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Tracking particles in space and time  CNN

Besides a few indirect signals of new physics, particle physics

today faces an extraordinary drought.

We need to cross an energy- cross section desert to reach

Very little help in the direction of this path is
coming from nature, the burden is on the
accelerator and experimental physicists o

provide the means for this crossing. The journey to new
physics actoss the LHC

the El-dorado of new physics.
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Timing is one of the enabling technologies to Wee Gl
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The effect of timing information INFN

lstrtets Nazemat 4 F o Wackeary

The inclusion of track-timing in the event information has the capability

of changing radically how we design experiments.

Timing can be available at different levels of the event reconstruction, in
increasing order of complexity:

1) Timing in the event reconstruction = Timing layers
« thisis the easiest implementation, a layer ONLY for fiming
2) Timing at each point along the track = 4D tracking
« fracking-timing
3) Timing at each point along the track at high rate =» 5D tracking
* Very high rate represents an additional step in complication,

very different read-out chip and data output organization
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Preamble: simulator Weightfield?2

Available aft:

hitp://personalpages.to.infn.it/~cartigli/Weightfield2/Main.html
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Weightfield?2 N

Tstrtety Nazesakt @ Foca Wackary

& Highlights:
.. - lItis completely open source

- it's fast

- It generates the signal from several sources (MIP, alpha, lasers..)
- Runs in batch mode writing output files

- It loads/save configurations

- It has basics electronics simulation

It crashes occasionally

How to use it:
Obtain the last version from

hitp://personalpages.to.infn.it/~cartigli/Weightfield2/Main.html
1)From the download page, get the latest version
Unzip it and then type:

2)
3)Make or 3-bis) make -f Makefile_MacOS10.13_rooté
4)./weightfield
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Current situation at LHC: no real need for timing ¢ Inen
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s timing really necessary at HL-LHC? INFN
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The research into 4D fracking is strongly
motivated by the HL-LHC experimental
conditions:

150-200 events/bunch crossing

CMS Simulation: HL-LHC beamspot - <NPU> =140
— T -

w
3
TT

RMS =153 ps

g

TITTTT]TTY

According to CMS simulations:
« Time RMS between vertexes: 153 ps
- Average distance between two vertexes: 500 um

» Fraction of overlapping vertexes: 10-20% B804 02 0 02 °-?vmex[;2}6
« Of those events, alarge fraction will have

Per-event vertex density [ns’]
- )
Vgl T 8

—
TTTT

T TT]T?T

significant degradation of the quality of
reconstruction

At HL-LHC: Timing is equivalent to additional luminosity
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One exira dimension: fracking in 4Dimension @

Tutrtetn Nazasat 4 F g Nachary

Longitudinal view

Transverse view

Timing complements tracking in the correct reconstruction of the events
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Timing at each point along the track INFN
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=>Massive simplification of patter recognition, new fracking
algorithms will be faster even in very dense environments

= Use only “time compatible points”
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Where do we place a single timing layerginFn
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: The tracking community thinks it is a wonderful idea, clearly to be

®7 implemented outside the tracker volume, in front of the calorimeter
AN /

||||§m |
L Il | ” |‘
7 <

The calorimeter community thinks it is a wonderful ideq, clearly to

be implemented far from the calorimeter, in the tracker volume

N /
i S | |
, ll=—===l|
|‘ >< > | I===IIl |
L~ ~

We are now in contact with the muon community....
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Silicon time-tagging detector

(a simplified view)

Sensor

Time is set when the signal crosses the comparator threshold

Pre-Amplifier

Vin gompomfor

Time measuring circuit

INFN
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The fiming capabilities are determined by the characteristics of the signal at
the output of the pre-Amplifier and by the TDC binning.

Strong interplay between sensor and electronics
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Good fime resolution needs very uniform signals ¢ InFn

Tstrtety Nazesakt @ Foca Wackary

Signal shape is determined by Ramo’s Theorem:

1< qvE
M

Drift velocity

Weighting field |

Carrier velocities vs. electric field
He=1350EMPVS, Py=480CMZIVS, Vo my=1.1E7CIVS, Vi =9.5EBCTVS

1E+4

Velodity v [cms]
m m m
& & b
Iy
@
T 1

Electric field E [V/cm]

Figure: Electron and hole velocities vs. the electric field strength in
silicon.

The key to good timing is the uniformity of signals:
Drift velocity and Weighting field need 1o be as uniform as possible
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Basic rule: parallel plate geometry



Time resolution CNFN

P 2
Noise
o7 = (—) + (Aionization)? + (Ashape)? + (TDC)?
dv/dt % NG
Subleading,
parallel plate geometry
ignored here
N ——
Usual “lJitter” term Time walk:
Here enters everything that is Amplitude variation, corrected in electronics
“Noise"” and the steepness of Shape variations:
the signal non homogeneous energy deposition
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Signal formation in silicon detectors (NN
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What is controlling
the slew rate?

dV

dt

- We know we need a large signal, but how is the signal formed?

~75pairs/um O/ (o
Vg4 ~ 100um/ns o O
>
COf
S/ACO I
y

A particle creates charges, then:

~30

kV/cm

- The charges start moving under the influence of an external field

- The motion of the charges induces a current on the electrodes

- The signal ends when the charges reach the electrodes



What is the signal of one e/h paire nen
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(Simplified model for pad detectors)

Let’s consider one single electron-hole pair.

The integral of the current is equal to the electric charge, qQ:.

i, 0+, (D]dt=q

However the shape of the signal depends on the thickness d:

thinner detectors have higher slew rate
A

Thin detector d %
v

<lh|ck detector D C—KD

’r> —

v
= One e/h pair generates higher .
s 1q e
current in thin detectors Weighting field
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Large signals from thick deftectorse ¢inen

Nstriets Nazemaht & F oca Vackary

(Simplified model for pad detectors)

® Thick detectors have higher number of 4 A
charges:
- * \ 2
Q.~75q*d "
However each charge contributes to the
initial current as: ! D
10¢qV—
d
v "

The initial current for a silicon detector does not
depend on how thick (d) the sensor is:

j = Nqﬁv = (75A(q)§v =75kqv ~1-2*10" 4

Number of e/h = 75/micron T \

velocity =>» Initial current = constant

Weighting field

Nicolo Car’riglia, INFN, Torino — Trqcking in 4D



Summary “thin vs thick” detectors ¢
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(Simplified model for pad detectors)

Thin detector A

Thick detector

. —D
>

L
»

fr dV S
——~ —~ const

dt t

Thick detectors have longer signals, not higher signals

We need to add gain
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Gain needs E ~ 300kV/cm. How can we do it¢ INFN

Tstrtets Nazesat 4 F g Nackary

need Vs = ~ 600 - 700 V

= A

~75pairs/um O/
Vg~ 100um/ns 8 8 g —
Difficult to achieve o O
OO

/

2) Use Gauss Theorem:

-

A

-
=~
~

~

Eq= 2ar* E e &L’

Seo

E=300kV/cm=> g~ 10" /cm?

Need to have 10'¢/cm3 charges !

\4

-
-
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s

> n+ :
p bulk

: p++

E field Traditional Silicon detector

>

Standard vs Low Gain Avalanche Diodes ¢Inen

Tstrtety Nazesakt @ Foca Wackary

 T—1

+ gain layer \
il y JTE

r;'

.

Ultra fast Silicon detector E field

The LGAD sensors, as proposed and manufactured by CNM
(National Center for Micro-electronics, Barcelona):

High field obtained by adding an extra doping layer
E ~ 300 kV/cm, closed to breakdown voltage

18



Fields in UFSD and PiN sensors INFN
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- Different producers use different designs

Gain layer position: a detail of greaf importance Aty

Tstrtety Nazesakt @ Foca Wackary

. CNM BNL FBK HPK-3.1 HPK-3.2
Latest HPK R&D prod. has delivered several l \ j j

different types of implant, both rather deep. Is n pad

this good or bad? \ | I

0.5 0.7 1.5 23 Depfh lum]

»

In a parallel plate capacitor, the field E does not depend on the
distance d, only on the charge Q

Q'I Q E2 G OC ea*d

E:
—

v

d, ) d, Jl  Gain: exp(field * distance)

If Q] = Qz, then E,=E;

= If depth increases, doping should decrease to keep the same gain

20
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Current [uA]

How gain shapes the signal INFN

Tutrtetn Nazasat 4 F g Nachary

Initial electron, holes

Gain Holes

Electrons

r II]IIIIlIIIIIIIIIlI]IIIIIIIIIIIl|

/x-'—:‘.:allll]ll LI/

/ Gain Electrons

UFSD Simulation
50 um thick
MIP Signal
Gain=10

Holes
1 1 l

1
0 0.2 0.4 0.6

|
08

Time [ns]

Gain electron:
absorbed immediately
Gain holes:

long drift home

Electrons multiply and produce
additional electrons and holes.

* Gain electrons have almost no effect
* Gain holes dominate the signal

= No holes multiplications

21
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Interplay of gain and detector thickness Aym

Tstrtets Nazesat 4 F g Nackary

The rate of particles produced by the gain does not depend on d
(assuming saturated velocity Vg

Particles per micron

Gain .
v \ L=
A0 dN_ <75 _di)G
T —

= Constant rate of production

However the initial value of the gain current depends on d
(via the weighing field)
k

dlgam o dNGainquat(;) = Gain current ~ 1/d

A given value of gain has much more effect on thin detectors

22



Gain current vs Initial current INFN

0 100 200 300
Thickness Imicronl

Significant improvements in time resolution require thin detectors

Nstriets Nazemaht & F oca Vackary
N, qv._— T5(v_dt)Gqv  — 11
Gain sat d sat sat d
= X dlf © ® e
i kqv kqv ,
sat sat = Go thinl!
140 - Cdet =2 pF
- oy (Real life is a bit more complicated,
& 120 - but the conclusions are the same)
Q z #Gain = 20 . _
c = 100 1 T Full simulation
8] "E' . +Cain = 10 (ossumﬁng 2 pF detector
% 3 | *%Gain = 5 capacitance)
O 9
|: (7] 60 - < "GOin = ]
|
&
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Gain and Signhal current INFN

The rise time depends only on
the sensor thickness ~ 1/d

Nicolo Car’riglia, INFN, Torino — Trqcking in 4D
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Ultra Fast Silicon Detectors INFN

Tstrtety Nazesakt @ Foca Wackary

UFSD are LGAD detectors optimized to achieve the best
possible time resolution

Specifically:

1.
2.

o~ O W

Thin to maximize the slew rate (dV/dt)

Parallel plate — like geometries (pixels..) for most uniform weighting
field

High electric field to maximize the drift velocity

Highest possible resistivity to have uniform E field

Small size 1o keep the capacitance low

Small volumes to keep the leakage current low (shot noise)

25



Nicolo CQr’riinQ, INFN, Torino — Trqcking in 4D

UFSD Multi-pad sensors

Basic building block for a generic UFSD sensor.
Vendors use proprietary technical variations

pad

n contact Positive charged traps

Guard-rings: Gain layer / p-stop
Floating or/and at . floating
ground n-silicon
Inversion layer
HV = -200V

Many years of R&D to define the best geomeiry

<R

Tstrtety Nazesakt @ Foca Wackary

p bulk

/2]mcﬁon

26




Physical limit to time precision: Non-Uniform Energy deposition INFN

Fluctuations in ionization cause two major effects:
- Amplitude variations, that can be corrected with time walk compensation

- For a given amplitude, the charge deposition is non uniform.

These are 3 examples of this effect:

L3
w
o

x10 x10 =
T24E Z 2 T2
- - - c
g 22 818 £18
3 2 3 5]
(5] o 16 1.6
1.8
16 14 14
14 1.2 1.2
1.2 1 1
1 0.8 0.8
o8 E 0.6 0.6
06
= 0.4 04
04
02F 02 0.2
0 E <10 0 x10° 0
0 0.5 1 1.5 2 25 3 35 4 4.5 0 0.5 1 1.5 2 25 3 35 4 4.5 0
time (s) time (s)
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Resolution [ps]

UFSD time resolution summary — iNex

Tstrtety Nazesakt @ Foca Wackary

The UFSD advances via a series of productions.

For each thickness, the goal is to obtain the intrinsic time resolution
Achieved:

« 20 ps for 35 micron

« 30 ps for 50 micron

Comparison WF2 Simulation - Data
Band bars show variation with temperature (T = -20C - 20C), and gain (G = 20 -30)

200 r  ® rgk.-PIN (NAG2) Resolution without gain
180 | e FBK-UFSD
160 ' = HPK- UFSD . —
140 F ——\WwF2: Jitter+Landau - UFSD / UFSDI
120 T ....WE2: Jitter - UFSD [
100 F _ e tandan ieen | 1 T et
w0 | WF2: Landau - UFSD UFSD2, 3| .
oF @ m  —— Te- ——-
a0 PPV eplupiet OS2 =
20 | LT
3 : : . : . .

0 50 100 150 200 250 300
Thickness [um] 28



Nicolo Cartiglia, INFN, Torino — Tracking in 4D

UFSD fime resolution INFN

Istrtets Nazemakt 3 e Machany

UFSD from Hamamatsu: 30 ps time resolution,
Value of gain ~ 20

Hamamatsu, 50-micron thick sensor | ¢ JitteratT =20°C
Jitterat T=0°C

60 ?
A O Jitterat T=-20°C
50 - g‘; ¢ Timeres.atT=20°C
Timeres.atT=0°C

ey
(7)) ® Timeres.atT=-0°C
Z 407
- 3 % { Landau noise: ~ constant with gain
.‘g 30 - ®T§f§ ................. é ........
E 1
o 0 T
¢ § |

10 A A Jitter term: scales with

............ Q ain (dV/dt
0 H. Sadrozinski, TREDI 2017 g ( )

0 10 20 30 40 50 60 70 80
Gain
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UFSD group: FBK — Trento Uni — INFN-To INFN

Istrtty Nazemat & Foca Muckeary

> UFSD1: 300-micron. First LGAD production at FBK. Gain layer study, edges
UFSD2: 50-micron. Very successful, good gain and overall behavior, excellent time
resolution. Gain layer doping: Boron, Gallium, Boron + Carbon, Gallium+Carbon

UFSD3: 50-micron, produced with the stepper, many Carbon levels, small dead space

355
vvvvv

saae
saa3

UFSD2 UFSD3

Nicolo Cor’riglio, INFN, Torino — Tracking in 4D
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Irradiation effects

Irradiation causes 3 main effects:

Decrease of charge collection efficiency due to trapping
Gain layer disappearance
Increased leakage current, shot noise

Nstriets Nazemaht & F oca Vackary
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(1) Charge Collection efficiency ¢nm

Nstriets Nazemaht & F oca Vackary

Q(®) = Q(0)e~ 7

Traditionally, the e/h lifetimes decreases as a function of the fluence:

T=1/(B9)

=>» For some unknown reason, after an initial decrease, the lifetime in

thin sensors remains constant

This is @ common
problem in our

understanding of how

Silicon sensors work:

Fractional Charge

FBK PiNs Beta vs Laser
1.2

10 &
e
os-—44

0.6

0.4

SCIPP
# Nicolo

0.2

0.0

0.0E+00 2.0E+15 4.0E+15 6.0E+15 8.0E+15 1.0E+16 1.2E+16

Fluence [neg/cm*2]

Silicon sensors after heavy irradiation behaves better than what

is expected by exirapolating from lower fluence data
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Gain

<R

Tutrtetn Nazasat 4 F g Nachary

(2) Gain in irradiated sensors

o HPK 50D Gain vs. Bias -20C

o 3( © HPK 50D pre-rad
< ® A HPK 50D 6e14

10 + < % S OHPK 50D 1e15
¥ - CIHPK 50D 3e15
% :|: + HPK 50D 6e15
+ HPK 50D 1e15 -30C
O
] u]
1 % % I I } I I i
0 100 200 300 400 500 600 700 800
Bias Voltage (V)

+ HPK 50D 6e15 -30C
X HPK 50C 6e14

The gain decreases with fluence. Why?

To some extent, the gain layer disappearance might be compensated

by increasing the bias voltage
33



Gain layer de-activation INFN

Istrtty Nazemat & Foca Muckeary

nfortunate fact: iradiation de-activate p-dopin( [ ———————————— "
. . P-dOPIN( — \"p*
“removing Boron from the reticle N, ~ 10 Boron/cm?
High E field &
N (@) — N (O) * e_c 1) Multiplication region s
- p++

Boron

Radiation creates interstitial
defects that inactivate the
Boron:Si_i+B s=» Si s+B_|

Gallium

From literature, Gallium has a
lower possibility to become
interstitial

Carbon

Interstitial defects filled with
Carbon instead of with Boron
and Gallium

Nicolo Cor’riglio, INFN, Torino — Trocking in 4D

34




Nicolo Car’riglia, INFN, Torino — Trqcking in 4D

s the Boron still there? (INFN

Tstrtety Nazesakt @ Foca Wackary

Samples
—a— M80 Irradiated
—*= M83 Not irrad.

Concentration [a.u.]

Depth [a.u.]

Yes, the Boron is still there, but it is not active any more...
Instead of being “substitutional” (i.e. in the place of a Silicon atom)
is “interstitial” (i.e. In the middle of the lattice, not electrically

active)
35
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Initial acceptor (Boron) removal

INFN
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Density of the boron doping vs irradiation:

N, =N,

Initial acceptor removal /

/7
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OO000Qg

- /
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x

Deep level creation
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Gain layer fraction

Study of radiation resistance INFN

Tstrtety Nazesakt @ Foca Wackary

12 r more radiation
resistance: B+C y = 9.9E-01e21E-16x  * W6 B+C - <CV>
1 Evine i, . /
....... 3"'--. A
R S y =9.7E-01e275-16x  « W15 Ga+C <CV>
0.8 | O ", Mg,
AR RN y = 9.8E-01e "% o w1 1D <cv>
0.6 | LAY
b y = 1.0E+00e*51% o \wg g <cv>
04 r / O. 1
% y = 1.0E+00e®56-15x 0 W14 Ga <CV>
02 t less radiation LU
resistance
O
1.0E+13 1.0E+14 1.0E+15 1.0E+16

Fluence n_eq/cm2

Gallium is actually is not more rad-hard than Boron
Carbon addition works really well, increasing by a factor of 2-3 the

radiation hardness
37
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Gain vs gain layer doping INFN

Tutrtetn Nazasat 4 F g Nachary

Unfortunately, the gain is very sensitive 1o the doping level

Doping [10716/cmA3]

0.95

0.9

0.85

0.8

0.75

0.7

Relative gain layer doping vs gain value for a generic
LGAD sensor, 50 micron thick, Vbias = 200V

Small decrease
in doping: 10%
Large decrease in
L gain: 80%
0 5 10 15 20 25 30

Gain 38



Nicolo Cor’riglio, INFN, Torino — Trocking in 4D

FBK and Homamatsu time resolution

INFN

Istrtuts Nacesak d Foca Mackary

Time Resolution [ps]

Time Resolution [ps]

UFSD2 W6 (B+C)
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-
50 | " g 7 W6 4R NEU 8E14 -20C
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o A 4 - -y
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+
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+
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30 SEsssERARERRRREREES apeeseee --'-----..----------hu-------o‘-!l. -------------------------
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HPK-SMPL-3.1-W8 LGES00 NEU 1E14 -30C
20 + HPK-SMPL-1.1-W8 LGES00 NEU 4E 14 -30C
+ HPK-SMPL-3.1-W8 LGES500 NEU BE14 -30C
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0
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(3) Noise in irradiated sensors INFN

lstrtets Nazemat 4 F o Wackeary

—~ Time resolution in LGAD is determined by jitter and charge non uniformity:

N 2
G% = ( ) + 0'12\,0n Uniform Ionization
dV/dt

The jitter term contains electronic noise and Current noise:

2 2
\/Nel'l'NCurrent Noise

Jitter = v de

Current noise: noise due to the combination of
« High leakage current = Shot Noise
« Randomness of multiplication mechanism =» Excess noise factor

Nicolo Car’riglia, INFN, Torino — Trqcking in 4D
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Current noise in UFSD VA

Tstrtety Nazesakt @ Foca Wackary

Nn++ elecfrode

|ds

i

gain layer p+

Surface current

p++ electrode

—————
,,,,

g 2
Shot 261 - 28 ISurface + (IBulk _l_ISzgnal )M F
1 Excess noise factor:
F=Mk+ |2- M (1 — k) Correction factor to the

standard Shot noise,
F ~ M* due to the noise of the
multiplication mechanism

k = e/h ionization rate
X = excess noise index
M = gain

Nicolo qu’riglia, INFN, Torino — Trqcking in 4D
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The role of the excess noise factor ¢inen

Tstrtety Nazesakt @ Foca Wackary

Excess noise factor: noise of the
00000 TREO © O DD

multiplication process

F=Mk+ |2 (1-k)

10
w T ¢ 100 um M
S 8 1 B 275um pe
© i i =[). X
. Fit, k=0.22 . F~M
b 1 %
e 4 -
c 1 . . .
2 -~ k = e/h ionization rate
Q L J
2 . .
I I X = excess noise index
0 T T T T T T T LI T T T T T T T T T T T T LB T T T L T — H
0 5 10 15 20 25 30 M =gain

Avalanche gain, M

Current noise is actually dominated by the excess noise factor: at gain = 20
the excess noise factor more than doubles the shot noise without it
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Noise increase as a function of fluence and gain A==

Tstrtety Nazesakt @ Foca Wackary

35
+ W6 4R 4E14 -20C
30 . /I
+ W6 4R 8E14 -20C
25 ¢ /I
> .
T 20 | Ry + W6 4R 3E15 -20C
2 o 0 o'W8 4R NEU 4E14 -2
8 15 e muemnaile e L W8 4R NEU 4E14 -20C
1.0 | ,' W8 4R NEU 8E14 -20C
/
05 ’ o W8 4R NEU 3E15 -20C
0 /
~ 0.0 e e
= 1 10 100
8] Gain .
% Data and model look similar. Goal: the noise from
2 Silicon current should
| .
O A Best SIN ratio stay below that of the
-: E L]
0 2 elecironics
Z 3
L
Z
ko]
of
| A
% Noise floor, gain independent
TO) | | >
= 10 100 1000 . 43




Current noise and Jitter N

Tstrtety Nazesakt @ Foca Wackary

FBK Measured and calculated jitter
Calculated: BW: 1.5 GHz; k = 0.22, Volume = 1x1x0.055 mm3

60
s ¢ W4 4R 4E14 -20C
?but + W& 4R 8E14-20C
o ® W6 4R 3E15-20C
40 r e W8 4R NEU 8E14 -20C
B ; o W8 4R NEU 3E15 -20C
8% T o o W8 4R NEU 4E14 -20C
5 TR N =0 litterfrom fluence
20 .
. . A
10 d}__n.____.g———-ﬁ-‘a"7'-
0 1 1 1 1 1 1 1 J
0 5 10 15 20 25 30 35 40

The Jitter, instead of decreasing, is becoming constant due to the
contribution of the current noise.

Nicolo Car’riglia, INFN, Torino — Trocking in 4D
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Effect of Temperature: excellent  Anmn

Tutrtetn Nazasat 4 F g Nachary

Trackers normally are kept at low temperature, ~-30 C
* More gain due to longer mean path between collisions

» Less noise, the leakage current is lower (a factor of 2 every 7 C
- FBK UFSD3 HGTD Array (Gain @ 20C vs -30C)
% g ::: 3;:31 ‘wv: ‘;:5 4chll prefad -30C (chl)
S P D W3 25 4c9 peenad 30 442

@ B60F o FBK UFSD3 W5 5x5 4ch8 preRad 20C (chl) x4
= P etk kh poned

50¢
s .
V4
8 4ot 8
" + Factor of ~ 3 to 4
0 T increase in gain
§ 20t -
yd
% 10t -
g . . . . . . . . .
a 0 50 100 150 200 250 300 350 400
= Bias
O
O
fe
O
kS
Z 45
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Elecironics

To fully exploit UFSDs, dedicated

electronics needs to be designed.

Sensor

Pre-Amplifier

50 um UFSD signals

4.5e-5 | I
4e-5 | "|
35e5 |
e U O R O .. | Bl

25e5 [\ /N

Current (A)

2e-5

15e5 | |

le-5 -

5e-6 -

0

Se-9 5.4e-9 5.8e-9 6.2e-9
time (s)

# entries

Charge distribution

T T

LA L L B B B

Vin gompcrctor

Time measuring circuit

Typical 50 um, gain 15 UFSD MIP signal
charge ~ 8 fC

signal length~ 1.2 ns

| x107"°

el Y
25

i = e
30 35 40

45 50
Qin (C)

We have a fast sensor providing steep signals

mm) we need a fast readout electronics to reach the best time re




Electronics: What is the best pre-amp choice?e ey

Tstrtetn Nazesakt @ Foca Wackeare
Energy deposifion Current Amplifier
b in a 50 mm sensor p * Fastslewrate
/. « Higher noise
_I: « Sensifive to Landau
_I: bumps
\ CSA (green) and Current Amplifier (red)

50

Amplitude (mV)

IS
o

30

Current signalin a
50 mm sensor

— 10
0.35 /
0.3 o M . T PP N S/ I A B |

6 7
0.25 Time (s)
0.2
0.15

o1 Charge Sensitive Amplifier

| '5.’
st |1 [x10° I I
1.2 14

time (s) I I

\ « Slower slew rate

_I: o Quieter
L

20

TTT T ot

Current {(A)

llllllllllllllIIllllllIllIll]lllJ

* Integration helps the

signhal smoothing
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Interplay of Teoy ANA T = R, Cpet

Detector Capacitance Cpet

time Tecol

Collection /’j\

T Rin c:Det

q X

There are two time constants at play:

=» Smoother current

6 T < Teol [, T~ Tcol
- x10 _ = = 10 -
= [ - 06E  of E
£ 2 AT & 5 F 1
S 3 o052 B BE 3
10— -"’-,_' > 7E Ao E
. f_ , ; 3 oa s ;_ _;
43— 5 92 IE _E
o 2 3
21 - 01 s =
%’%_‘ 8 1;_ R i
¥ 56 O R g &l i ay v S e e
time (s) time (s)

t©/Tco INCreases = dV/dt decreases

INFN

Tstrtety Nazesakt @ Foca Wackary

Input impedance R;,

* Tco: the signal collection time (or equivalently the rise fime)
« 1=R;, Cpet : The fime needed for the charge to move to the electronics

: T> TCIoI
x10
o.asE % 3
N B Signal
025 12;— & /
> s _ Electronics
0.15 g e
Ly, & .
0.1 i ‘;s" . /
0.08 2 \!_f N
Need to find the

optimum balance
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The players: signal, noise and slope (NN

Tstrtety Nazesakt @ Foca Wackary

Signal dV/dt Landau Noise Shot Noise Electronic Noise

1o¢ ©0 micron sensor gain = 15

R i'Amp

<
£ i
o 10
5 B
(&) .
8.—
i JrCur
6.—
: 1'CIur .
4_— C
o /\
C—_ 1 L ] 1 .l.~-|..><10‘9
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time [s]
NEECTGREIN N GERERT IEGESIN  Gain Holes Total

The currentrise fime (icy) || The RC circuit (frc)

Amplifier rise fime (tamp)

There are 3 quantities determining the output rise time after the amplifier:

1. The signalrise fime (tc,, )

2. The RC circuit formed by the detector capacitance and the amplifier input

impedance (txc)
3. The amplifier rise time ()
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Time walk (INFN

Tutrtetn Nazasat 4 F g Nachary

Time walk: the voltage value Vy, is reached at different times by
signals of different amplitude

threshold

'
i 8 t
' '

discriminator signal for A

discriminator signal for B
r

Time walk effect

In order to correct for this effect we need to measure the signal amplitude

S
£
S
0
w
e
O
o
O
0
Z
0’4
L
O
I
0
w
L
)
I
o
£
O
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z
L
Z
0
I
o
O
O
O
O
z
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After the preamp: What is the best “time measuring” c@ﬁf@

Tstrtety Nazesakt @ Foca Wackary

Constant Fraction Discriminator
The time is set when a fixed fraction of
the amplitude is reached

Time over Threshold

The amount of time over the
threshold is used to correct for time
walk

Multiple sampling
Most accurate method, needs a lot
of computing power.



A complete chip INFN

Istrtuts Nacesak d Foca Mackary
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Integrator or current amplifiere INFN

160

140 -

120

[N
o
o

80
60
40
20

Resolution [ps]

Nstriets Nazemaht & F oca Vackary

WF2 Simulation
Time resolution for charge sensitive and broadband amplifiers
- Gain =10, Cdet= 6 pF

= (CSA, tau~ 3.5 ns

—BBA

0 50 100 150 200 250 300
Thickness [um]

integrators work best with signals that are of the same length of their integration fime
Current amplifiers work best with very fast signals
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From one pad to a Timing Layer

We have produced thousands of UFSDs, with
many shapes, thicknesses, gains etc..
We know very well how a single pads and

small array work, however.... Z}":"""H""““:
a : U I

* Uniformity
 Fill factor

i
ki)

AR

‘ \z\
\

FHEAEHE

|

-
-—

)

|l _
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o 0D

ATLAS-CMS path to construction

/. Key topics to be addressed:

> Spoiler: the situation looks reasonable

. Radiation hardness: time resolution and operating condifions

Highest possible fill factor: dead area between pads

Multi pad sensors: pad isolation, breakdown voltage

Large area: yield, cost

~ 30 ps time resolution at the end of HL_LHC lifetime

> 35-micron thick opftion

> Looks reasonable, it is a “read-out chip” problem

IEREREREEEREEENER RN ERE
IEEERERERREREREEREERERERRE R
IEEERERERERERERERERERERE

SR T
Hnnnn

CMS . 24cm

‘0.65cm

~ 0.65cm ATLAS
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ETL Thermal Screen
Disk 1, Face |

Disk 1 Support Plate
Disk 1, Face 2

ETL Mounting Bracket
Disk 2, Face |

Disk 2 Support Plate
Disk 2, Face 2

HGCal Neutron Moderator
10; ETL Support Cone

11: Support cone insulation
12: HGCal Thermal Screen

SN eBINpT

o

7 m?2 of sensors
on each side

A circle obtained
~ 16000 sensors: with long staves

e 2x4 cm? ---small sensors
 Thickness of active area: 40-50 microns
« Padsize: 1.3x 1.3 mm? (512 pads)

56



Nicolo Cor’riglio, INFN, Torino — Trocking in 4D

Wafter uniformity and sensor yield

INFN

Istrtuts Nacesak d Foca Mackary

Overall, very good uniformity and yield from HPK and FBK.
This is great news in view the production for CMS and ATLAS

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
1.2cm CMS_LG_4X24-95-500-P1 BD Voltage ~ 240/250 V

PUNT ]

pad row index

BREEEESEREE RIS o owmns

0123
pad column index

(230 V)
10~

Leakage Current/mm~2 (A/mm~2)

o w

G2 W ¥ W 8

Current Distrubution CMS LG _4X24-95-500-P1 (230 V)

Good pad 94

Warm pad 2

Bad pad 0
e a  JT N
000 025 050 075 100 125\1'30'—"{;’5

Current [A) le-8
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Fill factor N

Tstrtety Nazesakt @ Foca Wackary

. Thefill factor is mainly determined by the inactive gap between sensors.

No gain area

No gain area

Current measured gap size: <>
~ 70 micron for CNM
~ 100 micron for HPK JTE: Gain__
~ 70 micron for FBK termination

This gap affects directly the detector acceptance as we have only
one layer: a 70 micron gap corresponds to a 91% fill factor

Goal: 30 micron gap = 96% fill factor

Currently under study, looks possible...

Nicolo Car’riglia, INFN, Torino — Trocking in 4D
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Fill factor: optimization of current design nen

The gap is due to two components:
*1) Adjacent gain layers need to be isolated (JTE & p-stop)
2) Bending of the E field lines in the region around the JTE area
Both under optimization Different junction termination/p-stop design
» CMS Goal: 30 micron gap = 96% fill factor
GND GND Gain JTE

Different gain
doping

p-stop Fleld \nes Closlng on 0/déep

ED 1 pad
AN ‘ h isolation
koo by e | Very aggressive design: <10 micron per side
-25 -24 -23 -22 -21 -29 -19 -18 -17 -16 -1’ -14 -13 -12 -11 -10 9 -8 -7 -6 -5 -4 -3 -2 -l

®  position, pm
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Fill factor in CMS: higher than 85% ¢

Tutrtetn Nazasat 4 F g Nachary

!

\‘ i
v !
v !
[
W

] Foundries [ No-gain distance [pum] ] Comments | p+ gain layer No-gain area
CNM 100 The latest production with smaller dis-
tances has very high leakage current and i i i
cannot be used. A new production is ex-
pected in August 2019 . .
FBK 40,70 In the latest production much smaller dis- | 3 ‘ —
tances were attempted but the sensors go ':i 000 .
into early breakdown. A dedicated new | § j0000F
N production is expected in April 2019. | E
< HPK 75, 90, 135 Even the shortest separation works well, 000
c most likely HPK can obtain even smaller 20000 —
= St E 38.3 um
@) | — = 15000:
= :
S Our TDR stated goal is to have a fill factor of 85% per ha
O
= layer (1.3 x 1.3 mm? pad ) - B
| 0 e 700 120 140 180 180 200 220 240 260
o « 5% comes from the sensors placements um
= + 2-3% dead area comes from the butting of sensors
O . Fill factor vs no-gain distance for a 1.3 x 1.3 mm? pad
— in the module 100
Z .
L « 7-8% comes from the no-gain area 1
Z % L g % | CMS goal
- = Keep no-gain distance below 40-50 um )
O = M
of Not achieved yet g =
T g %
G -|
O 86
e - : . . . .
0O 0 20 0 0 80 100 120
Z No-gain distance [um)




Fill factor solution: tfrenches INFN

Istrtuts Nacesak d Foca Mackary

Trenches (the same technique used in SIPM):
- No pstop,
- No JTE = no exira electrode bending the field lines

Current version R&D goal

Ao gain area

JTE + p-stop design Trench design

Trench isolation technology

* Typical trench width <1 um

* Max Aspect ratio: 1:20

* Trench filling with: SiO,,
Si;N,, PolySi

CMM

CENTRE FOR MATERIALS AND MICROSYSTEMS

Nicolo Cor’riglio, INFN, Torino — Trocking in 4D
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ASIC for Timing application

It is difficult to develop a read-out
board that reads a few pads with
good timing precision

It is much more difficult to develop a chip to read ~ 100 channels
Very difficult mixed environments, precise analog with digital part
And:
* keep the power consumption low:

ALTIROC chip for the ATLAS timing layer: 2.5 mW/mm?2

Only 0.5 mA for the front end (< 1 mW), almost impossible

If used in CMS (sensors ~8 m2 per side ) = 20 kW Il Very large

+ The noise scales as Cpetector/ Qsignal: NEEd TO keep the pads small

INFN

Tstrtety Nazesakt @ Foca Wackary
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From a Timing Layer to a 5D tracker INFN

lstrtets Nazemat 4 F o Wackeary

Imagine tracking with ~ 1000-2000 tracks @ 40 MHz crossing
This situation is the pinnacle of complications..

Very good
— |  time

Small pixels resolution \
100 x100 pm

Qrc Small area
o for

£ / electronics
@)

2 4D tracking at —

5 High power high rate

C%) requirements

z \ Radiation
< damage
0

21 Very high /

O

g data transfer High event

S ~___ rates
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5D tracking: sensors and electronics CINFN

Tstrtety Nazesakt @ Foca Wackary

Let’s consider a normal size pixel: 100 x 100 micron

Can we fit the electronicse
= the preamplifier does not scale with the technological node,
= memory and TDC do.

Example: TDC evolution

=)

130 nm: 65 nm: 28 nm:
70 x 150 micron 40 x 60 micron ~20 x 30 micron

5D tracking requires either 65nm or 28nm electronics

Nicolo Car’riglia, INFN, Torino — Trocking in 4D
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5D tracking: read-out and algorithms INFN

lstrtets Nazemat 4 F o Wackeary

Let’s suppose we have the sensors and the read-out chip:
=>» our job might be over
= |lot’s of other people need to work hard...

Taking advantage of 5D tracking requires a very complex backend:

Very fast data transfer
Real-time tracking requires the development of specific 4D tracking
algorithms.

= Sometimes called “retina”, being pursued by several groups.
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R&D in the next 5 years INFN

Tstrtety Nazesakt @ Foca Wackary

Reduce material budget:

Current version R&D goal

\ /
.

Thin LGAD on a thick support wafer Thin LGAD on ribs

Reduce dead area between pades:

Current version R&D goal

dead area dead area

JTE + p-stop design Trench design 44



Alternatives Silicon Sensors for timingdneN

Tstrtety Nazesakt @ Foca Wackary

« 3D sensors for fiming
» Resistive Silicon Detectors
* Monolithic timing sensors

Nicolo Car’riglia, INFN, Torino — Trocking in 4D
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3D sensors for fiming applicationsgne

Nstriets Nazemaht & F oca Vackary

. 3D sensors enjoy good performance even at fluences ¢ ~ 106 n/cm?

Can they be used in 4D-fracking?
Can diamond 3D worke

In their “column” geometry, they
cannot, the Efield is not uniform enough

E field

However, using tfrenches gives a parallel

e + + + + 4|

plate geometry, and a weighting field ~ 1/d

= Insensitive to non-uniform charge
deposition GOOD!

y
y

68

Challenges:
- Position dependent current shape

ield \
>

X

- Strong signal reduction with irradiation

Nicolo Car’riglia, INFN, Torino — Trqcking in 4D



Fill factor solution 2: Resistive electrode (inen

Tutrtetn Nazasat 4 F g Nachary

& he signal is frozen on the resistive = 100% fill factor

~sheet, and it's AC coupled to the =2 Segmentation is achieved via AC coupling
electronics
_/\ AC coupling
\
— = — Nn++ electrode

gain layer

p++ electrode

The AC read-out sees only a small part of the sensor:
small capacitance and small leakage current.

Nicolo Cor’riglio, INFN, Torino — Trqcking in 4D



R&D: Can we use Monolithic technology2¢inFn

Tutrtetn Nazasat 4 F g Nachary

~

p substrate Read-out chip Wire bonding

Read-out chip

Read-out
P — substrate

Bump bonding

0y

Monolithic

Nicolo Cor’riglio, INFN, Torino — Trccking in 4D
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Summary and outlook 'R

Timing layers, 4D- and 5D- tracking are being developed
for the next generation of experiments

It is a challenging and beautiful developments, that
requires a collective effort to succeed.

There is no “one technology fits all”:
depending on segmentation, precision,
radiation levels and other factors the best
solution changes.

It would be great if in our journey we stumble
upon a highway, to take us out of the desert

Full bibliography:
http://personalpages.to.infn.it/~cartigli/NC_site/UFSD_References.html

/1



<R

Tutrtetn Nazasat 4 F g Nachary

Two examples of UFSD and read-out chips
Single pad + TOFFEE
Multipad + TDCPix

Nicolo Cor’riglio, INFN, Torino — Trqcking in 4D
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Bonus material
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Nicolo Cor’riglio, INFN, Torino — Trqcking in 4D

>

INPUTS

+— 36mm ——»

The channel architecture

AMPLIFIER
i ToT :
—:

'
—— wwp'z ——m>

DISCRIMINATOR

front-end side +
Back-end side.

External threshold

Technology

2

LVDS
OUTPUTS

Channels

Sensor capacitance
Input dynamic range
Analog gain

GBW

RMS noise (C=6pF)
Discriminator output
Power consumption
AVDD/DVDD

CMOS 110 nm
8

2-10 pF
3fC-60fC

7 mV/fC

14 GHz

800 pVv
2-14ns

18 mW/ch
1.2V/25V

STRETCHER
External
adiustment

o s, |

LVDS

\é
V4| !

ChX Vth

+
) Stretcher

LVDS driver

LVDS
OuUTPUT

to HPTDC

The LVDS output is meant for time digitization with HPTDC (rising and falling edges). A Strecher is required.

Beam test at
CERN north area

TOFFEE: a chip for timing applicationgine

Tutrtetn Nazasat 4 F g Nachary




TOFFEE: beam test results

TOFFEE is the first version of a multipurpose 8-channel chip with

Time-over-Threshold time-walk correction.

It achieves a resolution of 55 ps, including the digital part.

TOFFEE, Data with HPK, 50-micron
Resolution vs Bias

0

: 150 r # HPK, Vth =3 fC

= — B HPK, Vth = 4fC

- (7]

= 2 A HPK, Vth = 1.5 fC

9 =100

= S A, . N HPK, Vth = 3fC, HPTDC
:3 2 :

£ = ¢ 9 R -

o O 50 ¢ ®an

= 0

£ o

Z

.(_j\ 0 [ | [ | [ | [ | |
.?:” 100 150 200 250 300 350
3 Bias [mV]

o

o)

0

Z
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Multi-pad sensors: TDCpix & FBK-UFSZN
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Bump-bonded NA62 TDCpix ROC to FBK-UFSD sensor
NA62 ROC: 40x45 pads, each 300x300 um?2 (1800 pads)

More than 99% of pads working

Same voltage behavior as single pad:
breakdown above 280 V
First example of 4D tracking!
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Special Tools: TCT CNAN

Tutrtetn Nazasat 4 F g Nachary

ICT Setup
in Torino

Parficulars TCT setup:

IR pulsed laser (1060 nm) — 10-15 ym spot
xy-stage with sub-um precision

Stage control and DAQ via Labview software
Avutomatic xy-scan + Small laser spot:
Very precise mapping of the DUT

Nicolo Cor’riglio, INFN, Torino — Tracking in 4D
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Special Tools: Thermal Camera  (inew
Hamamatsu C11090-22B

e The camera is mounted on a probe station
e 2 pictures of the sensor are taken:
e A conventional picture taken with an external
source of light
e A picture taken in complete darkness (probe station
closed) with the DUT in BD
-> The 2 pictures are then overlapped to show in which
area the hot spots come out

We focused on the corners of the inactive area

Nicolo Car’riglia, INFN, Torino — Trqcking in 4D

F. Siviero, INFN Torino
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Breakdown: Hot Spots in the curved regions!
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F. Siviero, INFN Torino

Nicolo Carti



