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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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• 2	double-sided	disks	in	each	endcap		
• Frac2on	of	coverage	per	disk	>	85%	
• 1.8	hits	per	track	
• 	ps	per	track	( 	ps	per	hit)	
• Total	sensor	area	=	7.9	m2	per	endcap
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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	
resolu2on	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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Timing properties
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3.2. Silicon sensors 119

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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strating that UFSDs maintain a time resolution below 40 ps up to fluences of 1.5 ⇥ 1015 neq/cm2.
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	In	gain	>	10,	main	contribu2on	is	sensor	resolu2on		
(dominated	by	Landau	fluctua2ons)
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• We	are	in	the	process	of	Market	Survey	(MS)	

• Goal	is	to	iden2fy	poten2al	sensor	manufacturers	

• FBK	(Italy),	HPK	(Japan),	IHEP-IME	(China-Singapore),	Teledyne	(U.S.),	MICRON	(U.S.),	CNM	(Spain)	

• INFN	Torino,	Fermilab,	IFCA,	UCSB,	UZH,	HIT	and	Korea	University	(KU)	are	
par2cipa2ng	in	the	MS	sensor	tes2ng	

• Rest	of	the	talk	will	focus	on	the	recent	ac2vi2es	@KU
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How	are	sensors	tested?

• Probe	sta2on		

• Measure	IV	and	CV	curves	

• Test	beam	

• Measure	gain,	hit	efficiency,	2ming	

• At	FNAL,	1-2	2mes	per	year	

• Beta	source	

• Measure	gain,	2ming	

• Laser	scanning	device	

• 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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Cooling block

• Fully characterize timing performance and gain, high throughput (1 sensor / day)
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- ensure MIP-like deposit in LGAD
- unbiased LGAD signal measurement.

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
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Probe	sta2on	@KU

Laser	scanning	device	@KU
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• KU	par2cipated	in	the	FBK	sensor	tes2ng	campaign	

• Some	highlights	from	our	tes2ng	on	the	FBK	sensors	are	shown	
in	this	talk	

• Used	probe	sta2on	and	laser	scanning	device	for	the	tests

FBK	1x2	sensor FBK	2x2	sensor

•	Breakdown	voltage	(I-V)	
•	Bulk	deple2on	voltage	(C-V)

•	Pad	isola2on		
	(inter-pad	resistance)	
•	Inter-pad	distance		
	(gap	measurement)

Dr.	Kyungmin	Lee Byeong	Jin	Hong	(G2)
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14

- - - - ---

-

-

-

-

-

-

-

4	pads	in	the	same	sensor	have	
~same	breakdown	voltage
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C-V	measurement

15

• The	full	deple2on	voltage	is	the	value	of	
voltage	when	the	capacitance	becomes	
constant	

• 		:		This	equa2on	works	

un2l	the	bulk	is	fully	depleted	

• 	 				→		Get	full	deple2on	voltage	

by	plotng			 	vs	 	

C = A
ϵqNeff

2V

V ∝
1

C2
1

C2
V

p

p++

n++
p+ 

(gain layer)

gain layer 
depletion

full depletion
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Setup	for	C-V	measurement

16

Probe	sta2on
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Results	(C-V	measurement)

17

• Bias	=		 ,		 	

• AC	frequency:	1	kHz	

• Room	temperature	

• All	pads	in	2x2	are	uniform	

0 ∼ − 60 V ΔV = 0.2 V
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VD, gain
VD, full

bulk depletion

fully depleted

- - - - - -

gain layer depletion

• Measure	from	 	to	 	( )	
• AC	frequency:	1	 	
• Room	temperature	
• Deple2on	Voltage	(obtained	by	linear	fit)	

• 	:		 	

• 	:		 	
• 	:		

0 V −60 V ΔV = 0.2 V
kHz

VD, gain −21.4 V
VD, full −24.0 V
Vbulk 2.6 V
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What	should	we	test	for	1x2	sensor	?

Inter-pad gap

Pad1 Pad2

19
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Inter-pad gap

Pad1 Pad2

20
• FBK 1x2 sensor

What	should	we	test	for	1x2	sensor	?

1.3	mm

1.
3	
m
m
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charged particle

Inter-pad gap

Pad1 Pad2

21

What	should	we	test	for	1x2	sensor	?

Pad1 Pad2
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Inter-pad gap

• Signals from pad2• Signals from pad1

Pad1 Pad2

22

charged particle

What	should	we	test	for	1x2	sensor	?
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Inter-pad gap

• Signals from pad2• Signals from pad1

Pad1 Pad2

What	should	we	test	for	1x2	sensor	?

23

• We	can	test	
• Inter-pad	resistance	(pad	isola2on)	
• Inter-pad	distance	(gap	measurement)

charged particle
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Gap

Gap	Measurement

24

• Shoot	laser	to	LGAD	sensor	

• Wavelength:		1064	nm	infrared	

• FWHM:	~	12	μm	

• Pulse	power:		1	-	10	MIPs		

• Use	Transient	Current	Technique	(TCT)	
apparatus	by	Par@culars	

• Change	the	posi2on	of	sensor	using	built-in	
posi2on	controller	

• Resolu2on:	<	1	μm

http://particulars.si/index.php
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Need	to	op2mize	our	setup	before	measurements

25

• Find	focal	point	of	laser	
• Set	the	laser	intensity	to	correspond	to	1-10	MIPs
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Focal point

vary z position

y-scan

(a)

(b)

(c)

26

• 	Before	calcula2ng	the	area	
of	PIN	diode…	

• Due	to	op2cs,	the	laser	doesn't	go	
straight	

• We	should	find	the	focal	point	at	
which	FWHM	of	laser	is	minimized	

• Perform	y-scan	with	various	z	
posi2ons		

• y	step	=	2	μm,	z	step	=	20		μm

Gap	Measurement	-	Find	focal	point
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• 	Before	calcula2ng	the	area	
of	PIN	diode…	

• Due	to	op2cs,	the	laser	doesn't	go	
straight	

• We	should	find	the	focal	point	at	
which	FWHM	of	laser	is	minimized	

• Perform	y-scan	with	various	z	
posi2ons		

• y	step	=	2	μm,	z	step	=	20		μm	

• Fit	Erf(x)	to	each	charge	distribu2on	and	
find	minimal	FWHM

Gap	Measurement	-	Find	focal	point
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29600− 29400− 29200− 29000− 28800− 28600− 28400−
m]µoptical distance [

0

20

40

60

80

100m
]

µ
FW

H
M

 [

FWHM vs Optical axis

mµminimal FWHM = 11.31 

FWHM vs Optical axis

Focal point

28

• 	Before	calcula2ng	the	area	
of	PIN	diode…	

• Due	to	op2cs,	the	laser	doesn't	go	
straight	

• We	should	find	the	focal	point	at	
which	FWHM	of	laser	is	minimized	

• Perform	y-scan	with	various	z	
posi2ons		

• y	step	=	2	μm,	z	step	=	20		μm	

• Fit	Erf(x)	to	each	charge	distribu2on	and	
find	minimal	FWHM

Gap	Measurement	-	Find	focal	point
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Gap	Measurement	-	How	many	MIPs	laser	corresponds	to?

• PIN	diode	
(no	gain)

29

• How	many	MIPs	correspond	to	the	charge	generated	by	laser?

• Amplifier:	cividec	

• Gain:	40dB • Unit	of	scope	window	

:	[	mV	]	[	ns	]	=	 	[	V	]	[	s	]	

																		=	 	[	C	]	[	Ω	]	

																		=	1	 	[	 	]

10−12

10−12

p Wb
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• Amplifier:	cividec	

• Gain:	40dB • Unit	of	scope	window	

:	[	mV	]	[	ns	]	=	 	[	V	]	[	s	]	

																		=	 	[	C	]	[	Ω	]	

																		=	1	 	[	 	]

10−12

10−12

p Wb

30

• 	1MIP	generates	0.5	[	fC	]		on	50	 	thickness	(no	gain)		

• with	impedance	of	50	[	Ω	]			:	 		[	C	]	[	Ω	]			=		 	 	[	 	]	

• with	gain	of	40	[	dB	]												:	 		[	C	]	[	Ω	]			=		 	 	[	 	]

μm

2.5 × 10−14 2.5 × 10−2 p Wb

2.5 × 10−12 2.5 p Wb

• How	many	MIPs	correspond	to	the	charge	generated	by	laser?

• PIN	diode	
(no	gain)

Gap	Measurement	-	How	many	MIPs	laser	corresponds	to?
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Focal z position

• PIN diode

31

Gap	Measurement	-	How	many	MIPs	laser	corresponds	to?
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• PIN diode

Focal z position

32
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• Area: ~ 600 pWb  →  ~ 250 MIPs

Gap	Measurement	-	How	many	MIPs	laser	corresponds	to?



Jae	Hyeok	Yoo	(Korea	University) APCTP	Workshop	on	the	Physics	of	EIC		(11/03/2022)

• PIN diode

Focal z position

33

• 	Pulse	area	(charge)	is	too	large	

• Laser	with	high	intensity	generates	charges	of	
high	density	

• Charges	electrically	could	repel	each	other	and	
affect	charge	distribu2on0 20 40 60 80 100 120 140 160 180

Time [ns]
600−

500−

400−

300−

200−

100−

0

100

Am
pl

itu
de

 [m
V]

Oscilloscope WindowOscilloscope Window

• Area: ~ 600 pWb  →  ~ 250 MIPs

Gap	Measurement	-	How	many	MIPs	laser	corresponds	to?
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• PIN diode

Focal z position

34

• Pulse width DAC 
:  2500 mV

• Area: ~ 600 pWb  →  ~ 250 MIPs

Gap	Measurement	-	How	many	MIPs	laser	corresponds	to?
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• PIN diode

Focal z position
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Oscilloscope WindowOscilloscope Window

• Pulse width DAC 
:  2600 mV

• Pulse width DAC 
:  2650 mV
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• Pulse width DAC 
:  2677 mV

• Area: ~ 290 pWb  →  ~ 100 MIPs

• Area: ~ 100 pWb  →  ~ 40 MIPs • Area: 17.7 pWb  →  ~ 7 MIPs

35

0 20 40 60 80 100 120 140 160 180
Time [ns]

600−

500−

400−

300−

200−

100−

0

100

Am
pl

itu
de

 [m
V]

Oscilloscope WindowOscilloscope Window

• Pulse width DAC 
:  2500 mV

• Area: ~ 600 pWb  →  ~ 250 MIPs

Gap	Measurement	-	How	many	MIPs	laser	corresponds	to?
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• Charge:  3600    →    ~1400 MIPs
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• PIN diode

Focal z position
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• Charge:  ~1400    →    ~500 MIPs
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• Charge:  ~290    →    ~100 MIPs
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• Charge:  ~100    →    ~40 MIPs

• Pulse width DAC 
:  2000 mV

• Pulse width DAC 
:  100 mV

• Pulse width DAC 
:  2600 mV

• Pulse width DAC 
:  2650 mV
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• Pulse width DAC 
:  2677 mV

•Area:  17.7 pWb   →    ~ 7 MIPs
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• 	Our	laser	intensity	corresponds	to	1-10	MIPs	!

Gap	Measurement	-	How	many	MIPs	laser	corresponds	to?
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Gap	Measurement	-	LGAD	sensor

Pad1 Pad2
x scan

• Signal from pad1 • Signal from pad2
37

• There	is	an	open	area	across	
the	two	pads	to	measure	
gap	distance	

• Perform	50	x	scans	at	focal	z	
posi2on	with	1-10	MIPs	
(x	step	=	2	μm)	

• Fit	Erf(x)	and	1	-	Erf(x)	to	each	
corresponding	charge	
distribu2on	and	calculate	the	
gap	distance
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Pad1 Pad2
x scan

• Signal from pad1 • Signal from pad2
38

Gap	Measurement	-	LGAD	sensor

• There	is	an	open	area	across	
the	two	pads	to	measure	
gap	distance	

• Perform	50	x	scans	at	focal	z	
posi2on	with	1-10	MIPs	
(x	step	=	2	μm)	

• Fit	Erf(x)	and	1	-	Erf(x)	to	each	
corresponding	charge	
distribu2on	and	calculate	the	
gap	distance
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Pad1 Pad2
x scan

• Signal from pad1 • Signal from pad2
39

Gap	Measurement	-	LGAD	sensor

• There	is	an	open	area	across	
the	two	pads	to	measure	
gap	distance	

• Perform	50	x	scans	at	focal	z	
posi2on	with	1-10	MIPs	
(x	step	=	2	μm)	

• Fit	Erf(x)	and	1	-	Erf(x)	to	each	
corresponding	charge	
distribu2on	and	calculate	the	
gap	distance
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TCT	Scanning	system	

Pel2er	cooled	
moun2ng	plane

focusing	
op2cs

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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Gap: 98.3 ± 0.5 μm

41

• Laser	intensity:	1-10	
MIPs	

• Performed	50	scans	

• Bias	Voltage:		 	
( 	before	Breakdown)	

• Room	temperature	

• Gap:		 	

• Consistent	with	results	of	
other	groups

−240 V
50 V

98.3 ± 0.5 μm

Gap	Measurement	-	LGAD	sensor
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Summary	and	Outlook

42

• CMS	LGAD	sensors	can	provide	single	hit	2me	resolu2on	<	50	ps	

• Tes2ng	Market	Survey	sensors	(FBK	as	well	as	other	vendors)	is	
being	finalized	

• KU	have	tested	1x2	and	2x2	FBK	sensors	

• Test	for	2x2	sensors:	I-V,	C-V,	micro	discharge	

• Test	for	1x2	sensors:	inter-pad	distance,	inter-pad	isola2on		

• Next	step	is	preproduc2on	and	establishing	QA/QC	procedure	

• We	KU	have	validated	our	tes2ng	setup,	so	we	are	ready	for	the	future	tests!	


