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.. to introduce myself

. Researcher in Physics Dep. University of Bologna,

e .. with mf—-m q and RAL

* ASIC de5|gner
— primarily digital (ALICE SDD 2D compressor chip),
— readout ASICs for MAPs detectors,

— analog chip for UWB wireless applications to
radiation monitoring systems

 Coordinator (Bologna) for the design of the
latest Readout-Driver (ROD) card for the IBL
ATLAS Pixel Detector layer
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Outline

Overview on Pixel Detectors (CERN)

Digital Readout Architectures

— Sparsification logic and Barrels

— Matrix cut into Macro-Pixels and/or Zones
— Horizontal and Vertical Parallelization

Parameter Optimization
— Trade-offs specs (primarily for binary pixels)

Application: ApseldD detector within a TEM
single-electron interference experiment



JOTPUITHFTGL
cTPUITHTEL
UE
~FSL

¥ 5L

IC

g..
®
el
4+
u,
(@)
d,
(qo)
Q.
o

_outl

DataOut,




Pixel Detectors: A Matrix of Pixels

Flip Chip
solder balls

Underfill

heat compression force
heat compression force ultrasonic vibration

§

BGA solder balls

/s /s

Printed Wiring Board ] g ] ’
thermocompression bonding thermosonic bonding
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Pixel Detectors: analog to digital

Gain
Selection

1
Cf2

b0

Cit BLR ADC

® |1 ® Selection

II bn

. Peaking
Polarl_ty Time 1
Selection -
|/| Selection
¢ Gf | ® i

CR-(RC)2

\ J Kill

Single-ended +
to Vth

Differential

Detector Preamplifier Shaper Baseline Restorer Threshold Circuit Comparator
* Charge sensitive AMPLIFIER with gain selection (1 bit)
« 2" order unipolar semi-Gaussian SHAPER (reduce the noise)
 Symmetric baseline restorer, threshold generator and discriminator
* 3-4 bit A/D conversion with TOT technique or through a flash ADC - DIGITAL

* KEY-POINT: START ANALOG, END DIGITAL

 INFORMATION (1-bit binary or bitwise pattern) HAS TO BE READ OUT ASAP WITH A
DIGITAL SPARSIFIED READOUT
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Pixel Detectors: analog to digital

We might just want to know if the pixel has been fired (1 bit information)
... or we want to know the amount of deposited charge ... (byte information)

Detectors for trackers are mainly interested to hit / no-hit information
Event information is then composed of Position and Time of the Hit

Ex. Of a cosmic ray through the ATLAS pixel detector
<Header><Row><Column @

AAAAAAAA

rrrrr

T =01

EI———TI1I

zzzzz

End-cap semiconductor tracker
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Pixel Detectors at CERN

EXPERIMENT | # Pixels per | # Cols Pixel size | CMOS Fluence
Readout Chip um?2 Node um | MHz/cm?

ALICE 8192 50x400 0.25 2009
CMS 4160 52 80 100x150 0.25 50 2009
ATLAS 2880 18 160 50x400 0.25 2009
ATLAS-IBL 26880 80 336 50x250 0.13 400 2014

GOAL =107 hits/s per cm? to be read out

Nucl. Instrum. Methods A 565 23-9
Nucl. Instrum. Methods A 466 275-81
IEEE Trans. Nucl. Sci. 49 1774-7

Nucl. Instrum. Methods A 465 159-65
Nucl. Instrum. Methods A 549 153-6
Nucl. Instrum. Methods A 572 87-9
Nucl. Instrum. Methods A 501 100-5
Nucl. Instrum. Methods A 565 73-8
Nucl. Instrum. Methods A 572 128-31
Nucl. Instrum. Methods A 568 185-90

Meas. Sci. Technol. 19 (2008) 085101 Newest Pixel Construction in LHC

ATLAS TDR 19, CERN/LHCC 2010-013
2012 JINST 7 C02016 - 2011 JINST 6 C01018 - 2011 JINST 6 C01006 Insertable B-Layer
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Parameters to balance

Detector signal dynamic vs amount of collected data
 Digital pixel output 0/1 or A/D converted input charge
Hit information read out speed vs HW routing
* point-2-point wires to the control logic (output pin, reset, etc.)
* Problem of routing congestion
* Problem of interference among adjacent lines
Clock frequency vs Power
* Clock frequency not too high: ~ Power consumption
* QOutput bus-width not too large: serial-parallel out = pad-limited ASICs
* Expected input hit-rate
Triggered vs Data Driven
* Detectors might require data-driven readout for continuous event creation
e very high readout speed
* Triggered is the standard readout method
* events on bunches
e on-chip large queuing buffer

Many open questions to address....
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Parameters to balance

First task that helps in any case is to increase the
readout speed is a parallel vertical read out of hits
belonging to the same column of pixels

NO token-ring technique
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Readout of entire columns of pixels

OR_r: Wired-OR of the row

B I (B H el |
=171 MASKED AREA

i i
Eadll ud - .. - e adbad - - - P _— - - - - ..
| |
! '
| I
- - - o
I

RES |¢ H—{ L 1— _
I "c“J I [ T [ [Hold-Read

Active Column: contains 2 hits
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Readout of entire columns of pixels
L H | | | iEEEs i

== i MASKED AREA 157 |
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13/07/13 A. Gabrielli - IFERI 2013 Oxford




Readout of entire columns of pixels
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Readout of entire columns of pixels
|

-----------

RES ¢ == I T -1
EHEE : i

Concept: VERTICAL PARALLELIZATION
* the matrix is swept from left to right, one Active Column at a time

* the hits on the same column are read out in parallel

* No-hit columns are skipped = FAST READOUT
13/07/13 A. Gabrielli - IFERI 2013 Oxford 16
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Parameters to balance

Hits are grouped in time, depending on the time-slot
they appear. This help the event reconstruction

TIME STAMP

13/07/13 A. Gabrielli - IFERI 2013 Oxford

17



The Concept of thﬁe Time Window (BCO)

«Z

|

<
N
N
N
N
N

Time counter 1 l

During time window 1 some pixels are hit

13/07/13
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The Concept of the Time Window (BCO)

®

Time counter 1 l

K

During time window 1 some pixels are hit
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The Concept of the Time Window (BCO)
@ Bunch

Crossing
Over

Time counter 1
Used to
@ freeze the

hits and to

@ increase

the Time
counter

During time window 1 some pixels are hit

The three hits belong to the same time-slot TS=1
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The Concept of the Time Window (BCO)
® |®

Time coun ter 2 l

©

During time window 2 some other pixels are hit
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The Concept of the Time Window (BCO)
® |®

Time counter 2 l
Reading Time Stamp 1 l

While time window 2 is open (Time Stamp 2, TS=2) some other pixel is hit
.... reading of TS=1 hits can start
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Time Stamp comparator MATCH

®

2)

Time counter 2 l
Reading Time Stamp 1 l

11 1

Column Fast-OR

While time window 2 is open (Time Stamp 2, TS=2) some other pixel is hit
... reading of TS=1 hits can start

The Concept of the Time Window (BCO)
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Colum sweep: COL_ENABLE

- Only the hit columns are swept
- 1 clock cycle per column, indep. of occupancy

The Concept of the Time Window (BCO)
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Colum sweep: COL_ENABLE

- Only the hit columns are swept
- 1 clock cycle per column, indep. of occupancy

The Concept of the Time Window (BCO)
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Colum sweep: COL_ENABLE

- Only the hit columns are swept
- 1 clock cycle per column, indep. of occupancy

The Concept of the Time Window (BCO)

13/07/13 A. Gabrielli - IFERI 2013 Oxford

Readout Hits are sorted in time



The HW architecture

Sparsifiers
Parallelization
Macro-Pixels
Zones

13/07/13 A. Gabrielli - IFERI 2013 Oxford
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The Sparsifier Circuit ‘>

SPASIFICATION

e Parallel processing of a whole matrix column
* Only 1 clock cycle per column

e Capability to inspect only the activated columns (zero skipping)

The SPARSIFIER is the circuit that reads out only the hits among all the pixels of the matrix

SPARSIFIERs can work in parallel on
different portions of the matrix

13/07/13 A. Gabrielli - IFERI 2013 Oxford 28



Matrix overview

* Binary pixels matrix

* Hit readout through a column-wide shared data-bus

Pixel Matrix

Active Column

BUFFER
TRI-STATE

BUS / =
I / =
/
ST - 4
// / y <’

COL_ENA [3. o/ /
dal MC-Address-Decoder

13/07/13 Common Pixel Data Bus tActive; 1. column of pixel at a time 59




The Matrix 320x256: Submatrix Concept

80x4 =A320 pxl

( AC AC  AC Ac) * 80K pixel matrix

4 independent
Submatrices are swept in
parallel reducing the
readout time

256 pxl
Concept
HORIZONTAL
PARALLELIZATION

1024 pixels analyzed in 1 CLK cycle
@50MHz = 5 Gpxl/s

—_— = = =

4 horizontal parallel scans for the Active Column
80 x 256 pxl, 40 microns pitch
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Submatrix Scan Policy

Column scan time oriented: 1 scan for each Time Stamp =2 The hits are sorted in time

1 Hit-1S1
Nc ] Hit-TS?2
[ Hit-TS3

Here the matrix is
swept from right to left

Scan

IR
s e
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Matrix readout architecture

* Each sub-matrix scan has its own readout & sparsification logic
* All readout working in parallel
* Common final output stage (Barrel for the queue)

80 80 80 80

1> [
1>

L1 barrel

a0 s = |||

4 parallel scan

L2 barrel

Common output stage
13/07/13 A. Gabrielli - IFERI 2013 Oxford 32



The Readout Architecture

Based on column addressable matrices
Tree structure data path

Vertical parallelization: full column inspectionin 1
clock cycle

Horizontal parallelization: many columns
inspected in 1 clock cycle

Sub Sub Sub Sub

Matrix Matrix Matrix Matrix
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Barrel vs FIFOs

The BARREL is circular and it is not a FIFO!! N 0
Variable IN - Fixed OUT

- circular N-word deep,

- input data may vary in width M-bits x #Hits

READ Pointer

- never shifts data (low power),

- uses pointers to identify the state,

- 1 word at a time to the output port WRITE Pointer

- depth estimated by the statistics

One only constraint

mean input rate < mean output throughput

-

13/07/13 A. Gabrielli - IFERI 2013 Oxford 34



The concept of the Macro Pixel

 Matrix divided into MPs: group of pixels (2x8)

— MP architecture saves global lines:
* Fast-OR line: (MP output) inclusive OR of all pixel latches.
* Freeze line: (MP input) disable the reception of new hits.

— On BCO clock edge all MPs with at least one hit:
* Are frozen
* Are associated to the current value of BCO counter (Time Stamp)
* Waits to be scanned and reset

—— — —
o | o | ®
Ol 0
B - y'y >
— / \
PamA
= —  BCedge P
\ *2
MP reset after read Active Fast-OR MP is frozen |
+3/U//J.3 A. GdrIel - IFCERT ZU1D5 UXITOTINrd o o)

Time



The concept of the Macro Pixel

* Pixels grouped into Macro Pixels:
— Minimum entities addressable by readout logic
— Minimum entities for time tagging

Hits on MPs

N NNNNNNNNNNNNNNNNNNN

Shared data bus

13/07/13



The concept of the Macro Pixel

* Pixels grouped into Macro Pixels:
— Minimum entities addressable by readout logic
— Minimum entities for time tagging

Z

Z

Z

z

Z

Z

MP enable 1
= . — 35

Z

Z

Z

Z

Z

Z

MP enable 1
o, ) !

Z

Z

Z

Z

Shared data bus
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The concept of the Macro Pixel

* Pixels grouped into Macro Pixels:
— Minimum entities addressable by readout logic
— Minimum entities for time tagging

Z

Z

Z

z

Z

Z

MP enable 0
= . ) | °

Z

Z

Z

Z

Z

Z

MP enable 0
e, ) |

Z

Z

Z

Z

Shared data bus
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The concept of the Macro Pixel

* Pixels grouped into Macro Pixels:
— Minimum entities addressable by readout logic
— Minimum entities for time tagging

MP enable ‘
_

Shared data bus

P ONNNNNNNNNNNNNNNNNN

13/07/13 A. Galpriglloy B fe 2013 Oxford
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The concept of the Macro Pixel

* Pixels grouped into Macro Pixels:
— Minimum entities addressable by readout logic
— Minimum entities for time tagging

MP enable ‘
_

Shared data bus

OO NNNNNNNNNNNNNNNNNN

13/07/13 A Gabrighlénabrd 12 Oxford
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The concept of the Macro Pixel

* Pixels grouped into Macro Pixels:
— Minimum entities addressable by readout logic
— Minimum entities for time tagging

MP enable

_—

=

N NNNNNNNNNNNNNRERONNNN

Shared data bus

13/07/13 A Gabrielll - IFiddFehabreord
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The concept of the Macro Pixel

* Pixels grouped into Macro Pixels:
— Minimum entities addressable by readout logic
— Minimum entities for time tagging

MP enable

_—

=

N NNNNNNNNNNNNNRERONNNN

Shared data bus

13/07/13 A. Gabrielli - IFERE) Sr3ERsd
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The concept of the Macro Pixel

* Pixels grouped into Macro Pixels:
— Minimum entities addressable by readout logic
— Minimum entities for time tagging

N NNNNNNNNNNNNNNNNNNN

Shared data bus

13/07/13



Useful for clustered hits
Lossless Data Compression

AwLE. Concept of the Zone

Cluster (red box) = 2 x 2 pixel shape
Zone (green box) = 1 x 8 pixel shape w=8

We consider a matrix of 512 x 256 pixels. The time counter is modulo 256.

Standard Coding
The length of a hit-word built with a direct XY addressing and a time label is:
word length = Xaddress + Yaddress + TimeStamp = 9 + 8 + 8 = 25 bits

4 hits by 25 bits is 100 bits sent per cluster (see next slide)

256/8=32
Vertical
zones

Zone Coding (32 vertical Zones of 8 pixels)
Zone Yaddress = 5 bits, Zone Pattern = 8 bits

The length of a hit-word built with a zone Y addressing and a time label is:
word length = Xaddress + Zone Yaddress +Zone Pattern + TimeStamp
=9+ 5+ 8+ 8 =30 bits

4 hits into 2 Zones is 60 bits sent per cluster I I I
3

Case 1 2

13/07/13 A. Gabrielli - IFERI 2013 Oxford 44



Useful for clustered hits
Lossless Data Compression

Concept of the Zone

Difference of encoding length = zone coding - Standard Coding
A=W+Log,(# Vertical Zones) - Log,(Y Matrix Dimension) =
=W+Log,[# Vertical Zones)/ (Y Matrix Dimension)] =
=8 + Log,(32/256) = 8 — Log,8 = 5 = 30 bits — 25 bits

We have 8 possible configurations of the Clusters over the Zone

« In 1 out of 8 cases (12.5%) 4 words are sent as for 4 individual hits, 4 x 30 bits = 120 bits
« In 7 out of 8 cases ( 2 words only are sent, 2 x 30 bits = 60 bits

Weighted average = 120 bits x 0.125 + 60 bits x 0.875 =
67.5 bits sent on average per cluster instread of 100 bits

3

Case 1 2

We save 32.5 bits on these type of cluster, as example
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Useful for clustered hits
Lossless Data Compression

Concept of the Zone

EXAMPLE

The Nt column is activated and thus driving the Pixel Data Bus.
» 2 hits found on Zone number 0
» 2 hits found on Zone number 1

- Zone O

Hits ___

Encoded hit list

X address Zone address Zone pattern

~ Zone 1 = ‘
— o — N 1 01001000
S — Sparsifier o
: — 3 Length of list
- ey 2
g _—
— Zone 2
d —
x Only 2 encoded words instead of 4
“ —

Active Column index N

This solution is easily implementable in the standard sparsification logic

13/07/13 A. Gabrielli - IFERI 2013 Oxford 46



Active Concept of the Zone

Column

The 256 pixels - Active Column - divided into 32 vertical ZONES (1x8 pixels each)
* Every stored HIT contains the information of a zone, not of an individual:

— HIT= (Zone address + Zone pattern)

* X zone address = Column address for 80 columns =7 bit
Zone 0 * Y zone address : 32 vertical zones 2 5 bit
» Zone pattern: 8-pixel zone > 8 bit

 Time Stamp: since the hits are time sorted, the relative TS word is stored at
the beginning of each hit sequence

Useful for clustered hits
Lossless Data Compression

Zone 1l

Active Column

13/07/13 A. Gabrielli - IFERI 2013 Oxford 47



Active Concept of the Zone

Column

* In the ex. an individual Sparsifier element encodes up to 8 Zones in
one clock cycle. Zone size W typically 4/8 rows

e Zone Encoding technique increases the length of an encoded hit
but in case of clustered events it reduces the total number of
required hit words

Zone O  The word length grows by the quantity

=\//-Log,

[
N

is small for small W, example: /=4 -

Useful for clustered hits
Lossless Data Compression

Two advantages
 Smaller Buffers
e Reduced Bandwidth

Zone 1l

[ ]
13/07/13 ® Active Column A. Gabrielli - IFERI 2013 Oxford 48
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m<< —— 0O >

ZZCrroo

64 PXL

8 zones

64 PXL

8 zones

64 PXL
>

| 8 zones

64 PXL
——>

8 zones

The sparsifiers and barrels

8-hit wide BUS

> 1 Hit BUS

>
N Hit to write

BARREL

asymmetric FIFO with
dynamic input width

from 1 to 8 hits stored
per clk cycle

>
>
>
D
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Pixel Architecture Overview

active column Barrel Level 2

> concentrator
Column FastORs

(W
o€ vt

256 pixels
1

L .+ LV [ Column enable\

v A \

Sparsifiers

Sweeper S
\ 112 12 ED MODE
9 3 .
\\ ) Time counter

* In-pixel time stamping / hit-latch
* Selective (only where there is need to) Column-based hit extraction (time ordered)
* One column in ONE clock cycle (independent on the column occupancy, 256 encoded hits)
* 4 Sparsifiers: each encode up to 64 hits into 8 words
* 4 Barrels: memory elements with multiple write-access ports (up to 8) and single output
* Time ordered hit flow. Smart concentrator preserve hit temporal sorting.
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Output stage solutions

* FULL resolution Hit + time stamp
e 8bitTS (module 256 BCO counter)
* 9 bit Xaddress (512 pixels)
* 8 bitY address (256 pixels)
e TOT 25 bit

« - expected rate 130 MHit/s per chip = 130MHz x 25bit = 3.2 Gbps

* Zone sparsification & time sorting of the hits (TS heading the relative hits, 1 MHz
BCO clock) lead to:
» 2 bit Barrel L2 address (=1/4 of submatrix: 80x64 pxI|)
e 2 bit Barrel L1 address (1 submatrix: 80x256 pxl)
* 7 bit X address (80 pixels)
* 3 bit zone Y address (8 vertical zones for each L2 barrel)
* 8 bit zone pattern
 TOT 22 bit

* - expected rate: 130 (+1 TS) * 22 = 2.8 Gbps

BUT: assuming a x4 cluster factor shaped 2x2:
in 87.5% of cases 2 hits only & in 12.5% are required 4 hits

2> [(22*2)* 0.875 + (22*4)*0.125 ] *25 Mtrack s1 cm2 * 1.3 cm?
* Weighted average ~ 1.6 Gbps
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VHDL model parameterization

* Not easy to estimate the optimal parameters for
the expected working conditions

e Parameters

— hit rate

— clock frequency
— BCO

— Number of Zones
— Zone width

— MP shape

— Barrel depth

e Efficiencies estimation can be simulated via HDL code

A. Gabrielli - IFERI 2013 Oxford 52



A = Zone rate MZone/s

Barrel optimal Depth

Efficienza barrel (Z_rate out/Z_rate_in)

1,1

Efficienza Forbidden region

1
B rate/ K : Mean input rate > ouput throughput
A rate

/V

Barrel
depth

——2

0,9

—

- G N -
/ 0,6 \-\-\ —=—128
Barrel .

inefficiencies —

due to 04 |
. 5,1 10,1 15,1 199 24,7 29,4 4,3 38,7 43, 7,7 52,2 566 609 648 691 733 77,2 815 851 89,2
fluctuation
Zone rate on Spars
over the max
throughput
ghp Expected rate @B2:  Expected rate @BI: Barrel clock 40 MHz
8,2 MPxl/s 32,8 MPxl/s
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Barrel optimal Depth

Efficienza barrel (Z_rate out/Z_rate_in)

1,1

Efficienza Forbidden region

]
B rate/ t\ .'_\._. Mean input rate > ouput throughput
A rate

09 M Barrel

\ \.\.\ \.\\ depth
—2
038 / . —a—4
—=—3
0
/ | TMath::Poisson(x,5) |

——16

Hit time arrival distribution

/ 06 countsE
Barrel
. . . . 0,5
inefficiencies -
due to R —
ﬂ u Ctu at| O n 51 15,1 19,9 24,7 29,4 4,3
over the max =
throughput =
ghp Expected rate @B2: Expected ra -
8,2 MPxl/s 32,8 MPxl/s -
i l L L l L L L l L L 1 l L 1

LeL
ATOTU
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Efficiencies

* Besides the analog inefficiencies within the pixels, due to the
sensor recovery time and ..., two sources of inefficiency due
to digital readout appear:

— Frozen pixels/MP/Zone inefficiency

* hits generated on a frozen structure are lost
— Overflow inefficiencies

* A full buffer looses all the new incoming hits
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Frozen MP Efficiency @ 100 MHz/cm?

(1 sub-matrix readout instance)

%
100

99,5 -

Efficiency drop induced

by the overflow of

Scan Buffer:

Longer freezing time

99 -

8,5

98

/\

97,5 -
0,25 0,5 1 15
BCO period (us)
frozen effi. \
\ BCO (us)
\ | 0,25 0,5 1 1,5 2
100 \| 99.7 99,5 99,3 99,2 99,0
Rd clk (MHz) | 80 99,6 99,4 99,1 99,1 98,8
60 _ 98,9 | 988 | 988 | 984

(Random and no clusters
- no zone benefits at
this rate)

| RD clk (MH:
® 60

80

100

Barrels efficiency 100%
No barrel overflow
(B2 and B1)

Fast read clock and narrow BC edges

NB: for 200 MHz/cm? with Rd_clk 80MHz and BC=1 us - efficiency 97.6%
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Apseld4D chip

4096-pixels 4096-pixels

Full-custom matrix STD-cell-based matrix

=

Readout
Circuit

Figure 1: Apsel4D operating modes: custom-mode and digital-mode

- 130nm ST CMOS technology

- 4096 50 x 50 um? MAPS pixels |

- MPs = 256 Macro Pixels, 4x4 pixels

- MCs =32 Macro Columns

-  MRs =8 Macro Rows

- Readout Clock at 40 MHz

- Barrel Depth =32

- Output bus width =21

- Sensitive Area : 6.4 mm x 1.6 mm
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ApseldD chip

Latch-Enable BC
FastOrMasked% %
' LatchEnableMasked
Z.
Y4 .

4096 pixel | LIme-Stamp
Custom-Matrix v
17 Sparsifier |—) Barrel ;:?
4096-pixel Sparsifier [=)| Barrel = | [gharsifier| [ Barrel | Fommatted
d Dummy-Matrix > OUT =) Final ) Out
Sparsifier =) Barrel =) ina
Sparsifier |[=) Barrel %

o4t %

Slow-Control MC-Address-Decoder

<Data-Valid><Pixel-Row><Pixel-Column-within-MP><Macro-Column-Address><Time-Stamp>
- Data-Valid is a 1-bit signal: it validates the rest of the data,

- Pixel-Row is a 5-bit bus: 0 to 31 as the row moves from bottom to top,

- Pixel-Column-within-MP is a 2-bit bus: 0 to 3 as the MP column moves from right to left,

- Macro-Column-Address is a 5-bit bus: 0 to 31 as MC moves from right to left,

- Time-Stamp is a 8-bit time mark: 0 to 255 incremented upon BC rising edge.
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The Digital Readout Architecture

A fast digital readout architecture was developed during the R&D on pixel Sensors
(SLIM5 - VIPIX - SuperB collaborations)

Apsel4D test beam at CERN - Total Efficiency 94%
Readout Efficiency 100%

The latest version features:
Sparsified readout
Temporal/Spatial hit encoding

Data compression

Data-push and triggered working mode

Designed to withstand 100 MHz/cm? hit rate on a 50k channel matrix

THIS ARCHITECTURE HAS BEEN CHOSEN FOR STRIP CHIP TOO
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Electron Interference via a 4096-
pixel MAPS Detector Designed For
High-Energy Physics Experiments

S. Frabboni®, A. Gabrielli('2), G.C. Gazzadi®
F. Giorgi(V, G. Matteucci?), G. Pozzi?),
N. Semprini(’2, M. Villa(t.2), A. Zoccoli(-2)

(1) Istituto Nazionale di Fisica Nucleare, Sez. Bologna
(2) Physics Department Universita di Bologna
(3) CNR-Institute of Nanoscience-S3 and University of Modena and Reggio Emilia
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Young's Interference

Basics

— Monochromatic source A, Ap, Broglie = h/p
— Two slits at a distance d create coherent waves
— Screen at a distance D >> d

LS 2 2 2 %
y P =‘1//1 'H/jz‘ =‘1//1‘ +‘1/J2‘ +2Reyy,
I ' R. Feynmann: - Lecture on Physics, Vol 3
- = = Young's experiment with the electrons
I can only be conceptual in nature because
- of the smallness of the de Broglie

_ wavelength
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ILnstrumentation
« TEM Philips M400T (120 keV max)

« Two nanometric slits
e slit width 95 nm

e Slitlength 1550 nm

e Spaced apart 440 nm

« 4096 MAPs Sensor
ST 130nm CMOS

s e

e —— -
aysien PN
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The 4096-pixel MAPS sensor

R&D project for HEPE >

Vertex detector oriented
Technology ST 130 nm

Readout:
Data Driven
Sparsification logic
Optimized for charged particle
identification

Squared Pixels 50 x 50 um
Sensitive Area : 6.4 mm x 1.6 mm

Output infos:

z: thickness 300 um

X,y: spatial resolution 15 um

t: time resolution (BCO) > 0.4 us
Clock frequency: 20-50 MHz

8 pix - 50 um pitch

periph & spars logic

. “ c.‘m‘;‘@i?’.'”;ao;,;,nu o nl s 1\‘\ \.““‘..,‘\\
Efficiency measured with 12 GeV E /I /| //’ ll‘ ‘
proton beam at CERN: =~ 94% - Wil .' -
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Se’r -up inside the TEM

S- Small size source

C - Sample with two slits

/ //// IP - Image and
."‘ l "‘.‘

| | projection lenses
@ [ PO: projection plane

T P Experimental conditions:
Fraunhofer regime

(plane wave
approximation)
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Calibration via a thin wire
Diffraction

40-60 keV electrons: A=h/p= 5-6 pm, typical angle 10-> rad

| Hit Xdispersion_28-09-2010_RN352.txt | Xspread | Hit multiplicity_28-09-2010_RN352.txt | [ multp |
— — Entries 131072 <70 Entries 125491
E Mean 58.79 = Mean 1.044
2000 — RMS 37.9 120 RMS 0.2483
1800 — C
E 100
1600 ﬁrﬁm ,I'JL -
1400 i t 80
1200 — C
1000 - 60
800 — C
600 Hg
400 = 20
200 — C
0 - PR (R (N [N S [N S T N B U oLl 1 | Ll ] . L | Ll
20 40 60 80 100 120 0 5 10 15 20 25 30 35 40
| Hit dispersion_28-09-2010_RN352.txt | spread | Time dispersion_28-09-2010_RN352.txt |___ DeitaTime |
Entries 131072 Entries 125491
} man x 58.79 'y Mean 12.82
an y 14.82 r RMS 12.23
/] | | RMS x 379 p 9000 i
RMS y 9.267 3
ey 8000
o 7000 :
6000
1 100 C
i 5000 [—
| 80 3
I 4000 [
60 E
/ 3000 [
40 =
s I 2000 =
20 1000 [—
0 . . i 0 oE . PR 1 | 1|
0 0 50 100 150 200 250

X pixel
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Carbon Grating Diffraction

Carbon diffraction grating: pitch 400 nm typical
40-60 keV electrons: A=h/p= 5-6 pm, typical angle 10-> rad
Observation windows: 3-7 ms

Tl !
3 PR .
;_i ‘ ‘ r _§ 10°
> y=
) ‘ ! S
' g
L !
o 'Ihljol |lI. l li I. o —— 111:I i1
5
Z Great average number of electrons
©

Good signal;

Peak separation:13 pixels—=> 0,65 mm




The single-electron interference I

L 30 3 6000 10%
025 087
wi?g 10° & :
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>0 10 ©5000 10°
5 ! :
0 i ] :
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4 2|
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8 . 3000+
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I Time of flight within TEM = 10 ns
L | | | | Electrons spaced apart = km

O
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)
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The single-electron interference II

Double slit: distance d=300 nm
40-60 keV electrons: A=h/p= 5-6 pm, typical angles 10> rad; v=0,4 c

Cmim cntiad i 1L o 21, Lo\
|
ObSCI"VGT Evento numero: 1 NpxlI=1 Tempo: 25.905ms

5

w
o

4.5

N
(4]

4
3.5

N
o

3
2.5

-
%))

2

-
o

1.5

1
0.5

0

°T’""T""|""I""I""I""I'
m I Ij

1 20 1 1 1 40 1 1 1 Go 1 1 1 80 1 1 1 100 1 1 1 120 1

15 full frames per second > 1/ 7 Actual speed
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The single-electron interference ITI

Double slit: distance d=300 nm
40-60 keV electrons: A=h/p= 5-6 pm, typical angles 10 rad; v=0,4 c
Observation windows 165 us (6k fps)

Statistica accumulata: 1000
[

1 | I I_|_I ll_ll 1 [ 1 1 I | 1 1 1 | 1 1 1 | 1 0
60

80 100 120

w
o

N
o

I|Il|||||lllc;nllllll

|

-
o (5] o
OE

15 fps. 1 frame=9 s of data taking > 135 times actual velocity
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The single-electron interference IV

430k observed electrons in about 1h of measur'emen'rs105

31 =

165 s I

13/07/13

60

AN
AN
AN
N
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X
X
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Conclusion od the Application

Used for the first time a system of nano-slits with a high time-
performance sensor

(4096 1[aixels, 6k fps>2M fps) developed by INFN via a R&D
|(3§E°6Nc\5)or'ien’red fo the next generation of silicon trackers

Reconstructed the Young interference with single electrons
— Significant conceptual clarity to show the wave behavior of single
electrons
98.8% of frames with single electrons. Average time among
electrons has been measured to: 3 - 7 ms.

The sensor worked very well in a way not initially expected.
The temporal characteristics can be used in a new field of
electron microscopy: the study of static phenomena.
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What have we learned?

- Efficiency of the readout logic of a matrix of pixels
- Target features

Output dynamic : Binary or digitized Pixels

Input hit-rate and cluster distribution

Triggered or Data Driven

Matrix organization in MPs, Zones, Barrels

- Sparsification Logic

- Vertical and Horizontal Parallelization

- Readout and BCO clock

All in all... do not forget the costs and the radiation
hardening problems... left for next year’s lecture

Thanks
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