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Timepix3 Telescope
Temporal Resolution Studies
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Introduction

* Timepix3 Telescope built to perform detailed studies of LHCb VELO Upgrade prototypes
* Optimised for spatial resolution

* Timing mainly used for pattern recognition

» Future upgrades in view of 4D tracking at high rate

* Need good temporal- and spatial resolution

* While "waiting” for Timepix4, study systematics and limits of Timepix3 telescope
* What Is the track time resolution?

 Can we improve it? — Need to understand systematics
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Timepix3 telescope

. . . Scint. Scint.
» Eight layers Timepix3 Upstream Planes 1-4 DUT Planes 5-8 Downstream
with 300 pm p-on-n Si ——— PR E—
at 200 V
Beam
« Scintillators provide a -
reference time
« (Constant fraction
discriminators (CFDs
reduce timewafk effec):ts CFD » Spidr Spidr Spidr Spidr Spidr |« CFD
ok || LT T e ]
« All planes run on a c
DAQ P
common 40 MHz clock TI%U to, shutter Q? Cs
R trol PC
start/stop run Hn Sontre start/stop run

IEEE NSS MIC Manchester 2019 \ i% ef



Timepix3 telescope

Planes rotated in X and Y to
optimise spatial resolution

Pointing resolution at DUT
(device under test):

o, = 1,69(16) um

oy, = 1,55(16) um
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Timepix3 time measurement

640 MHz oscillator
« Started by discriminator
* Counted until 40 MHz rising edge

 1.56 ns time bins for time-of-arrival (ToA)

» bin/\/12 = 451 ps TDC resolution (in
addition to front-end jitter)

* Time-over-threshold (ToT) measures the
iInput charge of the signal
* Uses 40 MHz: 25 ns bin size

Systematic effects
 Timewalk from charge fluctuations

 Variations in the 640 MHz oscillator
« Start-up time
* Frequency
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_ _ _ _ %103 o = 1,091 ns oxy = 1,020 ns | %10°
Time resolution without corrections 200 Z . e
| | . 400 ?CDK o
* Resolution from covariance of residuals w.r.t. two ; " 25 100
uncorrelated references (the scintillators): 300- s 1 80
- o 0
B 200~ El'a 1 60
o(t) = \/var(t — trea) = \J cov(t — tup, t — tdown) : 25 40
100 =
- O -3 20
« Scintillator resolution: 043550 1231 4430101537240
Upstream: ~390 ps < CFD not properly tuned Cluster - scint. up [ns] Cluster - scint. down [ns]
Downstream: ~190 ps < All residual plots are w.r.t. this scint. ]
500?<1 0 o = 1,040 ns
* Cluster time (earliest hit Iin cluster) resolution: 1 ns 4005
300-
* Track time resolution: 450 ps 200~
» For uncorrelated measurements, would expect % = 350 ps 100-
A 0432101234
8 telescope planes Cluster - scint. down [ns]
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Time residuals vs ToT — plane 1

Timewalk 2 3F Timewalk in
. . i S 2 earliest hits
» Cluster time set by earliest hit in cluster: cuts out most = =
timewalk f; 15
= Or®
« Atypical timewalk curve T ==
5 o
* Correction Improves track resolution: § _35_
— 0O 20 40 _60 80 100 120 140
o (track) 450 ps — 440 ps Time over threshold [x 25 ns]
Timewalk
@ 4[]
< I — Plane 0
= I — Plane 1
_Céj 15: [LE%:;_ — Plane 2
B — Plane 3
L B 2 — Plane 4
- B Plane 5
S 0.5 Plane 6
= - Plane 7
- 'ﬂﬁhﬁﬁm:fi?iﬁfﬁﬁ
— m::ﬂ- I%Llll}iﬂi_i

S
<

20 4060 80 100 120 140
Time over threshold [x 25 ns]

12000
10000
38000
6000
4000
2000
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Timewalk and track topology 2150 o~ ~— Near
) ] ~ F Spe — Middle
»  Timewalk and sensor Nea::ire;/terr:;tt %1'05_ iﬁﬁm\ib@w& BN
effects mixed by track Sosf 1
topology Track 1 s [ 3
=0.0F
« Correct for this by using :
the track intercept 051

Large timewalk and long drift time Time over threshold [x 25 ns]

* Improves track time o | |
Variation in time corrections throughout a pixel — Plane 1

resolution: “Ear’ event — 1800 =
450 ps — 380 ps Large timewalk -|700 E;
—600

500
400
300
200
100
0

Track 2

Time correction [ns]

Sensor Timepix3

| |
LW N —IL O o N W A
(-] [T T[T TTTT[7T]

20 40 60 80 100 120 140 160
ToT [x 25 ns]

First hit has some drift time
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Pixel matrix systematics

Mean time residual per pixel - plane 0

* The mean time residual varies over the pixel matrix % 2501 =3
. - a2 | —
« Possible origins: | L5 ©
 Clock distribution gives row structure 200} 1 =
» Differences In propagation delay between pixels and | L
(shared) fast oscillator 150! 0.5 2
* Power distribution over the chip | 0 g
S
" : : | )
*  We apply one additional correction for each fToA bin 100 05 =
x10° | 1
3000F N /\ 50! —
o resh. |
igggé \ Preamp out o | —1.5
15005 Stz(;tiltﬂor f?escu”éfgrf 40 MHz clock LT A=K 1 - ... My
1000 o7 P ey 640 MHz < top 0 50 100 150 200 250
5005 00 1as 00 1oW oscillator Col
R B I (R

fTOA

\

Histogram number of counts
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Decomposing pixel matrix systematics

Quick method to separate per-pixel
time offsets:

1.

Calculate mean of 16x16 pixels
of (A) to get (B)

Corners: weigh by 0.25

Sides: weigh

Centre pixe

Subtract (B) from (A) to get (C)

= 250
Q |
200}
1501
100/

50}

16 pixels

[—
)

200}

1501

S o -~
N

100/

L
)

50}

Mean time residual [ns]

|
[—
W

-

(B)

50 100 150 200 250 °
Col

0
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Pixel matrix systematics

Plane 0 Plane 1 Plane 2 Plane 3
2 250 - 2 25250 2 25250 2 25250 2 =
@) . = O = O = O =
~ 1.5 & 1.5 S& 1.5 S& 1.5 2
200! | 2 200 2 200/ 2 200/ Rz
1 qo-4 1 qo-4 1 qo-4 1 qo-4
{50l 0.5 {50! 0.5 {50| 0.5 {50| 0.5
0 0 0 0
100/ . Hlos5 100 05 100 05 100 05
~1 ~1 ~1 ~1
50! 50} 50} 50}
~15 | ~15 ~15 ~15
O 50 100 150 200 250 2 % 150 200 250 2 50 100 150 200 250 2 % 50 100 150 200 250 2
Col Col Col Col
Plane 4 Plane 5 Plane 6 Plane 7
2 250F . 2 — 2250 2 — 2250 _ 2 — 2250 i 2 —
@) = O = O = O =
& 1.5 e 1.5 e 1.5 e 152
200! 2 200} 2 200} 2 200} 2
fé. ! qCS . qCS . qCS . qCS
150! 05 150 05 150 05 150 0.5
0 0 0 0
100 -05 100 ~05 100 ~05 100 —0.5
-1 -1 -1 -1
50! 50| 50| 50|
SN o —1.5 _1.5 _1.5 _1.5
% 50 100 150 200 250 2 % 150 200 250 2 O 50 100 150 200 250 2 50 100 150 200 250 2
Col Col Col Col

« All planes show a similar structure, but there are differences

« Each plane needs its own per-pixel correction
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Time resolution after all corrections Cluster time residuals before and after all corrections

800X1 03 o = 1.040 ns 800X1 03 o= 0.672ns
» Corrections improve the time resolution: 700" 700?—
o(cluster) = 1ns — 646 ps 600~ 600-
o(track) = 450ps — 271 ps 5008 500F
400¢ % 400¢
* Probably still affected by sensor effects: ggg ggg
646 ps © 451 ps =463 ps 100 100
b 94732210123 4 943210123 4
Time binning Cluster - scint. down [ns] Cluster - scint. down [ns]
Contribution 1.56 ns/v12 Track time resolution
‘v 800
2 -
» Bias scan also indicates that (residual) drift-time § 7005 Before
effects still affect resolution =600 = correction
$500 - LI
® 400 . T
E = After - _ Still lmprOving
300__ - - _ m
- correction - >
200__I....I....I....I....I
0 50 100 150 200

Bias voltage [V]
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Fast sensors on Timepix3 Timewalk in thin planar sensor, . Intrapixel time resolution

— 1 - 4.5 —
| 2 15 1180 € € , 2
Thin planar 50 ym?Y = 160 S N ; . c
3 10 —1140 + Selection 39 6
« Short drift distance 2 120 ;. - i =
°  region @45 pm =
« Less charge — more timewalk =%, 5- 25 O
= _

» Small pixel implant — time resolution = of 2 2
: : i : - )
varies inside pixel : 1'5 =
5 B =

. 0 2 4 6 8 10 ® 10 20 30 40 50

* Overall resolution: 845 ps (715 ps) Charge [ke ] X [um]

« Selecting best hits: 588 ps (377 ps) Bump 3D n-type bulk

Intraplxel tlme resolutlon

(Centre of pixel, Q>5ke") 1o

0.6 =

3D sensor? Without 451 ps | 0.8 .§

« Short drift distance TDC contribution P-duciog . 0.7 2

» Plenty of charge l oo Silcon 0.6

250um — 0.5 4

holes GEJ

» Overall resolution: 746 ps (594 ps) 0.4 .=
%10 20 30 40 50 °©3

« Selecting best hits: 590 ps (380 ps)
(Cluster size 1, Outside pillars, Q>16ke") X-ray photon 4%

X [um

Sensor Manufacturer Type Thickness Depletion voltage (V) Bias voltage (V)
Thin planar Advacam pP-oN-n 50 um 15-20 90
3D CNM-IMB n-type bulk 285 um 20 60

* Timepix3 limiting the resolution
* Bias voltage limited by breakdown

1) Thanks to D. Dannheim, CLICdp

IEEE NSS MIC Manchester 2019 2) Thanks to Richard Bates




Mean time residual per pixel - plane 0O

Conclusion 52500 _ 2
O | e AT
. | | oY Bk ek . 15
* We showed that we can improve the cluster/track time resolution by 200/ e =
correcting systematic effects: | 05 ‘%—?
Current best time 150; T
o(cluster) = 1ns — 646 ps resolution of the | 0 =
* Understanding systematics of large scale systems will become more 50 -1 5
Important for next generation devices. | - i T 15 =
» Unfortunately Timepix3 telescope time resolution not sufficient to study fast OO 50 100 150 200 250 2
Sensors Col
What is next? SO SISO e

* Analysis of more testbeam data of fast sensors*:

* Thin planar 50 ym These sensors
e 3D sensor are suboptimal

285 pam
S O

« TCAD simulations of fast sensors

* Timepix4! Better time measurement: 1.56 ns — 200 ps bins

*Measured resolution limited by Timepix3 X-ray photon 42

15 IEEE NSS MIC Manchester 2019 \ i@ﬁ ef




Backup slides
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Timepix3 telescope

4+4 Tpx3 planes
DUT

Beam scintillators
2+2+1 SPIDRS

_

|
: SR o
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T —m—
L
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Cluster- and track time residuals

1200
1000
300
600
400
200

«10° Cluster time residuals
" Plane 0
. o . . = — Plane
Earliest hit in a cluster defines the cluster time oo E A 1 ) —Plane
600 E_ ] | |_| — Plane 2
| 500 E- siliE — Plane 3
We calibrate out the mean offsets 200F- 1] Le —J - - Planc 4
300 z— j[|:|: _J_ _———I_J_l__l_l_ — Plane 5
' 200 E- I ~ Plane 6
We require a cluster on each telescope plane to OOF C,,DE — E%Rﬂ e 7
form a track N S Pt e W = B e By = Y
—244 —242 —240 —238 ~236 —234 —232
Taking out cluster - scint. downstream [ns|
Track time Is mean of cluster times offsets
«10° Track time residuals «10° Cluster time residuals
a 900 =
- 200 - L] — Plane 0
:_ 700 §_ — Plane 1
: _ 800 E_ — Plane 2
— Track time 500 E- — Plane 3
— b 400 E— ' j‘ — Plane 4
= 300 z_ 3 i — Plane 5
- 200 E- EI[I__‘“ — Plane 6
= 100 - —+3 |- Plane 7
rll PP B P PP BT B S B B OE L Il_hlEE_—._F_l
—4 -3 -2 ~1 0 1 2 3 4 —4 2 4
track - scint. downstream [ns] cluster - scint. downstream [ns]
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Beam scintillators

TDC on SPIDR provides timestamp

Phase shifted clocks make 12 time bins In
320 MHz period: 3.125 ns/ 12 = 260 ps

Measured scintillator resolution:
Upstream: ~390 ps
Downstream: ~190 ps

Upstream CFD not properly tuned

Time bins vary in size: Adds about 15 ps to
the time bin resolution:

260 ps

o(bin) = 7z

~ 75ps — 90 ps

IEEE NSS MIC Manchester 2019

40 MHz—

Phase shifted Scintillator
320 MHz clocks signal
1| [ | B
1 :
2 : | l :
3 . |
|
i\ N :
] I I _
5 1 1 i
i i i :
6] 1. . |
S |
«10® , TDC fine time distribution
E Lﬂ . i
8'4? | I
O | | v
10F
8F
6F
4F
2F
001 2 3 4 5 6 7 8 9 10 11

TDC fine time
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' ' _hi ' : «10°  First cluster hit fToA distribution
Pixel time-bin nonuniformity e
. . . . . 3 30005
* First and last time bins have different size © 5000
. due to OO%
* fTOA counts to 1 too quickly, but counts too oscillator 1500k
slowly to reach 15 startup-— L JooE Oscillator frequency
: too low
. . 500
* Second hit in same super pixel encounters an N
already running oscillator 0 2 4 6 8 10 12 14
fToA
«10° Second cluster hit fToA distribution
€ -
- u
3 3000=
2500F .
. . . - Same super pixel
Starts fast oscillator Sees a running oscillator it 2000 T
of the super pixel | -3 <1—this pixel is in the same 500L —__
- L_ A super pixel =
N+ 1000 Other super pixel
InN 5005
_\\~+ O:I..I..I..I...I...I...I...I..
0 2 4 6 8 10 12 14
N fToA
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Time residual [ns]

Timewalk and track geometry

Timewalk near — plane 1 Timewalk middle — plane 1 Timewalk far — plane 1
[ e [ HRNN ua III il | i | _1800 U -
55 E‘ 55 'r N 3 h d)' l'lh ' om E‘ 55 1400
4 = 4F o o, | 71600 = 4=
3§_ g 3§_ 'i | I —1400 % 3§_ 1200
- = Tk gl 1200 S O F 1000
5 © 2F 1000 o 25
= o 1= T o 1= 800
(j:_ Iqé (;:_ I NEEII 800 Iqé (;:_ 600
- = 600 -
=15 —1F 400 1= 400
_22_ —22_ 200 —22— 200
_3: I LR “H.llﬂ II l'l'l 0 . L mf,d'l'u Il | L I!llllll | Ih'“ 0
0 20 40 60 80 100 120 140 /0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
. ToT [x 25 ns] | ToT [x 25 ns] ToT [x 25 ns]
L _J | L _J | LJ o 51 _ .
Timewalk \ +T Timewalk \\++T g ot Timewalk means |— Near
< N Timewalk - A i - Madie
( _\\ ; - \ ;1 .O__ # —— Far
\ \ T + drift tlme\{\ | O r \-.-
\T —‘\-l' _\\_l_ £ - \ —— Overall
\ﬂ —\ (’ —h ‘205__
_ M+ N N\t © -
\l/ _‘\\ \~ \l/ _\\ %J -
—\ ._\\+ N _\\\—l— 0.0
(. |
3y Y —0.5__ .
* The point: ToT (charge) in the eatrliest hit is correlated to track position in the pixel so we 0 20 40 60 80 100 120 140
also see sensor effects (drift time, signal induction) Time over threshold [x 25 ns]
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Timewalk and sensor correction N Y
* Bin data on both track interception and charge and v++\—_
determine the time offset of each bin N - 1
+5
« Correction varies depending on track interception First hit —, IJ‘F\\—_
. . _ -1_\\
* |Improves track time resolution: o | —
o(track) = 450 ps — 380 ps —
Interception relative to first hit3
Ty 4:— I 'g1.5 ﬁ?.:)o
E- 3: 3 =3 40
S © B 1 35
o : X 30
R > 29
S o - 20
£ —12— Artefacts from centre of _g 195
= _oF- gravity cluster position 150
_3:—...|...|...|...|...|...|...|...|. _0%
0 20 40 60 80 100 120 140 160 0.5 0 0.5 1 1.5
ToT [x 25 ns] X [x 55 um]
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Decomposing per-pixel time offsets

2z 250F 1 — 2250 1 — 2250 1 —
ke 08 =3 0.8 =z 08 =
200 0.6 2 200 0.6 2 200 0.6 2
04 O 04 O 04 O
150! 0.2 150! 0.2 150! 0.2
0 0 0
100! 0.2 100 0.2 100! -0.2
-0.4 —0.4 —0.4
50! 0.6 50 0.6 50! 0.6
0.8 | 0.8 | 0.8
0 ' ' ' ' . 0 ' ' ' ' . 0 ' ' ' ' . 0 ' ' ' ' .
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Col Col Col Col
2z 250F 1 — 2250 1 —
© 08 =2 0.8 =
2001 0.6 2 200 0.6 3
04 O 04 O
150¢ 0.2 150+ 0.2
0 0
100! 02 100! 02
0.4 0.4
50! 0.6 50! 0.6
| 0.8 0.8
0 ' ' ' ' . 0 ' ' ' ' . 0 ' ' ' ' . 0 ' ' ' ' .
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Col Col Col Col
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Decomposing per-pixel time offsets

150;

100}

50

150;

100}

50

Row

Offset [ns]
(|0
S
S

50

150 200 250 0 50

Col

100

100

150 200

250 0

afy 1

Col

50

50

100

150 200 250 0

Col

150 200 250 0 50 100

Col

100
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150 200

150

200 250
Col

250 0 50

Col

100

150 200 250 0
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Col

100 150

200 250
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| | _ _ _ Occupancy fToA bin 15 0.09
Pixel time offset and fToA distribution &%250 EREEns | | O

-0.08 §
0.07 3
O
0.065
0.05
0.04
0.03
0.02

0.01

» Late pixels have low fToA=15 count Pixel fToa distribution - offset: 1,4 ns 200
€ 400F
3 150

. : — 3 350%
Early pixels have low fToA=0 count  ©2&

25(

Y

. 100
Late pixel

50

SR 5'9101'11'21'31%1%/0(? 50 100 150 200 250
O

C
0.07 S

=

0.06 §
0.05
0.04
0.03

0.02

Mean time resyduals

Row

Pixel fToa distribution — offset; -1,0 ns 200

S

150

\ Early pixel 100

-1.5 1005 S0

50 100 150 200 02510 OO 12 34567 8 9101112131;}&1)2 00 | 50 100 150 200 250

Col

100

50

OO
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Second hit fToA distribution

« Second hit fToA distribution
should be independent of first
hit fTOA except for an overall

shift

« Second hits that should have
fToA=0 overflow into the next
25 ns cycle and get fToA=15

IEEE NSS MIC Manchester 2019

First hit fToA
— ~J 0o

—i
o

o TTTTTTTTTT]

10°
10°
10"
10°
10°

Same super-pixel second hit fToA-distributions

11

7 3 15 11 7 3 15 11 7 3
Second hit fToA for three consecutive 25 ns clock cycles

o o I T A 1

—— First hit fToA =15
— First hit fToA = 10
—— First hit fToA=5
First hit fToA=0

— e
-

—
on

11

7 3 15 11 7 3 15 11 7 3
Second hit fToA for three consecutive 25 ns clock cycles
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