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“Sqe® Outline
e The ATLAS Pixd detector and modules
e Test beam setup

e Overal performance (timewalk effects)
— detection efficiency
— gpatial resolution

e Measurementsin high intensity beam
(validation of read-out architecture)

— efficiency vs. occupancy in LHC-like
conditions
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= The ATLAS Pixel Detector

The Pixel Detector is the vertex detector
for the ATLAS experiment.

It consists of three barrel layers and six
disks, covering with three precise
measurement points the region up to

| M | <2.5.

Innermost layer (B-layer) at R=5cm

There will be 1456 barrel modules and 288
forward modules, for atotal of 80 million
channels and a sensitive area of 1.6 m2.

Modules will operate in an environment
temperature below 0°C and within a 2T
solenoidal magnetic field.

Barrel module are tilted by 20° in the R}
plane to overcompensate the Lorentz
angle.

Liverpool, 12 September 2005 A.Andreazza - Testbeam of ATLAS pixel modules 3



;e

“qe0> M odule concept

» Sdf-consistent detector unit.

Sensor (Oxygenated FZ Silicon):
— activearea60.8 x 16.4 mm?
— 250 um thickness
— pixel cell 50 um (R®) x 400 um (Z)
— extended cells (ganged and long pixels)

Module Controller Chip 0 cover the otfierwise dead region

Flex hybr|d Front-end electronics;
— 16 FE-I13 chips, 0.25 um IBM

technology, with rad-hard design;

— 46080 channels/module
\ / e « Interconnection by bump-bonding:
- SEI | —  Solder (1ZM, Berlin)
16 FE ChlpS | — Indium (Selex, previously AMS, Rome)
» Flex hybrid:

— Module Controller Chip to perform
communication and event building;

Pi gtail — - local decoupling and temperature
monitoring.
HV connection
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By e S Specifications

Radiation hardness:
e NIEL > 101 MeV neq/cm2
500 kGy

Technical Design Report specification wer e

* R¢ resolution 13 um,

» efficiency better than 97% at end of lifetime,
« analog information was a high priority option.

Given the 25 nsbeam crossing rate at the LHC.:

2004 testbeam with
production modules,

7 irradiated to
maximum dose.

90% of plotsrefersto
irradiated devices

* must be able to assign each hit to the proper bunch crossing;

(measuremens of timewalk effects on efficiency and resolution)

* must be able to store the hit information during the trigger latency time of

~100 beam crossings.

(measuremens of rate capability of the readout system with high intensity beam)
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“Sgerd

. qEI%st charge amplifier with constant current
feedback.

. Fast discriminator with tunable threshold (7-
bit DAC)

. Storage of hits during the trigger latency time
in 64 “End of Column” memory buffers for
each column pair of 2x160 pixels

. Timestamps of trailing and leading edges

— LVLIL
the clock cycle/bunch crossing in which the
discriminator goes above threshold.
Thisisthe only timing information on the
leading edge available from the detector, and
must be exactly associated at the beam
crossing, otherwise the hit is attributed to an
incorrect event.

— Timeover Threshold (ToT):
the length of the discriminator pulse.
It is proportional to the deposited charge and
measured in discrete clock cycles

— timewalk:
thevariation of the delay between the
charge deposit in the detector and thetime
at which the discriminator goes above
threshold..
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M easurement of detector performance

Timing measurement in testbeam
Timewalk effect on efficiency
Timewalk effect on resolution

and hit duplication




%@?3 Test beam setup

I I Cold box I I

40 M Hz squar e function gener ator

180 GeV &

=5

TDC start [«
stop

trigger scintillator

A

e HB8 beam line providing 180 GeV/c hadrons. » Devices under test are placed in a cold box

» Reference track provided by 4 microstrip (essential for irradiated assemblies), with x and y
plane with ~6 um extrapolation error. movement capability.

» Small Pixel Telescope

* Beamisasynchronousw.r.t. the 40 MHz *  For each scintillator trigger 8-16 consecutive
clock: for each event the time between the triggers are sent to pixel devices, collecting data
scmtﬂlaégr trigger and the clock edgels in a 200-400 ns window about thetrigger-.
measur ed.
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By Jmnet & Timing and perfor mances
#ﬁ IIIIIIII ﬁ
qey

» Because of timewalk, |leading edges
reach threshold at different times
after the beam crossing.

Some examples:

— All chargein one pixel:

O
L
cl
time=

— Charge equally shared

O w
s -ll

— Charge unequally shared.

Q L Ll
s 1 =,
e |Intest beam setup beam crossing is
asynchronous with clock cycle.

e TheTDC information is used to
retrieve the relative phase between

trigger (=BCO) and clock edge
(=LVL1)

Classifing events according to TDC
reading (orange bar) IS a scan over

BCO-Clock phases.

Hits shared among

severa LVL1

1 Some cluster losses

bR

1 Only some incomplete

— clusters: full efficiency,
’ lu_c but resolution is affected.

find optimal conditions;
find stable operation range.
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%:f =T & FN
e 0 - o
%= ¢ |Nn-timeefficiency: irradiated
Ogepe FE—1% irradiated
» 7irradiated production modules I
have been tested in 2004. IR d, oolondord phels
© T T L e pixels
efficiency 97.8  +0.7% Sl %H s
no hits 15  +0.4% R i
timewaklosses 0.7 +0.3% e L H I ++ R
plateau size 9.7 #lins : *+ | *
masked 0(10%) nu 1 18 m
s |
o Efficiency isabovethe +
requirement o L e -
(>99.9% beforeirradiation) N H |
« Plateau sizeis acceptable I %ﬁ
(2 nstimejitter among different FES) 0 5~ ﬂ@ e T 2

time (ns)
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Istituta Nazionale
di Fisica Nucleare

| Nn-time resolution

DUPLICATION

TOT<5

00

0.012 f rrrrrrrrrrrrrrrrrr 3 eiEee L """"""" )
[ | |
S of - IFT —
‘ 0.008 ‘ : L \ L |
80 35 40 45 60 65
time[ng] time[ng]
L ow charge hit of acluster may be late — |oss of resolution Almost full resolution can be obtained with
FE feature: duplicate low ToT hitsin earlier LVL1 duplication at 1/6 of m.i.p.
— restore cluster integrity with only 10% occupancy increase
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p® Pikes )
&Y ﬁ; INFN
o g Analog resolution (at 15° incidence)
“Sqene” 500 kGy Not irradiated
00y w c=9.7u 3000 o=7.5um
0 PJ( 2500 yﬁ 1
500 | W ﬂ\%% - f( \l
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, ﬂ(w \ 1000 /
200 | % Hjﬂﬂ N /
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0 | I N R %ﬂg%w . 0 %’ﬁf/ﬁj P N
004 -002 O 0'%? 04 004 -002 0 o.%F 04
residues ?mm) residues ?mm)
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M easur ements
with high intensity beam

Modification of setup
Efficiency vs. Occupancy
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%"%3 Test beam setup (2)

Cold box
180GevVr
=> | (il
5
2
TDC start 1« _
stop | 40 MHz squar e function gener ator

o Tri intill tablet ith
In 2003 and 2004 the SPS team TrDgRE SalLeetar not bleto copew

delivered to ATLAS a beam with : e e
_ LHCikeintensity < intensity high enough to use random

I |
— ~3 mm gaussian width triggers
* measurement of efficiency «  Strip detectors not able to cope with the
dependence upon occupancy in rate

reslistic conditions. @ stand alone pixel telescope!
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S Data analysis

o300

* Occupancy computed fromthe .,
average number of hits of each

column pair: 200
— in one chip the occupancy hasa 150
spread of afactor 2. 100
e Tracksfitted from 3 modules: co
— digita resolution
— 2 probability > 2% ° 120 140
o Efficiency determination: column
— extrapolation withinthemost % o0.09 —— T — e e
populated chip; 8 o.08 T -y T H—
— search for hitswithin B oor - AL A— T
400 um along the long pixel £ 0.06 - . R T - S —
direction Z  0.05 o Fporeeeeeee e e T
200 um along the short pixel 0.0 — | S S I S T
direction 0.03 Lt BE— SRR — S— B—
0:02 [ i L
oot L
0 :‘ I O | ‘ I O ‘ I O | ‘ I ‘ ‘ I I | ‘
0 5 10 15 20 25 30

track
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b gEfficiency vs. Occupancy
Pkl 025 ¢
#ﬂqﬁ'ﬁ?ﬁ 8 0,225 [
e Default (redlistic) running 020 B-layer  —
conditions O; :2 S :
degrees.

0./ —
e Max occupancy 0.20 hits/cp/bx = *"">
’ B—Iag/er: 0.17 hits/cp/bx

i 2 S T T T DeS F U DU P D
\?\;Itjholgl}‘lsl/tg?r/aSCk 3 177.58 20 225 25 2/7.5 30 325 35 37.5
o Efficiency: 98.2+0.4%

(o isthe spread over 3 devices)
— consistent with the detection
efficiency e B R
— independent on thehit rate. P - N N N N N
«  But how much room is|left? T W L N TS NN DU S S
— No possibility toincreaseintensity .-
of SPS beam; '
— Other tricksto stress the system

gccupancy (hitsZepy/

column number

efficiency

:\\\i\\\\i\\\\‘\\\\i\\\\i\\\\i\\\\‘\\
b.e 17.5 20 225 25 275 30 325 5

II‘ column number

\\i\\\\
5 37.5
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deleted or
sent to readout

Efficiency vs. Occupancy

Besides the detection efficiency hits can be lost if:

the hit arrives when the pixel cell isbusy processing a previous
hits (dead time):
= tuningof the feedback currenttoset the ToT
default: ToT:=15bx/mip
Ae= A x occupancy x A<ToT>
A =-0.78+0.17 (expected A=-1)
lessthen 1% at B-layer [luminosity.
— cloek frequency.for, the spar se scan logic
default: 40 MHz
it setat 20 MHz lossesarevisible above 0.14 occupancy.
threshold for this effect at max speed is 0.28 occupancy

the on-chip memory is full when the hit is transferred from the
pixel cell to the EndOfColumn region.
— = trigger latency

default: 130 bx
increase up to 250 bx (hitswait fonger in the EoC)

— hit duplication
(increase number-of hitsin EoC without increasing dead time)
— Thisisthe most relevant effect:

additional 1% losses at 0.21 occupancy
additional 3% losses at 0.30 occupancy

Liverpool, 12 September 2005
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“Sgend? Conclusions

 Production modules have been tested after irradiation to:
NIEL =10 1 MeV n/cm?,  dose = 500 kGy

» Devicepropertiestested in the standard H8 beam:
— efficiency (TDR requirement >97%):
o >99.9% beforeirradiation
o 97.8%  afterirradiation
— resolution (TDR requirement <13 um):
e 7.5umat 10° incidence before irradiation,
« 9.7 um at 15° incidence after irradiation,
 requires hit duplication (10% increase in occupancy)
o Efficiency of irradiated detectors has also been measured in an LHC-like
particle flux:
— thereadout architectureisverified
— efficiency isnot affected by occupancy even at B-layer rate

— different sources of losses start to show up-above 0.21 hits/cp/bx (+23% with respect
to the B-layer occupancy)

— onset of inefficienciesis gradual and it does not exceed 3% even at an occupancy
65% higher than B-layer.
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“Sqee” Back-up slides

« Ganged and long pixels

o Effectsof radiation damage

e Timing on not-irradiated modules

« Detalled efficiency vs. occupancy plots
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Istituto Nazionale
di Fisica Nucleare

w00 nm o o »  Operation of “specia” pixelsin the inter-
= chip region can be clearly seen both from
the hitmap and the hit position vs. track
extrapolation correlation.
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5;—“ Constraints: radiation hardness

o Externa pixel layerswill
receive ayearly damage from
NIEL corresponding to a
fluence of 10™ n /em?

 B-layer at R=5.5cmwill bea
factor two more.
* Initial specification were:
— external layers must withstand

10 years of operation at the
LHC

— B-layer must withstand at |least
5 years of operation

2000

Viep (200um) [V]

500

[a—
Ln
=
=

[a—
]
=
]

oxygenated silicon

4

5

12000
{1500
{1000

1500

6 7 8 9 10
time [years]

Oxygenated FZ silicon was chosen
because of improved hardness
to charge particleirradiation.
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ﬁ,u”j Effective depletion depth

o Tilted tracks cross pixels at different depths.

* Thedepth of collected hits shows an edge:
effective depletion depth
= depends on the detection threshold.

 maximum effective depletion depth is
reached at 500V

| Depletion vs Bias |

5240__ .l AMS210E, No an naaling 1 T
= L @ AMS210b, End of fetime 1 ﬁ]
o e
800 | E 220_— B  BonnZ Moannaaling % Bj it y 3
1 g T M EBonnd End of Ifetime #
700 Y = 200 V B 200 ¢ It
00 ) = 600 V - "
1 \1 m 6 1805 % *
500 [ - r
400 | \1 160 — é
300 [ u\ﬂm I\ 140 C E & IZMc, End of lifatima
r \‘ \ 2 I v TESLADZ, Mo annealing
200 [ - . k 4
F \ 124 ¥ TESLAQE, Minimum dep valtaga -
100 | - [] TESLAGZ, End of llfetima
o I M 100 1 1 I | 1 | 1 |
o 50 100 150 200 250 300 350 200 300 400 500 600 700
spurtiefe depth (um) Blas (V)
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» Average collected
charge:
— 25ke (+10%)
before irradiation
— 20 ke (+10%) after
Irradiation
« 80% chargeyield
after irradiation at
nominal dose.

e Lossesaredueto:

— low efficiency
regions near the
bias grid;

— charge trapping

e Charge collection

| Pixel Cluster Charge

0.025

0.02

0.015

0.01

Unirradiated

1.110" n,Jem? 25h@60C

50
Cluster Charge (ke)
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| Charge Vs D[epth |
/

Charge (arbitrary units)

Bonng3, irradiated, 600 V (run1857)

Bonn9, not irradiated, 150 V (run 1333

~

250
Track depth (n m)

The same technique of
tilted tracks used for the
depl etion measurement
can be applied to
measure the trapping of
the charge carriers.

For not irradiated
sensors, the collected
charge is uniform along
the depth.

For irradiated sensor, the
yield as afunction of the
depth can be trandlated,
viathe drift velocity, in
acarrier lifetime;

T, = 4.1+0.3+t0.5 ns
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cal losses
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o Afterirradiation there are

% E S region_s of low charge

210 | collection:

S ; — near the bias grid (orange),
> o which is necessary for the
0 501 sensor test before bonding;

@050 — 1n the edge region between

< 200 two columns (blue).

E“O * Intheseregionsisalso

5 localized the tracking

§ 0 e i |n6ff|C|eny

— - 150.+0.050 0.050.10.150.2

y (mm)
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aﬁwﬁ Lorentz angle

@ iOB?H:][I_Hﬁ === H_:U“.;_ |_|_ “:H; — T [_pl:_‘u[.
= _: Pt [—H I [_l _
, % ’: iI| wr' —I—GoAs[(EiL"cmLNs) H I
: | J_,.‘..__._j_ . TII‘TYL
107 |— ! e o
S e m«fmﬂz
S oA T
. ST2 Non Irrodi?ted =150V i 108 L4 :’, I _ ‘i | : ||_| J_Tuilcl;:ék IJ_HH_L
_53_5 = ’ Bt . }1_ :S}Iﬁﬁ_;f:_ —— ELECTRONS —|
g s — 7 ] I‘HHIT_ ]_T_\—HT[“T —r! T—'.[TIIHEOLES TT7
= B S LA T | LTI 'lﬁi
Liorentz angle 102 103 0"

Pixel Cluster size

Electric field (V/cm)
s R V,/E,
= : g tany, o fiy= B
3 . [1+ E/E, ]1
Oi_m_ 0 L AsbiasvoltageisincreasedtocopeW|th
T Besange B irradiation, the L orentz angle decr eases:
angle

L orentz angle @2T, 150V = -159
Lorentz angle @2T, 600V = -5°
Pixel modulestilt in ATLAS=20°

Effective incidence angle = tilt angle + Lorentz angle

M easur ement method: number of pixel
hits is minimum when incidence angleis
equal to the Lorentz angle .
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= ganged pixels
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a%‘fg In-time efficiency: notlrradlated

“baeo”

» Reference track from microstrip
telescope.

 Associated hits as a function of
the hit time.

« Thefit function is the convolution
of an exponential and a gaussian
(no special reason, it just looks
fine...)

efficiency

-
0o

e For not irradiated modules: 0.6

— plateau efficiency 99.9%
— no hits 0.1%

— timewalk losses 0.0% i
— plateau size 14 ns i
— ty uniformity <2ns 0.2

0.4

O WO ZO BO 4@ 5@ 6@ 70 80

FE-13 module
50 pm x 400 um plxels

5*@999@

time (ns)
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By s § Hit duplication
'fﬂqg'ﬁﬂ

e For irradiated modules, which will e FE feature:

have a 15° effective incidence angle:
— lower total collected charge

— alot of charge sharing hits below a selectable ToT value
« itislikely thelow charge hit of a can be duplicated in the previous
cluster will be lost: LVL1
Fon e ' s
« Thecluster is seen anyhow: - restoreintegrity of clustersfor
— noloss of detection efficiency chargeinterpolation
e Thefraction of cluster to perform e increase occupancy

charge interpolation is smaller:
— loss of resolution

— dependence of resolution on clock
phase
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L osses due to the dead-time of

tbhe pixel cell are expected to
e

pixel occupancy x<ToT>

It can be verified by changing
the ToT tuning and checking
the efficiency change:

Ag = occupancy x A<ToT>

From the spread of the
observed point, the best fit line ,
has a slope of :

-0.78+0.17, S S

well compatible with the
expected slope -1.

Even at B-layer occupancies, this
effect isbelow the 1% level.

0.6 0.7
Occupancy * ATOT (%)

Liverpool, 12 September 2005

A.Andreazza - Testbeam of ATLAS pixel modules 30



||||||||||||

The clock used for the sparse scan
may have afrequency reduced with
respect to 40 MHz.

This introduce an additiona dead
timein the pixel cell dueto the
increase of transfer time from the
cell to the EoC buffers.

Reducing it to 20 MHz resultsin an
efficiency drop:

98.2% — 91.3%

losses start at occupancy of 0.14

At normal readout speed the
losses ar e expected to start at
occupancy >0.28 hits/cp/bco.

il Spar se scan

accupancy Lhits/cp/bx)
=
~J
an

N

0.9

efficiency

0:8 :
0.75 i
0.7 I
0.65 i
0.6 [

0.25 —— | | | |

i A -
R s S———
SIS S
0425 e ‘ ‘ | | |

FRRSTEN J | | [

ORoroRcEERE U NN & -1 NV WS WSS WS S—
0:025 ¢

L1 I I - N \\i\\\\ \\\\i\\\\i\\t\
175 20 225 25 275 30 325 35 3/.5

column number

0,95 et

0.85

\\i\\\\i\\\\i\\\\i\\\\i\\\\i\\\\i\\\\
20 225 25 275 30 325 35 3/.5

column number
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% Ceealy & Occupation of EoC buffers
'r i'|'|-| ST *&' .
Hﬂﬁ gere” scales with latency. .
o Latency 130 bx — 250 bx
« efficiency 98.2% — 95.4% :
—~ 025 . 0.35 ¢
50225 | 5 i
D 02f . 3 03
20.175 B-layer e L 025 F
<0125 ¢ = -
O 01k ? 0.15
0 0.075 | e S o
3 0.05 F 2
g 0.025 . 0.05 :
0 =975 20 225725 275 30 32535 375 o=
column number
- > Ak
% 0.975 ¢ . e 0,975 f
S 095 R E 0.95 f
" 0.025 Ciogos
o Drop in efficiency of 1%
055 | startsto be seen at
0.825 | occupancy >0.21 hlts/cp/bx i
0.8 B

can be increased by choosing a high
level of hit duplication

hits/cp/bx 0.20 — 0.28
efficiency 98.2% — 95.8%

B-layer ——

175 20 225 25. 275 30 325 35 37.5

column number

17.5

20 225 25

: |l
275 30 325 35 37.5 0.8
column number

W75 20 225 25 275 30 325 35 375
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