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Monitoring radiation
damage in ATLAS silicon:

® The ATLAS silicon tracker:
* Pixel sensors and micro-strips

® Accumulated fluence and radiation damage effects
® Sensor leakage current
* Pixels: results from current monitoring boards
* SCT

Comparison with expectations

Depletion voltage using cross-talk method

Depletion depth monitoring with tracks

Conclusions
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Monitoring radiation
damage in A(Yg’LAS silicon: T h (S AT LAS d etector
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Monitoring radiation

damage in ATLAS silicon: Th c AT LAS I nner T raC ke I’

n=14
106 mm (R=1082mm
\ Barrel
560 mm Tl » , - ‘ i
n=22 \ .‘\.\ - ‘\- \ .- { // \5\ \
275 mm . o . y B
149.6 mm : TRT
reom + | e I R = 554 mih
[T (R =514 mm
2722.72102505 2115.2 17714 e =l Reas
mre,,d_capsme"d'”" 1299.9 8538 s ::;495 4005 . =] SCT< B
end-cap Pixel barre
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®  Hermetic, high granularity silicon tracker to |n| < 2.5: o
*  Pixel: 3 barrel layers + 2x3 end-cap discs. Pixels{gzgg.%Sanm
R =50.5mm
* SCT:~4 track points from 4 barrels + 2x9 discs. R=omm
Detector Type Modules Channels Intrinsic resolution
Pixel Silicon pixel modules 1774 ~80M 10 um in r, I 15 um in rz.
SCT Silicon micro-strip detectors 4088 ~6M |7 wm in r¢, 580 um in rz.
TRT Straw drift tubes 176 ~350k 130 um in r¢
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Monitoring radiation
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. FE = Front End
N Readout: MCC = Module Control Chip

. |6 FE chips with zero suppression,
MCC builds module event. Date rate
of 40-160MHz depending on layer.

®* Deposited charge measured by Time
over Threshold.

damage in ATLAS silicon: Th c AT LAS P|Xe| Dete ctor m Od U I c

® Innermost layer at 50.5mm:
* Radiation tolerance 500kGy/ 10'> IMeV n_, cm™
® Evaporative cooling integrated in support structure:
®* Modules cooled to average of -13 °C.
® Sensor:

®* 250 um thick n-on-n type silicon, with typical
pixel granularity, 50x400 pm.

* 47232 (328 x144) pixels per module (46080
pixels bump-bonded to |6 FE readout chips).

V.. = 150 V (600 V)

bias
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Monitoring radiation

damage in ATLAS silicon: SemICOHdUCtOI‘ TI’aCker' mOdUIe

® Double-sided module of silicon micro-strips:

* 768 p-type strips on n-type silicon per
wafer.

* Glued back-to-back with 40 mrad stereo
angle enables 3D space points.

® Modules

* Barrel: 80 um strip pitch, ~13cm long

* End-cap: 57-84 um strip pitch and length
varies from 55 mm -120 mm, depending on
radial position of module.

® Read out
* 6" “ABCD” read out ASIC chips per side.

* Binary readout at p-strips (| fC threshold).

* |50V bias voltage (before irradiation)
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Monitoring radiation

damage in ATLAS silicon: EffeCtS Of I’adlatlon damage
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® Bulk damage resulting in crystal defects will alter the physical properties of the sensor and
change the operating conditions:

®* The introduction of acceptor centres will modify the doping concentration and lead to type-
inversion, after which the voltage required to fully deplete the sensor will increase.

* Recombination/generation centres will increase the leakage current, affecting power
consumption and signal to noise.

* Charge trapping centres will reduce the charge collection efficiency, and hence degrade hit
efficiency and track resolution, b-tagging etc.
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Monitoring radiation
damage in ATLAS silicon:

Effects of radiation damage

Leakage current
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Depletion voltage

Bulk damage resulting in crystal defects will alter the physical properties of the sensor and
change the operating conditions:

®* The introduction of acceptor centres will modify the doping concentration and lead to type-
inversion, after which the voltage required to fully deplete the sensor will increase.

* Recombination/generation centres will increase the leakage current, affecting power
consumption and signal to noise.

* Charge trapping centres will reduce the charge collection efficiency, and hence degrade hit
efficiency and track resolution, b-tagging etc.
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Monitoring radiation

mrmanrren Pixel leakage current monitoring
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® Pixel-by-pixel measurements:
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measurement range and resolution is
. . . . . 2
optimised for after irradiation: 10
10
LSB ~0.125nA 1£- ATLAS Preliminary

10" 1 10 102
Monleak Current [nA]

® Current Monitoring Boards (results next slide)

®* Dedicated hardware has been installed in Feb/March
201 | to measure the leakage current per module,
with a precision approaching ~10 nA.

® First 56 modules are equipped in the innermost layer,
more planned during next maintenance day phase.

® Power supply current monitoring

®* The power supplies per half-stave of 6 or 7 modules
can be monitored with a precision of ~80nA.
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Monitoring radiation

damage in ATLAS silicon: P|X€I mOdUIe Faw CMB currents
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® Raw HV current measurements for the 56 modules in the innermost layer
that are instrumented with Current Monitoring Boards.

® The Pixel silicon temperature remained relatively constant with some
temporary fluctuations due to a detector cooling stoppage and various
calibration scans.
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Monitoring radiation

mrmanrren Pixel leakage current from CMBs
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® Leakage current per module from CMBs after corrections for individual module
temperatures to give leakage current at Tpr = -10 °C.

® Includes preliminary correction for beam induced ionization current:
® —
Ihit N

® Validation of board calibration ongoing:

*v e * pixel hit occupancy * charge per hit.

bunches

®* Plan to measure currents without beam during next maintenance time.

@ Stephen Gibson RDI I Florence, 8 July 201 |




Monitoring radiation

damage in ATLAS silicon: P|Xe| Ieakage current vs ﬂuence
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® Leakage current per module from the barrel half-stave power supplies after
correction for the temperature of each module in the half-stave, to give leakage
current at Tpr = -10 °C.
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Monitoring radiation

sy Pixel current comparison with model
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® Data is scaled to -10 °C and includes preliminary correction for beam ionisation

current.

® Prediction is based on luminosity profile and expected fluence by barrel layer from
Phojet + FLUKA simulations, scaled by the silicon volume and the damage constant,

o, taken from NIM A 472(2002) 548-544. No correction for annealing (small).
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Monitoring radiation

damage in ATLAS silicon: SCT Ieakage current mOnItOI"Ing

® SCT module leakage currents have been regularly measured during the
scheduled LHC maintenance days since the start of ATLAS running:

®* HV current measurement is without beam and with optical alighment
system off (to eliminate induced photocurrent on some modules).

® Current resolution of ~I10nA.
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Monitoring radiation

damage in ATLAS silicon: SCT leakage Current COmpaI"iSOI‘\

® Data and predictions for the leakage current in SCT barrel layers 3 - 6:
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* Prediction is based on total 7 TeV luminosity profile and FLUKA simulations, taking self-
annealing effects into account.

* Prediction uncertainties are mostly due to errors in the fraction of the slowest annealing

component (| 1%) and luminosity measurement (4.5% in 201 1). The uncertainty of
FLUKA simulation is not included.
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Monitoring radiation

damage in ATLAS silicon: F|Uence COmpaI‘ISOnS W|th FLUKA

® Determine |MeV neutron equivalent fluence from SCT leakage current.
(corrected for temperature, volume and use standard damage constant, o).

® Compare fluence with simulated FLUKA predication @ 7TeV.

— = 1011
= _ ~ ATLAS Preliminary e
— | ¥ 20
X 100 - | _]\
Numbers are ratio: - 1 [
Measured / FLUKA 80 i i 10"
60 —
. ’ 9
* Good agreement in : 10
barrel regions at the 40 100 |
level of ~10%. 1.09 | 2.03

* Larger differences in
the inner end-cap
regions.
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Monitoring radiation

damage in ATLAS silicon: |nnel" DeteCtOI" Radlat|on MOnItOFS
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Monitoring radiation

damage in ATLAS silicon: P|X€I Deplet|on VOItage
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altering the depletion voltage. 200 '_ w0 2
® Aim: measure voltage needed for full 150fF — .
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® lIdea: use cross-talk method (before 50} :
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*  When fully depleted, pixels are ;>
isolated from each other. can 51,

\*]
(4]
(=]

RMS 9.388

E ATLAS  Preliminary

Number of modules
S
o
I
|

—_

%]

o
|

®* Choose injected charge such that
cross-talk hits are seen only for

Vbias < Vpinch-off (~ VFD)

-

o

o
|

(€4
o
[TTTr [ rrrrprrrT

Il J_ L L | 1 1 1 l 1 1 | Il | T
40 60 80 100
Depletion voltage [V]

o
TIJT T

O—_I

N

o

@ Stephen Gibson RDI I Florence, 8 July 201 |



Monitoring radiation

damage in ATLAS silicon: Deplet|on VOItage ReSUItS

® Cross-talk scans taken during calibration periods (no beam):

Scan date Charge injected Integrated Luminosity
since | March 201 |

| | May 201 | Full pixel detector Normal 267.5 pb"!

|7 June 201 | Barrel layer O only Normal 1056.5 pb-!

22 June 201 | Barrel layer O only Increased 1107.4 pb-!

® Observe decrease in average depletion

voltage from May to June. () - RO -
: o] $35000;- Lttt S
®* Radiation damage reduces the cross- &£ - b e .
talk for undepleted modules (more 230000:_ e, =
pixels with no hits when at low HY = 3 beoo0 -
©25000F } :
values.). V= - b ++ .
o 920000 RAR! o
* See similar difference between barrel c : o ++ R ATLAS Preliminary]
layers in | | May scan (worst for 2150001 Mt 4 Pixel barrel layer 0-
innermost layer). » C ettt b cross talk scan: 7
210000 o W, 11 May 2011 =
* Increased the charge injected in later & S . ;; j“”e 3811 .
scan on 22 June to compensate for 2000 -.....-". He E
reduced cross talk. Ol N T P N T P T 1

0 1 0 20 30 40 50 60 70 80 90 100
Voltage [V]
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Monitoring radiation

damage in ATLAS silicon: Deplet|on Depth W|th TI’aCkS

< cluster size >

y
Y, Ys ‘3}

®  Aim:to calculate depletion depth of the pixel
sensor using particle tracks.

Loc z

® Enables continuous monitoring of the sensor
performance after type inversion.

® Method: reconstruct the depth of track at centre
of each pixel in the cluster, using the cluster size,
incidence angle and the extrapolated track
position.
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error function.
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damage in ATLAS silicon: TI‘aCk depth VS |nC|dence angle

® Fit slices of track depth distribution

Dependence between track depth and angle of incidence: by incidence angle:
.35 rad
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0.9 b 3 | | l I IIITLASIPreIlmllnary E
0.7E = Shoe re A Ie“ml?aryi 4000}~ -
'6.2 0. 25 0 3 0.35 0 4 0. 45 0.5 0 55 0.6 0.65 3000 -
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fe 1000} -
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Track depth [mm]
tan « ®  Can make use of opposite side of distribution

to correct for charge threshold effect.
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Monitoring radiation

damage in ATLAS silicon: Deplet|on depth reSu |tS

®  Angle distribution for

corrected track depth values: §0_256__' ' | ' ' o + E
® The angle between the pixel %0-254;— -
normal and the longitudinal 20.252F =
pixel direction is chosen, ¥ 0.05F E
because in the barrel, the B- £ ™ + -
field is close to parallel to the g0.248 | } * E
long pixe c]}rection SO $0.246/ T .
Lorentz drifts are negligible. S0.244)- E
® Measured depletion depth 0.242F =
agrees with sensor thickness 0.04F -
(currently fully depleted, and TF . | ATLAS Preliminary -
before type inversion). 02388 09 1 11 12 13 14
® Enables future monitoring of Angle of incidence [rad]

the depletion depth after type
inversion. (HV can be

increased up to 600V with D = (24&9 -1 1.2(stat.)),um

existing power supplies).

(statistical errors only)
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Monitoring radiation
damage in ATLAS silicon:

©)

A careful monitoring program has observed the predicted, early effects of
radiation damage in the ATLAS silicon tracker.

As the luminosity surpasses | fb-!,a clear increase in leakage current in
the Pixel and SCT sensors shows the expected rise proportional to the
fluence.

First comparisons of data with simulation affirm the predictions with good
agreement at the level of ~10% in the barrel regions.

The latest bias scans reveal the depletion voltage is reduced in the ATLAS
Pixel sensors before type-inversion and indicate that there is reduced
cross-talk between adjacent pixels when under-depleted.

A track-based method was presented to measure the depletion depth
after type inversion, enabling continuous monitoring of the sensor
performance.
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