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Status	  of	  the	  current	  Pixel	  Detector

• Due	  to	  failures	  of	  modules	  in	  the	  
Pixel	  layer:
– ~2.5%	  of	  B-‐layer	  is	  dead	  

• LimitaDon	  in	  b-‐tagging

• Luminosity	  effects:
– The	  current	  Pixel	  detector

• designed	  for	  L	  ~	  1×1034	  cm-‐2s-‐1

• L	  ~	  2.2×1034cm-‐1s-‐1	  expected	  for	  2020

• High	  L	  produces	  event	  pileup:
– redundancy	  of	  tracks	  needed:	  to	  control	  
the	  fake	  rate

– High	  occupancy:
• readout	  inefficiencies,	  in	  parDcular	  B-‐
layer
– LimitaDon	  in	  b-‐tagging	  
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Affected System
(failure classes)

No of parts 
in system

No of part fail / % of dead pixelsNo of part fail / % of dead pixelsAffected System
(failure classes)

No of parts 
in system

Whole Pixel B-layer only

Pixel 80 363 520 161 k / 0.20 % 15 k / 0.11 %

Front-end 27 904    42 / 0.15 %    9 / 0.20 %

Module 1 744    40 / 2.29 %    6 / 2.10 %

Opto-board 272     1 / 0.37 %    - / 0.00 %

Cooling loop (high leak) 88   (3) /  0.00 %   (0) / 0.00 %

Total dead pixels             3.01 % 2.41 %
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IBL	  goals
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Efficiency	  for	  primary	  vertex	  reconstrucDon	  in	  Z• IBL:
– low	  occupancy	  reduces	  track	  
fakes,

– FE-‐I4	  has	  higher	  bandwidth	  than	  
exisDng	  readout.

• IBL:	  Innermost	  B-‐layer
– 4th	  layer	  of	  Pixels
• redundancy	  to	  control	  the	  fake	  rate
• to	  preserve	  tracking	  performance	  
with	  respect	  to	  luminosity
• improve	  b-‐tagging

– designed	  to	  let	  ATLAS	  pixel	  cope
L	  ~	  3x1034cm-‐2s-‐1	  

Pile-‐up	  vs	  Occupancy	  for	  the	  Current	  Inner	  Detector
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IBL	  detector

• The	  Insertable	  B-‐Layer	  (IBL)
– a	  fourth	  layer	  added	  to	  the	  ATLAS	  Pixel	  detector	  

between	  the	  new	  beam	  pipe	  and	  the	  current	  B-‐Layer
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Now With	  IBL
• IBL	  key	  Specs	  /	  Params
– Stave	  structure	  (14	  staves)

• <R>	  =	  33.25	  mm
• |η|<2.58	  coverage	  

• Staves	  overlap	  Δφ	  =	  1.8°
• Staves	  Dlted	  ~14°

– CO2	  cooling,	  T	  <	  -‐30ºC	  @	  0.2	  W/cm2

– X/X0	  =	  1.9	  %	  (B-‐layer	  is	  2.7	  %)
– 50	  µm	  x	  250	  µm	  pixels

– 20	  FE-‐I4	  modules	  per	  stave
• Double	  Chip	  and	  Single	  Chip	  modules



A.	  Miucci 30/09/13

IBL	  design

• Experience	  gained	  from	  failures	  in	  present	  
Pixels	  leads	  to	  improved	  design	  for	  IBL.
– Titanium	  pipes:	  corrosion	  resistant.

– Permanent	  pipe	  joints	  inside	  the	  
detector:	  avoid	  leakage	  at	  fipngs.

– Move	  opto-‐boards	  to	  ID	  endplate:	  more	  
easily	  serviceable	  site.

• Beam-‐pipe	  reducDon:
– Inner	  R:	  29	  →	  25	  mm

• Very	  Dght	  clearance:
– “HermeDc”	  to	  straight	  tracks	  in	  Φ	  (1.8º	  

overlap)

– No	  overlap	  in	  Z:	  minimize	  gap	  between	  
sensor	  acDve	  area.

• Material	  budget:
– Stave,	  el.serv.	  Module:	  	  1.16	  %	  X0

– IBL	  Sup.Tube	  (IST):	  	   0.28	  %	  X0
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RadiaDon	  and	  OperaDon	  of	  IBL

• Large	  radiaDon	  doses
– 340	  y-‐1	  expected	  in	  2020:
• 	  current	  Pixel	  qualified	  for	  730y-‐1

• IBL:
– SimulaDon	  w/	  FLUKA	  a}er	  340	  y-‐1

• NIEL	  =	  3.3x1015	  neq/cm2

• TID	  =	  160	  MRad

– IBL	  life	  dose	  requirement	  for	  550	  y-‐1

• NIEL	  =	  5x1015	  neq/cm2

• TID	  =	  250	  MRad
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FE	  technology

• ATLAS	  current	  pixel	  technology
– FEI3:	  (IBM	  250	  nm	  CMOS)
• 	  inefficiency	  @	  IBL	  design	  luminosity	  would	  be	  5%

• IBL	  technology
– FEI4	  (IBM	  130nm	  CMOS)
• 	  more	  efficient	  at	  such	  luminosity	  
• smaller	  cell	  size	  250x50	  µm2

• large	  single-‐chip	  (21x19	  mm2)

• array	  size:	  80	  (col)	  x	  336	  (row)
• Fully	  qualified	  up	  to	  TID	  =	  250	  Mrad
• Threshold:	  <	  3000	  e-‐	  |	  Dispersion:	  ~100	  e-‐	  |	  Noise:	  
<	  300	  e-‐	  

– Hybryd	  technology
• 	  bump-‐bonded	  @	  IZM	  (Berlin)	  

8
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Sensor	  technologies:	  3D

• 2	  different	  Silicon	  Detectors	  
Technologies
– 3D:	  FBK	  &	  CNM

• high	  |η|	  region
• n	  in	  p	  technology
• 230	  µm	  thick,	  2X2cm2

• electrodes	  pass	  through	  the	  bulk
• operaDonal	  voltage	  before	  irradiaDon:	  
20V

• Single	  Chip	  Module
– 1	  sensor	  -‐>	  1	  FE

9

3D

Single	  Chip	  dressed	  Module
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3D	  a}er	  radiaDon
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Figure 22. The ENC of FBK and CNM modules, measured as a function of the bias voltage before and after
irradiation. The measurements use a threshold setting of 3200 e� and a ToT measurement of either 5 or 8
bunch crossings for a 20000 e� signal. The operating temperature of the modules is �15⇥ C.

line in April 2011, and 120 GeV pions at the CERN SPS H6 and H8 beam lines in respectively
June and September 2011. More extensive test beam campaigns are underway.

5.1 Test beam setup

Three modules, together with a non-irradiated FE-I4A reference module, were normally included
in the test beam at any given time. For part of the run period, measurements were possible with
the modules mounted within the bore of the 1.6 T superconducting Morpurgo dipole magnet [34],
simulating the ATLAS solenoid field direction. However, because of limited beam time, only a
few measurements were made with the magnet powered. Most of the measurements described use
perpendicular incident tracks, but some measurements were also made using non-perpendicular
incidence tracks to replicate features of the IBL geometry.

The modules under test were mounted normally with respect to the incoming beam using
mechanical holders so that the long pixel direction (corresponding to the z direction in the IBL)
was horizontal. Small, well-defined tilt angles around that horizontal axis, referred to as tilts in
the � direction (see figure 1), were achieved by mounting the modules on wedges machined to
the desired angle. Rotations around the vertical axis, corresponding to different pseudo-rapidity
values (⇥), were made using specially designed spacers allowing rotations equivalent to tracks in
the pseudo-rapidity range 0.88 ⇤ ⇥ ⇤ 4.74 (figure 23).

The three test modules were placed in an insulated thermally controlled box together with
the reference plane. For some measurements, the modules were also mounted with the long pixel
direction vertical, such that the magnetic field of the dipole pointed in the same direction as in the
IBL (see figure 23). To test the modules under IBL operating conditions, they were cooled to a
sensor temperature of approximately �15⇥ C.

Beam particle trajectories were reconstructed using the high resolution EUDET telescope [35,
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Noise	  Bf	  &	  A}	  Ir.

Low	  noise	  variaDon

(a) (b)

Figure 20. I�Vb measurements shown at different module temperatures, after irradiation to a fluence of
5⇥1015neq/cm2, for (a) the FBK 87 module and (b) the CNM 36 module.

test beam data show that to be the case after irradiation. The ENC of 3D modules and of planar
modules is not significantly different. These data were collected using a threshold of 3200 e� and
a ToT measurement of either 5 or 8 bunch crossings for a 20000 e� signal.
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Figure 21. The MPV of the ToT spectrum measured for selected FBK and CNM 3D modules after bump-
bonding, using a 90Sr source. The data are shown in units of the 25 ns bunch crossing clock as a function of
Vb. Irradiated modules at several fluences are compared with non-irradiated samples.

5. Test Beam Measurements of the IBL Module

Detailed test beam studies of both non-irradiated and irradiated modules are essential to understand
the module performance. These studies allow a comparison with bench-top ENC and ToT data,
and as well allow both an understanding and an optimization of the module operating parameters.
Several IBL prototype modules have been characterized using 4 GeV positrons at a DESY beam
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5.2.4 Edge efficiency

The size of the inactive area of the sensors can be estimated by measuring the hit efficiency of the
edge pixels (see figure 9). Two dimensional efficiency maps and their one-dimensional projections
onto the long pixel direction are built for edge pixels. Figure 26 shows the photo-lithography sketch
of the edge pixels for both PPS (a) and CNM 3D (b) sensors, and the corresponding efficiency
projections. In figure 26 (c,d), the efficiency projections have been fit with s-curve functions.

(a)

(b)

Figure 26. Edge efficiency measurements following irradiation. (a) A PPS edge pixel photo-lithography
drawing with the efficiency projection of the PPS L2 module at Vb= �1000 V. (b) A 3D CNM edge
pixel photo-lithography drawing with the 1-dimensional efficiency projection of the CNM 34 module at
Vb =�140. The CNM 34 module was not fully biased in this measurement.

For the PPS modules, the inactive length is measured from the fixed dicing street. For PPS L2
at a bias voltage of Vb= �1000 V, the inactive region is estimated to be approximately 200 µm at
50% efficiency as shown in figure 26 (a).

The 3D edge design has a 200 µm guard ring extending over the edge pixels. The active area
extends to about 20 µm over the edge pixel making the inactive area also approximately 200 µm
at 50% efficiency. The reduced efficiency in some columns results from a lack of full depletion at
Vb =�140 V.
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AcDve	  Area	  &	  ResoluDon	  A}	  Ir.

Charge	  collecDon
• 90%	  of	  ToT	  a}er	  Irr.
• Noise	  <	  250e-‐
• IrradiaDon	  specs:
• NIEL	  5x1015	  neq/cm2
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Sensor	  technologies:	  Planar

• 2	  different	  Silicon	  Detectors	  
Technologies
– Planar:	  CiS

• installed	  in	  low	  |η|	  region
• 200	  µm	  thick,	  2x4cm2

• slim	  edges	  -‐>200µm	  inacDve	  iregion
– shi}ed	  guard	  rings	  (13)	  underneath	  acDve	  

pixels

• n	  in	  n	  technology
• operaDonal	  Voltage	  before	  irradiaDon:	  80V

• Double	  Chip	  Module:
– 1	  sensor	  -‐>	  2	  FE

11

Planar
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Planar	  a}er	  radiaDon

Cluster	  ToT	  distribuDon	  A}	  Irr.

later confirmed that proper bias adjustment fully recovers the excluded pixels.
Using the 90Sr source, figure 16 shows the MPV of the ToT charge distribution measured as

a function of Vb for the un-irradiated PPS 91 module, and for the irradiated PPS L4 module. The
tuning of PPS 91 (PPS L4) was made at Vb= �80 V (Vb= �500 V), aiming for a mean 1600 e�

threshold and a ToT measurement over 5 bunch crossings for a 10000 e� signal. While PPS 91 is
expected to have full charge collection (the MPV dependence is small), that of PPS L4 suggests
an increase of collected charge towards higher Vb as expected after irradiation from the increased
operating voltage, and at the highest voltages from charge multiplication. The lack of a reliable
ToT calibration for these modules precludes any measurement of the relative charge collection
efficiency.
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Figure 16. The MPV of the ToT spectrum for single-hit clusters measured as a function of the bias voltage
using a 90Sr source, for the un-irradiated PPS 91 and irradiated PPS L4 modules. The tuning was made at
Vb= �80 V (respectively Vb= �500 V) for a mean 1600 e� target threshold and a ToT measurement of 5
bunch crossings for a 10000 e� signal.

As discussed in Section 2.3.2 the ENC depends on the operating point for the FE-I4A IC.
Figure 17 shows the measured ENC as a function of Vb for the un-irradiated PPS 15 and PPS 91
modules, and for the irradiated PPS L4 module. The data are shown for several threshold settings,
and IC working points. The 120� 150 ENC of PPS 91 is typical of un-irradiated modules. The
ENC of PPS L4 is measured at several threshold values: typical noise values for irradiated PPS
modules at a threshold of 1600 e� are in the range 150�200 ENC.

As an example of proton-irradiated assemblies, Figures 18 (a) and (b) show the threshold and
ENC distribution for each channel of the PPS 60 module, with a mean threshold tuned to 1000 e�

and a ToT measurement of 5 bunch crossings for a 10000 e� signal. Figures 18 (c) and (d) show
the projections of each measurement. The measured noise for these tuning parameters is 142 ENC.

The qualification of 3D modules was made on 32 bump-bonded sensors from the CNM and
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Mean	  ToT	  Bf	  &	  A}	  Ir.

later confirmed that proper bias adjustment fully recovers the excluded pixels.
Using the 90Sr source, figure 16 shows the MPV of the ToT charge distribution measured as

a function of Vb for the un-irradiated PPS 91 module, and for the irradiated PPS L4 module. The
tuning of PPS 91 (PPS L4) was made at Vb= �80 V (Vb= �500 V), aiming for a mean 1600 e�

threshold and a ToT measurement over 5 bunch crossings for a 10000 e� signal. While PPS 91 is
expected to have full charge collection (the MPV dependence is small), that of PPS L4 suggests
an increase of collected charge towards higher Vb as expected after irradiation from the increased
operating voltage, and at the highest voltages from charge multiplication. The lack of a reliable
ToT calibration for these modules precludes any measurement of the relative charge collection
efficiency.
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Figure 16. The MPV of the ToT spectrum for single-hit clusters measured as a function of the bias voltage
using a 90Sr source, for the un-irradiated PPS 91 and irradiated PPS L4 modules. The tuning was made at
Vb= �80 V (respectively Vb= �500 V) for a mean 1600 e� target threshold and a ToT measurement of 5
bunch crossings for a 10000 e� signal.

As discussed in Section 2.3.2 the ENC depends on the operating point for the FE-I4A IC.
Figure 17 shows the measured ENC as a function of Vb for the un-irradiated PPS 15 and PPS 91
modules, and for the irradiated PPS L4 module. The data are shown for several threshold settings,
and IC working points. The 120� 150 ENC of PPS 91 is typical of un-irradiated modules. The
ENC of PPS L4 is measured at several threshold values: typical noise values for irradiated PPS
modules at a threshold of 1600 e� are in the range 150�200 ENC.

As an example of proton-irradiated assemblies, Figures 18 (a) and (b) show the threshold and
ENC distribution for each channel of the PPS 60 module, with a mean threshold tuned to 1000 e�

and a ToT measurement of 5 bunch crossings for a 10000 e� signal. Figures 18 (c) and (d) show
the projections of each measurement. The measured noise for these tuning parameters is 142 ENC.

The qualification of 3D modules was made on 32 bump-bonded sensors from the CNM and
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Figure 17. The ENC as a function of the bias voltage for the un-irradiated PPS 15 and PPS 91 modules, and
for the irradiated PPS L4 module. The noise of the PPS 15 and PPS 91 modules are measured for different
ToT tunings, while the noise of the PPS L4 module is measured at several threshold values. The PPS 15
sensor has a thickness of 250 µm.

FBK prototype batches. I�Vb measurements are shown for the full qualification set in figure 19,
for modules using FBK (a) and CNM (b) sensors. Clearly visible are the break-down points which
for most assemblies are |Vbk|> 30 V, reaching, in the case of CNM assemblies values greater than
|Vbk|> 100 V. The lower values of Vbk for FBK sensors, as compared to CNM sensors, results from
the p-spray concentration that is optimized to yield much large Vbk values following irradiation.

I�Vb measurements as a function of bias voltage following irradiation (5⇥1015neq/cm2) are
shown in figure 20 for FBK 87 (a) and CNM 36 (b) modules, measured at different sensor temper-
atures. These leakage currents grow with the bias voltage but there is no indication of breakdown
or thermal runaway at the temperatures considered.

As with the planar modules, 90Sr radioactive sources have been used with an external electron
trigger to test the measurement reproducibility of the 3D bump-bonded assemblies. Figure 21
shows the measured ToT signal as a function of the bias voltage using selected FBK and CNM
modules, before and after irradiation. From such measurements it can be seen that full depletion and
consequently maximum signal before irradiation is reached at about 10 V for the FBK module, and
at about 20 V for the CNM module. Because of the lack of calibration, no quantitative comparisons
of the charge collection efficiency are possible. Variations of the MPV with bias voltage for a given
detector are dependent on the charge collection efficiency, but the data are less well controlled than
test beam measurements. Nevertheless, operation at Vb � 160 V indicates an acceptable charge
collection efficiency following irradiation.

Figure 22 shows the measured ENC as a function of bias voltage for the FBK 104 and CNM

– 25 –

Noise	  Bf	  &	  A}	  Ir.
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5.2.4 Edge efficiency

The size of the inactive area of the sensors can be estimated by measuring the hit efficiency of the
edge pixels (see figure 9). Two dimensional efficiency maps and their one-dimensional projections
onto the long pixel direction are built for edge pixels. Figure 26 shows the photo-lithography sketch
of the edge pixels for both PPS (a) and CNM 3D (b) sensors, and the corresponding efficiency
projections. In figure 26 (c,d), the efficiency projections have been fit with s-curve functions.

(a)

(b)

Figure 26. Edge efficiency measurements following irradiation. (a) A PPS edge pixel photo-lithography
drawing with the efficiency projection of the PPS L2 module at Vb= �1000 V. (b) A 3D CNM edge
pixel photo-lithography drawing with the 1-dimensional efficiency projection of the CNM 34 module at
Vb =�140. The CNM 34 module was not fully biased in this measurement.

For the PPS modules, the inactive length is measured from the fixed dicing street. For PPS L2
at a bias voltage of Vb= �1000 V, the inactive region is estimated to be approximately 200 µm at
50% efficiency as shown in figure 26 (a).

The 3D edge design has a 200 µm guard ring extending over the edge pixels. The active area
extends to about 20 µm over the edge pixel making the inactive area also approximately 200 µm
at 50% efficiency. The reduced efficiency in some columns results from a lack of full depletion at
Vb =�140 V.
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Charge	  collecDon
• 90%	  of	  ToT	  a}er	  Irr.
• Noise	  <	  250e-‐
• IrradiaDon	  specs:
• NIEL	  5x1015	  neq/cm2
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Bare	  Staves

• Carbon	  foam
– heat	  exchange	  between	  the	  
colling	  pipe	  and	  modules

• OMEGA
– carbon	  fiber	  laminate	  bonded	  
to	  the	  foam	  to	  provide	  sDffness	  
to	  the	  structure	  YS-EX1515

• The	  pipe
– 	  is	  hard	  bonded,	  thermal	  
contact	  provided	  by	  epoxy-‐
loaded	  resins.
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Cooling	  Pipe
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Cooling	  service

• CO2	  two	  phase	  system.

• 14	  boiling	  channels	  w/	  a	  nominal	  
cooling	  power	  of	  100W
– The	  cooling	  power	  of	  the	  plant	  
has	  been	  set	  to	  2.0	  kW
• 	  safety	  margin	  =	  40%.	  

–Maximum	  temperature	  -‐30°C	  

• Maximum	  temperature	  in	  the	  
inlet	  of	  the	  channel
– Thermal	  gradient	  alog	  the	  pipe	  

• The	  Maximum	  Design	  Pressure	  =	  
100	  bar

14
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ProducDon	  chain

15



A.	  Miucci 30/09/13

IBL	  staves	  construcDon:	  procedure
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Stave0	  on	  the	  wire	  
bonding	  machine

Stave0	  on	  pull	  
tester

Glue	  stamping

Wing	  loaded	  with	  32g

Trimming	  pigtails	  with	  the	  Guillo3ne	  tool Grease	  mask	  working	  steps

Module	  loading
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Stave	  QA	  at	  CERN
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Warm	  tests	  @	  10°C Cold	  tests	  @	  -‐15°C

• Arrival	  of	  Stave
– OpDcal	  inspecDon

– Check	  powering

– Check	  e-‐readout

– FE	  configuraDon

• RecepDon	  Test
– IV	  Scan

– Digital,	  Analog	  and	  Threshold

– ToT	  and	  X-‐talk	  scan

– Noise	  Scan	  and	  short	  Source	  Scan

• Tuning
– 3ke,	  2.5ke,	  2ke,	  1.5	  ke	  |	  9	  ToT	  @16ke

– Noise	  Occupancy

• Pixel	  Analysis
– Digital,	  Analog	  and	  Threshold	  scan

– ToT,	  X-‐talk	  and	  Noise	  Scan

• Source	  Scan
– Am	  241	  source

– Sr	  90	  source

– Cosmic	  with	  external	  trigger
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ProducDon	  status

• 18	  staves	  planned	  
– 14	  for	  the	  detector
– 2	  as	  spares
– 2	  for	  the	  system	  test

• 12	  producDon	  staves	  already
– 9	  staves	  under	  QA	  at	  CERN
– 3	  staves	  in	  Geneva	  ready	  for	  the	  delivery

• 6	  more	  staves	  are	  coming	  in	  next	  weeks
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Conclusions

• Techologies	  qualified	  for	  550y-‐1

• 3D	  sensor	  technology	  for	  the	  first	  Dme	  in	  LHC

• New	  FE	  for	  high	  peak	  luminosity

• Stave	  QA	  is	  on-‐going	  at	  CERN

• ProducDon	  phase	  is	  almost	  over	  (12/18(14+4)	  staves)
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