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 CMS Outer Tracker
The CMS Outer Tracker
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320 µm  sensors

500 µm  sensors

3

 Active area 200 m2, 5.6 m long, 2.5 m diameter

 15148 silicon modules, 9.6 million electronic channels

 10 layers in barrel region, 4 Inner Barrel (TIB), 6 Outer Barrel (TOB)

 3+9 discs in the inner disks (TID) and endcaps  (TEC)

 Stereo modules (two modules with 100 mrad stereo angle) in 
 4 layers (3 rings)  in barrel (endcap)

 320 µm Si in inner layers (TIB, TID, TEC ring 1-4), 
 500 µm Si in outer layers (TOB, TEC ring 5-7) → two silicon wafers daisy-chained

 Analog readout
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Figure 3.22: Left panel: exploded view of a module housing two sensors. Right panel: photograph
of a TEC ring 6 module, mounted on a carrier plate.

3.3.3 Silicon modules

Module design

The silicon strip tracker is composed of 15 148 detector modules distributed among the four differ-
ent subsystems (TIB, TID, TOB, TEC). Each module carries either one thin (320 µm) or two thick
(500 µm) silicon sensors from a total of 24 244 sensors. All modules are supported by a frame
made of carbon fiber or graphite, depending on the position in the tracker. A Kapton circuit layer
is used to insulate the silicon from the module frame and to provide the electrical connection to the
sensor back plane, i.e. bias voltage supply and temperature probe read-out. In addition the module
frame carries the front-end hybrid and the pitch adapter. Figure 3.22 shows an exploded view and
a photograph of a TEC module.

Modules for the inner barrel, the inner disks and rings 1 to 4 in the endcaps are equipped with
one sensor, modules in the outer barrel and rings 5 to 7 in the endcaps have two sensors. In the case
of two sensors, their corresponding strips are connected electrically via wire bonds. Depending on
the geometry and number of sensors the active area of a module varies between 6243.1 mm2 (TEC,
ring 1) and 17202.4 mm2 (TOB module). In total 29 different module designs, 15 different sensor
designs and twelve different hybrid designs are used in TIB, TOB, TID and TEC. For alignment
purposes special modules are prepared with etched holes in the aluminium back plane to allow a
laser ray to traverse up to five modules.

The module frame provides the stability, safety and heat removal capability needed in the
sensor support and carries the read-out electronics. In addition it has to remove the heat generated
in the electronics and the silicon sensor(s) into the cooling points. In the endcaps the frame for the
one-sensor modules is U-shaped and made of (780±5) µm thick graphite (FE779 carbon). For the
two-sensor modules a similar U-shaped support structure is obtained by gluing two (640±40) µm
thick carbon fiber legs (K13D2U CFC, 5⇥125 µm fabric, cyanate ester resin (CE3)) on a 800 µm
thick graphite cross-piece (FE779 carbon) which holds the front end electronics. In the inner barrel
a 550 µm thick carbon fiber frame that surrounds the silicon sensor on all sides is used . For
the TOB, U-shaped module frames are obtained by gluing two carbon fiber legs (K13D2U CFC,
5⇥ 125 µm fabric, cyanate ester resin (CE3)) on a carbon fiber cross piece made of the same
material.
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Figure 3.19: Left panel: drawing of one corner of the active region of a wedge-shaped silicon
strip sensor for the tracker endcaps. Right panel: silicon sensor geometries utilized in the CMS
tracker. In the outer layers the sensors are paired to form a single module, as shown in the figure.
The Inner Barrel and Outer Barrel sensors exist in two types, of same area and different pitch. The
sensors utilized for the first inner ring exist in two different versions, one for TID and one for TEC,
respectively. (Only the TEC version is shown.)

Figure 3.20: Read-out scheme of the CMS tracker.

lution from charge sharing, operational robustness and ease of monitoring due to the availability
of the full analogue signal, robustness against possible common mode noise, less custom radiation
hard electronics and reduced material budget as the analogue to digital conversion and its power
needs are shifted out of the tracker volume.
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‣ Active area 200m2, 5.6 m, 2.5 m diameter 
‣ 15148 silicon modules, 9.6 milion electronic channels  
‣ 10 layers in barrel region:  
‣ 4 Inner Barrel (TIB), 6 Outer Barrel (TOB) 

‣ 3+9 disks in the Inner Disks (TID) and Endcaps (TEC) 
‣ Stereo modules (two modules with 100 μrad stereo angle) 

in 4 layers (3 rings) in barrel (endcap) 
‣ 320 μm Si in inner layers (TIB, TID, TEC ring 1-4) 
  500 μm Si in puter layers (TOB, TEC ring 5-7) 
‣ Analog readout

‣ Longer strips in outer layers/rings 
due to lower occupancy  

‣ Longer strips → thicker sensors 
to keep high signal to noise ratio 

The CMS Outer Tracker

+

320 µm  sensors

500 µm  sensors

3

 Active area 200 m2, 5.6 m long, 2.5 m diameter

 15148 silicon modules, 9.6 million electronic channels

 10 layers in barrel region, 4 Inner Barrel (TIB), 6 Outer Barrel (TOB)

 3+9 discs in the inner disks (TID) and endcaps  (TEC)

 Stereo modules (two modules with 100 mrad stereo angle) in 
 4 layers (3 rings)  in barrel (endcap)

 320 µm Si in inner layers (TIB, TID, TEC ring 1-4), 
 500 µm Si in outer layers (TOB, TEC ring 5-7) → two silicon wafers daisy-chained

 Analog readout Institut für Experimentelle Teilchenphysik  

Karlsruhe Institut für Technologie

Ivan Shvetsov - Operational experience on current silicon strip detector22/10/2018

9.3 million strips, 198 m2 active silicon area, 15148 modules 
5 m long, 2.5 m diameter 
10 layers in the barrel region, 4 inner barrel layers (TIB) and 6 outer 
barrel layers (TOB) 
3 inner disks (TID) and 9 endcap disks (TEC) 
Stereo modules (2 modules with stereo angle of 100 mrad ) in 4 layers 
(3 rings) in barrel (endcap)

CMS Strip Tracker

!4 21/10/2018

single sided
double sided
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Karlsruhe Institut für Technologie

Ivan Shvetsov - Operational experience on current silicon strip detector22/10/2018

Tracker read out is analog (signal height information) 
APV25 chip can be readout in 2 modes: 

peak mode (single sample from shaper) 
deconvolution mode (3 sample weighted average, 

shorter pulse) 
Signal from APV25 is converted to optical 

on the analog-opto-Hybrid (AOH): 
linear laser drivers 
edge emitting photodiodes 

Laser driver has four gain stages: equalise readout 
gain and compensate the radiation

Tracker Analog readout
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+400mV

-400mV

digital header information

analog payload

tick mark 
synchronisation  
pulses

70 BX

 Tracker Readout
‣ Tracker readout is analog based on APV25 chips 
‣ APV25 chip has two readout modes 
‣ Peak mode: single sample from CR-RC shaper 
‣ Deconvolution mode: 3-sample average to 

effectively shorten pulses (less out-off-time 
contribution) 

‣ Each chip reads charge peak of 128 strips 
‣ Signals from two chips are multiplexed and sent to a 

laser driver 
‣ Analog to optical conversion on Analog-opto-hybrid 
 (AOH) 
‣ Linear Laser Driver 
‣ Edge emitting laser diodes 

‣ Transfer to off-detector readout electronics 

Tracker modules have  
4 or 6 APV chips 

One LLD for each APV pair One optical fibre for each 
APV pair Off-detector FEDs

APV readout modes
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 Detector status in Run 2
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‣ Fraction of active components ~96 % 
‣ The bad components include:  
‣ Read-out channels excluded from the 

cabling (typically FEDs) 
‣  Unpowered groups of modules 
‣  Single APV25 chip or groups of strips 

masked from the offline reconstruction 
by a Prompt Calibration Loop algorithm 
[noisy channels] 

‣ Stable during Run 2

Institut für Experimentelle Teilchenphysik  

Karlsruhe Institut für Technologie

Ivan Shvetsov - Operational experience on current silicon strip detector22/10/2018

Fraction of active channels 96.5% 
stable during run 2 
Components excluded from data-taking: 3 control rings, power groups, 
individually switched off modules

Detector status in LHC Run 2 

!7

readout



�5

 Signal to noise performance

TIB TOB TID TEC thin TEC thick
2018 - ∫Ldt = 11.5 fb-1 16.5 21.7 16.0 16.9 21.8

320 μm thick sensors 500 μm thick sensors

High signal to noise ratio



�6

 Signal to noise performance

2008 JINST 3 S08004
]2/cmeq n14Fluence [10

0 0.5 1 1.5 2 2.5

D
ep

le
tio

n 
vo

lta
ge

 [V
]

0

100

200

300

400

500

600

]2/cmeqn14Fluence [10
0 0.2 0.4 0.6 0.8 1 1.2 1.4

]3
Cu

rre
nt

 d
en

si
ty

 [m
A/

cm

0
0.5

1

1.5

2

2.5

3

3.5

4
4.5

5

Figure 3.40: Left panel: Variation of depletion voltage with fluence for OB1 (triangles), OB2
and W5 (dots on upper curve) and IB2 (dots on lower curve) modules, after an annealing time of
80 minutes after each irradiation step. The curves correspond to calculations for 500 µm (upper
curve) and 320 µm (lower curve) sensors for an annealing time of 80 minutes at 60°C. Right panel:
Current density, scaled to 20°C, versus fluence after annealing for 80 minutes at 60°C.
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Figure 3.41: Signal-to-noise ratio versus fluence for modules with 500 µm (left panel) and 320 µm
thick sensors (right panel) in peak (filled symbols) and deconvolution mode (open symbols).

excellent agreement with the Hamburg model [59], with a minimum at 80 minutes annealing time,
corresponding to a 10 day shut down period at room temperature.

The leakage current is expected to increase with fluence, leading to a larger heat dissipation
and increased noise. In figure 3.40 (right) the dependence of the current density on the fluence is
shown. The current related damage rate, defined as the current increase, scaled to 20°C, per sensor
volume and equivalent neutron fluence, amounts to (3.79±0.27)⇥10�17 A/cm, which is in good
agreement with literature and measurements from test structures.

Measurements of the signal-to-noise ratio, S/N, of irradiated modules have been performed
with a 90Sr source. Due to an increase of the noise and a decrease of the charge collection efficiency,
the S/N is expected to decrease with fluence. The dependence of the S/N on the accumulated
fluence for thick and thin sensors in both read-out modes is shown in figure 3.41. For thick sensors,
the S/N decreased from 23 (35) to 15 (21) in deconvolution (peak) mode, while for thin sensors
a decrease from 18 (24) to 13 (18) was observed. These figures ensure a hit finding efficiency of
above 95% even after 10 years of operation at the LHC [60, 61].

– 89 –

‣Very high and stable signal-to-noise ratio in Run 2 
‣As expected, signal-to-noise ratio is decreasing with increasing 

sensor irradiation 
‣At the end of Run 3, signal-to-noise ratio of about 12 (18) expected 

in the thin (thick) sensors

JINST 3 (2008) S08004
Measurement with  90Sr source

500 fb-1
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 Cluster charge
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‣ Strip charge signal is corrected during local reconstruction to guarantee stability over time 
‣ Large fluctuations in the first 20/fb of 2016 data caused by the saturation of the pre-

amplifier of the APV chip   
‣ The effect will be partially mitigated with the updated calibration derived for the Legacy 

reprocessing of the Run 2 
‣ The later discontinuities in the trend are due to the updates of the gain and noise/

pedestal values. 
‣ Cluster charge is used to remove out-of-time pile-up clusters from tracking  
‣ Cut is placed at around 1000 ADC/cm  → no in-time hits are removed



  

Single hit resolution

Pair method: Hit resolution measured 
by using hits in overlapping modules 
of the same layer

Expected scaling with strip pitch 
can be seen

Slightly better resolution in thick sensor 
(higher S/N)
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 Hit resolution Hit resolution is 
computed by using 

overlapping 
modules in the 

same layer

predicted cluster  
width 0

predicted cluster  
width 1

‣Resolution is improving for the larger predicted cluster width due to 
the charge sharing 
‣Expected scaling with strip pitch is observed
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 Hit efficiency

‣ Hit efficiency > 98 % at highest instantaneous luminosities 
‣ Changes linearly with instantaneous luminosity  
‣ No indication of new saturation effect in pre-amplifier 
‣ At <PU> of 31.15 (IL 1.1x1034cm-2s-1) efficiency  ≳ 99 %

TIBTOB

TOB L1
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 Highly ionising particles (HIP)

‣ HIPs are particles releasing a large 
amount of energy (charge) in a given 
sensor 
‣ The amount of energy is about 100 times 

larger than a MIP 
‣ HIP probability decreases with the 

distance from IP as 1/r2

‣ Large energy deposit only on few strips 
causes APV baseline to drop  

‣ Baseline recovery can take several BXs  
‣ Chip becomes ineffective for a number 

of BXs 
‣ MIP signal not large enough to be 

accepted  
‣ Loss of efficiency 

HIP probability per p-p inter. per volume 

HIP energy deposition and its effect on the APV-chip readout
Module with 6-APV chips 

APV 1 APV 2 APV 3 APV 4 APV 5 APV 6
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 HIP & Hit Efficiency
Efficiency extrapolated to PU = 0 

efficiency slope HIP probability per p-p interaction

HIP main source of the observed inefficiency 
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 Radiation effects
‣ Regular measurements of radiation related quantities performed 
‣Leakage current (Ileak)  
‣Measured using power supply current and detector control units 

(DCUs) on individual modules 
‣Depletion voltage (Vdepl) 
‣ Full scans, twice per year (typically after technical stops) 
‣ Small scans on representative power groups ~1/month

Initial full depletion voltage values measured in lab

100V

300V
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 Depletion voltage
‣ Determined from the cluster width 
‣ Linear fit performed in two regimes 
‣ The crossing point → full depletion voltage 
‣ Not sensitive close to the inversion point

Cluster width

TIB Layer 1

TIB Layer 1 reached inversion point at the end of Run 2

‣ For TIB Layer 1 inversion pointed 
predicted at ~180 fb-1 (Hamburg 
model) 
‣ Delivered luminosity at the end of 

 Run 2:  192 fb-1 
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 Leakage current
‣ Leakage currents simulations are done based on  
‣ Silicon sensor temperature measured at the certain “anchor points” taken per module 
‣ Temperature is extrapolated to other periods using few representative temperature 

probes (e.g. periods with detector off ) 
‣ Particle flux simulation using FLUKA and scaled to corresponding fluencies in 1 MeV 

neutron eq 
‣ Leakage current at time t, for sensor with temperature T and fluency Φeq calculated 

from 

  

Radiation effects – Leakage current

22

Leakage current simulations are done 
based on 

Silicon sensor temperature measurements at 
certain “anchor points” taken per module 

Temperature is extrapolated to other periods using few 
representative “PLC-based” temperature probes (e.g. 
periods with detector off)

Particle flux simulations using FLUKA and scaled 
to corresponding fluences in 1 MeV neutron eq

Leakage current at time t, for sensor with 
temperature T and fluence Φeq calculated from

withTemperature Leakage current

  

Radiation effects – Leakage current

22

Leakage current simulations are done 
based on 

Silicon sensor temperature measurements at 
certain “anchor points” taken per module 

Temperature is extrapolated to other periods using few 
representative “PLC-based” temperature probes (e.g. 
periods with detector off)

Particle flux simulations using FLUKA and scaled 
to corresponding fluences in 1 MeV neutron eq

Leakage current at time t, for sensor with 
temperature T and fluence Φeq calculated from

with

Very good overall agreement between measurement and simulation
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 Leakage current

    Tcoolant = +4 oC  →  Tcoolant = -15 oC  → Tcoolant = -20 oC

Leakage current  as a function of integrated luminosity 
Averaged over regions of equal radius and scaled to equalise for different sensor volume  

Scaled to 0oC 

LS1 EOY17

‣ Generally good description with about 20% constant offset  
‣ Compatible given uncertainties of FLUKA and modelling parameters 
‣ Changes of effective α can be seen after LS1 and EOYs  
‣ Changes due to annealing during stops and change of temperature
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 Leakage current
Average leakage current increase for each module (2017)

Institut für Experimentelle Teilchenphysik  

Karlsruhe Institut für Technologie

Ivan Shvetsov - Operational experience on current silicon strip detector22/10/2018

In 2017 high voltage channels (mostly TIB L1) reached current limit 
Still in most of the cases limit could be increased 
However, there was no safety margin to stay at -15 ℃ (power supply 
limit 12 mA)

Leakage current

!20

empty regions correspond to problem with slow local control readout

increase of  

leakage current  

 divided by integrated  

luminosity

Closed (leaky) 
cooling loops 

Degraded  
cooling contacts 

Closed (leaky) cooling loops

Degraded cooling contacts

Institut für Experimentelle Teilchenphysik  

Karlsruhe Institut für Technologie

Ivan Shvetsov - Operational experience on current silicon strip detector22/10/2018

Thermal runway was observed! 
Self heating effect reduced by switching off half of stereo modules 
Then reduced bias from 300 V to 200 V

Thermal runaway

!21

2017 HV channel grouping  
double sided layer‣ Thermal runaway observed in 2017 in TIB+ 

modules 
‣ Self heating effect reduced by switching off half 

of stereo modules  
‣ Reducing bias from 300 V to 200V  

‣ For 2018 data taking temperature decreased from  
              T = -15 oC  → T = -20 oC
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 Leakage current

Institut für Experimentelle Teilchenphysik  

Karlsruhe Institut für Technologie

Ivan Shvetsov - Operational experience on current silicon strip detector22/10/2018

Expected modules with thermal runaway by the end of Run 3 (400 fb-1) 

Number of thermal runaways is reduced by decreasing the cooling set point 
Still further handles of this would be possible: 

it is possible to switch off individual modules (using so called HV 
jumpers) 
switch off half of the stereo layer of power group 

Plan to test running at -25 ℃ during LHC Long Shutdown 2

Number of expected thermal runaways
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-20 ℃ -25 ℃ 

Institut für Experimentelle Teilchenphysik  
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Ivan Shvetsov - Operational experience on current silicon strip detector22/10/2018

Expected modules with thermal runaway by the end of Run 3 (400 fb-1) 

Number of thermal runaways is reduced by decreasing the cooling set point 
Still further handles of this would be possible: 

it is possible to switch off individual modules (using so called HV 
jumpers) 
switch off half of the stereo layer of power group 

Plan to test running at -25 ℃ during LHC Long Shutdown 2

Number of expected thermal runaways
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-20 ℃ -25 ℃ 

Expected modules with the thermal runaway at the end of Run 3 (400 fb-1)

‣ Number of thermal runaways 
reduced by decreasing the 
cooling set points  

‣ Can be further reduced by 
‣ Switching off individual 

modules (using so called HV 
jumpers) 

‣ Switching off half of the 
stereo layer modules 

‣ Running at -25oC will be tested 
during LHC Long Shutdown 2 
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 Radiation effect in optical readout

 Threshold current evolution 

‣ Threshold increase in high luminosity periods observed 
‣ Annealing in off beam period 
‣ Clear dependence on radius 
‣ Maximum allowed threshold current 22.5 

Decrease after coolant  
temperature change

‣ Radiation effects in optical readout lead to decrease in efficiency and increase in 
laser threshold current
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 Summary
‣CMS Outer Tracker performing well after 10 years of operation   
‣Fraction of functional detector components stable in the last few 

years  
‣Signal to noise, hit resolution and hit efficiency are very good and in 

agreement with expectation  
‣Radiation effects are visible in all parts of the detector 
‣Monitoring various effects (leakage current, depletion voltage) 
‣TIB Layer 1 reached inversion point 
‣Simulation effects are in good shape to model the behaviour of the 

system with increasing irradiation  
‣Prediction of the performance at the end of Run 3 in progress 

‣Detector is keep cold  [at 0oC] during LS2 except in period of pixel 
and beam pipe extraction [~60 days]
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