field and the non-saturated
drift velocity. The first term is reduced to a small contribution by using a parallel
plate geometry that has a uniform weighting field; in the ETL design each pad has
an extension of at least 1 mm in each direction, while the thickness is about 50 µm,
yielding an almost perfect parallel plate configuration. Distortion due to the non-
saturated drift velocity is minimized by operating the sensor at a sufficiently high
bias voltage where the charge carriers’ velocity is saturated.

• sTDC: the effect of the TDC binning is discussed in Section 3.3.6.

Figure 3.4: Left: ETL exposure to irradiation, in 1 MeV neutron equivalent per cm2, as a func-
tion of radius for three points in time during the expected HL-LHC 3000 fb�1 lifetime. Right:
The maximum fluence experienced by a given fraction of the ETL area.
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1 × 1015 neq/cm2

1 × 1015 neq/cm2
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Silicon	absorp0on	depth
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hips://www.pveduca0on.org/pvcdrom/materials/op0cal-proper0es-of-silicon


