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Time can be considered a 
4th dimension coordinate in 
particle tracking in High 
Luminosity HEP experiments

Silicon Detectors can 
provide excellent spatial 
resolution, ~10 µm

The idea is to add the 
capability of determining 
the time of a particle with 
a  resolution of ~10 ps

CMS 78 vertices reconstructed 

2

Timing at High Luminosity HEP Experiments

Current best performance obtained in NA62: Gigatracker detector -
300x300 microns pixel matrix - with 130 ps (in 2016). [ see E. Migliore talk at Vertex 
2017]
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The inclusion of track-timing in the event information changes radically 
how we design experiments. 

The time information  can be available:
1) At each point along the track

2) At track level

3) At the trigger level

3

How to make use of timing information

Z- Vertex 
distribution

protons protons
Massive simplification of patter recognition 

using only “time compatible points”
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The inclusion of track-timing in the event information changes radically 
how we design experiments. 

The time information  can be available:
1) At each point along the track

2) At track level

3) At the trigger level
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How to make use of timing information

Timing allows distinguishing 
overlapping events by means 

of an extra dimension.
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The inclusion of track-timing in the event information changes radically 
how we design experiments. 

The time information  can be available:
1) At each point along the track

2) At track level

3) At the trigger level
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How to make use of timing information

trigger rate reduction: 
topologies can be better 
identified at trigger level
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How do we measure the time

Time is set when the signal crosses the comparator threshold

σ2
t= σ2

Jitter + σ2
Time Walk + σ2

Landau Noise + σ2
Distortion + σ2

TDC

Minimized by 
correction 
techniques

Minimized by
optimized RO 

electronics
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How do we measure the time

σ2
t= σ2

Jitter + σ2
Time Walk + σ2

Landau Noise + σ2
Distortion + σ2

TDC

Minimized by 
correction 
techniques

Minimized by
optimized RO 

electronics

σJitter≈ N/(dV/dt) ≈ trise/(S/N)
Ø need gain to increase S
Ø need thin detector to 

decrease trise
and thermal di↵usion and finally (vi) the oscilloscope and front-75

end electronics response. The program has been validated com-76

paring its predictions for minimum ionizing and alpha particles77

with measured signals and TCAD simulations, finding excel-78

lent agreement in both cases. All the subsequent simulation79

plots and field maps shown in this paper have been obtained80

with WF2.81

5. Optimization of UFSD Sensors82

5.1. The e↵ect of charge multiplication on the UFSD output83

signal84

Using WF2 we can simulate the output signal of UFSD sen-85

sors as a function of many parameters, such as the gain value,86

sensor thickness, electrode segmentation, and external electric87

field. Figure 5 shows the simulated current, and its components,88

for a 50-micron thick detector. The initial electrons (red), drift-89

ing toward the n++ electrode, go through the gain layer and90

generate additional e/h pairs. The gain electrons (violet) are91

readily absorbed by the cathode while the gain holes (light blue)92

drift toward the anode and they generate a large current.93

Figure 5: UFSD simulated current signal for a 50-micron thick detector.

The gain dramatically increases the signal amplitude, gener-
ating a much higher slew rate. The value of the current gener-
ated by a gain G can be estimated in the following way: (i) in
a given time interval dt, the number of electrons entering the
gain region is 75vdt (assuming 75 e/h pairs per micron); and
(ii) these electrons generate dNGain / 75vdtG new e/h pairs.
Using again Ramo’s theorem, the current induced by these new
charges is given by:

diGain = dNGainqvsat
k
d
/ G

d
dt, (5)

which leads to the expression:

diGain

dt
⇠ dV

dt
/ G

d
dt. (6)

Equation (6) demonstrates a very important feature of UFSD:94

the current increase due to the gain mechanism is proportional95

to the ratio of the gain value over the sensor thickness (G/d),96

therefore thin detectors with high gain provide the best time97

resolution. Specifically, the maximum signal amplitude is con-98

trolled only by the gain value, while the signal rise time only by99

the sensor thickness, Figure 6.100

Figure 6: In UFSD the maximum signal amplitude depends only on the gain
value, while the signal rise time only on the sensor thickness: sensors of 3
di↵erent thicknesses (thin, medium, thick) with the same gain have signals with
the same amplitude but with di↵erent rise time.

Using WF2 we have cross-checked this prediction simulat-101

ing the slew rate for di↵erent sensors thicknesses and gains,102

Figure 7: the slew rate in thick sensors, 200- and 300-micron,103

is a factor of ⇠ 2 steeper than that of traditional sensors, while104

in thin detectors, 50- and 100-micron thick, the slew rate is 5-6105

times steeper. For gain = 1 (i.e. traditional silicon sensors) WF2106

confirms the predictions of equation (3): the slew rate does not107

change as a function of thickness.108

Figure 7: Simulated UFSD slew rate as a function of gain and sensor thickness.
Thin sensors with even moderate gain (10-20) achieve a much higher slew rate
than traditional sensors (gain = 1).

5.2. Segmented read-out and gain layer position109

As stated above, excellent timing capability requires very110

uniform fields and gain values however this fact might be in111

contradiction with the request of having finely segmented elec-112

trodes.113

There are 4 possible relative positions of the gain layer with114

respect of the segmented read-out electrodes, depending on the115

type of the silicon bulk and strip, Figure 8. For n � in � p de-116

tectors (top left), the gain layer is underneath the read-out elec-117

trodes, while it is on the opposite side of the read-out electrodes118

in the p � in � p design (bottom left). Likewise, for p � in � n119

sensors the gain layer is at the read-out electrodes, while it is on120

the opposite side for n � in � n sensors (bottom right). The use121

of n-bulk sensors presents however a very challenging problem:122

for this geometry, the multiplication mechanism is initiated by123

the drifting holes, and therefore is much harder to control as it124

3

IRamo≈ q vdrift Ew

Requires uniform vdrift and Ew

Non uniform charge deposition
Decreases with detector 

thickness 



Ultra Fast Silicon Detectors

LGAD sensors optimized for timing 
measurement of MIPs
Low internal gain (~15-20) through thin  
multiplication layer
Low shot noise

H
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h 
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The main contribution to the signal comes 
from gain holes. The signal shape depends 
on the sensor thickness and gain 
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Time Resolution with 50-micron thick LGAD
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Two main contributions: Jitter and charge non uniformity
• Jitter (empty symbols) can be lowered with gain
• Charge non uniformity (solid symbol)  limits the ultimate precision 
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LGADs productions history

2010: LGAD proposed & developed at CNM within RD50 collaboration 

2012: First 4” wafer 300 µm thick, LGAD produced by CNM 

2016: 
First 75 µm and 50 µm thick LGAD produced by CNM for timing 
applications (ATLAS HGTD and CMS CT-PPS) - SOI and SOS, 4” 
wafer 
First 300 µm thick LGAD produced FBK, Trento (p-side and n-side 
segmentation, pixel, strip, AC coupling, ...) 

2017: 
First 50 and 80 µm thick LGAD produced HPK 
First 50 µm thick LGAD produced by FBK (6” wafer )
First LGAD production by Micron 

Today 4 suppliers: CNM Spain, FBK Italy, HPK Japan and Micron in UK 
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FBK and CNM UFSD wafers

FBK 50-micron production
CNM 75-micron
CNM 50-micron production

CT-PPS TOTEM

ATLAS High Granularity Timing Det.

NA62
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3 CNM 50µm thin detectors, 1.7mm2 single pad + 1 SiPM on quartz for 
timing crosscheck
Full Custom Hybrid Electronics (developed by UCSC)

The time resolution of a single UFSD is measured to decrease with 
increased gain M like M-0.36 (from 34 ps @200V to 28 ps @230V) 

12

Recent Beam Tests results with CNM pads 
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Jitter term: scales with 
gain (dV/dt) 

Jitter at T = 20 oC 
Jitter at T = 0 oC 
Jitter at T = - 20 oC 
Time res. at T = 20 oC 
Time res. at T = 0 oC 
Time res. at T = -0 oC 
 

Landau noise: ~ constant with gain 

Hamamatsu, 50-micron thick sensor  
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H. Sadrozinski, TREDI 2017 
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HPK UFSD Time Resolution 

1 mm2, 50 µm thick HPK UFSD pads 
Readout: custom made BBA optimized for 50 µm LGAD (UCSC board)

30 ps time resolution achieved ( gain >= 20) in agreement with simulations
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Irradiation Effects
• As in standard Si detectors: increase of leakage current, decrease of charge 

collection efficiency due to trapping centers (minimize the effect going to thin 
sensors)

• In LGAD: 
• Further increase of leakage current due to gain layer: go thin, keep gain low
• Gain loss due to gain layer acceptor removal. Boron atoms are displaced 

and become interstitial, thus not contributing to the doping profile: increase 
Vbias, change acceptor?
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Irradiation Effects
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• As in standard Si detectors: increase of leakage current, decrease of charge 
collection efficiency due to trapping centers (minimize the effect going to thin 
sensors)

• In LGAD: 
• Further increase of leakage current due to gain layer: go thin, keep gain low
• Gain loss due to gain layer acceptor removal. Boron atoms are displaced 

and become interstitial, thus not contributing to the doping profile: increase 
Vbias, change acceptor?

Small degradation in time resolution:  ~ 30 ps (un-irrad) è ~ 60 ps  (5e15 n/cm2)
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Irradiation Effects
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Small degradation in time resolution:  ~ 30 ps (un-irrad) è ~ 60 ps  (5e15 n/cm2)

Two alternatives to reduce the gain layer disappearance:
1) Use Gallium instead of Boron: Gallium is less prone to become interstitial
2) Add Carbon to Boron/Gallium: Carbon should become interstitial 
before the Boron/Gallium
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Beam test
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FBK-UFSD2 production

FBK-UFSD2 production main goals 
o Demonstrate the ability of 

producing thin LGADs (in multiple 
geometries, which yield?)

o Address the radiation tolerance 
level of LGADs:
o Several flavors for the gain 

layer doping:  B, B+C, Ga, 
Ga+C

o Different doping profiles for B

Key question: is Gallium doping or 
the doping with carbon more 

radiation hard than Boron doping?
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Time resolution FBK-UFSD2
First test beam end of August @ SPS-
H8 – 180 GeV pion beam

Small telescope with 4 stations
Several 1mm2 pads, read out by 
Cividec Amplifier, under test: not 
the best configuration, but easily 
inter-changeable 

TB data
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FBK-UFSDII Beam Test

W8: Boron 1.2 Hdif
W1: Boron 0.98 Ldif
W15: Gallium/lowC 1.04 

Time Jitter (from laser 
measurement in lab) + 
30 ps estimated 
Landau contribution:  
20 ps offset to be 
understood. 
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4-D tracking can be achieved using planar silicon sensors with 
internal gain (UFSD design based on the LGAD technology)

Sensors R&D is very active.
Technological interest from many manufacturers (CNM (Spain), FBK 
(Italy), HPK (Japan), Micron Semiconductor  (UK))

• Good results on time resolution: 
• ~30 ps from beam test (gain ~ 20 with CFD ~ 20%)  when 

new
• ~50 ps (gain ~ 7-10  with CFD ~ 50%) at 1e15 neq/cm2

• New implants dopants (Ga, C)- to address the radiation 
hardness level - currently under test

19

UFSD Summary
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Thank you for your attention !
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LGAD Signal

Signal rise-time is given by electrons 
drift time

Charge formation and multiplication 
takes a considerable fraction of 
time. 
Gain Holes dominate the signal, 
whilst Gain Electrons current 
contribution is negligible. 

Weightfield2 Simulation
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On the UFSD Gain
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• 150-200 vertices / beam crossing
• <Δzvertices> = 500 µm
• <tvertex>RMS= ~200 ps
• a vertex separation resolution of 

250-300 µm è 10-15% two events 
overlapping

A. Apresyan | Americas Workshop on Linear Colliders 2017

Event loss = Luminosity loss

~x5 pileup (@ PU=200) 
reduction in terms of 
associated tracks

4D = add 30 ps timing 
information 

24

What happens at HL-LHC
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Proposal for a Timing Layer for CMS HL-LHC 

ATLAS and CMS are discussing the 
possibility to equip the experiments with 
a large area Timing Layer made of UFSD. 
In CMS would cover the region 
1.45 < h < 3

• keep occupancy < 1%
• low pad surface area (low leakage 

current to allow increased VBias, 
tipically <3 mm2)

• Low Gain to keep Low noise  
(Gain < 20)

• minimize dead area
• sustain fluxes up to ~1015 particles/cm2

• total detector area ~10m2


