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See Sebastian Bachmann, Mon 6 Nov 11:50
Performance of the LHCb Outer Tracker in Run-I and Run-II of the LHC

O u te r. Tra C ke r https://indico.cern.ch/event/1237829/contributions/5609613/
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https://indico.cern.ch/event/1237829/contributions/5609613/

Outer Tracker

See Sebastian Bachmann, Mon 6 Nov 11:50
Performance of the LHCb Outer Tracker in Run-I and Run-II of the LHC
https://indico.cern.ch/event/1237829/contributions/5609613/
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Cathode: Képton XC

Anode: Gold + Tungsten (+1550 V)
Panel: Rohacel

Glue: Araldite Epoxy AY103

Gas: Ar/CO,/0, : 70/28.5/1.5

+ wire locators every 80cm
to hold anode wire at center:

(b)

S.Bachmann et al.

NIMA 535(2004)171

Careful studies of all materials, prior to construction:

The straw tube technology for the LHCb outer tracking system

N.Tuning - LHCb OT - 6/11/2023 8


https://indico.cern.ch/event/1237829/contributions/5609613/

Outline

LHCb and the Outer Tracker
Ageing: the saga

e Radiation hardness

e Conslusions
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A story

e 2004: start construction
e 2005: end construction
o 2005: radiation damage?

I. The phenomenon
II. The culprit
ITI. The way out

e 2008: installation in LHCDb

IV. The performance
e 2018: end of operation
e 2023: shipment to GSI, Darmstadt
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A story

GOLDEN RULES OF AGING PREVENTION

* Ultra-Pure gases

* Non-Organic Quenchers (CO,)

+ Choice of non-Outgassing Building Materials

* Non-Polymerizing Additives: Methylal, Propilic Alcohol
+ Improved Cleaning Protocols

* Avoid Silicon-Containing Materials: Tubing, Sealings, ....

+ Zapping: Burning Deposits with High Current on Anodes
+ Addition of Compounds with Etching Properties (O, , CF,)

« THE CREATION OF REACTIVE SPECIES IS ENHANCED AT HIGH
VALUES OF THE ELECTRIC FIELD

Fabio Sauli — Aging Phenomena — CERN Nov 6-10, 2023

From: F. Sauli, 6 Nov 2023,

3rd Int.Conf on Detector Stability and
Aging Phenomena in Gaseous Detectors
https://indico.cern.ch/event/1237829

* Choice of non-Outgassing Building Materials

« Zapping: Burning Deposits with High Current on Anodes

« Addition of Compounds with Etching Properties (O, , CF,)
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Response measured with

1) Current from 90Sr source (simple)
2) Gain from >>Fe pulse height (precise) N.Tuning - LHCb OT - 6/11/2023

12



Gain loss (%)

part I (phenomenon)

Ageing: The saga -
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Ageing: The saga -
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> Remarkable: ) T 0.5
e No gain loss under source, only upstream Position (cm)
Source
e Very rapid; -30% in 15 hours (<0.1 mc/em..) position

e Not seen in R&D phase, despite extensive ageing tests
N.Tuning - LHCb OT - 6/11/2023 14



Ageing: The saga - part II (culprit)

e Constructed an openable test module without glue

e Injected different types of glue in individual straws

2 mCi *'Sr

Irradiation
Source

Scanning source
Stepping
Motor

OO000000000
OOO0O0O0O0O0O0O000O
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Ageing: The saga - part II (culprit)

Constructed an openable test module without glue

Injected different types of glue in individual straws

Current (nA)

Current (nA) O

Current (nA) ©

Before irradiation (4 Nov 09)
After irradiation (17 Nov 09)
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Ageing: The saga - part II (culprit)

Wire without __—gWire with
ageing

e EDX: presence of C on wire:

‘i
|
| ‘ | Carbon in
.| .t .| EDXspectrum
e Mass spectrometer: glue sample shows outgassing:
e Dibutyl-phthalate
e Di-isopropyl-naphthalene
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Ageing: The saga - part II (culpri

Wire without __—gWire with
ageing

Carbon in
| EDX spectrum

» Cause:
e Manufacturer changed plastifier: AY103 - AY103-1
e Culprit: di-isopropyl-naphthalene
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Ageing: The saga - part III (the way out)
Studied various beneficial effects:

1) Heating: enhance glue outgassing

e Gain loss shortly after glue injection is larger

e Warming of modules to ~40 C showed reduced ageing
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3) Large currents: burn-off the deposit
e Large dark currents (bias 1850-1950V leads to 10uA per wire):

e Source-induced b C Response after HV training Rel.
Response before HV training ch 33-64 Response
2
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Ageing: The saga - part III (the way out)

> Actions:

1) Heated all modules prior to LHC operation

2) Added 1.5% Oxygen (note that drift distance is only 2.5mm)

> In the pocket:

3) HV training procedure

From: F. Sauli, 6 Nov 2023,

3 Int.Conf on Detector Stability and
Aging Phenomena in Gaseous Detectors
https://indico.cern.ch/event/1237829

 Zapping: Burning Deposits with High Current on Anodes

« Addition of Compounds with Etching Properties (O, , CF,)

N.Tuning - LHCb OT - 6/11/2023 20
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A story

e 2008: installation in LHCb
IV. The performance
e 2018: end of operation
e 2023: shipment to GSI, Darmstadt

N.Tuning - LHCb OT - 6/11/2023 21



Outline

e LHCb and the Outer Tracker
e Ageing: the saga
> Radiation hardness

e Conclusions
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Two methods to monitor gain loss

1) During technical stops

— 90Sr scans to measure detector response

Irradiation

Scanning source

2) During LHC operation

— Measure hit efficiency with tracks,

at increasing amplifier threshold
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Ageing: The saga - part IV (performance)

Two methods to monitor gain loss

i I 12~ No change in detector respons
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Ageing: The saga - part IV (performance)

e No signs of ageing in OT lifetime

— Accumulated up to 0.4 C/cm in hottest region

e The LHC even had curing effect:
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LHCb: Outer Tracker not dismantled

e Quter Tracker:

Gaseous Straw Tube tracker from Run 1/2

e OT arrived at GSI, Germany

e Experiments at FAIR interested:

some OT parts will undergo partitioning to

provide tracking detectors

other OT parts (without change) to be
interleaved with dense material to

perform as a muon range system

some parts will be used for physics

outreach projects

use at current beam lines at GSI |

use at future beamlines at FAIR,

currently under construction

.

\
| - ER

» Showcase for sustainable detector re-use and resource aware developments in HEP
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Conclusions

e OQOuter Tracker performed superbly in run I+II

— Few dead or noisy channels
— High hit efficiency (>99%) and resolution (~200 um)

— No irradiation effects observed (~0.4 C/cm in hottest region)

e We were lucky

Ageing in the LHCD outer
tracker: Phenomenon, culprit

and effect of oxygen

Contents lists available at SciancaDirect x o
Nuclear Instruments and Methods in i
Physics Research A o

Joural homepage: www.alk aviar.comyloc atajnima

Ageing in the LHCb outer tracker: Phenomenon, culprit and effect of oxygen*

S. Bachmann®, Y. Bagaturia®, M. Blom?, L. Ceelie*, D. van Eijk*, Ch. Farber®, T. Haas”, L. Mous

A Nawrot®, A Pellegrino®, 0. van Petten®, E. Simioni3, B. Storaci?, M. Szczekowski <, N. Tuni np‘
U. Uwer®, D. Wiedner®

Nk At The

e, i but Heseh e, Cormany
A o it o N S, W,

ARTICLE INFO ABSTRACT

The LA Ourer Tadker (OT) demar hax Sown 1o s fram gan s 2R imadimion In e

Latorzoy = s Unclr ieraciaion an i izing - on he anate wire.
Ty drcmn ping s cavsed by conamination of the couRKIng £ due D OURIRG of B e wed I
. canszuzion namely e AVIOS-1. The gain kot & concentrized upszeam the s flow, and 2t
Sy ™
s of afew e o0, o he s . Fstermor g e poskie hgh v (byond
e

e MpIAASaN £TTE) TEMONS e G EIng GO WD CATABAS The W e
Taper e b 2

© 200 vier &Y. Al rihs maemed

1. The LHCh outer tracker

The LHCb experiment aims at messuring CP violation and rare
Bdecays. for thix 3 tracking system is constructed dose to the
interaction point, and around 3 dipole magnet. The Large area
behind the magnet is covered by the Outer Tracker (OT) detector.

The OF s 2 gaseous straw tube dectar 1] and covers an area of a s i R0
appraimately s « 6 wih 12 dovible Layers of saw fubes. o
The straw tubes are 2 4m long nd 49mm i dismeter, and
=

wire i e of 23um gold patel urgeen wire, whereas the - i,
o comeis of n 1es o of 400 SecEcaly dbeting b — =

h 125um sluminian. The sraws are glosd to sandwich 11 (e Mabecos s )T e cinded mogtos e

paneks with 120 ym carbon-fibre skins and 3 10 mm Rohacell Kok bshmdiual SnttnSfende segushan
Finaly, the panels are pined by ANym thik croan fre

sidewalk, resulting in 3 standalone detector madule A sketch of  Dubbles are added. The chaice of epoxy was initially based an the
the moduie Layoutis hown in i 1. The panels andthesidewalls  kerature 2} and subscquerely extemively tested in protatype

i covered by 3 laminate oy of 25m Kapton and 125m  Outer Tracker modules 3} Recently, it was discovered that.
Shamimiam to pusrantee g tghtness of the box and toprovide s depite these extemive 3geing tests in the RAD phase. e OT
Goned Faraday cage. Spacers 2t the ends of the module separate  3uffrs from gain Jous aker moderate imadiaton. Thir paper
She swo panes spart s pass the gar to the modue. All gmemg | Prewents both the characterisics of the ageng phenamenan and
seps e performed using Araldie AY103-1 with the hardener  the benefical trestments
Y91 curd ot oo et Toenhmcethe VR SHS L

J— 21, rasiation and manitoring setu
e by . K 116 P g o b e, £ ”
Ermmadres: gt s (X T

Irradistion tests were carried ot on 3 small selection of finsl
modules using 3 2mCi *Sr source. The high voltage an the anade.

Ageing in the LHCD outer
tracker: Aromatic
hydrocarbons & wire cleaning

Bachmann, Tuning et al,
NIM A617 (2010) 202

Contares stz avaisbla 2t ScincaDira

Nuclear Instruments and Methods in
Physics Research A

Journal homapaga: www alsaviar.com/locata/nima

i

Ageing in the LHCb outer tracker: Aromatic hydrocarbons and wire cleaning

N. Tuning**, . Bachmann®, Y. Bagaturia®, M. Blom*, L Ceelie?, D. van Eijk?, Ch.

ber®, T. Haas ®,

F.Jansen? T. Ketel %, M. Merk?, L. Mous*, A. Nawrot¢, A Pellegrino®, 0. van Petten®, T. du Pree?,
N.Serra®, E. Simioni %, T. Sluijk®, B. Storaci®, M. Szczekowski €, U. Uwer®, E. Visser*, D. Wiedner®

N St k504108 3, Ao, The e
ikt et oo, oy
A S bt o N o, W,

ARTICLE InFo AmsTRACT
T o A Ouner Tadier waw b M hawn © sy fom gan 1o s madaion 1 T
Sobul 23 Bumise 200 laboratory a moderate inwensities. Under irradiation an ins uling Layer s Srmed on the anade wire.
=i T S & ot by i of e coving $2¢ & 2 cepanig of B¢ Pt
Yoy e 2w : £
fmpdi e i i Wi 1 P, R Bex D . e of S g SHTOIS I 268, e
e S bt

-
Takioy demma -
P
—
1 itraduction 2 dosed Faraday cage. Spaces a the e o the mdale seporae

Tie Lk experimen 1] s ¢ mesering F vikwio e

were giued with Arakdite’ AY103-1 and the haslener Y991, cured

£ By, Fx thix 3 wcking e
G irteacion ok, i oung» diple gt The g aeea
b the g v ed by the Outer Trscher (OT) dtecter
The OT & 2 gaseous straw tube detector and covers an area
appraximately 5 x 6m? with 12 double Layers of straw tubes.
The straw tubes are 2.4 m long and 49 mm in dismet

fllad with 3 gas moxture of AfC/0%)CO{285%)-05(15%). The
ode wire s made of o plste tingssen wire

whereas the cathode amsists of 3 40um thek mner il of

panels with 120 pm hick carbon fiber sk and 3 10 mm thick
Rohacel? core. Pl the punchs are seaed wath 400 thck

<hown in Fig. 1. The pands and the sde walls are covered by 3
Laminated fai of 25 m Kapton and 12 5 pm aluminumm to guagn.
e the gas Sghenes: of the bax better thin 10-> s d o provide

e A7) Ontbet o, amiog@tnt sl (. Tuko)
ey o S v by Duost
o S e € o oo red by vk i

particle sies of 12nm) was added, with a mixing ratio of % The

pesition wath respect tothe gas flow. Larger geing ratesfor lower
charge callection rates have been chserved before 5],

ced under and dewmstresm of the souwrce due to the
farmation of omne in the valsnche regin. As 3 consequence it

G tathe coueing g ik to it bage
o deectars 7). Prther characierisis of the ageing phencm
enan and beneficia treatments are discussed in Ref. [4]

the production of azane [4]. which suggests that the gain kss is
e

T e e s of i 4t . o

Bachmann, Tuning et al,
NIM A656 (2011) 45

Radiation hardness of the
LHCb Outer Tracker

[ ——
- Nuchear Instruments and Methods in
Physics Research A

vl S g g e s st (o Ve e

Rachation hardness of the LHCH Outer Tracker

0. wan bk ™%, S Sachenarn. Th Sascr *, Ok irber*, A Bien'*. V. Coce . MU Deckerbal |

M. Mok ®, ML Meksner *, P, Moraseski”, A Pelle
B S300a0 % M. Saoehowsis”, N T Uwer

Serra’, P, e
Visser*. L Whedher . M. ¥

ek

K bt 4, L. Genabeck™, TAL Karbuch *, K. Kooprun®, A Keehmkty *, On. Lingerbruch *, Ch Line
- WTh, R Spuan®, 5, Swhemed !

Bachmann, Tuning et al,
NIM A685 (2012) 62

N.Tuning - LHCb OT - 6/11/2023

27



Backup

N.Tuning - LHCb OT - 6/11/2023 28









Ageing studies prior to construction

Temperature Prosance

Movable
blocking
X-ray tobe

mixing of drift gas with water
& monitoring of the humidity

Operational parameters:

water content: <50ppm, 500ppm, 3500ppm
gas flow: 2-4 vol/h (190-380 ml/h)
gas gain: 28000 (550 kHz) / 40000 (low rate)

X-ray intensity:  500-600 kHz/cm

Currents: 800-1000 nA/cm
irrad. region: 4cm
wire: Au-plated tungsten wire
(D 25pm, 6% Au, by California Fine Wire)
accu. Charge: 2 C/em £ 0,3 C/cm (10 years LHCb)

Fig. 3. Set-up and operational parameters used for the

irradiation tests.

Collimator

Ar/CO, /CF, : water content < 50ppm

Not irradiated: Irradiated:
Carbon deposits Carbon and
observed oxygen observed

[ before irradiation
f after irradiation

20 T 2 TV T U TP U W (0 T | [ 0P T O T 0 o O O

L Ty g gy
0 50 100 150 200 250 300 350 400

Ar/CO,/CF, : water content 3500ppm

Irradiated: Irradiated:
Tungsten Carbon and
observed oxygen observed

SEL
i before irradiation

[ after irradiation Rel. pulse height Ch 6b 7

0 L. 1 n L L 1 L 1 0 L n 1 L 1 P
0 50 100 150 200 250 300 350 400

Position [mm]

Fig. 4. Selected results from the irradiation tests in Ar/CO,/
CF4 (75/10/15).

e Irradiated to 2 C/cm

e Decision to change from
AF/COz/CF4 to AF/COZ

Table 1
Summary of measurements

Ar/CO; (70/30)

Ar/CO,/CF; (75/10/15)

Carbon deposits observed
for all levels of water
content, but no gain
variations in dry gas.

Carbon deposits observed for
all levels of water content.

Gain variations at <50 ppm
and 500 ppm.

For wet gases ‘classical
aging’ in irradiated regions,
i.e. deposits of C and O and
gain drops up to ~30%.

At <50 ppm and 500 ppm: gain
drop and deposits in non-
irradiated sections.

Careful studies of all materials, prior to construction:

S.Bachmann et al.

The straw tube technology for the LHCb outer tracking system

NIMA 535(2004)171

No indications for wire At 3500 ppm: deposits of C and
O in irradiated section but no
gain drop, tungsten from wire

observed: hint for wire etching.

etching.
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OT Performance in LHC Run I - Readout

Fast and
Slow
HV TELL1 Control LV

s
]
<

e Analog signal: ~ 106 e-

e TDC: 0.4 ns stepsize
e Pipeline: 160 BX deep
e GOL: Upon LO trigger,

e (Gas gain: ~ 5x104

e ASD: Ampl, Shape, Discr. =

GOL board
(128ch)

OTIS board
(32ch)

HYV board
(32ch)

(= 4 ps)
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> Noise level ~ 104

Example noisy module:
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OT Performance in LHC Run I - Dead channels

e During data taking: use test pulses
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o Offline: find channels too few/many hit
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OT Performance in LHC Run I - Calibration

=~
N
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S

e Time calibration very stable -~ LHCbOT

N

e Performed ~ 4x per year
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OT Performance in LHC Run I - Drift time spectrum
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OT Performance in LHC Run I — Occupancy

5 0BT NS i I ‘171 T'CSIDET

e Occupancy: 5 osE LHED pL __ =
i e e IOV A o /S e (e - S R e o) Mo ) BN« B o R (o T I Vo IS o B 0 N o

3% - 15% 3 - S 3 =l o5 =5 = xS =5z == =5 =%

2 025F =

fs (1) o O O — T T L T -

. 7 3 =

e Large fraction 0.15F Mo =

from 01E P vl A | _ =

secondary 0.05 BEE P = 23 bunet 5?853325; \"“‘ - e

Interactions IR O L A i O A I I PR A

0 2000 -1000 0 1000 2000

Straw

E0-1—"""."'7"."'.""- ~1000 M I i M AR,
E —— OT Hits from primary interactions - é 900 LHCI) ()T ,_--_.‘...'. i e
G —— OT Hits from secondary interactions a) ’ R .
Co08fF 2 £ % EEEE]{ g 800 : ;
el — B = e 1 = H {.
g S 2 s EEE] 7
(= o Q. L o
3 : : ] =%
S 0.04f = = 4 T 400
S
IS LHCh OT ] = 300
g 0.02 . L 200
B 100 &
§ ] O.I.. PRI BRI SR
o 0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
a) Hit Z position (mm) (b) Hit Z position (mm)

N. Tuning (36/27)



OT Performance in LHC Run I - Efficiency

o Efficiency to detect hit in center of cell |r|<1.25mm: ~ 99.3%

e Average efficiency per module: ~ 98.8%
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> Single hit efficiency |r|<1.25mm: ~ 99.3%
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OT Performance in LHC Run I - Alignment/Resolution

> Design specification: 200 um

Straws accurately positioned in module +50 um

Module hung with accuracy of £50 um (= are modules straight?)
Frames positioned within £1 mm

Optical survey £0.2 mm

Final alignment with tracks
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> Internal alignment of mono-layers within a module

improves resolution 210 > 180 um
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Internal module alignment p

e Recently improved alignment \
e Relative shift of monolayers i
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cathode surface

Ionization length

e JTonization |ength Al gas amplification region

anode wire

average distance between clusters

e Measured effective )\ in two ways: drift path > \r  clusters
1) Efficiency profile: probes large |r| /
2) Drift time distribution: probes small |r|

» Disentangle effect of absorbtion

Probe hits close to |[r|=2.4mm _ xi0¢__Tracks with |r|<0.1mm
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> heff 2X larger than nominal; not due to absorbtion [-e6/11/2023

electron | ionisation track

' A.Kozlinskiy, CERN-THESIS-2012-338
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Signal reflections; walk correction

e Signal is reflected at center

e Hits close to center, get larger amplitude
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» Time correction as function of vertical position
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