Fast timing at the Timepix4 Telescope
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Timepix4 Telescope
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Timepix4: Hybrid pixel detector readout ASIC « 24.7 mm

A |

WB pads

— Top periphery
* Developed by CERN, Nikhef, and IFAE

* 65 nm CMOS
« 448x512 pixels, 5555 ym? pitch

» Simultaneous measurement of time and charge deposition

(by measuring time over threshold) |
— Centre periphery

* Time-bin size of 25 ns/128 = 195 ps (= resolution of 56 ps)

29.96 mm

« Max rate: 360x%10° hits/cm?4/s (160 Gb/s for single chip)

Hybrid detector

4 L06l-6T02-hXTdaWIL

Sensor

— Bottom periphery

Bump
bonds
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X. Llopart et al 2022 JINST 17 C01044 [DOI: 10.1088/1748-0221/17/01/C01044] 640 MHz Superpixel
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Timepix4: Hybrid pixel detector readout ASIC - 24.7 mm

WB pads

— Top periphery

* Developed by CERN, Nikhef, and IFAE

Test with superfast 800 Gbit
internet between Amsterdam and
CERN successful

* 65 nm CMOS

« 448%x512 pixels, 55x55 ym? pitch

» Simultaneous measurement of time and charge degposition
(by measuring time over threshold)

Nokia and SURF have successfully tested an 800 Gbit/s data connection between
Nikhef in Amsterdam and CERN in Geneva. Such a connection is needed to transmit
data from the upcoming high-luminosity LHC accelerator.

* Time-bin size of 25 ns/128 = 195 ps (= resglution of 56 ps)

+ Max rate: 360108 hits/cm?2/s (160 Gb/s {or %5 chip)

The test used existing fiber-optic connections through Belgium and France toward
Geneva in Switzerland over a total distance of 1,648 kilometers. An 800 Gbit/s

connection is about a thousand times faster than the Internet connection in an average
household.

Hybrid detector

Nokia's latest photonic technology, the sixth-generation super-coherent Photonic
SenSOr Service Engine (SPE-6s), was deployed in the tests, along with 16QUM-shaped

I I X xrX I I IxIrxrIrxrIrrrrrrrrrIx modulation. The results of the tests will be announced in more detail next week at a

Readout electronics Nokia expert conference in Athens.
Data hub

oscillator (VCO)
X. Llopart et al 2022 JINST 17 C01044 [DOI: 10.1088/1748-0221/17/01/C01044] 640 MHz

Bump
bonds
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Speedy Plxel Detector Readout 4 (SPIDR4)

Sensor bias | Timepix4 power
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Telescope configuration

st 5 - Device o - g 5 : Micro-channel
_pos_ ream anes under test anes 5— ov_m.s ream plates
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Beam
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data [
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Micro channel plate detectors

70000 - e 24 PS

* Time reference to study telescope

timing
* Considering installing Timpix4 plane to -

VETO events with nuclear interactions
» Current time resolution: 17 ps (single 20000 {

MCP Nuclear

) w01 [nteractions

 Combined MCP resolution: 12 ps T T T . . T
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Plane assemblies

» Eight telescope planes with n-on-p planar silicon sensors
* 4 x 300 ym sensors for spatial resolution (angled)

4 x 100 yum sensors for time resolution (perpendicular)

» Sensor upgrades are anticipated (LGAD, 3D, ...)
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Assembly cooling

» All assemblies have a 3D-printed
titanium cooling block

« Cooled using glycol at 20 °C
* Could go to —20 °C in the future

* Plan to mill PCB to have direct
thermal contact with Timepix4

Current thermal interface

Future thermal interface d E

Timepix4

SERRAT TR

Timepix4 leteletele vl
J6:¥ Thermal
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Single plane spatial resolution

* Pixel size 35 um x 55 um

* Four innermost planes rotated 9° around x and y to induce
charge sharing between pixels

« Charge-weighted mean gives cluster position
« Single plane resolution: 3.3 ym

* Resolution depends on detection threshold
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180|— Std Dev 7639 3
N ¥2 I ndf 3.216e+04 / 198 —
160 :_ Constant 1.981e+05 £ 6.021e+01 2 12 i
140 Mean 0.06037 + 0.00169 @)
i Sigma 6.851+ 0.001 E A TraCk 1
120 +—
- I 10 Bl
100 N ‘
- )
of > | Sensor
60— > 8 ol
[ — A
40[- o TraCk 2
- @) .
20— £
D : | | | | | | | | | | | | | | | | | | I 1 1 1 6
80 60 40 20 0O 20 40 60 80 0 2 4 6 ] 3
cluster - track [um] K. Akiba et al 2023 JINST 18 P02011 Threshold ke ] | 00 Hm

[DOI: 10.1088/1748-0221/18/02/P02011]
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'€16_"'I"'"'I"'I"'I"'I_
Track pointing resolution = pointing Tesolution i
* Pointing resolution at DUT: 2.5 ym (Mixed hadron beam 180 GeV/c) 12;_ i
10 |- - H
- PCB adds 1.8-2.4 %X, (ASIC + sensor adds 0.7-1.0 %X,) g cattering proportional to | |- x Planeres.ohftlon‘ - ;
» Milling out PCB would improve resolution to ~2.0 um JJx/Xq [1 +0.038log x/X,] | ¢F Trock P resopon A
: DUT ]
* Investigating “eta corrections” for nonlinear charge sharing 40 \ ! y i
» Other possible improvements: 2_ !
« Move telescope arms further inward when possible 0= ——— 0 200 0 200 200 600
« Operate 300 um planes at lower detection threshold < [mm]
« Add additional thick planes ol 4023 - Plane 2 Double Fixel Clusters
—_ OO Eta corrections T
c [
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Time measurements in pixel detectors

Readout

Time-to-Digital
Threshold Converter (TDC)

Reference clock

Pre-amplifier Discriminator
(typ. 40 MHz)

Time resolution = og/4(sensor) + o/(jitter) + g4(timewalk) + o,4(TDC)
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Single plane time resolution ' ;\ —3/ N A

e —

 Thin sensors reduce time errors due to Landau fluctuations

* Perpendicular to beam to maximise signal charge in single pixel

» Reduced signal size reduces analog front-end performance

Analog front-end resolution

| i' ! : ' | ' ! ' ' | ! ' b ' | ' b ' b | b ' b ' I
1000 N i 50 um # N24 (v2, bare) e~ mode i
I l I 4 N24 (v2, bare) e~ mode Modified DACs | _
i |
— ! | K. Heijhoff et al 2022 JINST 17 P07006
&, ! I [DOI: 10.1088/1748-0221/17/07/P07006]
- |
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Constant

TI m ewal k current

Current discharge
signal

* Time measurement depends on signal size

* Preamplifier output has a fixed risetime

Leakage

* Reduced signal size makes timewalk corrections crucial current

compensation

SOOI"'I'I'I"'I"'I 1-2-I""I""I""|IIII|--||||...|-
- ' i Timepix4 toy model :

780 |

760 |

740 |

720 |

Preamplifier output [mV]

— 2ke — 8ke

0 2 4 6 8 10 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time [ns] Time [ps]
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Single plane time resolution High charge signal

* Per-pixel timewalk corrections are applied Low charge signal
v
* Improves Time resolution: ~500 ps — ~220 ps Threshold - / i
* Next: clock corrections to improve further X _______ Z// ____________ — o
|
Single pixel timewalk Time
‘0 44F | . —90
C - o timeHc_corr
- a3F Preliminary Entries 13488 || _|gp
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3 4ob ), Saporx 4197 || 7170 e pos e e
et ev x . N . imeHc_post_pro|_plane
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Time measurements in pixel detectors

Readout

Time-to-Digital
Threshold Converter (TDC)

Reference clock

Pre-amplifier Discriminator
(typ. 40 MHz)

Time resolution = og/4(sensor) + o/(jitter) + g4(timewalk) + o,4(TDC)
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220 um

40 MHz reference

640 MHz phases

Fine ToA

Threshold x

Preamp out =777

40 MHz

640 MHz

Tol

Coarse ToA X

Ultrafine time measurement — 195 ps

< Stop
I
2 __
3
4
Y
Ultra-fine ToA code = 0b1110

n X n+1 X

n+2 X n+3
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Time resolution

« VCO frequency must also be calibrated for each superpixel
« Variations are due to design constraints
* Improves single-plane time resolution to: ~170 ps

* Four timing planes — 90 ps track time resolution

Variations in clock frequency

660 —,
< 120 Prelimi N
5 reliminary T
= 1655 =
5 el >
ol 100— @
O 1650 S
L —
S O
Q80 645 L?,__J
o0 L 640
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20
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ol 620
0 50 100 150 200
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Coarse ToA X X X X X X X_

«10° After frequency corrections
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Only telescope
to simultaneously have

* Good spatial resolution
* Precise time measurements

i

» High-rate capability

Next:

» Study fast sensors! “ O P e ees—— D SeY.
(Actually started last week) - u

» Upgrade timing planes
(30 ps track time resolution)

* Or maybe
fully equip with 3D sensors
(20 ps track time resolution??)
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Grazing angle measurements

E. Dall'Occo et al 2021 JINST 16 P07035
[DOI: 10.1088/1748-0221/16/07/P07035]

Grazing angle measurements probe different
depths of the sensor

« Can be used to determine thickness by

measuring cluster length at various angles beam

Sensors are thin, but not flat entry point
exit point
N161, Pixel pitch 55um, Thickness 100um, Run 5196 - N161, Pixel pitch 55um, Thickness 100um, Run 5196
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Inverted LGAD on Timepix4 as DUT ‘jaf,-;

» Low-gain avalanche diodes (LGADs) use charge | =
multiplication to deliver larger input signals | .

« Small pixel size cannot be achieved in standard LGAD ,
technology (without losing efficiency) - - N

* |Inverted LGADs (iLGADSs) solve this by placing the gain
layer on the backside

« Sensors produced by Micron and provided by Glasgow

. - .
3 S8 L o
o v v

.....
||||||||
.........

Standard LGAD Inverted LGAD
n* ' > |
T 5 s\\s“‘\
P-type 250 um
multiplication layer 6 .

£ o1
be p bulk ??‘xé
5 T

Space between pixels h? =
needs to be large which ¢ |
degrades the fill factor

p bulk p-type multiplication layer

+ -
p : n+
A. Doblas et al Sensors 2023, 23, 3450 [DOI: 10.3390/s23073450]

S =
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Inverted LGAD on Timepix4 as DUT e e oighting potential

107 e ———
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ToA [ns]

Timewalk behaviour depends on track depth
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141 mm—
—
N
O .
O Periphery
it G T |
l SULEUIOIIRELIINT _\/B pads

WB pads
A T

— Top periphery

— Centre periphery

29.96 mm

— Bottom periphery
WB pads

< 24.7 mm >

K. Heijhoff

Timepix3 (2013)

Timepix4 (2019)

Technology 130nm — 8 metal 65nm — 10 metal
Pixel Size 95 X 55 um 95 X 55 um
Pixel arranaement 3-side buttable 4-side buttable
9 256 x 256 512 x 448
Sensitive area 1.98 cm? 6.94 cm?
Mode TOT and TOA
i Data driven Event Packet 48-bit 64-bit
% (Tracking) Max rate 0.43x10° hits/mm?/s 3.58x10° hits/mm?/s
= 8x
= Max Pix rate 1.3 KHz/pixel 10.8 KHz/pixel
o
o
5 Mode PC (10-bit) and iTOT (14-bit) CRW: PC (8 or 16-bit)
1d
IS SEre F Zero-suppressed (with pixel addr) Full Frame (without pixel addr)
(Imaging) rame
gf‘ex count ~0.82 x 10° hits/mm?/s ~5 x 10° hits/mm2/s
TOT energy resolution < 2KeV < 1Kev
TOA binning resolution 1.56ns 195ps 8x

TOA dynamic range

409.6 US (14-bits @ 40MHz)

1.6384 ms (16-bits @ 40MHz)

Readout bandwidth

<5.12Gb
(8x SLVS@640 Mbps)

<163.84 Gbps
(16x @10.24 Gbps)

32X

Target minimum threshold

<500 e-

<500 e-

Nikhef Jamboree
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Timepix4 front-end

SPixel SPGroup
8 pixels 32 pixels

&
Latches
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i i

I |

I |

: mask_sp :

Counters [ AV E :

I
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!
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local

_r---------l

Input 2.5fF
—| dac_bits[4:0]

pad \/
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&

Clock gating i %adi [3:0] |
I
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IWoRID 2018

Clock distribution — Column digital locked look (DLL) X. Llopart et al 2019 JINST 14 C01024
DC; DCiss
Y ¢ 2.2
» The column DLL distributes the N —— BCncsim
17 2 ———TCncsim
clock along the columns "" I 'I ;;ﬂm | T //
E : : ADB E 6 =t BCspectre
» The adjustable delay buffers cK2 - B N prees .| Weepmete
(ADBs) precisely define the - o X, ]_‘ Mo
clock phase in each pixel group oK _ Jeka 4 -
- s 32 1
- Controller tunes the total delay 18 A\40-” pixel /14/ » 08
to 25 ns okinl - eonmeme—L———1. | periphery - 7 ’ 0.6
E%@Ejﬁ_ﬁ mode ctrl_coarse ctrl_fine o a
+ Possible to set the delay o [ | tea [T by user 02
manually 0

0 25 50 75 100 125 150 175 200 225
Delay code

* |Individual ADB stations can be
bypassed

~22.7 mW/cm? to distribute a
40 MHz clock with a 100 ps,,.

. (| DLL 2T OF

Lodk

TOA dDLL error [ns]
D B W B WO M

o 1 2 3 4 5 o 7 8 9 10
[ps]
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Timepix4 — Analog front-end jitter

* Time resolution in h* mode limited to 75—105 ps depending on DAC settings

* Pixel capacitance decreases the time resolution
(see R. Ballabriga et al NIM A 1045 (2023) 167489 [DOI: 10.1016/j.nima.2022.167489])

Anolog front-end time resolution vs signal charge K. Heijhoff et al 2022 JINST 17 P07006 [DOI: 10.1088/1748-0221/1/7/07/P07006]
r——®[ *~ 1 ‘1 T T T ‘Tt [ ‘Tt T T T [ T T T T ] 'i""""'""""""""
1000 | i # N4 (vl,bare) e~ mode |- 1000 ¢ i l\ # N24 (v2, bare) e” mode i
I i # N4 (vl,bare) h" mode | . - i \'u % N24 (v2, bare) h" mode -
i 4 N8 (vl,sensor) e~ mode i \\ 4 N24 (v2, bare) e~ mode Modified DACs
— | A N8 (vl, sensor) h* mode — 4 \ 4 N24 (v2, bare) h* mode Modified DACs
= | ¢ N24 (v2,bare) e~ mode % |
3 5 ® N24 (v2,bare) h* mode ke | Improvement of resolution
N : 45 i . i
= ! Sensor capacitance e : with other DAC settings
O Threshold worsens resolution D Threshold
o 800 o 800 ¢
E : A LA S A, s s a2 =4 ]h+m0de .g 100— : —
- 44 } ~ mod -
40 I : € 1mModac 40 i i
TR B S R S SR R R N S Y Y S S SR HE
0 5 10 15 20 5 0 S 10 15 20 25
Injected charge [ke] Injected charge [ke]
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TDC resolution

 Variation in the VCO frequency over the pixel matrix observed:
Bottom half: 1.547 ns £ 20 ps
Top half: 1.583 ns = 14 ps

« Structure in ultra-fine time bins has a small impact on TDC
resolution (few %)

* We have tried to predict the TDC resolution for correction

methods of increasing complexity \

6 . | | | No correction 11 +£33 ps

5 i — (i) Chip-wide [11 +32 ps
~ — (ii) Per matrix half 80 +22 ps
=4 — (iii) Per VCO 61.9+ 1.3ps
> I
l.';; - . , — (iv) Per VCO, ufToA 60.3 + 1.0ps
%i 3F | = — Best possible 58.3+ 0.9ps
= | - = ldeal bins 56.4 ps
s 2L / i A
o “ )
o L \ i

1 : /! E i \ ]

0 — | E : | ! :. 1\"*-- | : : |

—400 -200 0 200 400 600

Time residual |ps]

K. Heijhoff

K. Heijhoff et al 2022 JINST 17 P0O7006 [DOI: 10.1088/1748-0221/17/07/P07006]

Fine time bins (640 MHz)

Ultra-fine time bins

MOPN2a(v)) o= 1.547ns 7 Yy |9
E 0.8 _ Bottom o = 0.020ns _ 6 . E
2. [ ;5 5 y Y S
s or 1 24 A | B
" = —_—
% 04l 1 &3 _ -
£ S 2 il =
8 0.2F i I By - -
l 0 y -
0.0 P I I | | IR T N T N T T TR T AN TN THNN NN TENN DN SRR NN TN B |
1.45 150 155 1.60 1.65 100 150 200 250 300
Bin size [ns] Bin size [ps]
Phase shifted 640 MHz clocks
() H
2L i I -
VCO [T T
31 1 | I u
4 nE
v oy ¥ v oy ¥
Ultra-fine time bin: 0 1 2 012
Fine time bin: 0 X 1 X 2
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MCP time reference

* Two MCPs provide precise time references to study
timing performance of telescope

* Placed at end to not hinder other groups in same
beam area

* CFDs suffered from large signals due to nuclear
Interactions
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K. Heijhoff et al 2020 JINST 15 P09035 [DOI: 10.1088/1748-0221/15/09/P09035]

Timing systematics in the LHCb VELO Timepix3 Telescope

Clock phase variation Pixel / TDC systematics Timewalk and signal induction time in sensor

7250 F | [T ERES EREAN S

o - _ 11 2.0 =
D F A - | . [ = Ir3300 &
C 0.3 b R i - 3 -
- - N 200 | - — 1l 4250 2
c e : 110 3 E %
o " = : 200

| 2 l 0.0 ¥ . 150 5
= % oo k = I 100 -
@ : 8= = 2
C oobo M MY M : ~1.0 £ 188 50 =
o F bR 50 F . S =
o e e : 2 EL_JUNINC

Y e O SO TSNS SN NUSET DO S 0F cslliso ol ] -2.0 60
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

0 50 100 150 200 25 Charge |ke™ |
Column

Single-hit time: oy = 1 ns

(631 ps)? (150 ps)? (514 ps)? (597 ps)?

Correlations between time measurements

(mean of 8 hits) (236 ps)? (209 ps)? (268 ps)? (209 ps)?

438 ps
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* Time bins measured
using digital pixel
Inputs

* Timepix4v2

Timepix4v2 fine time bins

Timepix4 TDC bins 15 :
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“”E i
X ].0_‘ 7
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S 0.5F 11 8 7 5 4 3 2 | 16 -
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1‘5 -_ L L L L L L DL L L L L L L L L L L L L L | | | _
N 2 X fToA = 1 X 0 X 16
=
z 1.0 -
= : '
= 1 | 6 | ,
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3 \ o011
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Timepix4 — Jitter vs threshold

 Jitter depends on threshold

. . . _ threshold
« Tail at high thresholds in electron-collecting modenot  ======(F)-—=——-———--========-=mmmomme-

understood

— A

Jitter vs threshold (hole collecting) Jitter vs threshold (electron collecting, 10 ke)

lal 150 ; L L
2 1408 ¢ A j
_,Gj 130 z_ ........ ~25 pT | | '_.....-.. :
s :_ -9 | UL 44 aadllf —:
110 . | E
100 - [~30 ps 140
L M 5
80 é_ :;(1) - WY7E2 (bare) - 100
OF . foke o E 59
60 ;_ —e— 21 ke _-W8. ? (with sensor) _; 60
50O ”1“”2””3””4 40

Threshold [ke

g

Threshold [ke]

K. Heijhoff Nikhef Jamboree 14 May 2023 Nik|het



Timepix3 telescope

- Eight planes with Seint Planes 1-4 DUT Planes 5-8 seint
R Upstream anes anes Downstream
Timepix3 + sensors P e e,
 Planes rotated to optimise Beam
spatial resolution -

» Scintillators provide a
reference time

CFD » Spidr Spidr Spidr Spidr Spidr |« CFD

 Constant fraction

discriminators (CFDs) ok T T T T T
ti k eff |
reduce timewalk effects TLU . shutter DAQ PCs HJJ
* All planes run on a T Run control PC T
common 40 MHz clock start/stop run start/stop run
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Timewalk and intercept correction )
+‘\\_
« Use both track intercept and charge to find correction in a lookup table i +\\‘_
Nl
» Simultaneously corrects for timewalk and signal induction variations L B
First hit —| | \—
_|_\‘ —_
* |mproves track time resolution: o(track) = 438 ps — 385 ps | 12N
N EF
< >\
Time corrections throughout a pixel - Intercept relative to first hit
? 4:—|'"'|""I""I""I""I""I—: __300 a 60_"""""""""' __50
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o OF e = 20 X
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—] I I | I | U | | - | |
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DUT charge distributions

 MIPs going through electrodes of 3D sensor only generate
charge in small region

1.2 F
— — Between electrodes
; 1.0 | . —— Readout electrodes
E —— Field electrodes
E 0.8 — Landau * Gaussian fit
5 0.6
§= 3D detector
5 0.4
g 0.2
E .

TR B o ——
00 0 10 20 30 40 50 60

Cluster charge [ke™ ]

K. Heijhoff et al 2021 JINST 16 P0O8009 [DOI: 10.1088/1748-0221/16/08/P08009]

MIP |
p*

E Ny /
4 17 "
MIP
E ,j'" P+ o S
300 um| /’_ ....... 50 um

: \ Y

|/ z B z

F Tfy — |- Y @

v x | v TL’X
l '2 l T T T |' | T | T T T I T T T l T T T [ T T 1 [
I— — Pixel centre
; 1.0 | —— Pixel edge (< 2 um)
< J — Landau * Gaussian fit
{T} 0'8 I: /
- |
s 0.6 ‘ _
= Thin planar detector
-
v (0.4 ]
- ]
c 0.2
< _
0 U I'_..lj | | Lol a0 a1 e —————————

0 > 4 6 8 10 12 14
Cluster charge [ke™ |

K. Heijhoff

Nikhef Jamboree

14 May 2023 Nik[hef


https://doi.org/10.1088/1748-0221/16/08/P08009

_ , 3D sensor technology Thin planar sensor
Intrapixel time delay

oxide passivation metal UBM oxide metal UBM  passivation
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