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The Compressed Baryonic Matter Experiment

To be built as a part of Facility for
Antiproton and lon Research (FAIR)
in GSI, Darmstadt, Germany;

Fixed target experiment;

Heavy ion beams will be provided
by SIS100, and later, SIS300
synchrotrons;

SIS100: up to 11 AGeV for heavy
ions, up to 30 GeV for protons;
SIS300: up to 45 AGeV for heavy
ions, up to 90 GeV for protons.




The Compressed Baryonic Matter Experiment

* Aim: study the QCD phase
diagram in the region of high
net-baryon densities and
moderate temperatures;

* L-QCD not applicable in this
region;
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The Compressed Baryonic Matter Experiment

* Aim: study the QCD phase
diagram in the region of high
net-baryon densities and
moderate temperatures;

* L-QCD not applicable in this
region;

* Already at SIS100 energies the

fireball is compressed (> 8 po);
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The Compressed Baryonic Matter Experiment

A

* Aim: study the QCD phase
diagram in the region of high
net-baryon densities and
moderate temperatures;
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The Compressed Baryonic Matter Experiment

Silicon
Tracking
System

Detectors for particle identification. Electron+hadron
(installed) and muon (parking position) setups.



The Silicon Tracking System

* Task: reconstruct the tracks of R . A
charged particles and 1T magndei Al S ey
determine their momenta; S L o ’

T .éolligi_on rates’
#-~from 100 kHz.to
© 10MHZ

* Track reconstruction efficiency
> 95% (for p > 1 GeV/c),
momentum resolution ~ 1.5%;
single hit efficiency close to
100% at low material budget;

* Interaction rates up to 10 MHz;



The Silicon Tracking System

Task: reconstruct the tracks of { . A
charged particles and WAV g U W i bacteed
determine their momenta; ST o ’

/., collision rates

Track reconstruction efficiency
> 95% (for p > 1 GeV/c),
momentum resolution ~ 1.5%;
single hit efficiency close to
100% at low material budget;

Interaction rates up to 10 MHz;
Electronics outside of the

physics aperture (2.5°< © < 25°)
for low material budget;

8 stations located downstream
of the target inside the target
magnetic field.




The Silicon Tracking System

Task: reconstruct the tracks of
charged particles and
determine their momenta;

Track reconstruction efficiency
> 95% (for p > 1 GeV/c),
momentum resolution ~ 1.5%;
single hit efficiency close to
100% at low material budget;

Interaction rates up to 10 MHz;

Electronics outside of the
physics aperture (2.5°< © < 25°)
for low material budget;

8 stations located downstream
of the target inside the
magnetic field.
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1T magnetic
dipole field
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The Silicon Tracking System

Low material budget:
< 0.3% - 1.18% Xoin the inner
areas;

Double-sided silicon strip
SEeNsors;

i '-40 -30-20-10 0 10 20 30 40
mech. unit ladder modules X [em]

Module: sensor + r/0 .
, . r/o electronics
microcables + r/o electronics;

Readout from one edge. sensor
cables

|

material budget [% X,]



Double-sided strip sensors

pt-n~-n* silicon, double-sided;
1024 strips per side;

Stereo angle front-back side 7.5°
58 um strip pitch, ~300 pm thick;
Strip length: 2/4/6/12 cm;
Poly-Si biasing structure;
AC-coupled readout;

Corner strips interconnection:
additional metal layer (double
metal) or external cable;
Miniature (baby) sensors:
orthogonal strips, 50 um strip
pitch, same wafer;

Vendors: Hamamatsu (Japan),
CiS (Germany).

CBM prototype sensor corner
view: readout cable attached

Prototype sensor with an
external cable attached,
clamped in the PCB

Miniature (or baby) sensor,
clamped in the PCB
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Double-sided strip sensors

pt-n~-n* silicon, double-sided;
1024 strips per side;

Stereo angle front-back side 7.5°
58 um strip pitch, ~300 pm thick;
Strip length: 2/4/6/12 cm;

Poly-Si biasing structure;

[

AC-coupled readout;

Corner strips interconnection:
additional metal layer (double
metal) or external cable;
Miniature (baby) sensors:
orthogonal strips, 50 um strip

pitch, same wafer;
Vendors: Hamamatsu ( J apan) Schematic view of the wafer before dicing
CiS (Germany);

Wafer: prototype sensor, miniature

sensors, test structures.



Double-sided strip sensors

pt-n~-n* silicon, double-sided;
1024 strips per side;

Stereo angle front-back side 7.5°
58 um strip pitch, ~300 pm thick;
Strip length: 2/4/6/12 cm;

Poly-Si biasing structure;
AC-coupled readout;

Corner strips interconnection:
additional metal layer (double
metal) or external cable;
Miniature (baby) sensors:
orthogonal strips, 50 pm strip
pitch, same wafer;

Wafer: prototype sensor, miniature Schematic view of the wafer before dicing
Sensors, test structures.

[]

: :

Limitations of the sensors’ performance: radiation damage, quality of
the sensors



Investigation on the radiation tolerance of the
STS sensors



NIEL for STS: FLUKA calculation

» Flux: neutrons, protons, pions, electrons, other;
» Lifetime fluence: 10 cm=~in 1 MeV neutron equivalent.
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Accumulated NIEL: 25 AGeV Au+Au.
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Irradiations

» Neutron irradiation: reactor neutrons
at JSI, Ljubljana, Slovenia;

» Miniature sensors (2 batches), ~ 20
SEensors;

» Fluences: from 1x10'3 neg/cm? to
2% 1 014 neq/Cm2;

= A

Reactor facility at JSI; Irradiation tube pointed
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Irradiations

» Neutron irradiation: reactor neutrons
at JSI, Ljubljana, Slovenia;

» Miniature sensors (2 batches), ~ 20
SEensors;

» Fluences: from 1x10'3 neg/cm? to
2% 1 014 neq/Cm2;

» Proton irradiation: 23 MeV protons
at KIT, Karlsruhe, Germany;

» Prototype sensors;
» Fluence: 2x10'* neg/cm?.

Irradiation facility at KIT
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Leakage current as a function of the fluence

Measurements with n-irradiated miniature sensors (CBMO05):
» confirmed increase proportional to @;

» a = (5.52+0.05)x10 7" A/cm;

» = estimation of the leak at various levels of irradiation;
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Leakage current as a function of the fluence

Measurements with prototype sensors (CBMO05, 06) irradiated with protons:
» iIncreases > 1 mA;

» using a extracted previously - feak (6x6 cm? sensor) ~ 1.15 mA (+ 20 %);
lleak (Bx4 cm? sensor) ~ 0,85 MA (= 20 %);

» high leakage current - long-term stability.
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Evolution of the full depletion voltage

Measurements with n-irradiated miniature sensors (CBMO05), two batches:

» Experimental data + Hamburg model: calculation of Ne+Na(ta=6 hrs),
290 um sensor, Nero = 1.33x10'2 cm™= (Vg0 = 85 V);

» Space charge sign inversion at = 2.2x10'3 negcm2.

_________________________________________________________

1000 —— Hamburg‘model
] o  CEM miniature sensors (batch A)
[ & CBM miniature sensors {batch B)
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>
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Evolution of charge collection

Measurements on n-irr. miniature
sSensors:

» High voltages for high charge
collection;

» Considering Vi extracted from C-V
measurement: more than 200 V over

depletion is needed in most of the
cases;

Charge, ke-

Charge, ke’

CBMO5 baby sensor, p-side set 1, all clusters
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Evolution of charge collection

Measurements on n-irr. miniature 2] BS
. B 7 o -

sen§ors. | w] (45 %ﬂ%f i
» High voltages for high charge o '

collection; & :: In-side readout| o MPV @495V
» Considering Vi extracted from C-V 5 14

measurement: more than 200 V over o

depletion is needed in most of the 1

Cases ’ 1 0:0 S,Oxl'l 0" 1 ,O><I'IO14 1 ,5><I1 " 2,0><|1 " 25%10™
» Up to 1x10" neqg cM2: @ nufent

~ 95% at n-side, = 90% at p-side;

204 : : :

» beyond 1x10'* neq cmM2: 0] 2 777 g 7

p-side signal suppression; . 3 :ij -
» after the SCSI: junction at n-side, 2 e . j:

. . o . p-side readout

electric field non-uniform g

(@ = 1x10' neq cM2), higher hole ] v _MPV@495V

trapping probability, multiplication at 12

highest field (n-side); Wl | | | |
» Different charge collection before T

irradiation: thresholds, isolation
structures.



Evolution of charge collection

Measurements on prototype sensors

(Hamamatsu and GiS, 2x10" neg cm2):

» Before irradiation: thicker sensors -
higher charge collection;

» After irradiation: relative charge
collection efficiency higher for thinner
detector: = 80+90% vs. =~ 70+80%;

» Drift length: Len = (UT)enE;

» Overall CCE at twice the lifetime
fluence is good - S/N to be
evaluated;

» 4 detectors, all different: more
statistics;

» Measurement conditions for
comparison?

Collected charge [ke-]

Collected charge efficiency, %
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Sensor name
SMwC DM SMwC DM
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CBMO5H4
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Time evolution of Vi

Measurements on baby sensors:

» higher fluence - higher effect of
annealing: Na ~ ®@eq, Ny ~ Dgq;

» WBSN21e14 = beneficial annealing
at 11 mins @ 80 °C; w251e13,
w12sn2se14: effect not
pronounced;

» WosNT1e14: minimum of Vi after 7
days of 25 °C exposure;

» reverse annealing: Vyy before the
SCSI decreases (w25), after the

SCSI increases (w12sn2, wosn2,
wobsn1);

» real conditions: maintenance
period (room temperatures?
10 °C”? how long? - open).

Full depletion voltage, [V]

V..,V
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Time evolution of Vi : parametrization in terms of Nes

976 2004 3032 4060 5088 6115 7143 days@20°C

Change in absolute effective impurity 20"
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Charge collection as a function of time

Changes in charge collection
(baby sensors):

» Good to observe on the long-term
scale with accelerated annealing;

» Either within the error bars or slow
decrease;

» Even if overkept at room
temperatures - not so harmful,

» Increasing Vi may influence
- lower E(x) at a fixed voltage;

» Short-term scale benefits? more
data needed, as 1 min. at 80 °C =

5.14 days at 20 °C; step = 11 min.

» Some works: CCE decreased
during short-term annealing (S.
Marti i Garcia), some other works:
same signal at lower applied
voltages.

Charge collection (MIP), ke-

Charge collection (MIP), ke-
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Operational stability

Operational stability:

» stable environment - stable
operation;

» 350 v shown before = 0.8 MA,
Istabilized after the ramp-up = 1.4+1.5 MA;

» Slow decrease of the reverse
current: can be annealing;

» Rapid increase of humidity - rapid
increase of the reverse current -
thermal runaway starts at some

point (~ 2 mA) = ramp-down or &i;
more pronounced for CiS sensors,
especially DSDM one;

» Hamamatsu sensors: full or partial
recovery;

- Current, mA
- Temperature, °C|

CBMO6CE-W14-SMwC (#=2:10" n, fem?) . Humidity, %
2.2 : : : :
2,0 4 S : : MM |
1.8 ? 3

R —
14 _-'7!':.:-. [
124
1-0‘, P " . N N
06
041

0 2 frerSoges R T SRR 0 e ) g L e F-

0,0+

Time, days

+ Current, mA
_ 14 2 - Temperature, deg. C
CBMO0O5C6-W6-DM (®=2x10 neqlcm ) . Relative humicity, %

3,0

" TV

2,54
2,0+
1,5
1,0 “ .

0.5,

Time, days
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Operational stability

Operational stability:

» stable environment - stable operation;

» /350 V shown before = 0.8 mA,

Istabilized after the ramp-up = 1.4+1.5 MA;

» Slow decrease of the reverse current:

can be annealing;

» Rapid increase of humidity - rapid

»

»

increase of the reverse current -
thermal runaway starts at some point
(~ 2 mA) - ramp-down or &; more
pronounced for CiS sensors (larger
area, most probably), especially DSDM
one;

Hamamatsu sensors: full or partial
recovery, N0 runaway no breakdown;

Humidity sensitivity - not a radiation-
iInduced effect, observed on non-
irradiated sensor.

3.0

CBMOBCE-W14-SMwC
@=2.10" n_fem’

= Currnent, mA
+  Temperature, °C
o Humidity, %

Time, hours

CBMO5H4-W18-SMwC (=2:10"" n_/cm’)

Time, days




Summary

Irradiation studies:

» Charge collection (baby sensors) up to 1x10' neq cm™: = 95% at the n-side,
~ 90% at the p-side - very good ;

» Charge collection of prototype sensors (CiS and Hamamatsu) at 2x10'4cm=:
~ (0+80% Hamamatsu, =~ 80+90 CiS;

» Charge collection as a function of time: a few percent decrease on a long-
term scales (1 year and more at 20 °C, at fixed bias voltage);

» lieak, Nefr, Vg time evolutions: understood, parameters obtained - predictions
can be made;

» Operational stability: stable even at high reverse currents (~1.5 mA) under
stable environmental conditions; sensitive to rapid change in humidity -
synchronize monitoring and ramping-down soft;

» Next step: evaluation of the module performance (latest prototype
components).



Development of the Quality Assurance test stand
for strip diagnostics



Quality Assurance (QA) of the STS sensors

Large volume production - 900
sensors to be produced,;

Double-sided sensors (2048
strips) » complicated
manufacturing - increased risk of
fabrication defects;

Ensure sensor quality - Quality
Assurance procedures/tests;

QA tests to be performed: at
vendor sites + at Quality Test
Centres;

Sensor quality to be monitored at
several steps of the detector
assembly.

Sensor fabrication center

Distribution and control center
GSI, Germany
QA Test Center QA Test Center QA Test Center
GSI EKU JINR
Darmstadt, Germany| |Tubingen, Germany| | Dubna, Russia

Module assembly centres




Quality Assurance (QA) of the STS sensors

Large volume production - 900
sensors to be produced,;

Double-sided sensors (2048
strips) » complicated
manufacturing - increased risk of
fabrication defects;

Ensure sensor quality - Quality
Assurance procedures/tests;

QA tests to be performed: at
vendor sites + at Quality Test
Centres;

Sensor quality to be monitored at
several steps of the detector
assembly.

Sensor fabrication center

Distribution and control center
GSI, Germany
QA Test Center QA Test Center QA Test Center
GSI EKU JINR
Darmstadt, Germany| |Tubingen, Germany| | Dubna, Russia

Module assembly centres




Quality Assurance tests

* QA tests on a sensor level:
determine the overall sensor
health:;

* QA tests on a strip level:
» determine the design
parameters (microscopic

electrical tests);

» evaluate the strip quality
(strip diagnostic tests).

Quality Assurance tests for the STS sensors

v/

N\

QA tests for
sensors

QA tests for
strips

Optical inspection
100 % of sensors
EKU

Bulk electrical

tests
100 % of sensors
GSI, EKU, JINR

Microscopic
electrical tests

up to 10% of sensors’
GSlI, EKU, JINR

Long-term stability

tests
1-3% of sensors
GSI, EKU, JINR

Strip diagnostic
tests

up to 100% of sensors”
GSI, EKU, JINR

* Currently is being
discussed.




Quality Assurance tests

* QA tests on a sensor level:
determine the overall sensor

health;
* QA tests on a strip level: Visual inspection

» determine the design N —r
parameters (microscopic .

electrical tests); LY f

z}f 0

» evaluate the strip quality V. OV test

(Strip diagnostic teStS)' CBMO6C6-W14-SMWC - current, mA

=2:10" n, Jom’ et

Time, days

Long-term stability test
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Quality Assurance tests

* QA tests on a sensor level:
determine the overall sensor
health;

* QA tests on a strip level:
» determine the design
parameters (microscopic

electrical tests);

» evaluate the strip quality (strip
diagnostic tests).

Quality Assurance tests for the STS sensors

v/

N\

QA tests for
sensors

QA tests for
strips

Optical inspection
100 % of sensors
EKU

Bulk electrical

tests
100 % of sensors
GSI, EKU, JINR

Microscopic
electrical tests

up to 10% of sensors’
GSlI, EKU, JINR

Strip diagnostic
tests
up to 100% of sensors”

Long-term stability

tests
1-3% of sensors
GSI, EKU, JINR

GSI, EKU, JINR

* Currently is being
discussed.




Strip diagnostic tests

Evaluate strip quality - identify strip
faults;

Strip faults: danger for the readout
electronics; deteriorate track
reconstruction efficiency;

Most common strip faults (STS
sensors): “pinholes”, readout strip
short circuits.

To be measured additionally: strip
leakage current; “leaky” strips -
potential damage to the r/o electronics;

Scratches - very high risk of strip
faults.

“Pinhole”

.

;;.—, _—

=

Readout strip “short”

Surface scratches
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Strip diagnostic tests

Series production: 2048 strips per
sensor - 1 843 200 strips (900
sensors) —» automation required.

Surface scratches
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Equipment

* Cleanroom: class ISO 4;

« Suss PA300 PS wafer prober
» ~ 1 um movement
precision;
» Gontrol center, GUI;

 Measurement instruments:
Keithley 2410, Keithley 6487,
QuadTech 7600:;

 Manual measurements.

Cleanroom lab @ GSI, Darmstadt
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How the strip diagnostic tests are done

O HI
O Lo

Instrument

Control center

Probe station
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Concept of the automated test stand

* Requires simultaneous control
of the instruments and the
probe station electronics;

* Decouple the tasks: Master
and Slave (practical reasons);

* LabView software for
Initialization, measurement
flow, communication,
automation.

ProberBench PC

LabVIEW software| <= |COM

!

SCI

!

Ethernet

Probe station electronics

Master PC

COM

<> |LabVIEW software

A\ 4

A 4

A

DUT

Probe Station

GPIB

Measurement
equipment




Realization: step by step

{3 Master-Main.vi e=J

Automation of the stepping

procedure; =00

Front panel ‘ Errors ‘

Virtual instruments and e
interface developed for pinhole

Table Control

and readout strip short circuit o =
ests (LabView) == =
R 5
Added: strip leakage current wipsss e 5
test; s e o
Strip #42 -12,267€E-12 Ok

Next: multi-purpose -
m eaSU rem ents . File will be saved to: strips on current side

%) D:\CBMO3'-F5-W13-f0.txt L

File Edit View Project Operate Tools Window Help @)

m




Switching matrix: multi-purpose measurements

Switching matrix (multiplexer):
links any input with any output;

Using various needle
combinations - various tests
can be done in a row;

Measurement time is reduced;

Probing of the pads: minimized
- risk of scratching minimized;

Matrix chosen: Keithley 708B
mainframe + 7072-HV
switching card; 8 inputs x 12
outputs.



Switching matrix: multi-purpose measurements

Switching matrix (multiplexer):
links any input with any output;

Using various needle
combinations - various tests

41 5| 6
can be done in a row; BN S Gl o
L0 1B
| /| )| )I C L O HI  Keithley 2410
. . . A D LO Lo V sourc i (bias)
Measurement time is reduced; a1
. |E
: | \ﬁ_\j_\ﬁ— y - HI  QuadTech 7600
= sl sl P 1O LCRmeter
Probing of the pads: minimized Switcing matrs

- risk of scratching minimized;

Matrix chosen: Keithley 708B
mainframe + 7072-HV
switching card; 8 inputs x 12
outputs.

Integrated to the setup.



Software interface for automated tests

Automated tests: strip
diagnostic tests + coupling
capacitance (optional);

Measurement results are
reflected online and stored in a
file;

Both single and multiple tests
can be performed;

Optimization of the
measurement sequence and
speed;

Three diagnostic tests:
~ 4 seconds per strip.

{3 Program is running
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Software interface for automated tests

Automated tests: strip
diagnostic tests + coupling
capacitance (optional);

Measurement results are
reflected online and stored in a
file;

Both single and multiple tests
can be performed;

Optimization of the
measurement sequence and
speed;

Three diagnostic tests:
~ 4 seconds per strip.

M




Software interface for automated tests

Automated tests: strip
diagnostic tests + coupling |
capacitance (optional);

Measurement results are

reflected online and stored in a S BB BT

file;

Both single and multiple tests

can be performed;

Optimization of the

measurement sequence and .
speed; s

[
L

Three diagnostic tests:
~ 4 seconds per strip.



Typical output of the automated scan

3 tests performed in a row: strip |

CBMO6H6 W09

leakage current, pinhole test, |
readout strip short test; &
* ~ 4 seconds per strip (3 tests); 5

100p

0 1 |E|[| 2('10 3.|:'| 0 4 |E| 0 SIEII:] 5,13'10 7['| 0 8 | 0

1 pinhole failure identified:
strip #410;

10n

°
Current, A

Other parameters: normal;

* Acceptance in terms of strip defects: toop L
< 1% per sensor (both sides); .

» Sensor quality so far: < 0.3%’ (CiS); 3 =
< 0.7% (Hamamatsu). s

0 100 200 300 400 500 600 700

‘Based on pinhole test data. Strip number




Summary

Quality Assurance:
» A test stand for automated strip diagnostic tests developed;
» LabView software for automation;

» Multi-purpose measurements: three QA tests are done in a row; ~4 seconds
measurement time per strip;

» To be used during series production of sensors.



Summary

Quality Assurance:
» A test stand for automated strip diagnostic tests developed;
» LabView software for automation;

» Multi-purpose measurements: three QA tests are done in a row; ~4 seconds
measurement time per strip;

» To be used during series production of sensors.

Thank you for attention!
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Evolution of the full depletion voltage

Measurements with prototype sensors (CBMO05, 06) irradiated with protons:

» Vg was not extracted from the C-V measurement! - distortion due to high
leakage currents;

» Estimation of Viy using the Hamburg model: difference for thicker
(Hamamatsu) and thinner (CiS) sensors - evolution is different - comparison
IS not trivial.

Hamburg model
parametrization for:
—— CBMOSCB-DiM
—— CBMOBCB-ShtwC
CBMO5H4-DIM
—— CBMOSH4-ShtwC
o W =(224£24)V

v V., =(298+31)V

400 -

300 H

Veo: V]

200 +

100 4

0 500 1000 1500 2000 2500 3000

@, 10" [n, .. fem’]



Time evolution of /ieax

Measurements on baby sensors:

» lleak decreases at both 25 °C and
80 °C as expected;

» Apross0) = (5.32+0.05)x 107 A/em;

» precise evolution - precise
measurements with temperature

compensation and suppression of

the surface currents.

Leakage current, A

Al(20 °C) / Volume, A<cm®

3,0x10°
—o—&=1x10"n CI;‘cm 80 °C, min
2,5¢10° 1 —0—®=5x10"n, fem? 80 °C, min
- —A— @ =1x10"n, jem? 80 °C, min
2.0x10° ) —o—@=1x10%n_fcm? 20 °C, days
1,5%10°
Q. - —
1,0610°% -
O
—o
5,010 ©
o —0—0n
0.0 . i 4 : t
20 40 60 80 100
Annealing time (80 “C), min/days
6,0x10°
o Al fVolume
5 0x10°® 4 [=——_Linear fit, & (10 min @ 80 °C} = (5.32 +0.05)x10"" Afcm _//E'- -
4,010 - e
3,010 o
- //
2,010 e
1,0010° 1 T
e
004 B
0.0 5,0x10" 1,0¢10™

@, n, fem’




Setup (charge collection tests)

PC

Power supply

(ROC and FEB)

ROC
NI USB FEB
6009 s0se |

Power supply
(PT100, HIC-3602)

Power
supply (sensor)

Power
supply (PIN diod)

L2 ee

Test box

Al absorber —
PIN diod —

Coil pipe
(a)
908r source
T,°C
Sensor — RH, %
sensors

Test box

N2
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Au+Au collisions, hadronic freeze-out line

| T |
200
! X\QQ P el
< NI I PN o o
© o A ¥ © .
g 150 40
I~ — S=0 & Q/B=0.4 30
20
o ®  RHIC
5 R
“(B' 100 ¢ FAIR
: | -
c [ Hadronic freeze-out
A
. J. Randrup & J. Cleymans
- [Phys. Rev. C74 (2006) 047901]
1

0.00

A l A
0.04

oo oz
Net baryon density pg (fm™)

0.16

55



STS performance

=100 : ' " i-m'
é [ gx;aa*‘#‘u'a“‘ﬁ“;‘*l““ o ‘EW,IN | ||
L o t;i‘“‘
?; 80
= R
) [ == All tracks (91.7%)
o p—( i
é 60 — Primary tracks (95.9%)
S i = Secondary tracks (73%)
= 40_ ‘
ri
20f-
00I\IIlll\I2IIII3II\I4IIII5
P [GeV/c]
Track
reconstruction

efficiency

|

%

Efficiency |

=) 100_

i

R
=
T T

— All tracks (

— Primary tracks (96.

93.9%)

9%)

=
<
T

[\
[—
T T

| T | T |

| T

5 10 1

5 20

25

Polar angle [deg]

dP/P [%]

= All tracks

i

||1|||\2||||3|||\4.||\|5|||\6

P [GeV/c]

Momentum
resolution



STS test socket

Plunger-Top

Dimple
_~Barrel

e

-Plunger-Bottom

(b)

Prototype sensor mounted in
the test socket

Pogo-pins
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Readout electronics

128
sensor
channels

=)

UMC 180 nm CMOS

 purely data driven read-out
 time-stamped data
elements

v1.0 produced
v2.0in 9/2016

copper
link

time-stamped data

8 STS-XYTER chips

a 1/2/5 LVDS links out

channels 128, polarity +/-

noise < 1ke- at 20-50pF load
ADC range linear up to12 fC, 5 bit
clock 250 MHz

power < 10 mW/channel
timestamp < 10 ns resolution
out interface |5 x 500 Mbit/s LVDS

under development

34th Reimei Workshop, Tokai, Japan, 8-9 Aug.

2016

=)

Front-end Board Read-Out Board

optical
link

—

data combining

GBTx chip-set (CERN):
3 GBTx, 1 VTRX, 1 VTTx, 1 SCA

42 E-links a 320 Mb/s
3 GBT optical uplinks a 4.48 Gb/s

under development /

production

J. Heuser - Status of the CBM Experiment at FAIR

Data
Processing

Board
time-slicing

) 4

FLES farm
online event
computing
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STS-XYTER: structure

peaking time VthF

30ns TS counter
FAST 4;
SHAPER / TS latch :>
stretch
SLO
SHAPER 5-bit flash ADC :>

S

validate
&
store

VADCmin
[

vADCmax
_.
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Particle finder

Tracks: e*, u*, n*, K%, p*
secondary and primary

Open-charm:

D' - xa° K

D' s K

D" - xK*

DY o a K
—nn K
—ar K

s KK

= K K
- Kp

w

w

> O O0U

o

Strange particles:
Ki, -
A —-pm

A

/\

Multi-strange
hyperons:
= —=Arm
Z —=An
Q - AK
Q - AK*

Open-charm

résonances:
DY —=D'n
DY D
D" —-D'n
D" - D'n

v

[

Multi-strange

Strange and multi-

strange resonances:

' —=Ar
o An
L —=Amw
I —Arn
K* — K% n-
K" =K’ n
E" =2 AK
S AK

Gamma
Y —e e
Strange resonances

K" -K'm

K" -1 K

A* —pkK

A" —-pK'
Light vector mesons:
p —ee
P —pw
o —ee
o —pp
o —ee
¢
¢




Performance of hyperon and open charm measurements

5-10° central Au+Au collisions, 10 AGeV

- x10° _ -
2 [ ‘A < 40000 0 2 g0l O
2 6000~ > I - ) = 5.1%
[ L eff=5.
2 I eff = 25.7% E eff = 8.5% % 600 ’
> 4000~ R g I SBe = 178 g [ S/Bg=1.0
7)) =6. L =17. L
2 | g 2 20000 g P |
N ‘: § | L wﬁ:,
= L - - [ . o
= 20000 L s l S o200 # VRN
,].IJ, 15 12 125 1.3 1.4 1.5 6 17 18 19
- 2 =
m,, pt (GeV/c?) m;,, TA (GeV/c?) m, KA (GeV/c?)

p+C collisions, 30 GeV (SIS100); 102 centr.

£

617D

S
—

Entries / 8 (MeV /L’)
8
Entries / 8 (MeV/c?)
o
=2

hh o 290 D*
"o’o,ﬁ.v,

100- M‘ " J
y——

1.6 1.8 2 2.2 l.4 6 2 2.2
m,  (GeV/c?) (GeV/cd)

II’I Y



Micro Vertex Detector (MVD)

{4 planar MVD stations
\ in the target
vacuum

Ultra-thin: CVD diamond, TPG

Geom. O
acceptance

Geometrical acceptance:
station 0

station 1

16mm

0.5mm

] n.
L 13mm 3MM
< ~ 3mm

RVC foa

ﬂrototyping & test
MVD demonstrator MVD prototype

/ Sensors: CMOS MAPS \

* Radiation hard,

» Thinned to 50 um,

* < 150 mW/cm?,

« spatial resol. < 5 ym,

* R/O several 10 us/frame

Thermal Pyrolytic
Graphite

J

34th Reimei Workshop, Tokai, Japan, 8-9 Aug.

2016

J. Heuser - Status of the CBM Experiment at FAIR
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Energy loss: NIEL

NIEL:
» displacement damage;
» Frenkel pairs are produced;

» minimum Eq ~ 20 eV to produce
a primary knock-on atom;

» charged particles: Rutherford
scattering;

» neutral: mainly elastic
scattering, but also nuclear
reactions, €.9.,308i +n -3 Si+~; 318i 5 P+e~ +7

Radiation

Maximum recoil energy that
can be transferred (elastic scattering):

mpms;

(mP + mg;)?

ER,max — 4EP

1 MeV neutron: average Er =~ 50 keV vacancy (V) + interstitial (I) pair



Energy loss: NIEL

Produced defects:

» recombine if located within the
lattice cell; = 60% of overall cases;

» are mobile at T > 100K, thus
diffuse away - interact with other
defects or bulk impurities

C, RO, ...);

» if Er > Eq, produce further V- pairs.

36824 vacancies

4145 vacancies

8870 vacancies

=T T "I;‘(I."'I"l ] T~ \ fl ] - B T T T T ? I T T ‘I .l i
TR R X 1¢C H ~"" ]
a . ‘I‘}"'}‘::: “ —— _— , d __
AT ] R N 3
' Rt I I ]

b - #
= ¢« 5
RS :; R ¥ B et
. RS 2 EF R v
q‘l" lI i | |j’r’;.lf l." I. ] C 1 1 1 \\’f 1 1 1 1 ]
0.5 10 0.5 1

X (Wm) X (Lm)

Z (A)

-
600 | e 7Z=14, A=28
= " & E=50 keV
I LRI ;
a*as 505 Vacancies
500 .
: 7 WA
s S Ir
S aea
400 .
oy Py
300 [ L | ";
; L ®
; o s TP L
5o ) o} ard
200 . i -4
& <
ek -t A
o L - "
100 -2t S . -““'-._-".‘r
s K- ; b
s o bt
- YA
0 P 1 T [N Ve T [ R SV Ao e [V Ve (T T [y B o A [ Y
100 200 300 400 500 600
X (A)

Simulated event of the 50 keV PKA:
~ 1000 vacancy-interstitial pairs;
plot by M. Huhtinen.

Simulation: initial distributions of vacancies by 10 MeV protons (left), 25 GeV
protons (middle), 1 MeV neutrons (right). Corresponding fluence: 10’4 cm=,

by M. Huhtinen.



NIEL scaling

The NIEL scaling hypothesis:

» the change in the material properties scales with the imparted energy;
» independent on the spacial distributions of the defects in one PKA cascade;
» independent on annealing sequences after the initial damage event.

Displacement damage function:

D(E) = Zai(E)- /0 (B, Er)P(ER)dER

Hardness factor:

J D(E)®(E)dE
D(Ena mevy) - [ ®(E)E

K =

Equivalent fluence:

®.,(1 MeV neutrons) =k -

protons

pions —

pions

aaual aaaanl
10 102

al id
10°

D(E) / (95 MeV mb)

neutrons
electrons

10—5 1 1 | L L ) ] | 4 | J | ]
109107 10® 107 10° 10 10 102 102 10" 10° 10" 10® 10° 10°
particle energy [MeV]

Displacement damage functions
normalized to 95 MeV-mb for different
particles. pic: G. Lindstrom.



Classification of defects

Defects:

» DLTS technique is used for
characterisation of defects;

» Point defects: V, C, ...;

» Complexes: > 1 constituents;
» Energy states: various;

» Charged states: various;

» Deep levels: E: close to mid-
gap.

Q

Q
Q
Q

Impurity interstitial atom

Impurity interstitial atom and vacancy

Q
Q
Q
Q

A

Impurity substitute

O—CO—C0O— 0O 0O OO0 —0O—C0O—C0O——0
@ ®
() Vacancy (—()—()—() Divacancy () O—0
OO0 00000000
O—O——C0 O—CO——CQ e O O @
O Q
OO 0O OO OO OO0
Siinterstitial  Frenkel pair Vacancy and substitutional
atom impurity atom
(O/+) (-/0)
5 X= > Fﬁ]
-0 ____ —_— = ~T0) o)
VO V2[= ] C,Cq o)
W D)
VPI-"O! VOH X[ /0)
Vo (o)
Cioi[ﬁ-v"[]l
s (+/0)
V2[+ 0) |[+‘O &
(©/) (+/0)
B S

Pic: D. Contrato.



Conseqguences on detector operation

The deep level states:

» Energy close to mid-gap: generate
additional leakage current;

» Charged - change the space charge
density Nesr - change the Vig;

» Trap carriers - reduce the charge
collection; 1/Terf increases with fluence
(more for holes than for electrons);

» Time evolution (annealing): Nes, lieak, 1/Teff
change.



Leakage current as a function of the fluence

10 R —

. n-type FZ - 7 to 25 KQcm §
Leakage current increases ntype FZ - 7 KQcm s

2
N

i . — 10_2' R n-type FZ - 4 KQcm
proportionally to the fluence: “ -

n-type FZ - 3 KQcm
p-type EPI - 2 and 4 KQcm

> 103}
Al o = :
Volume 4 P > 10—4 i n-type FZ - 780 Qcm |
n-type FZ - 410 Qcm
~

n-type FZ - 130 Qcm
n-type FZ - 110 Qcm

. ° n-type CZ - 140 Qcm
(I ~G ~NpL ~ Deq) ) 80 min 60°C o p-type EPI - 380 Qem
loiou “1()'12' 1613 ' 1614 ‘ '1'015
2
@, [cm?]

a is the current damage rate: . .
Leakage current density as a function of the
» temperature dependent (usually accumulated fluence. Pic: G. Lindstrom.

given at 20 °C);

» a =~ 5-6x10"7" A/cm measured
after irradiation.



Full depletion voltage as a function of the fluence

Full depletion voltage ~ effective
doping concentration:

2
d°qIN, |
2€¢€,

V=

for the n-type silicon detector:

» decrease of |Ner| - removal of
donors (e.g., V+P = VP0),
introduction of acceptor-like states;

» space charge sign inversion;

» linear increase of |Ner with fluence
after the SCSI,

» evolution depends on Nerro = Vigo;

» preferable: as low as possible Vg
after irradiation beyond the SCSI.

= 300um)

Ugep [VI (d

3
5000F ' 310
1000L , 12
500F type inversion i ]
o i A e {100
1(5) _\@\4\ :: — 100
[ n-type \ "p - type" ]
i |
1 I 1101
10 10°

10! B HHIHOO |

o

®,, [ 10" cm™ ]

| Negr| [10' em™ ]

[Data from R. Wunstorf 92]



Hamburg model

Change in effective impurity

concentration can be parametrized:
AN@ff((b&P t) = NC((EC(P t) + NA((I)efI?t) + NY((I)eqa t); :g
()

Nc - stable damage: 3 NV

. <
Na - short-term annealing; 2t i gc Peq N

. L TINCOTTTTT
Ny - long-term annealing. N

1 10 100 1000 10000
annealing time at 60°C [min]
Picture: M. Moll.

Stable damage is described as:
Ne = Neo (1 —exp (—c®.y)) + 9:.Dey,

where ¢ is the rate of donor removal,
gc is introduction of stable
acceptors, Nco = 0.8 x Nefo.



Hamburg model

Calculation using the Hamburg model (Nc+Na(ta=0)),

Change in effective impurity 290 um sensor with various Nero:

concentration can be parametrized:

4.0x10™ 1 Initial depletion voltage: 239.2
ANeif(Peg,t) = No(Peg, t) + Na(Peg, t) + Ny (Peq, 1), 3.5%10" 1 :283 23,3
o 3,0610" 4 :?govv 1914
Ne - stable damage; 5 25007 | 95 _
. 5 . 77 ~ 20V difference e B
Na - short-term annealing; = 2004079 7 o>
Ny - long-term annealing. R\ -
1.0<10% 4 63,8
5.0¢10" 1A\ 319
Stable damage is described as: D T R R TR A A
@,, < 10", n,, fom?
Ne = Neoo (1 —exp(—cPyy)) + 9Py,
where ¢ is the rate of donor removal, l
gc Is introduction of stable
acceptors, Neoo = 0.8 x Nefo. c =8.16x10" cm?

c = 1.9)(10-2 Cm'1



Reduction of charge collection efficiency

Why? trapping of carriers:

» trapped carriers do not move - no
current is induced - signal
reduced,;

» Main hole trap: E:+ = Ev + 0.34 eV,
electron: Et = Ec - 0.48 eV
[G. Kramberger];

» Effective trapping time/probability is
different for electrons and for holes
[Transient Current Technique];

» Carrier lifetime drops down to
nanosecond level after heavy
irradiation;

» CCE:

| 1
Qe,h(r) = Q()é,.h exp\ ——— -t |, where — Ndefe('ts
T"”s h T"ffe h

1

,h
=% > (1 = PPk v, = Ben(t, T)®eq
Cllen k

FZ Silicon

) I Strip and Pixel Sensors
—5000 ==n e RN L i e n-in-n (FZ). 285um. 600V, 23 GeV p
= P e T T | 4 pinn(FZ). 300um 500V, 23GeV p
- — e e | & pinn(FZ). 300um. 500V, neutrons
= D C o
£ 20000 5 N
= [ »? e 1 BIEE ST
L ¢ | ¥
8 15000~ . ) NS e “Ve. 1n-in-nFZ (600V) N
T r p-in-n-FZ (500V) : R ./ | pixel sensors ]
—_ strip sensors 1 ”~ 600V : ]
= 10000 - ! A AN T
.':I 50 OVC) ]
20 L 1 Rt ]
[ 1
C M| N .' Ll N A B .
3 1
108 510" 5 101‘ 510
q) I M Moll - 0872008
e e e
0.1
0.09 S R P
0.08 = Electrons ; : :
0.07 E +_Holes === /
2 006 F s
= 005 E
& =
= 0.04 E
0.03 E
0.02 £
0.01 E «
0 £ ..l - 1 1 - L L1 L1 Ll 1 Ll 1 l -
0 2 4 6 8 10 12 14 16 18 20

Dgq [10"° cm™?]

Pic: G. Kramberger



Time evolution of defects (annealing)

At finite temperatures the defects:

» Migrate and create complexes:
V+V = Vo, Ci + Cs » CCs;

» Dissociate, e.qg.,
CiCs (= 250 °C)- Ci + Cs;

» S0, annealing takes place already
during irradiation.

Reverse current decreases as a function of time:

?L

y olt)=ar-erp ( -

a[107 Alem |

[a—
)

1 hour lday

|
T

I month 1 year

- o) oo
— T T T T T T T T T T

[\
—_—

Vi A—

\‘D%DQ‘E?}/ Wanstorf (92) o, =2.9x107A/cm

|
T

|

T

- :_ (aw)

)

o' 102 100 10*

)+00—d In(t/12) M. Mol

time [ min |
Picture: M. Moll.

» lower leakage current - lower the shot noise.



Time evolution of defects (annealing)

At finite temperatures the defects: 10

» Migrate and create complexes:
V+V = Vo, Ci + Cs =» CCs;

» Dissociate, e.qg.,

=

o

=Ny wre
CCs (= 250 °C)~ C; + Cs; 2

ZO

<

» S0, annealing takes place already
during irradiation.

Change in effective impurity
concentration:

i gc q)cq

annealing time at 60°C [min]

Picture: M. Moll.

Achf(@eq, t) = NC<(I)CQ7 t) + NA<(I)6q7t) + NY((I)an t)

sl Ll il i gl PR
10 100 1000 10000

) t . .
Ny = o, Zga.i exp (—7) ga - average introduction rate, = 1.81+0.14x10? cm™’

1
l—{-f/‘/"y

Ny (t) = Ny, (l

Nyew = gy* Deq

) gy - average introduction rate, = 5.16+0.09x102 cm-!



Time evolution of defects (annealing)

At finite temperatures the defects: O TS
» Migrate and create complexes: B1012] NN e, 39110 plem|
V+V — V2, Ci + CS - CiCS; — | Ne=1.25¢12 cm, Ny=1.65¢12 cm™ .
» Dissociate, e.d., § 610" 1.6510' p/cm?]
CiCs (= 250 °C)- C; + Cg; TE4-1012~ 4
» S0, annealing takes place already % j 8.4910" plem? |
during irradiation. 21012 &R 010" plem? |
Change in effective impurity L T T S ) A [
concentration: annealing time at 80°C [min]
AN, ;1 (Bog t) = Nos(Bug, t) + Na(®eg, ) + Ny (Do, ) Picture: G. Lindstréom.

t
Na = &, Zga.; exp (—7) ga - average introduction rate, = 1.81+0.14x10? cm™’

a,?

Ny (t) = Ny, (1 =3 +l[ /n—) gy - average introduction rate, = 5.16+0.09x102 cm-!

Nyew = gy* Deq



Time evolution of defects (annealing)

At finite temperatures the defects: 012 ¢
» Migrate and create complexes: 0.1
V+V = Vs, Ci+ Cs =» CCs; vos |

—— 7.5x10™"3 n/cm?, electrons

(| —e— 7.5x10"% n/cm?, holes
H —=— 7.5x10"3 n/cm?, electrons
(| —=— 7.5x107"® n/cm?, holes

—+— 1.5x10™" n/cm?, electrons
~— 1.5x10""* n/cm?, holes

» Dissociate, e.qg.,

0.06 [+

1/15 [1/nS]

CiCs (= 250 °C) = Cj + Cs;

» S0, annealing takes place already 0.04 i

during irradiation. 0.02 |

Change in effective trapping probability:

increases for holes, decreases for electrons
- holes (collected at the p-side opposite to
the junction after the SCSI) have shorter drift
length.

10 102

103 10*
time [min]

Picture: G. Kramberger et.al.



