RNC Instrumentation

Large Instrumentation Projects:

Silicon MAPS based vertex
detectors in the RNC group
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! Outline

e MAPS sensors

e STAR HFT detector

» ALICE ITS Upgrade

* Future applications
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o What are MAPS sensors? [l

Charged particle tracking detectors at large experiments rely on silicon pixel sensors
to provide high resolution hit points for pointing and vertex determination.

Standard planar hybrid pixels Monolithic Active Pixel Sensors

Sl i j

DEEP PWELL

Flg 1 Epitaxal Layer P- h——
CROSS-SECTION OF AN ATLAS PIXEL MODULE.

« Signal generated in detector silicon. » Detector and processing integrated
« Signals processed by front end into one silicon wafer.
chips bump bonded to detector « Signal generated in epi layer.
silicon. » Signals processed in circuitry
« Typical thickness total ~300 um. integrated into matrix and on wafer.
» Pixel size typical 50 pm x 400 pum. e Can be thinned to 50 um.,
e Radiation tolerance ~50 Mrad. * Pixel size as small as 10 um x 10 pm.
« Radiation length (per layer) ~2.5% « Radiation tolerance ~3 Mrad.
(includes support structure and * Radiation length (per layer) ~0.3-0.4%
cooling). (includes support structure and
cooling).
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) STAR PXL Detector

First vertex detector at a collider experiment based on
Monolithic Active Pixel Sensor technology

« Conceived by Howard Wieman and the RNC group.
* Developed and constructed at LBNL.
* Project completed on time and under budget (2014) meeting all CD-4 parameters.

« The HFT upgrade took physics data in 2014, 2015, 2016 and has now completed
the physics program.

* First results were shown in QM15 — see talk by Xin.
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) STAR HFT Upgrade e

Extend the measurement capabilities in the heavy flavor domain, good probe to QGP:
« Direct topological reconstruction of charm hadrons (e.g. D° - K 7, cz~ 120 um)

@ RHIC J Need to resolve displaced vertices in a

high multiplicity environment

TPC — Time Projection Chamber
(main tracking detector in STAR)

HFT — Heavy Flavor Tracker

» SSD - Silicon Strip Detector
>

> |PXL — Pixel Detector

Tracking inwards with
gradually improved

resolution:
c=~1mm
|K- -3 FIH.,;-H i, ¥ L
L/ o =~300 um
( 'f - x )
1 = ~250 um
PXL r,=8 7 ° RN
. \/ | N
= <30 um I~
rl = 2.8 — FI -"?J 1 -G n “; i ),
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PXL detector Ultimate-2 Sensor ki

DIVISION

Reticle size (~ 4 cm?) m‘ﬂ
Pixel pitch 20.7 pm Al B | C|D
928 x 960 array ~890 k pixels ||
Power dissipation ~170 mW/cm2 @ 3.3V (air cooling)
Short integration time 185.6 us
In pixel CDS
Discriminators at the end of each column (each row
processed in parallel) — Binary Output
2 LVDS data outputs @ 160 MHz
Zero suppression and run length encoding on rows
with up to 9 hits/row.
Ping-pong memory for frame readout (~1500 hits

22710 pm

20240 pm

deep)

| Mimosa 28 - epi 20 um -30 C |

Not irradiated

= O T T ] e 150 kRad ] -
« 4 sub-arrays to help with process variation S00E | 12 4150KRad ‘ :ME
» JTAG configuration of many internal parameters. S og) s 3104%
« Individual discriminator disable, etc. 5 o . 110° 2
» Built in automated testing routines for sensor probe - \ | ~ 104 £
testing and characterization. e F10° ¢
High Res Si option — significantly increases S/N and 021 R
radiation tolerance. %0 | ERE:

Sensors thinned to 50 um. saF- ! i

86, S <10

I 5 'II lli é1|0 I1I1I ”1|2”1l3” :I4 10

Optimized for the STAR environment

Oct. 27th, 2016

Developed by PICSEL group of IPHC-Strasbourg
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NSD

el STAR PXL structure

Ladder with 10 MAPS sen

Basic Detector Element sors (~ 2X2 cm each)

10 sensors / ladder
4 |ladders / sector

: : 5 sectors / half
Mechanical support with 10 sectors total
kinematic mounts (insertion side)

Cantilevered support

carbon fiber sector tubes
(~ 200 pm thick)
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NUCLEAR

%8|  HFT Performance from 2014 data ki

10"

DCA pointing resolution B . oo
NI # Pions
- Design requirement exceeded: 46 um for 750 3

MeV/c Kaons for the 2 sectors equipped with
aluminum cables on inner layer

- ~30 um for p > 1 GeV/c pions

- From 2015: all sectors equipped with aluminum .
cables on the inner layer

LR = 2

102

*

L N J
L X R 1

t

——

10-3 L1 L1 L1 L1 L1 [ L1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4

. . . . 20 S . . p [GeV/c]
Physics of D-meson productions A

. . - . STAR Preliminary
- High significance signal

o Au+Au Vs, = 200 GeV
 Nuclear modification factor R, E

=

o)

I

RHIC Run 2014

_ 5001 =
- Collective flow v, - 1
400F 1o : .
£ 300F || Without HFT Cuts - e
W - 10°r 1 -
% 200%12? | =
. . - - OF With HFT Cuts 125M MinBias Events =
See first A, results in Xin's talk | © ;50F w} . F SWGIB = 18 3
- |1'.? ' 1I.8‘ L | 7 |2.1 | ‘ | | -
0 1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1

Invariant mass, mg,, (GeV/c2)
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SCIENCE

BERKELEY LAB DIVISION

Lawrance Borkelay Mational Laboratory

STAR PXL ALICE ITS

Silicon area 0.16 m? 10 m?
# pixels 356 M 125G
# layers 2 7
Integration time 186 us 10-20 us
Trigger rate ~1 kHz ~100 kHz (p-p)
XIX, inner layer  ~0.4 % ~0.3 %
RDO speed 160 MHz 1.2 GHz
I 0
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) ALICE ITS upgrade

New ITS Layout

12.5 G-pixel camera
(~10 m?)

W
Beam pipe

10 m2 of silicon
(PXL was 0.16 m?)

7-layer barrel geometry based on MAPS

The ITS is composed of:
r coverage: 23 — 400 mm 7 layers; 3 (IL), 2 (ML), 2(OL) —
n coveraasy (il = 1.2 192 staves; 48 (IL), 54 (ML), 90 (OL)

for tracks from 90% most luminous region Material /layer : 0.3% X, (IB), 1% X, (OB)

ALICE ITS Upgrade TDR - http://iopscience.iop.org/0954-3899/41/8/087002/

Oct. 27th, 2016 Director’s Review L. Greiner
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http://iopscience.iop.org/0954-3899/41/8/087002/

) Upgraded ITS Performance [

Performance of new ITS (MC simulations)

ALICE
Impact parameter resolution Tracking efficiency (ITS standalone)
Pointing Resolution Tracking efficiency

E g % e L 100 it
~— R : ---®--- Curent ITS, Z (Pb-Pb data 2011) | ~

350F =~ |
o A T R R Upgraded ITS, Z O
._% 300F. _____ e Current TS, ro (Pb-Pb data, 2011) | 5 FoJ0] EX% I EEIW SR SUNS 0 S N N1 £ P
_O Upgraded ITS, re 6 r
N T — K L :
= S oeol d AUICE
g) L | Current ITS
= I ; Upgraded ITS
E 40 _ i 180X 03% OB XX 7 0.8% |

20

~40 um at p; = 500 MeV/c

All layers are MAPS sensors
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ITS Pixel Chip — technology choice

ALICE
CMOS Pixel Sensor using TowerJazz 0.18um CMOS Imaging Process
NWELL NMOS PMOS
DIODE TRANSISTOR TRANSISTOR

Tower Jazz 0.18 um CMOS

 feature size 180 nm

NWELL

DEEP PWELL

* metallayers 6

=>» Suited for high-density, low-power

Epitaxial Layer P-

b . .+ Gate oxide 3nm

=>» Circuit rad-tolerant

» High-resistivity (> 1kQ2 cm) p-type epitaxial layer (20um - 40um thick) on p-type substrate

» Small n-well diode (2-3 um diameter), ~100 times smaller than pixel => low capacitance

» Application of (moderate) reverse bias voltage to substrate can be used to increase
depletion zone around NWELL collection diode

» Quadruple well process: deep PWELL shields NWELL of PMOS transistors, allowing for full
CMOS circuitry within active area

L rimE e N S N A S S 12
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NSD

x" ALPIDE-4 Sensor Prototype Performance i

ALPIDE-4 - Pre production prototype

Main parameters

e Dimensions: 30 mm x 15 mm
* Pixel Matrix: 1024 cols x 512 rows

* Pixel pitch: 29 um x 27 um PEL ARLARVIARETERARRI AR I DAL A
Preliminary! ALPIDE (BASELINE) l — e ;
- 100 v ey ;qﬂlh‘
g = M\ﬂ s U Ly LK ] Lo T f -
g 0.995:— 107 w i . e el B
T 0.992— ------ S 10 g LJ: H _}E i D‘: ] I_‘C il
S AMEE o0 2 (HEO O O e HE [
o OQB:— Asie < < 108 / event/pixel E E] 5 ‘ 5 S
S F 107 THEH I HEH JCHEH I HEH ) continuous
0.975F— Efficiency Fake-Hit Rate " _i; oF
= - -= W7-R2, 1 Pixel Masked 107 ®
0.97 = -8 -3 W7-R8, 9 Pixels Masked 0 - Oy ULy W U 1 external trigger
osesE oo OLUOOLOOU00UO
0.96— Q.x
= \'II.FL TeE. _," IR o 10~ | Buffering and Interface ‘
0.955:— sensitivity limit 'a\.-,_.—'-l--,ﬂ,." . -—"'-‘“"xg—.‘f*""' ""~D
0955 —— 5|o - 1clno - 1s|50 - 2(|)0 ' 'éom_m . . . .
Threshold (¢) Discriminators are now in pixel. All

pixels digitize at the same time
when triggered and are read out
via priority encoder.

« Excellent efficiency and fake hit rate.
e Further testing is underway.
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NSD

ceeer ITS Inner Layers e

BERKELEY LAB DIVISION

New ITS Layout - Inner Barrel Stave

Cooling Ducts

Mean X/X, = 0.276% Total weight
® __uo 1.5 grams

Mechanical
Connector

9 Pixel Chips

Soldering Balls

Flex Printed Circuit

/ <Radius> (mm): 23,31,39 Length in z (mm): 290 N
Nr. of staves: 12, 16, 20 Nr. of chips/stave: 9
Nr. of chips/layer: 108, 144, 180 Material thickness: ~ 0.3% X,
. Power density: < 100 mW/cm? Throughput (@100kHz): <80 Mb/sx cm™
LN RSN A AR 14
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ITS Outer Barrel

DIVISION

Power Bus

2Xx7sensors _xe
R AP

Half-Stave
Half-Stave

Outer Barrel (OB)

<radius> (mm): 194, 247, 353, 405 Length (mm): 900 (ML), 1500 (OL)

Nr. staves: 24, 30, 42, 48 Nr. modules/stave: 4 (ML), 7 (OL)

Nr. Chips/layer: 6048 (ML), 17740(0OL) Material thickness: ~ 1% X,

Power density < 100 mW / cm? Throughput (@100kHz): < 3Mb/s x cm-2

15
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__ \ NSD
) ITS Outer Detector Barrel

DIVISION

Outer Half Barrel _
2 Middle

‘ I\J‘IW‘,\V \“0’ 7
X WX R
— ..\ = j.llr_, =)

(DN NNINEIENINE : 16

Oct. 27th, 2016 Director’s Review L. Greiner



)\ ALICE-US Scope i

LBNL RNC group is the project leader for the ALICE-USA ITS upgrade
construction project.

 Assembly and testing of Middle layer staves (layers 3,4) from components
(modules, cold plates, space frames) fabricated by other institutions.

 RDO system design (collaboration) and fabrication of RDO for the middle layers
(Univ. of Texas, Austin).

» Design of the powering system for all outer layers (3-6) including power bus, power
boards and control system.

« Sensor and component testing at the BASE facility for SEU and SEL (See Mike
Johnson’s talk). Synergy with the NSD 88” cyclotron.

 The large outer layers carbon fiber support cylinder and services cone structures.
Synergy with LBNL engineering division.

We also have strong support and synergy with UC Berkeley and students are a
significant contributor to the development and construction of the ITS upgrade.

We look forward to delivering the detector hardware and following through with the
extraction of the physics as was done with the HFT.

RS e e T ] 17
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BERKELEY LAB

Lawrance Borkelay Mational Laboratory

ITS Current Schedule

NUCLEAR

SCIENCE
DIVISION

2016 2017

2018

2019

2020

*
PRR Sensr Series Production CmOs pr?fe_ssmg’ thinning &
: icing, test
/_ ») ! )

; t :

ave Develop PRB
HIC Prodution

\ Hic and Stave Stave roduction /
Mechanical Support Structures Dry Assembly Test
iz /—
Development Production ]
EDR PRR
Readout Electronics 5 Commissioning @
= . E— Surface
Design & Prototyping 2 Design & Prototyping ! Installation
1 Cmmissm"ing ; ” i Commissioning in
11 mré.)nths A e
— —— A 7 7 L
2016 2017 2018 2019 2020
: ! NSNS EEEE AR AR . 18
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el Future Applications

Lawrance Borkelay Mational Laboratory

* New experiments and upgrades to existing experiments that require high
precision tracking and vertex resolution are a standard feature at collider
accelerators.

« RNC is a full service laboratory group with experience with MAPS based
sensors, carbon fiber support structures, readout systems and
management and integration of large complex systems.

« Some new experiments have strong interest, particularly sSPHENIX at
RHIC.

* RNC is currently involved in EIC development efforts and will continue to
pursue our strong interest in EIC instrumentation and physics.

 RNC will continue to lead the field in the development of state of the art
Instrumentation projects for physics.

SIS e g 19
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BERKELEY LAB
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NSD

F\" Readout Topologies

DIVISION

Control (including trigger)
i ) ] [ ] 3 I [

S | AN | NN | N | N | N | N | SN | N

CHIPID  000_0000 000_0001 0oo0_DO10 000_D011 000_0100 0o0_o1om 000_0110 0oo_0111 0o0_1000

Figure 1 — inner Layers stave sensors and connections schematic.

Control (trigger)

Clock
— Data
CHIFID <mods_1110 emods_1101 <mods_1100 <mods_1011 emods>_ 1010 <mods_1001 = 1000
CHIPID |'J:-__l'.]l_'l}[ll <mod=_ 0001 <mod=_0010 <mod>_0011 <mod=_0100 <mod=_ 0101 <mod=_0110
Data
Clock

Control (trigger)

Figure 2 — Module layout with links.
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oot Preliminary DCA Pointing resolution (Au+Au @ 200GeV) [Ha

DIVISION

40 um DCA with Al conductor cables on inner ladders for 750 MeV/c Kaons

' Sector 6-7 (Aluminum only) -90<phi<-20
Eﬂ.l o s e i ————— Ew e s e T T & Protone
S | ® Kaons S, : ® Kaons
= | @ Pions N : @ Pions
< - - | : :
, — < ; = -
< Q i
R :
- -
10‘3 1 L L L L L L i L L 1 l L | L | L L | L 1']'3 L 1 L L L I L 'l l L 1 L 1 L | | 1 L L
0 0.2 0.4 0.6 0.8 1 1.2 14 0 0.2 0.4 0.6 0.8 1 1.2 1.4
p [GeVic] p [GeVic]

TPC + IST + PXL

* Meets tracking requirements for HFT

e Operationally good —

e Early problems with LU induced damage.

* Problem solved operationally after first 2 weeks of running.
e 2" run gave only 4 sensors damaged.

S S e e e T ] 22
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Overall experience

ERRRRN

Without HFT Cuts

TTTT[TTT T[T TTTT[TTTT]TT1

1.7 1.8 1.9 2 2.1

) mWith HFT Cuts 125M MinBias Events
M Tt tete e SNS+B= 18

STAR Preliminary
Au+Au Vs, = 200 GeV
RHIC Run 2014

IIII|IIII|IIII I‘+‘II|IIII|IIII|I

1.7 1.75 1.8 1.85 1.9 1.95 2 2.05

N

Invariant mass, mg, (GeV?)

Very Good
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NUCLEAR
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SCIENCE
DIVISION

Layer Radius TID NIEL HI Flux

Imm] [kRad] [1 MeV neq cm2] [kHz cm-2]

0 23 646 9.2 x 1012

1 32 380 6.0 x 1012

2 39 216 3.8 x 1012

3 196 15 5.4 x 1011

4 245 10 5.0 x 101t

5 344 8 4.8 x 1011

6 393 6 4.6 x 1011 157
Crate <17?

Table 4 — Expected radiation levels (integrated Pb-Pb luminosity of 10 nb'i}.

L OOE | NN I NN I DR R R 24
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NSD

! Middle and Outer Layers

Power Bus

Flexible Printed Circuit ..

2 x 7 Pixel Chips —
Module Carbon Plate

Cold Plate .= S —

Half-Stave Right

Module = 2 x 7 Pixel chips
Stave = 2 Half-Staves
Outer Layers are 7 modules long

Middle Layers are 4 modules long Pixel sensors are ~15 mm X ~30 mm
Modules are ~3 cm x ~21cm

Oct. 27th, 2016 Director’s Review L. Greiner
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Detector Half Barrel
3 Half Layers
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L Inner Barrel — full-scale prototype

Lawrance Borkelay Mational Laboratory

Structural Sandwich

27
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ITS Outer Barrel

HIC: Interconnection of pixel chip on flexible printed circuit (FPC)

BERKE

FPC side
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oo ITS Outer Barrel
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Service Barrels

Service Inner Barre Detector Inner Barrel

Detector Outer Barrel

30
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ALPIDE Pixel Logic

BERKELEY LA DIVISION

Lawrance Berkalry Mational Laboratory

Signal can be due to an actual
Pixel cell particle hitting the pixel (background
included) or to the pixel noise

Signal
Analog “slow”
shaping time (us
order) saves power.
Threshold

Called “pulse length”

Threshold

Amp. out

Strobe window Only pixel with signal

Cmp. out ]
higher than threshold
DURING the strobe
window will get
Strobe window latched in memory
Latch set
_ >
Time
Figure 14 — Pixel logic schematic and timing diagram.
CnE NS AN A S AR 31
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NSD

NUCLEAR

o Readout Structure

Lawrance Borkeloy Mational Labsratory

Inner Layers (2 full staves)

18 links @ .96 Gb/s

Middle Layers (3 staves)

48 links @ .32 Gb/s

Outer Layers (3 )5 staves)

42 links @ .32g Gb/s

Chips here simply representa S—— —___ .
combination different of electronic =~ —=~=-—_ o ol i
components, which could be almost 5
implemented into a single FPGA

B
TI
a[[

Figure 9 — RU based on GBT links connecting to the CRU (data load is payload only).
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o Data Rate Capabilities et

Lawrance Barkeley Hational Labaratory

NSD

DIVISION

Pb-Pb => first layer

o —
E 200 r—_ . . . Pb-Pb Priority Encoder Time
E’ - . rate 0 25 50 100
© 180 [ (ki [ns] (sl [s]  [ns)
* )
5 T » ; » 50 o | A v
o 160
'% — u, 100 [ ] [ ] A v
@ - 200
2 1401 N\
L . |Triggered mode, 256 word memory per region
120 L Inner layers
100 1t L S— S— E—— H .
80
60—
40—
201
0 _ L 1 Lo 1 1
10

10 :
Noise per pixel per strobe

Figure 25 — Pb-Pb collisions in the 1st layer from 50 kHz to 200 kHz average rate in trigger¢
mode. The readout rate should match the average trigger rate, but it fails whenever the noise rate
too high and/or the time required to read out the matrix (Priority Encoder time) is too long.

Pb-Pb => fourth layer

N -
é 200 : teren : . Pr:_i:b I'tiorit:,r Encoderr Time
9 ~ b : 0 25 50 100
© 180 — \ k2] Ins)  [ns]  [ns]  [ns)
]
= 50 ® | A v
5 160} \
g - ‘.\ 100 ® | A v
g 140 - \ 200
- | Triggered mode, 258 word memory per region
120 __ ' 3 Quter layers
100+ N
80|— .
- N\

60— ~

a0/ .

20 __ \‘\_.M_

U 1 1 L . | 1 1 | L1 |'4 1 1
10° 10 .
Noise per pixel per strobe

Figure 26 — Pb-Pb collisions in the 4th layer from 50 kHz to 200 kHz average rate in triggered
mode. The readout rate should match the average trigger rate, but it fails whenever the noise rate is
too high and/or the time required to read out the matrix (Priority Encoder time) is too long.
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NUCLEAR

/\| Silicon Vertex Detector Development at RNC based SCIENCE
on
Monolithic Active Pixel Sensors

STAR PXL Detector

First vertex detector at a collider experiment based on
Monolithic Active Pixel Sensor technology
Received CD2-3 in 2011.

Project completed in 2014 and met all CD-4
parameters.

Completed on time and under budget.

ALICE ITS Upgrade Detector

Next generation MAPS based vertex detector
Received CD2-3 equivalent in 2015.

LBNL responsible for middle layers, Carbon Fiber
support structures, RDO.

Installation scheduled for end of LS2 (2019-2020).

O O OO

@

Beam pipe ¢

@

ALICE MAPS sensor technology
Next generation MAPS based vertex detector for RHIC
Proposal in progress.

@

Future: sPHENIX ?

@

S S e e i ] 34
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0 = g .
) Existing ITS Performance i

ALICE ITS Upgrade — Impact parameter resolution

Hybrid pixels, silicon drift, silicon strips — X/X, ~1% inner layers

Very good MC description Very weak dependence on the
colliding system
£ 600 T
:3._ B [
= i ALICE f - ALICE
_% 500 = ppVs=7TeV 7 & 250} charged particles
= i =) I : ]
o I o I ]
z - = data, kaons z [ : " p-Pb sy, = 5.02 TeV
© 300 - A data, protons - T {50- ® Pb-Pb 5, =276 TeV -
-® A o MC, pions 1 L : ]
- . o MC, kaons B - : ]
200 o m A s MC, protons 100: === |
100 | . ; : iy, i
i ig " : S0r ellim E
“essan = - "'E:'tﬁa-o-
0.3 0.4 1 2 3 4 ?0-1 T
p, (GeVic) p. (GeVic)
ALICE, Int. J. Mod. Phys. A29 (2014) 1430044 ALICE, Int. J. Mod. Phys. A29 (2014) 1430044

120 um at p; = 500 MeV/c

B S S S e e 35

Oct. 27th, 2016 Director’s Review L. Greiner



-y
g \
rreeeee

ITS Current Schedule

Planning (simplified global view)

2014 2015 2016 2017 2018 2019

Sensor Production
and Test

Lot1 >Lot2 ) Lot3 ) Lot4

™~

IB Stave Design & Prototyping

‘ inner Barrel ‘

¥ ...\.

I

OB Stave Design & Prototyping

Space-frame Construction

HIC Production —
ML Stave Construction
§ OL Stave Construction /_,-'
S I . -

=
Mechanical Support Structures Engineering Construction

Commissioning @
Global ssembly Surface
Electronics Readout Spe Design & Prototyping > Production & Test l /
' " , ! Installation

- . Commissioning in
ALICE

| | )i > —
ui‘ A y - p A rA AN LN

2014 2015 2016 2017 2018 2019

Outer Barrel

i

L. Musa

36
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