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Digital calorimetry (Concept)

« Analogue: Summing energy deposits, which fluctuate,
following a Landau-distribution

« Digital: Counting hits of shower particles

« Figure: Simulation of electron-induced cascade in iron. 0125

Left scale: Energy deposition per radiation length - T 100
(analogue concept) E ]

) : - 30 GeV elect 5
Right scale: Number of electrons and photons with 0.100 — incidintiﬁcirﬁf}l“ 1 g0
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Number crossing plane


https://pdg.lbl.gov/2023/web/viewer.html?file=../reviews/rpp2022-rev-passage-particles-matter.pdf

Digital calorimeter (example from EPICAL-2)

P 30 mm >
; . back trigger
. scintillator

E ¢ 3.5mm

EPICAL-2

Siw

layer
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_ front trigger
s Scintillators
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» Active Si pixel layers / W absorber
» Count hits or clusters

* High-granularity

200

400

600

» Good shower separation of incident particles
» Shower/ jet substructure
» Benefitial for particle flow algorithms
« Saturation - Unlinearity at large energies
* Integration time ~ 600 us - too slow for p-p @ LHC
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T. Peitzmann, et al. Results from the EPICAL-2

ultra-high granularity electromagnetic calorimeter

prototype, Nucl. Instrum. Methods A 1045 (2023)
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https://doi.org/10.1016/j.nima.2022.167539

The DECAL sensor
A monolithic active pixel sensor prototype

IENNERNEEOEEEENEEEERREEE . 40 MHZ readout
*  55x55 um?pixel in a 64x64 pixel matrix

* Fabricated in the Tower 180 nm CMOS optical 4 pad array .
each 16 columns wide

process 64 x 64 pixels
* Low bias voltage of 3V

1 1 11 v |

* Reconfigurable digital readout logic as: _ | <

&~ ———64 outputs- — —=J} TVL 4 8 J\f

* 1x64 pixel strips for tracking

« 16x64 pixel pads for calorimetry “Strip” readout configuration ‘Pad” readout configuration
" 35mm - One pixel with analogue readout in top left corner 16 olitput LVDS 8 OjtPUt !LVDS

wos e SMECION U
"WS%WE@T J =] % «  Max 3 hits/strip «  Max 15 hits/strip

LOW DOSE N-TYPE IMPLANT _ _ . * 240 hits/pad

* Higher granularity for tracking
_ 2_5 pm- «  More counts per strip while
epitaxial silicon maintaining lower data rate for
layer calorimetry
P- EPITAXIAL LAYER

e DECAL: A Reconfigurable Monolithic Active Pixel

Sensor for use in Calorimetry and Tracking
DESY. | DECAL L. Fasselt| 12 June 2023 5% Seddik Benhammadi et al., TWEPP 2019 Page 4/7



https://pos.sissa.it/370/040/pdf
https://pos.sissa.it/370/040/pdf

DECAL X-ray measurement

Pixel sensor
} HEXITEC spectra T
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2 200f « Signal height per photon energy is compatible with linear model:
§ ofF

=N m = 5.51+ 0.52 mV/keV

- h, =5433.7 h, =192.2
-400{—

- . . . . . . . A% .
_600[— n ¢ =0040V] u,  =0067V * Minimum-ionizing-particle (MIP) deposits 237 :—m In 25 um silicon
—800; o, =0.012V o, =0.015V
tooobl L L L ) that corresponds to 5.9 keV - Signal height of 32.8 mV

Voltage (V)
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Characterization of the DECAL sensor,
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https://cds.cern.ch/record/2852973

Edge illumination
1064 nm laser penetrates ~1000 um of silicon

Exponential decay
of light intensity

Signal amplitude at different depths in silicon

E 350 —=— data
8 = — V(x) = V0 + AV x exp(-a X)
s UF o =15.57 = 1.05 cm’’
S as0f Vo=-9.4+7.3mV
S so0f AV =355.3 £ 7.9 mV

150/

100/

- DECAL
50— preliminary
00— Z06 700 600 800 7000 7200 - 7400 7600

Penetration depth (um)
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Summary and outlook

« 3 DECAL setups for sensor testing
 Fruitful knowledge transfer with UK institutes

Sensor testing

» Understanding X-ray absorption
—>Linear dependence of signal height in photon energy range of 4 to 60 keV

» Infrared laser for edge TCT
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Background
400

New sensor design aims towards multi-layered calorimeter prototype
-  SIMUISHONSIUAIES on single pixel performance ((RECARNAIDNE )
« Simulation of digital calorimeter prototype (Geant4)
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Digital electromagnetic calorimeter (DECAL)

w 02 o oo - Deposited energy in detector fluctuates,
Z E “0481- Analogue: == 0.011 ®—~ following Landau-distribution
016 Digital: 2 = 0.009 eaoj;g
0.14— « Stochastic term reduced by 20% as landau
Analogue: e 0.12F- fluctuation from energy deposition vanishes
Sum deposited energy in each layer 0.4
JiBaE- « Technological requirements:
0065_ * High granularity to avoid saturation
- E  Fast readout (40 MHz)
- 004"  Radiation hard
~y ) 0.02—
7 T | may e «  On top: High granularity benefitial for particle
Z N 1/(Photon energy) (GeV™) flow algorithms and identification of pileup

Simulated digital ECAL shows better o /E
than analogue one

Digital:
Sum number of particles in each layer

P. Dauncey et al. Performance of CMOS sensors for a

DESY. | DECAL L. Fasselt | 12 June 2023 digital electromagnetic calorimeter, ICHEP 2010. Page 10/7




Proposed technology for a DECAL

Hybrid sensors

« Sensor and readout chip separated, connected by
bump bonds

« State of the art in collider experiments for tracking
« Complex readout circuits possible
« Choice of sensing material not restricted to silicon

« Expensive bump bonding process

particle

ﬁ track

CMOS
electronics

readout chip

bump bond

Sensor
I8
p substrate

PDG 2022.
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Monolithic active pixel sensors (MAPS)

» Sensor and readout circuit on same silicon substrate

technology

Lower power consumption

Lower costs expected as industry uses this CMOS

Thin sensors - Lower material budget

Improvement in radiation tolerance > 101° Neg/CM?

ALICE installed first MAPS Inner Tracker at LHC
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After irradiation:
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---e--- Additional implant

-=-=--- Gap in n-layer

.............................................

------------------------------------------------

Irradiation dose
of 1015 neq/cm?

0 5 10 15 20

Integration time [ns]

H. Pernegger, Depleted CMOS sensors for

HL-LHC, VERTEX 2018
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DECAL setup

3 setups at the laboratory

Motherboard produced at DESY
Zeuthen

Data acquisition via ATLAS ITSDAQ
software

40 MHz readout
Stable temperature

Optimal current and voltage settings

=il
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Counts

Counts
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DECAL X-ray measurement (detail)

Copper fluorescence peak at 8.05 keV

1) Error function fit to threshold scan
on Log and Lin scale:

[ Cu X-ray data DECAL

Background

f(x) = h1 x erf((x - u1)/0‘) +h
+h, x erf((x - uz)/cz) + h2

h, =5433.7 + 49.3

W= 1.1493 = 0.0001 V

01=1L6:02InV

h, =192.2 + 23.4

w,= 1.1216 = 0.0016 V

0,=147 +1.0mV

1.18 1.2 1.22
Threshold voltage (V)
40X10°
E B Cu X-ray data DECAL
3B Background
E—— = h x erf(x - u)/o) +h,
30 +h, xerf(x - )/o,) +h,
E h, =5433.7 + 49.3
25— u, =1.1493 = 0.0001 V
= 0,=11.6x02mV
20— h, =192.2 + 23.4
- u,=1.1216 = 0.0016 V
15— 0,=147 1.0 mV
10—
51—
PN T R R
1.08 1.1 1.12 1.14 . 1.18 1.2 1.22
Threshold voltage (V)
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A\ Voltage at shaper output entering comparator

HEXITEC detector at RAL, UK

Calorimetry in a 180 nm Image Sensor Process,
Sensors, 2022.

https://doi.org/10.3390/s22186848

mean of noise peak to origin

é 016
8 C —— Cu[1.975e+08] === Cu corr [7.232e+07]
o 014
N C
< r
Vthresh g 0'12i ,"'.
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0.08— ",
] 0.06|— ;
1 Hit time - !
= Voltage drops T !
below threshold 002F- ¢ R
c:." I I Drrrre e i L
4 6 8 10 12 14 16 18 20
Energy (keV)
2) Translation from threshold scan to energy-like spectrum
*  Numerical differentiation of data
«  Analytical differentiation of fitted error function gives Gaussian 4) Identification of signal peak mean pg
and Cu K, energy of 8.05 keV
A1000"—-1°3 — —~1000510"
2 E leferennztzed Cu data o2 DECAL 2 - DECAL - Differentiated Cu data
= 800~ —— 2n, N2+ 2h N(u ) = 800~ o o
% 600 Background % 600i 2N Niw, 5+ 20, Nl )
2 400; h, =54387  h, =1922 E 400; Background
f E u =1.149V w,=1122V E E
‘2 2001 6, 0012V o, =0.015V "UE’ 200
> - =1 o
8 of 8 of
< C < C
—200F— —200F—
c = h, =5433.7 h, =192.2
—4001— —4001—
C c w _=0040V| u _=0.067V
-600— -600[— 15 25
-800— ~800f— o, =0012V o, =0.015V
T R R N R R ELl P T R R R R
S0 og A1 142 114 116 148 12 122 -1000—"5 62 0 002 004 006 008 0.1 0.12
Threshold voltage (V) Inverted voltage (V)
P. Allport et al., DECAL: A Reconfigurable
Monolithic Active Pixel Sensor for Tracking and 3) X-axis inversion and shifting 5) Do so for more targets

(next slide)
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Bias voltage variation with Sr-90 source

Linear and Log y-scale
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1
Threshold voltage (V)

® >

* N
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6 6
Bias voltage (V) Bias voltage (V)

Turn on around 0.5V
* Model: Error-function + linear fit after turn on
Approximately linear rise after turn on
Noise peak is located at V_thr = 1.17 V (see spectrum at bottom left)

- V_thr=1.10 V is close to the noise peak (corresponds to small signals)
- V_thr =0.80 V is far away from noise peak (corresponds to large signals)
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Mean of noise peak (V)

Problem 1: Voltage drift of each pixel

Voltage drift is determined for each pixel individually.
* Pixels are tuned to the same voltage baseline

*  Wait “nsleep” clock cycles before capturing hits

+ Pixelwise linear fit to data (example below)

« The gradient of the fit gives the voltage drift

Voltage drift of pixel in Row 63, Column 40

1.18= < dam
= f(x) = mx + b

116 m = -8.99e-07 = 1.28e-08 V/c.c.
1.15;— b = 1.18e+00 = 6.39e-04 V

114 Vg = -71.9 = 1.0 mV/ms

113

1.12F

111
1'1:_....|....|....|....|....|....|....|....|....><1O3

10 20 30 40 50 60 70 80
nsleep (80 MHz clock cycles)

—> Voltage baseline drifts constantly with time

DESY. | DECAL L.Fasselt| 12 June2023 A :

Counts

Example fit plotted of pixel
with a large Vi

Voltage drift over chip geometry

s . . heatmap_drift
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Problem 2: Noise peak broadening

V)

T 1177
1.176
1175

1.174

Mean of noise pea

1173 ------ First unmasked strip

1.172

IIII|IIII|IIII|IIII|IIII|IIII|II

Sum of unmasked strips

1.171

L
0 10 20 30 40 50 60
Number of unmasked strips

More strips enabled - more baseline fluctuations in each pixel
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Pixel schematics

VDD VDD
o o) VDD
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vThreshold
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c1 N e
- Q Q

O
arrayClk

Figure 2 Overview of the architecture of the pixel.
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Inverted voltage (V)
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Advanced DECAL energy calibration
Method 2: Fitting corrected and smeared HEXITEC spectra

Idea to use whole spectral data rather than peaks only

1. HEXITEC pixels absorb all photons (1 mm CdTe) so

spectra have to be corrected for absorption probabilities
for DECAL (25 um Si).

2. Fitting corrected and uncorrected HEXITEC spectra with
parameters for x-axis calibration: Translation from energy
E (keV) to voltage V (mV): V=a -E

3. Include Gaussian smearing parameter in corrected
HEXITEC spectrum with energy resolution o (keV)

4. Obtain signal height from parameter a

DESY. | DECAL L.Fasselt| 12 June 2023 : &

Normalized counts

o o o o o
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-2

C=6.175e+07 = 1.84e+06 C=4.938e+07 + 1.37e+06
-4

a=5.461=0.028 mV/keV a=5.549 = 0.011 mV/keV

I|III|III|III|III|III|III|I)<

0 = 0.802 = 0.055 keV

-0.02 0 0.02 0.04 0.06 0.08 0.1

0.12

Inverted voltage (V)

30 35
Energy (keV)
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Advanced DECAL energy calibration
Method 2: Fitting corrected and smeared HEXITEC spectra

Raw HEXITEC spectrum
25 um Si corrected spectrum
additional Gaussian smearing

Translation from energy E (keV) to voltage V (mV): V=a -E

Signal height is on average

Frome™-

a =554+ 0.37 mV/keV

hole pair creation energy ¢ = 3.6 eV

— conversion gain ¢, = 19.95 + 1.32 pV/e™

Relative energy resolution via linear fit:

O

E

122 +3.5%

3 F m = 1.220e-01 = 3.53e-02
& 355_ b = 2.990e-03 = 4.83e-01 keV
35_ fx)=mx+b
25
15‘ ’/’
0.5}/[
OE.I....I....I....I....I

(&)
_
o
—_
[é)]
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20 25
Energy (keV)

Capayt

A counts / bin width (1 /V) A counts / bin width (1/V)

A counts / bin width (1 /V)

[ DECAL Cu data
S\ gtat. unc.

-5

I SRR HEXITEC

- C=3.939¢+07 + 9.98e+05

- a=5.478 = 0.012 mV/keV

C ——— HEXITEC corr smeared - HEXITEC corr

- C=6.175e+07 = 1.84e+06 C= 4.938e+07 = 1.37e+06

L a=5461=0.028 mV/keV a=5.549 £ 0011 mVikeV

; o =0.802 + 0.055 keV

L. 1 P IR SR RE U BRI BRI

-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12
Inverted voltage (V)
10°

C DECAL Fe data

= \ stat. unc.

- HEXITEC

— C=1.208e+07 = 6.42¢+05

- a=5.181=0.033 mV/keV

C —— HEXITEC corr smeared e HEXITEC corr

C C=1.673e+07 = 1.08e+06 C=1.407e+07 = 7.41e+05

s

- a=5.256 = 0.079 mV/keV a=5.499 = 0.035 mV/keV

— 0p = 0.824 = 0.123 keV/

R | Cl s b e e

-0.02 0 0.02 0.04 0.06 0.08 0.1 0.1
Inverted voltage (V)
10°

n DECAL Pb data

j § " W stat. unc.

B - L e HEXITEC

B N C=1.419¢+08 = 2.48¢+06

— = a=4.862 = 0.000 mV/keV

C —— HEXITEC corr smeared + HEXITEC corr

— C=9.950e+07 = 1.01e+07 C= 1.642e+08 = 2.74e+06

B a=5.051x 0.004 mV/keV a=5.446 = 0.000 mV/keV

— 0g = 1.918 + 0.067 keV

L Bl Ll Ll Ll ! | Ll

-0.02 0 0.02 0.04 0.06 O 08 0 1 0.12

Inverted voltage (V)

— 15
z - 77 DECAL Cd data
= - N\ stat. unc.
% i— b fE i\ HEXITEC
3 C C=1.594e+07 = 5.99e+05
c L = *
5 osf- a=5.471x0.010 mV/keV
I C
£ C
=1 -
8 o
< C
- —— HEXITEC corr smeared + HEXITEC corr
-0.5—
C C=5.720e+07 + 6.47e+06 C= 4.874e+07 = 1.80e+06
Y . a=5741=0.055 mV/keV a=5.839 = 0.011 mV/keV
C og = 3.060 = 0.205 keV
{5l [ I Ll Ll Ll .
~-0.05 0 0.05 0.1 0.15 0.2 0.25
Inverted voltage (V)
10°
< 800 N
2 - § DECAL Mo data
= so0l- S stat unc.
% - HEXITEC
= 400 } C= 8.369e+06 = 4.21e+05
£ - a=5.484 + 0.015 mV/keV
@ 200—
c L
3 L
8 o — =
< - ~
500 } HEXITEC corr
= < C=1.024e+07 = 5.77e+05 C=1.090e+07 = 5.91e+05
-400—
C a=6.077 = 0.001 mV/keV a=5.495 + 0.016 mV/keV
-600—
C og =1.574 £ 0.071 keV
_goolL_ [ Ll Ll Ll
800 -0.05 0 0.05 0.1 0.15 0.2 0.25
Inverted voltage (V)
o 1540
> - DECAL W data
Ao C W stat. unc.
% 10— i e HEXITEC
E C C=1.759¢+08 = 3.03¢+06
5 s a=5.007 = 0.012 mV/keV
1% C
€ C
> L
3 o—
< C
- —— HEXITEC corr smeared + HEXITEC corr
51—
N C=1.814e+08 = 3.61e+06 C=1.680e+08 = 2.73e+06
10— a=5.667 = 0.036 mV/keV a=5.811=0.013 mV/keV
C 0 =0.876 = 0.104 keV
15t [ Ll Ll Ll I .

=
(=]
>

-0.02

0 0.02 0.04 0.06 0 08 0 1

Inverted voltage (V)
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