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» ATLAS Pixel Detector

= LHC performance and roadmap
= Detector parameters and upgrades

» Operations
= |Intrinsic limitations
= Qperational challenges

> Performance

» Outlook
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LHC/ATLAS AL

LHC _— La rge Hadron COI Iider Overall view of the LHC experiments.
design vs. 2016 conditions

7 TeV nominal beam energy (6.5 TeV)

1x103*cm2 st nominal luminosity (1.2x1034cm2 s1)
2808 proton bunches per beam (2220b)

25 ns bunch spacing/40 Mhz

YV VYV

Y

First Long Shutdown (LS1) 2013/14 with repairs and
upgrades to the accelerator and the experiments

ATLAS

Multi-purpose detector designed to
» Investigate the TeV scale
» Search for the Higgs boson

» Search beyond the standard model

forward calormeers = Supersymmetry, Mini-black holes, Leptoquarks,
LA electromagnetic calorimeters Extradimensions

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconducorrcker » Make precision measurements of SM

25m
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- Inner Tracker  Calorimeters Muon Spectrometer Magnets

. Pixel  SCT  TRT LAr Tile MDT RPC CSC TGC Solenocid Toroid
5 98.9 999 100 99.8 100 99.6 99.8 99.8 9938 99.7 93.5
.y Good for physics: 91-98% (10.1-10.7 fb)
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LHC

| Run 2 | | Run 3
LS1 13 TeV EYETS 13.5-14 TeV 14 TeV 14 TeV energy
injector upgrade 5t07x
splice consolidation cryo Point 4 cryolimit HL-LHC nominal
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» 3 hit-system for |n| <2.5
= 3 barrel layers
= 3 disks per end-cap

Resolutioninr-¢ <15 pm

YV V VYV

Evaporative C;F; cooling

b HV guard ing ATLAS Pixel Module

Type0 connector

. barre|
pigtai

decoupling \
capacitors

glue %
™T sentsor bump bonds

— 5
e)gilgeﬁlszngnzs:z gz X 6.3 cm

05.09.2016 ATLAS Pixel

1744 modules, 80M readout channels
Innermost barrel layer at 50.5 mm
Radiation tolerance 500 kGy / 10> 1MeV neq cm™

Sensor

» 250 um thick n-on-n sensor

» 47232 (328 x 144) pixels

» Typical pixel size 50 x 400 pum?

Readout
» 16 FE chips, 2880 pixels each

» Zero suppression in the FE chip, MCC
builds module event

» Data transfer 40 — 160 MHz depending on
layer
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Pixel Detector extracted during LS1

Motivation for new Service Quarter
Panels (LS1):

» Move on-detector opto-electrical
transceivers (optoboards) to a
serviceable location

» Allow later Layer 1 readout speed
upgrade to 160 Mbit/s (add
second line for Layer 1 modules
data lines)

» While detector is on the surface:
repair all accessible failures
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IBL a new inner most layer:

P~
.- 0\ ﬂ
g \ "‘. e
g = m N,
SI=y J JA_ J
R27.3 - beanm pipe envelope

P —— With a new reduced beam pipe radius

R35.71 pipe radius

¥ N SRR S 14 staves inside a 10mm radius envelope

Xy g\_\\ @ New detector: sensor, FE, readout, cooling

Why?

- B-layer aging was anticipated

R23.3 - beam

s Y LY - Improvement of the tracking performance

N "/ 1)

N Sl e -
One stave: 12 planar and 8 3D sensor

- Alessandro’s talk
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Detecto
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Noise [e]

Typical Noise (normal Pixels)= 170 e-

ToT depends on:
charge, threshold, feedback current

» Measurement of the deposited charge injected charge |  threshold  ifeedback current
» Used to extrapolate analogue hit position dependence | dependence | dependence
» Preamplifier-rise time can shift low ToT hits into
the next time bucket (BC) = “Timewalk” threshold - |
» Mechanism to recover time walked hits (“ToT- preamplifier outputsignal | _ ¢ _ _ _ _
doubling”): copy low ToT hits to the previous BC ~ discriminator output signal
for readout | J | | |
» ToT usually tuned pixel by pixel to 30 BC @ 20ke ~jugh charge | —high thresholdi —high feedback

05.09.2016 ATLAS Pixel

—low charge
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Efficiency

@ 10 T I I
? ATLAS Pixel Preliminary [ End of Run 1
Coverage after LS1 3 Il After Re-installation
7.0%
% 6.3%
g
2
On-Detector sources of Efficiency Loss
» Offline Calibration Loop to identify topere  fmyEr] el
= |nefficiencies related to dead channels, FE,
Modules, Optical links, ...
= Noise
:  ATlas proimioary

120 140
Column
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Operational Li %w L A

Pixel built for Luminosity of 1x1033cms™, 100 kHz trigger rate, 50 Mrad /
1x10%> 1MeV neqg cm2 at LHC (B-Layer replacement was foreseen). Operation
limits arise from these constraints, as well as general considerations.

Intrinsic to detector limitations:
» Bandwidth
» Buffer size limitations: FE and back-end
» Detector coverage > related to detector granularity issues
= Tracking and reconstruction to deal with known holes
» Power and DCS limitation
= HV Leakage Current related to radiation damage or breakdown
= Power limitation and budget (may need to be adjusted with detector aging)
» FE and module losses in-run due to SEUs
= Requires module reconfiguration and causes dead time
Other external factors:
» Robustness of procedures and software
» Expertise for operation and calibration
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» Occupancy reduction given the increased luminosity in 2016

= Disable ToT doubling in all Pixel Layers
" Increase ToT cut to avoid reading out out-of-time hits
= |BL was unchanged

- Save ~20% occupancy, clusters on-track unaffected

8@ _r ATLAS Preliminary oBlaverBL| & - ATLAS Preliminary @ B-Layer/IBL
§ 1.2~ O Layer-1/IBL § 1.2 O Layer-1/IBL
S, aeermienit o layer2iBL| 8 4 Layer-2/IBL
] r ] —
. [ I [ . G se—
0.8] 08—
i Clusters - on track
0.6— 0.6—
I Lo -
04— . 04—
i - enet i ) : - dpgy————
0.2 - ) 0.2 L
i MNovember, 2015 May, 2016 : November, 2015 May, 2016
0_ 1 | 111 | 111 | 111 | 111 | | ‘ | 0_ 1 | 1L 11 | 111 | 111 | 111 | 111 | 111
12 14 16 18 20 22 24 12 14 16 18 20 22 24
Average p per lumi block Average p per lumi block
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» No sign of efficiency loss in 2015 for B-Layer

» But with expected pile-up of 2016 up to 40 this would lead to
uncontrolled level of truncation in the FE = truncation errors would

saturate at 100%

1.1
1
0.9

T T T T | T T T T | T T T T I T T T T | T
ATLAS Preliminary B-Layer

Vs = 13 TeV, 25 ns data
- ToT = 30 for 20 ke, L1 Latency = 255

» Addressed by decreasing the FE Latency
= Buffer size latency 255 BC = 150BC

Qo = -
© = =
g = E
= Each hit will clear the FE buffer 100 BC § 0'?5 = ToT = 18 for 20 ke, L1 Latency = 150 |
i s 'E PRS-y E
earlier 5  06F g ——— =
o (@] : ]
= Retune ToT to keep the dynamic S o5 =
range, at reduced charge resolution = 0.4F —
£
1 1 L ) :I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 :
- Truncation drastically reduced: 45 5E = A E i

<10%in 2016

Average number of Pile-up in a given luminosity block
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S AILAS
E PERIMIENT

» Layer 2 was operated at 40 Mbit/s = Would be the first to be affected
by bandwidth limitations

= first signs already seen end of run 1 and also in 2015 > significant
desynchronisation at high occupancy and trigger rate

= Layer 2 Upgrade completed during 2015 YETS - bandwidth doubled to
80 Mbps, using IBL off-detector readout electronics

» Layer 1 Upgrade foreseen for 2016 YETS

= bandwidth will be doubledto *
160 Mbps L
{
|

= using Layer 2/IBL readout
electronics

A
J

I

i
-
.l
=1

—— E;MP—
'

= one additional fiber per module ;
to allow 2X80 Mbit/s was
installed during LS1
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» SEUs lead to local inefficiencies with various symptoms
(Desynchronization, efficiency loss, LV current steps, ...)

» Recover by back-end and or module reconfiguration
» Effect is dominant in 2016 also for IBL

05.09.2016 ATLAS Pixel

# errors/event

Modules affected by desynchronisation (Module level)

L T T 1 H
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21 ' .

N i ’
4 r” A ; ]

- v reme VR, " i
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Detecto
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. . -15 -10 -5 0 5 10 15 20

> IBI— IS a hnew dEtECtor and flne Relative Delay wrt. the Nominal [ns]

tuning completed successfulyin 3 T T T T T T T T T T T T T T
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» Fine tuning allows better 0.1ns B 102 Efficiency with HitDiscClg=2 E

1:_. ................................... e E—— —— e e _:
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IBL Fluence [1 MeV neutron eqv.]
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Expected increased sensor
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Other Challenges

» Detector features and protection
- Wire bonding oscillation
- Mechanical distortion#
- FE LV current increase with TID
- Readout limitations
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IBL wire bonds susceptible to some
resonance frequencies during data taking

» Protection Scheme implemented into the
readout chain for data taking and

calibration
» Fixed Frequency Trigger Veto (FFTV):
4 mA current fluctuation limiting the number of triggers in
wire at 90° wrt 1.7T B-field resonance region

» Trigger Veto is dependent on LHC filling

¥ 100E ATLAS o — - scheme
g 90 Simulation E = no rate limitation in 2015
T 8of N . . .
oF E = reviewed parameters in 2016 to avoid
- < IBL Limit e limiting rate while keeping the detector
60 —e— 2015 FFTV-B (10,0)]
50 E_ —&— 2015 FFTV-B (10.1)_5 Safe-
ol e emrvsmnd » FEW occurrences in the experiment of
= L1 Rate expectation: = . .
aof. e @e-wem 4 fixed frequency trigger at 11 or 22 kHz >
20_3 """""" Ao 2016, 1E34 menu (B* = 40 cm) | protection essential
10€ o e 2016, SE33 menu (B = 40 cm)
0500 1000 1500 2000 2500 3000

Nr. of colliding Bunches
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» During early cosmics run,
temperature dependent
distortion was observed in IBL,
O(10um/K)

» Due to CTE mismatch between
service bus and stave

» Impact on tracking performance
- temperature dependent
alignment correction 3 javier’s poster
= |arge temperature excursion

made a LB dependent correction
necessary, implemented 2016

» Avoid temperature cycles
inducing mechanical stress

= CO, cooling very stable and

reliable > Bart’s talk

Local X Residual mean [mm]

.
O B I e e .
- ATLAS Preliminary o7, =20 °C

0.3( After Alignment .:"' : ::: :g

02:_IBL vr:ao=c
"“E Cosmic ray data Ta=s7

0.1 March 2015 (T, =+15 °C
Ofs

-0.1
-0.2
-0.3
-0.4

_05“‘..l....l....l....l....l.AA.I....l...‘
' -300 -200 -100 0 100 200 300

]llllllllllllllllllll llllllllllllllllll
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ATLAS Preliminary

Global Coordinate
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Starting from summer 2015, IBL frontends started to show a drift in LV current
and fast detuning of threshold and ToT.

- Karola’s talk

» With increasing TID, LV currents exceeded values Task force was set-up:

beyond safe operation parameters Understand the cause of the issue

05.09.2016 ATLAS Pixel

Switched off IBL for one run in October, and

module groups when reaching critical level

= Detuning = regular monitoring and retune,

phase space for tuning reduced
IBL Total lonising Dose [Mrad]

_ 0 1 2 3 4 5

% 28— 2015 | 2016 " | 2016 + Mean

S ,eb AV 1.ov 1.2V BRangs In 2016 the increased peak

S . luminosity for the same

- - detector condition would have
22p led to operational issue...

16 N ! |

+
Lab measurements were essential
to drive the operation conditions
+
Assessed the impact of running
IBL warm for one year

AS Pixel Preliminary
1_4|||||||...............l...l...l.-

0 2 4 6 8 10 12 14 16 18
Integrated Luminosity [fb™]

The recommendations were:
- Higher temperature
- Lower digital supply
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In Pixel B-Layer, bandwidth issues were not foreseen before a factor of 2-3 higher occupancy
In 2016 readout problems were already observed at a luminosity of 1x1034 cm2s1
Source was identified as:
= LHC beam is not uniform: up to 30% fluctuation between bunch crossing ID
= Readout is designed for average data rates: large events can cause problems
Mitigation:
=  QOccupancy reduction: TOT cut and higher analog threshold (impact on tracking limited)
=  Firmware improvements
B-Layer is working stable since then

7197

> CTT T T T T T T =0.26 T T T T
S o0.90 ATLAS Preliminary % 0.25k ATLAS Preliminary 1
& V-9E Run-22016 /5= 13 TeV S Run-2 2016 ¥s = 13 TeV
3 0.8F E
8 L o ToT> 3, Analog threshold = 3500e =

0.7t - ToT > 5, Analog threshold = 3500e E

0.6 E = ToT > 5, Analog threshold = 5000e

Q E
o F © ToT > 3, Analog threshold = 3500e
O 018: o ToT > 5, Analog threshold = 3500e
E 017} * ToT > 5, Analog threshold = 5000e
0.1:|III|III|III|III|III|I\\‘\\\‘\\\‘\\\‘\\I‘\ 016;I|III‘\\\‘\\\‘\\\‘\\Ill\\‘\\\‘\\\‘\\\‘\\Ill:
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Average p per lumi block Average p per lumi block
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» ATLAS tracking at Run-2 significantly improved with IBL as new
innermost Pixel layer

» Good performance seen since beginning of run 2 for IBL and Pixel

» Anticipated a number of limitations, successful changes to the
detector configuration and hardware in view of increased luminosity

» Unforeseen challenges addressed and overcome

» Approaching stable operation for run conditions beyond LHC design
luminosity
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BACKUP
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n
: : o — - threshold

/ ROM
| Il
Cn J—
RAM
O discrim.
Cm‘ _\-
RAM
5bit tim value >—m 5 bit mask
RAM
trim range  [>—— DAC coarse,

Pixel Cell

Amplifier with adjustable constant current
feedback

Discriminator with 7-bit threshold adjust
Circuitry to measure Time over Threshold (ToT)

Possibility for analogue and digital test
injection

YVVYVY V

global

End Of Column

» Hit storage during Level-1 trigger
latency

» 64 memory buffers for each column
pair of 2 x 160 pixels (“EoC Buffers”)

» Hit data: pixel ID + timestamp + ToT
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Run 2:

» additional material
» 25 ns operation
» increasing target luminosity
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