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= The DEPFET collaboration (Munch, Bonn, Mannheim, others joining) is presently

developing devices and systems for ILC and Xray satellite missions (XEUS and others).

= There is no involvement in FAIR experiments so far.

= This talk describes the main features of DEPFETSs for the detection of ionizing particles

so that a possible benefit for the FAIR experiments can be evaluated.

= Xray detection with DEPFETSs (an important application) is not treated here.
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Talk Outline
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= JLC requirements & possible geometry of ILC DEPFET layer
= The DEPFET working principle

= Sensor design & technology

= Thinning technology

= Readout, chips and the ILC prototype system

= Measurements on ILC structures:
-Noise, clear efficiency
-Matrix: Lab results
-Matrix: Test beam results

= Summary
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Requirements for ILC innermost Tracker Layer
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» Time structure: one train of 2820 crossings in ~1 ms every ~200ms
950 us 199 ms 950 us
AR IR
2820 bunches
= Hit density: For a 10 cm long cylinder at r=15 mm (A=10500 mm?2):

~ 370 tracks / crossing
~ 0.035 tracks / mm? / crossing
~ 100 tracks / mm?2 / train

much less if r > 15 mm (~ 1/7 for r=27 mm)

Row readout rate: some 10 MHz

Resolution: few pm (= pixel size <25 x 25 ym?)
Radiation tolerance > 200 krad (for 5 years operation)

Radiation length very small: ~0.1% X, per layer

r (cm)

i e'e’-Tracks, 500 GeV, 3T

50 100 150 200 250 300
z(cm)

(simulation from C. Busser, DESY)
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ILC DEPFET Module (Layer 1)
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» Modules have active area ~13 x 100 mm?
» They are read out on both sides.
Active area:
512 x 4096 pixels of 25 x 25 pm?2 = 12.8 x 102.4 mm?
R/O chips steering chips R/O chips

= QOccupancy simulation:
- Assume signal width of 10um
- Read 10 frames per train
i.e. 10 x 2048 rows in 1ms
or one row in 50ns (20MHz)
- Expect ~10 tracks / mm? / event

= Pattern recognition should not be a
problem!

' DEPFET Event Display

FAIR FEE Meeting, 13.10.2005
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Possible Geometry of Layer 1 8,
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‘Holes’ in frame can Chips are thinned to 50 um, Thinned sensor (50 um) Thick support
save material connection via bump bonding in active area frame (~300 pm)

Fq

Cross section of a module

Estimation of material budget: \ _

= pixel area: 13x100 mm?2, 50pum: 0.05% X, 8 Modules in Layerl

= steering chips: 2x100 mm2, 50um: 0.01% X,

= frame w. holes: 4x100 mm?2, 50% of 300pm: 0.05% X, I
= total: 0.11% X, —
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DEPFET Principle of Operation
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A potential minimum for electrons is created under the channel by sideward depletion

A p-FET transistor is integrated in every pixel

» Electrons are collected in the ,internal gate" and modulate the transistor current

» Signal charge is removed via a clear contact

» Readout can be at the source (‘voltage signal’) or at the drain (‘current signal’) — ILC uses drain readout

|
1Isource top gate drain clear bulk
1

K7 __n J

o 4

2 | £
“E’ \ o4 - =1
£ \ B
& A °

+f 7 n
/L Very schematic cross section.

| + Real devices are more complicated.

rear contact
= Advantages:

- Fast signal collection in fully depleted bulk
- Low noise due to small capacitance and first amplification
- Transistor can be switched off by external gate — charge collection is then still active !
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o?,\'-’Fs)~

Noise in ILC DEPFET Pixels

= S5Fe spectrum with ILC structure taken at room temperature with 10us shaping time:
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500 =
i =2
400 + noise peak ENC = 9,8 e- (o)
300 4
q
200 -
100 -
I o I X I . I > 1
0 2000 4000 6000 8000

energy [eV]

= Noise peak: 10e-
» Best DEPFET result (large XEUS structure, cold, slow): 2.2e"
= DEPFETSs regularly provide noise below 10e- @ room temperature (for single devices with slow shaping)!
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Matrix Operation
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Connect gates and clears horizontally to select / clear single rows. Apply voltages with SWITCHER chips.

Connect drains (or sources) vertically and amplify current (or voltage): CURO (CAMEX) chip
Charge is not shifted!

Readout sequence: Enable row —read current (I, + I ;) — clear — subtract current (I ;) — move to next row

gate DEPFET- matrix reset
R e
:'_—T_ :j_ :"_—T_ :'I_—T— ¢
Ly B -
off | I T T | Joff| s
1R " g
nxm
pixel
o |off| g T T T Joff| s
T o] o g
A\ 4 A 4 A 4 A\ 4
"O IDRAIN O“
ATE, OFF \

\ / \/ drain \/| o, Coemor

CLEAR-Control
0 suppression

output
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Sensor Design: MOS Devices
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Advantages of IGFET devices (earlier DEPFETs were JFETS)
- smaller device variations (required for large sensors)
- smaller pixels (linear transistors possible)
- issue: radiation tolerance of gate oxide ?

» Increased amplification (now ~1nA / ")
» Fast and complete clear (using clear gate)
= Compact double pixel cell
Drain 1
| | (P+)
- @ — gate
@o—
>
- — source
also:
clear gate *— I_
Drain 2
® (P+)
- @ — clear 5 |
l l
drain 1 drain 2
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Sensor Simulations
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» HLL uses 3D-Simulator (Poseidon) for complicated structures
= Device behavior can be predicted accurately.

_ double clear internal
Important for successful new designs! pixel (off) gates
60~ T T ]
TeSCA—Simulation — g_Q = f(Leff) Nt Nflee? g |
20001 v ' ' ] A A
L ! |
- . . S , S
1500 — — B
- - Ei Cn OJQE
i - E—— e J
~ L o i - —— —
o L prediction and 1
& 1000~ measurement -
9 [ agree very well! ] o e L S
- | g Y 1 - M= =
I i 60l . . . L
500 — — —20 0 20
| s Messung W04 |
- = . x [pm]
L | N color code ‘
0 2 4 B 8 —4 -2 0 2 4 6
Leff {um)
W=18um dox=135nm ID=50uA VD=-5Y VB=-100V potential energy [CV]
charge gain g, for varying gate length Potential distribution in 1um depth

in charge collection mode
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Device Cross Sections
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= Added ‘clear gate’ to lower the clear - I il
barrier.

Clocked and static operation possible .
= Added a deep high-E n-implantation

in some devices to lower clear voltages e
(clear channel is moved into bulk)

Schnitt quer =ur Kanalrichtung ] Source DEPMOES-Gate DRATN

clear gate
(Poly)
clear (n*) channel
1
p-well internal |
gate source drain
high-E

| Po |NetActive [/cm3] |-1016 | 1015|1014 | 01014 | 1015|1016 1017

T T 1 — T T T T T T T T T 1
3 4 5 6 7 8 9 10 11

’1 Si|0x |Ni |aL|Pe |Metactive [/em3] | -1019 | -1018| 1017 | -2016 | —1015]| 1014
T T T T

(some devices)
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Sensor Fabrication Technology
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= A sensor-compatible technology with 2 poly and 2 metal layers has been developed at HLL

= These are required for large matrix designs
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16x128 test matrix, double pixel cell 33 x 47 pum?

double pixel

ie

g

double metal matrix
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= A novel technology to produce detectors with thin active area has been developed and prototyped

Making thin Sensors

sensor wafer

1. implant backside 2. bond wafers with 3. thin sensor side 4. process DEPFETs 5. etch backside up
on sensor wafer SiO, in between to desired thickness. on top side to oxide/implant

first ‘dummy’ samples: thinned diode structures:
50um silicon with 350um frame leakage current: <1nA /cm?

FAIR FEE Meeting, 13.10.2005 P. Fischer for the DEPFET collaboration, page 14
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Quality of Thin Diodes is very good

Handle wafer side
(holes)

. L1012
Sensor wafer side ¥ wr. ¥ . I 1
(diodes + guards) BEPESIEEtEh S b, JESSWCET oo - s p R o o e
X N S BN i AN A W 1 ' : -‘.":__‘_:__,_,._.._..,:--'-mn' . :
T 0 N I i
= 10mm? diodes on 50pm have been produced v a0 __ i
(in test lab, ‘real’ devices will be even better!) - 1
= Measured leakage currents are very low: 150 nA/cm3 20H .
(~very good strip detector) ]
» No breakdown is observed even at strong over-depletion N

Q & 10 15 20

bias voltage [W]
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Source Follower and Drain Readout
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Readout at the source (follower) Readout at the drain

IQ|tn on I é CgS L
nterna
I e

gate U r_—
y —>» A C
L gd Al
Cos T |
“H =
ad Voltage is kept V.
T g constant Drain
AU ~ Qn Al & Qn Xg.
CL (1 +CgS/ng)
T=2.2X RS t = very small
Im
High speed: drain voltage does not
Design (Cgye, Cyq) is @ compromise change due to virtual ground
between gain and speed (limited by Ry, Charge collection, ...)

FAIR FEE Meeting, 13.10.2005 P. Fischer for the DEPFET collaboration, page 17
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Matrix readout (at the Drain)
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I Source :
: T’I L : Current is fixed by Vg
! i I Gatei+1 (often V¢ = OV for high g,, and to
! _|_| ! reduce pickup from gate voltage)
I |
| —lll !
' | - !
! il Gatei External gates are used
! ! to switch on one row only
: Drain | Drain j+1 :
I |
I=1Ip(Vgs) + Qxgq dq ~ 200pA / electron

|

|

|

|

|

AU = Offset + Q X gq X R¢ ;

|

I->U converter :
|

./

Subtract constant current to reduce
Offset at I->U output

FAIR FEE Meeting, 13.10.2005 P. Fischer for the DEPFET collaboration, page 18
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Readout with complete clearing of internal gate d
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= Assume that clearing removes ALL charges from the internal gate. This works for new devices!
= The pedestal event can then be taken after the clearing.

Clear row i ___J-|_ _ J'_ .

Gate row i _ __—| |- | I-__-
Sample event Sample pedestal

accumulate read read

Clear J\ J\ J\ Clear J\
—/ Charge —/ Image —/ —/ Pedestal

Advantage: No need to store pedestal event

FAIR FEE Meeting, 13.10.2005 P. Fischer for the DEPFET collaboration, page 19



Fast drain readout of matrix with complete reset .
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« Keep drain potential at constant potential
(regulated cascode)

« Signal+Pedestal are stored in fast current
memory cell (20ns)

 Pedestal after reset is subtracted by summing
currents

« Hit decision with fast current comparator

« Hit + analog value stored in current memory
cells arranged as a 'FIFO'

« A fast digital scanner finds hits and switches
the corresponding analog current signals to
two outputs.

This is repeated until no more hits are found.
Empty FIFO 'rows' are skipped.

Idrain,i

| cascode

—

current ‘

compare

Y Y

0/1 analog

current FIFO cells

v Y flvgel

fast digital hit finder (controls output MUX)
11 L 111)
| -

2 x output MUX

fih

FAIR FEE Meeting, 13.10.2005
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Current memory cell
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Use a ‘switched current cell” which outputs -1, after sampling

Design must compensate for charge injection and finite drain conductance

Use cascoding and two stage design to meet requirement

Implemented circuit stores a current in ~20ns with 1%o (!) resolution (Dynamic Range is 100uA)

vdd
100 - -
l/
50 ./ IBias
i I/ I
DEPFET input output I
< 7 /./ ;o/o ® o o
3 - |
"o / sample
g 40 - n np
_8 /
20 — I/
e Al < 100nA
1 /- (limited by measurement)
04 = = 1%o0 achieved !
o 20 4 e 8 100 principle
Iinput [“A]
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Current Readout — Testchip 1.0

AR R e T e e sl “.-T'-iT;'i
MHMH”WMMMM11'1]1111ﬂ1[ﬂ1g11|

1.5mm

hEEEREE R

||I"I||I Inl; VB O 1:|||. i||]"I||I"I||I Illi'llllg'gflﬂﬁﬂ”ﬁmnﬂTnl R 1 ] l 1k i 'H

ungd] n
—H" —'l ._.:!l-._.d-._...—.i-!'_.._—h !'._...I _'i._. = = ._Jb !l' -" — "7 -] ;.__t:_.. h._;’l.._ = by __..—ii' ._.1 ._..—| __._'l-l: =

A
v

4 mm

= Contains all basic building blocks
(input cascode, current memory cells, current comparator,
fast hit scanner)

= TSMC 0.25 pm technology with radiation-tolerant layout rules
(causing severe restrictions in possible NMOS geometries!) | EEEEEEEN

FAIR FEE Meeting, 13.10.2005 P. Fischer for the DEPFET collaboration, page 22



Full CURO ASIC (Drain Readout)

= 128 channel drain readout chip

= Drain voltages are kept constant with regulated cascode circuits
= Direct current subtraction by switched current technique

= Real time hit finding and zero suppression

= No analog FIFO so far (only one row)

= Hit addresses store in on-chip RAM

= Many test features

= 0.25um technology with enclosed devices. Radiation tolerance should be high

= 2.8mW/channel @ 50MHz :
= Noise per sampling: 30e- @ 25MHz TTTT1 TTTTTTTTTT

= Row rate of 25 MHz has been achieved (i. e. sampling @ 50MHz) -
= Digital zero suppression works at >100 MHz - m =28 &/ sample
= 300 c=16
[
O 250- n
"g |
EZOO—
_2 150 -
o ]
[
100
] Sampling @ 25MHz
50 T T T T T T

noise for multiple sampling 2 4 6 8 10 12
sqrt (samples)

FAIR FEE Meeting, 13.10.2005 P. Fischer for the DEPFET collaboration, page 23
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Switcher ASIC (Multiplexer)
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*= 64 channels with 2 analog MUX outputs (‘A" and 'B’) 46 mm
= Can switch up to 25 V ) — B > .
= digital control ground + supply floating = U T e HT
= fast internal sequencer for programmable pattern il = [S===mSmsuessti d T
(operates up to 80MHz) | |E=m== Tl
= Daisy chaining of several chips on a module possible = “=§ . ‘@?!
= Present dissipation: 1mW/channel @ 30MHz g = : : il
= 0.8um AMS HV technology B = J_'l €
= Chip becomes unusable at ~50krad S= = ’ ‘ o%
E=s= 1 <
== q |
A d ; = I
== : : ‘
=11 (B .
20V ! — - \
2x64 outputs Pads for daisy control
' with spare pads chain inputs

FAIR FEE Meeting, 13.10.2005 P. Fischer for the DEPFET collaboration, page 24
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ILC Prototype System

Rl
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Gate DEPFET Matrix Clear
Switcher 64x128 pixels, 36 x 28.5um? Switcher

Current Readout PCB with Analog board USB based digital
CUROII DEPFET matrix with ADCs etc. interface board

FAIR FEE Meeting, 13.10.2005 P. Fischer for the DEPFET collaboration, page 25
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Example of device study: Clear Efficiency
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= Study mini matrix devices in laser setup
= Plot pedestal variations (‘noise’). If they are constant, clearing is complete!

= Study various designs (high-E, no high-E), geometries (length of clear gate) and
operating conditions (static or clocked clear gate)

Cl-gate length=7.2um

GOnoise
[NA]
12

CkarGate on V]

21

24

U (Cleargate) [V]

27

30
static!

32

6 8 10 12 14 16 18
U (Clear on) [V] (Clear off = 2V)

CEkarGate on V]

Complete clear achieved with static clear gate ! )
Required voltages are small (5-7V) — very important for future SWITCHER! 6 8 10 12 14 16 18

Ckaron V]

FAIR FEE Meeting, 13.10.2005 P. Fischer for the DEPFET collaboration, page 26



Fast Clearing

= Study clear efficie

ncy for short clear pulses

= device has common clear gate, High-E

22
=,y T e
g | _ . _ 7777777777777 77777777777777 7777777 Uclear-on = 10V
L 755 B e
ol & Yoerw=3V

| ! | ! | ! | ! I ! I | ! | ! I ! I !
0 20 40 60 80 100 120 140 160 180 200 220
At (Clear) [ns]

Already existing devices provide complete clear in only <10ns...20 ns @ AV, = 11-7 V

FAIR FEE Meeting, 13.10.2005
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ILC DEPFET-System in the Lab

10pm thick Tungsten-Mask

Qi AR

L s
) g - irradiation with ~-Fe

(6keV vy, 1700 )

LI

“— 27 mm —>

| 13keV...1MeV
2

0 0.5 1 1.5

1keV...13keV

0 200 400 600 800 1000 1200 1400

ILC system performance in the lab:
* High speed: row rate: 0.6 MHz
* Noise: 230 e-

Noise contributions:

~ 100e- from CURO etc.

~ 60e- from 12U converter (CURO — ADC)
~ noise pickup of I2U converter

FAIR FEE Meeting, 13.10.2005 P. Fischer for the DEPFET collaboration, page 28



Test Beam Setup (@ T24, DESY)

= Two test beam at DSEY

3 x 3 mm? DEPFET Telescope- Scintillator
Scintillator System Modules " Electrons @ 4GeV
= Reference telescope:
o y 2 4 Si-strip planes (pitch in x- and y: 50um)
| |_| | = Two matrices have been tested with
|_| 4 x 128 pixels of 36pum x 28.5um
| L | L = Sensor is 400um thick!

FAIR FEE Meeting, 13.10.2005 P. Fischer for the DEPFET collaboration, page 29



Preliminary analysis: Average cluster shape .

2030 5388 2220

4101 19793 4188
19066,90
15253,52

2031 5009 1920
11440,14

7626 76

3813 368

0,00

-1 ] 1
PH averaged over all clusters

Pixel-shape is not a square
* Asymmetry (2% in x, 7% in y) not yet

understood

 clusters are wide because sensor is thick

Charge in adjacent and bias voltage was set rather low.
Y pixel > X pixel

FAIR FEE Meeting, 13.10.2005 P. Fischer for the DEPFET collaboration, page 30



Noise and Signal
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= Readout with 1us sampling time per row, slower readout

= Data analyzed in a small area only so far

= Signal / Noise = 144

10°

Entries

10

10

10

10

10

10

I
Moise=225 0210 02 e

0 20000 40000
Fed. sub. signals (e”)

Noise ~230 e

Entries

a00

400

300

200

100

MPV=32546151

Seed pixel
cut: 50

noise

2000 4000 BDDD  S000 10000
Signal (&) UL

Nice Landau Distribution

FAIR FEE Meeting, 13.10.2005
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Efficiency vs. Purity
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_IE!- 1$..“?H=nnnnnr_nnnnnun %“' N
Dj_ 0.9 \50- ' - Dj— .".""'._ o
= . = e p o 2
[ - . 0.98 i " . -
E 0.8 "4_40. - E L_-_F'-r'ﬂ- . .
= 07 . = 0.96 .
L . L]

0.6 .

. 0.94
05| SO .
04 / 0 Purity - D.92 ® FEfficiency
| = ® FEffciency " o Purity
0.3 | = Da |
D 5000 10000 15000 20000 D 2500 5000 7500 10000
seed cut (&) seed cut (&)
Effici Number of tracks with cluster
iciency =
y Total number of tracks For 5 0 seed cut (1125 e°)
* Purity = 0.963
Purit Number of clusters with track « Efficiency = 0.993

urity =

Total number of clusters
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Spatial resolution
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= Due to low energy beam, multiple scattering limits spatial resolution
= Telescope position prediction in DEPFET plane has ~11um error
= Expect better measured resolution (DEPFET position — extrapolation) for very straight tracks:

| X Resolution vs Minimum Chi2 Prob I

glgf e Seed only
= I = CoG 3x3
2 - CoG 5x5
%lG* | CoG 7x7
W -
[
m —
>< —

14—

12—

10~ B \\;?

. O, VS. x°-cut
1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1
0.6975 0.998 0.9985 0.999  0.9995 1

Min. Chi2. Prob.

= Remember: Pixel size is 36pum x 28.5um. Will be ~ 24um x 24um soon...
= Resolution for thin sensor will depend on track angle etc...

FAIR FEE Meeting, 13.10.2005 P. Fischer for the DEPFET collaboration, page 33



Irradiation of Single Pixels
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» Crucial question: Threshold shift of the (external) MOSFET (oxide thickness ~200nm)
» Irradiations with 89Co and Xrays (~17keV,Mo) up to ~1Mrad

Drain current [ua]

transcanductance [uS]

100
80

&0
40
20

a0
40

30
20
10

all transisters: 0:9

12 krod

post-rad

i [
| i

q
%
k!
53

.\‘ .\ ‘“
R N
TS
N, \\ Uy
\
N NS

\ II\;.._

drain current
vs. gate voltage

s
o

-10

n I|III|III|III|III|III

Gate voltage (V)

all transistors: gm for W/L=3 :

0:912 krad

transconductance
vS. drain current

10

20

30

40 50

Drain current [uA]

= Threshold shifts are negative, as expected from positive oxide charge
= This can be compensated for by variation of bias voltages
» Transconductance remains unchanged = noise should not degrade. This has been confirmed by direct measurement.

FAIR FEE Meeting, 13.10.2005
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Effect of dose rate / annealing

'P A
e
Pixel ©%

» Shifts are small: only -4...-6V
» Observe saturation after 200 krad
= Device ‘off’ state is slightly better — good: this is where devices are operated most of the time!

PXD4-2, J14, 60Cq, (GSF) 17
g8 T LA B R B S D B B B N R R R p— S N0
- %0Co A
”ON" - - &_\
il \__ 3 . .
T N aim sxa0 e
6 T . - mem—
e d = X_rays B ]
o =
= ~ex10"! & o
= £
£ ¥ 5 : :
= . z i ——--
- = 8 -
4: 11 z 8. ﬁ'g' b =
—4x10 <] < LdF¥3
v b.
3 F i N - _.'I
1Y RPN oy bl el
.:’r = 1 "-‘ ; i i - : T i
11 5 tf i ——PXD4-2, T10-1 —-—PXD4-2,T20-1;
—12=10 A —8—PXD4-3, T5-A  —s— PXD4-1,T60-1
Vi —=— PXD4-1,T60-2 —— PXD4-1,T60-3
11/
1/
/YA NUR S S [T S S RS S S ST —— | 0
200 4(:0 SDD BDD 1 DOD 1200 a 200 400 600 800 1000 1200 1400
dose (krad
Dose (krad) 200krad (krad)
ra

200krad

= But: possible explanations for these good results need to be confirmed
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Conclusion
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= Achievements:
- Technology for thin (< 50um) detectors established (total budget of sensor 0.11% X,)
- Present Pixel size: 24x33 um?2 — can go to ~ 20x20 um?, limited only by manufacturing equipment !
- Complete clearing works with short (10ns) clear pulses at moderate voltages. No need to clock clear gate !
- Radiation tolerance (threshold voltage shift) demonstrated up to 1MRad !
- System operated in test beam with 240e noise at ‘1 MHZ’

= Advantages DEPFET
- Charge collection in fully depleted bulk with high charge collection field. Charge is not shifted.
-High S/N (~40 at 100e noise), high spatial resolution (expect ~2um)
-Low average power dissipation for full ILC system (4W, dominated by CUROs. Benefit from 1:200 cycle @ ILC)
- Fast readout should be possible (some 10 MHz)
- Low material

= Next steps
- Irradiate chips and full system — is underway
- Operate complete system at full ILC speed
- Decrease matrix noise
- Produce thin sensors with larger matrices
- Design new SWITCHER (lower voltage operation, smaller chip, radiation hardness) — is underway
- Design new CURO (deeper FIFO, standby mode, ADC?, ...)
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Spare: Readout cycle with incomplete clear |
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e Depending on device geometry, clearing of the internal gate can be incomplete.
e The remaining charge fluctuates, causing ‘reset noise’

e Therefore, a pedestal value must be recorded directly AFTER the clearing.

e Result is recorded just BEFORE next clearing

Clear row i ___J_|_ ) ‘ .

Gate row i _ [ I- __—_.L_I\—l___

fSampIe pedestal Sample eventT

Cettling readout Settling readout

d I d
Clear i\‘/ Perc?gstal i\‘/ aCICEL\I/rgr:It:te i\‘/ Irrlfe?ge

(6.4us) (ms) (6.4us)

« Pedestal data must be stored for a long time — this cannot be done on-chip
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Spare: Source follower readout

Rl

Possible implementation:

Voltage amplifier with reset Clear ” o
This assumes that no large spikes Gate o
are introduced on source during reset. * *

Zero amplifier  Sample output

DEPFET mismatch is no problem

Possible applications:
- X-ray astronomy (XEUS)
- Autoradiography _ _ _ ______

_|
1 DEPFET

Matrix

FAIR FEE Meeting, 13.10.2005
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Spare: Expected Power Dissipation
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= For Vi, = 5V and I, = 100pA (conservative values): Pycprer = 0.5mW per active device

Drain Drain

» Layerl (8 Modules x 2 sides x 512 = 8192 pixels), duty cycle = 1/200:

Sensor: only active pixels dissipate power = 8192 x 0.5mW /200 = 20 mW
SWITCHER: 6.3mW per active channel at 50MHz (measured) = 16x6.3mW /200 = 0.5 mW
CURO: 2.8mW / channel (measured) = 8192 x 2.8mW /200 = 114 mW

Sum: ~ 135 mW

» Scaling up from 18.7 Mpixels (L1) to ~493 Mpixels for 5 layers gives: Total: ~3.6W

= Note: Largest dissipation (CUROS) is outside active area where cooling is less problematic!

» This calculation assumes that all chips can be switched into a stand-by mode with ~ zero power dissipation between
bunch trains. This feature must be included in future chip versions.
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