Diamonds for Present/Future LHC Applications

e How diamond works as a sensor material
— Growth, Properties, Signal, Morphology, Manufacture

e Radiation tolerance of recent sensors
— Tracker signals, irradiations, damage scaling

e Applications
— and beam conditions monitors
— The pixel detector upgrade
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CVD Diamond as a Particle Detector

e Microwave growth reactor

e Material copies substrate

Wave guide
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e Dominant crystallites appear

Magnetron

Flasma

as
| et

Wacuunm

= pump

e Edge view of pCVD sample
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e Diamond synthesized from plasma



Signals from Diamond Sensors

e Image charge signal

_ induced on surface electrodes ® d is the Charge Collection Distance
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Q=- Qo e Mobility saturates at |E| ~ 1V/um

d = (pete + ppmy)| E| e Operate typical sensor at 300-400 V



Properties of Diamond and Silicon

O Low leakage

© Fast signal

O Low capacitance

& Radiation hard

© Heat spreader

# Low signal

IProperty Diamond Silicon
Band gap [eV] 55 112
Breakdown field [V/cm] 107 3x105
Intrinsic resistivity @ R.T. [£2 cm] > 101 2.3x10°
Intrinsic carrier density [em-3] <103 1.5x1010
IElectron mobility [cm2/Vs] 1900 1350
Hole mobility [cm2/Vs] 2300 480
Saturation velocity [cm/s] 1.3(e)-1.7(h)x 107 | 1.1(e)-0.8(h)x 107
Density [g/cm?3] 3.52 2.33
Atomic number - Z 6 14
Dielectric constant - ¢ 5.7 119
Displacement energy [eV/atom] 43 13-20
Thermal conductivity [W/m.K] ~2000 150
[Energy to create e-h pair [eV] 13 3.61
[Radiation length [cm] 12.2 9.36
Spec. Ionization Loss [MeV/cm] 6.07 3.21
Aver, Signal Created / 100 um [eg] 3602 8892
Aver, Signal Created / 0.1 X, [e,] 4401 8323




Examples of CVD Material

Surface image of pCVD sample
(Courtesy Clemenit)

e pCVD diamond wafer

e Dots are on 1 cm grid

e High quality wafers grown 12 cm in diameter

e Best material from wafers grown up to 2 mm thick



Surface Characterisation of Wafers
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Additional Manufacturers

e American supplier (lI-VI Inc) providing sensors for ATLAS upgrade

e RD42 working to qualify additional new vendors



Radiation Tolerance of Diamond Sensors

Typically tested as strip tracker Pulse height from irradiated tracker

. pCVD after Irradiation 1.4x10A15p/cmA2 | h3a
Entries 5000

g é é z é |Bms 3543

Numb

20000 25000 30000
Signal Size (Electrons)

e Use long (2 us) shaping time for precision materials studies

e After 1.4 x 101> p/cm? signal uniform/well separated from pedestal

— 99 % of hits have more than 2500 electrons signal
— Most probable signal 6000 electrons at 1 V/um



24 GeV Proton Irradiations

e Have irradiated: e Default E =1 V/um

— pCVD samples to 1.8 x 1016 p/cm? o Greenat E = 2 V/um

— 15 2
scCVD samplesto 5 x 10> p/cm e Align by shifting

e Characterise signal at intermediate fluences ~3.8 x 1015 p/cm?
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Irradiations with Lower Energy Protons

| Preliminary Summary of 800MeV Proton Imadiations - Not Public |
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e 800 MeV protons (Los Alamos):
1.9 times 24 GeV protons

e 70 MeV protons (Sendai):
2.9 times 24 GeV protons

e 25 MeV protons (Karlsruhe):
4.7 times 24 GeV protons




Interpreting Radiation Damage

= C-p total
*C-n C-p elasbic
C=pin inelastic
— C-n lolal
== Gen alastic

e Non-ionising energy calcu-
lations predict:

— 0.8/24 GeV p: 2
— confirmed

— 0.07/24 GeV p: 6 N .-
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10 w’ 10’ 10 10 10’ 10 1

— See faCtor Of 5 kinetic Energy l;lﬂ‘ﬂ kinetic Energy 1;3»']
W. de Boer et al.

— 10 MeV n = 24 GeV P phys. stat. sol. (a) 204, No. 9 (2007)3009

-
=
=

MIEL LIIII}\.‘ mh]
|
ot u
35%
1¥
NIEL [ MeV mb]

= RD4I Data

-
(=]
ul

- In progress : T e
E e s =
o i
e FLUKA calculations give ag ™
— Protons: 1.2, 5, 10 5< 3
for 800, 70, 25 MeV s " -~
c o
E
— Neutrons: 6 £ 5 1 |
ﬁ E o 0.4 1 10 100

Energy [GeV]




Applications of Diamond Sensors

e Several exciting applications for pCVD diamond sensors

— High Energy Physics

— Heavy lon beam diagnostics

— Synchrotron light source beam monitoring
— Neutron and o detection

e Here | will discuss

— Beam monitoring at

« FNAL/Tevatron  (CDF)
x* LHC  (ATLAS)
x Pixel telescope (DBM) installed in ATLAS

e All LHC experiments using CVD-diamond beam monitor systems

e Several considering diamond sensors for tracker upgrades



The Beam Conditions Monitor Mission

* Primary goal: Protect ATLAS and the LHC machine
 Tevatron beam ~10 MJ (bus at 120 km/h)
* LHC beam ~1.4 GJ (an A380 at takeoff)

* Protect against beam accidents
» Monitor backgrounds during injection
* Montior losses during abort
* Detect instabilities early
« Warn of deteriorating conditions

Protons * Abort the beam if necessary

- Secondary goals
* Monitor collision rate

* |IP location and shape

A 1m long melted stretch of Tevatron collimator



pCVD Diamond Sensors in CDF

_ J| Inside tracking station
» ATLAS style sensor 1cm x 1cm, Al based
metalization (from RD42/Chic State University)
* G10 package, wrapped in Cu foil shielding

« Triax cable DC readout C=—=1E)
(85m to counting room)

QOutside calibration stations

e Monitors beam(loss) induced currents in diamond sensors
e Installed 2005, Monitoring 2006, Operational 2007-2011



Sensitivity to Tevatron ’events’
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e Sensors near IP (red) much more sensitive to losses

e Tevatron has learned a lot about what goes on at IP during injection



A Typical Tevatron Abort

e During 11-month monitoring phase (2006)

— Tuned diamond abort algorithm

— Observed four aborts that diamond could have triggered sooner
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e Was the primary CDF abort system for the last 4 years of Run |l

e Post-operation assessment shows no degradation of sensors



The ATLAS Beam Conditions Monitor

 ATLAS will use time-of-flight ¢ 4m separation gives 12ns

to distinguish collisions time-of-flight: optimal
from lost beam particles * Pixel space-frame support
— 4 - —
| 12ns

Time difference

>

e Use CVD diamond sensors
 10x faster signals and 10x more radiation tolerant than silicon
* Use GaAs amplifiers with 1ns rise-time, 5ns baseline restoration



The BCM in ATLAS

Pixel Semiconductor

Detector Tracker
a

BCM [ =

modules

2

Transition Radiation
Tracker




The BCM Installation
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* Half of BCM modules on ATLAS Pixel support frame
« BCM module support mechanics designed in Toronto



The BCM Detector Modules

= pCVD diamond sensors (710x710 mm?, 2x500um thick)

= Withstand doses > 10"° p/cm? : e Ty
= Fast & short signal (FWHM~2ns, rise time<1nsﬂ;§ sk
= Count hits above two thresholds: oo 9 me P
= ¥ MIP (for luminosity measurements _ ) T AN
=100 MIPs (for beam protection) Wu 5 '.j.#-%; W . w

time to trigger [ns]

Agilent MGA-62653
500Mhz (22 .J‘ S S

Mini Circuits GALI-52 __<g

pCVD diamond



The BCM Readout

* Must provide independent beam background assessment
* Also provides luminosity and trigger information for ATLAS

ATLAS Cavern USA-15 (Counting room) Control room
FPGA Board ATLAS CTP
NINO boards 2xXilinx ML410
rr . = L1A out
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A : : 3 S-link Data Out ATLAS

Threshold pte = ' Beam Abort Signal
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BCM Abort Post-mortem (Toronto)

* Provide fast feedback (within 5 minutes of abort) to LHC Control
* After every abort (about 3000 per year)

* Normally look like:
1000 turns 100 turns

Single MIP

vs. Time

vs. BCID




Two Aborts Seen — 2+ Years of Operation

» Two aborts seen (July 31, 2011, August 18, 2011)

» Both corroborated by LHC machine beam loss monitors
* Typical of unidentified falling objects seen elsewhere in machine
» Approaching danger levels for SCT and Pixel detectors




occupancy

Two Aborts Seen — 2+ Years of Operation

» Two aborts seen (July 31, 2011, August 18, 2011)
» Both corroborated by LHC machine beam loss monitors

» Typical of unidentified falling objects seen elsewhere in machine

» Approaching danger levels for SCT and Pixel detectors
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BCM: ATLAS Default Luminosity Monitor

 Since early 2011 the BCM is ATLAS’ default luminosity monitor
* Provides robust rate measurements
* Negligible backgrounds

» Operates when other systems are not active

» Used during all Van de Meer scans R R e e
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BCM Luminosity Maps
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BCM: Gain (In)stability
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BCM: Luminosity Stability

« Two independent lumi measurements (BCMH (ref), BCMV (0))

 Stable over months (left) Stable against pile up (right)
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One of the keys to ATLAS’ 1.8 % absolute luminosity uncertainty

CERN-PH-EP-2013-026, arXiv:1302.4393, Submitted to EPJC



ATLAS Diamond Pixel Sensor EOI

Institutions:

— Bonn, Carleton, CERN,
Ljubljana, Ohio State,
Toronto

Underway since 2008

Goals:

— Make 10 modules

— Industrialise fabrication
— Test radiation hardness

IBL sensor decision 2011
B-layer replacement? 2013
Tracker upgrade 20227

£ : . : L
a ;‘?? Diamond Pixel Modules for the High Luminosity
€ L]
7 ATLAS ATLAS Inner Detector Upgrade
f] projec
ATIAS Upgrade Documeni No: Institute Documeni No. Createc: 1170572007 Fage: 1 of 12
Mudified: Rev. No. 1.0

Abstract

The goal of this propesal is the development of diamend pixel modules as an option for the
ATLAS pixel detector upgrade. This proposal is made possible by progress in three areas:
the recent reproducible production of high quality diamond material in wafers, the
successful complation and test of the first diamond ATLAS pixel moduls, and the operation
of a diamond after irradiafion to 1.8x10" piem?. In this proposal we outline the resulis in
these three aveas and propose a plan fo build and characterize a number of diamond
ATLAS pivel modules, test their radiation hardness, explove the cooling advantages made
available by the high thermal conductivity of diamend and demonstrate industrial viability
af bump-bonding of diamond pixel modules .

Contact Person: Marko Mikuz (marko.mikuz®@cern.ch)

Proparod by Checked By Anproved fy:

H. Kagan |Dhio State University)
M. Mikuz (JoZel Stefan Institute. L jubljana)
W. Trischuk (University of Toronta)




Pixel Diamond Prototypes

Figure 5: (a) Photograph of the ATLAS pjxel diamond mounted in the carrier ready for bump bonding. (b)
Zoom view of the pixel pattern after the under-bump metal is deposited.

e Sensor metalised at Ohio State, bumps deposited at IZM-Berlin
e Transferring complete process to IZM



Diamond Pixel Prototypes

i

Figure 7: Photograph of the fully dressed diamond ATLAS Pixel Module ready for test.

e Modules bump-bonded at IZM, tested at Bonn
e Noise: 140e—, Efficient threshold: 1500e—, In-time threshold: 2300e™



Results from Pixel Prototypes
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e Position resolution of 14um (17um residual includes telescope)

e Few % missing bonds — dominant inefficiency
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Mass Production of Diamond Wafers

e Diamond manufacturer(s) deliver wafers

e We do a coarse scan for quality (signal size)
e Are allowed to specify sensor dicing locations
e Takes 2-3 months to turn around each wafer



Pixel Patterning in Industry (IZM-Berlin)

Diamond sensor pixel metallisation

E
L .
T

Status after elelctroplating of pad metallisaton and ) o _
lithograghy for pixel metallisation patterning result after pixel metallisation pattermning
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First IZM Module

e Bump-bonded in early 2012

e In testbeam at CERN during last summer



The Diamond Beam Monitor (DBM)

e Build on success of BCM — include pixel readout pattern

— Install with service quarter panel (nSQP) replacement

— Four 3-plane stations on each side of ATLAS-IP

* nSQP replacement sets installation date — Eebrurary2013

July-2013

Oct 2013
Solenoid coil |T]|(=1-0
R1150 ——
R1066 :
%g ? — n[=2.0
3 TRT (barrel) Cryostat
'-E'; R644 -
s — e
R560 -
i gilg I “bixel n|=2.5
4
R371 support tube
R299

—

M— Pixel PP1
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DBM Location

15

Diamond Beam Monitor



DBM: Simulation/Reconstruction

 Full GEANT model available

* Geometry forces us to focus on z, 6 reconstruction

* Momentum resolution weak anyway => precise pixel inr
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DBM Sensor Inventory

e 27 sensors in hand” from IBL demonstrator work

— Most need thinning
— 5 FE-I3 sensors were cut to give 15 DBM sensors

— 4 DBM sensors bump-bonded as prototypes in 2012
* All met initial DBM specifications
e 17 sensors from II-VI Inc.

s
CORPELLERARRRRERRRRRRTRR0ORMT LM

Diamond Beam Monitor 17



DBM Prototype Modules

e Four DBM modules built at 1IZM -
— 21x18 mm? pCVD from DDL
— FE-14 ATLAS IBL pixel chip =

— 336x80 = 26880 channels, 50x250 pm?
* Largest ASIC/diamond flip chip assembly

v’ X-ray perfect
==t v Noise map uniform

— Indication of success

s HV issues due to IZM
metallization up to edge

3Module: on

; B Sest board R
Dlamond + |4 r -u-'\) N “o S50 O

First noise map of a DBM modu

Column
Diamond Beam Monitor 18



DBM: Module Testbeam Studies

Run1394 1000e Threshold

USBPIXI4 1 Raw Hitmap
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* Three Testbeam campaigns
— July, late August, October 2012

* Learning about FE-14 performance wn
— Calibration/tuning for low thresholds unique to 0t E
diamond aoooi— —i

— Achieved 1000 e threshold (also needed for 5000} E
irradiated silicon) 4000 E

* Use testbeam data to tune charge model I D ee - SS S

Diamond Beam Monitor Matching cluster charge [ToT]



AN A
T
B Lessons Learned: Testbeam @

Prototype Modules Tested:
* 21lmmx 18mm pCVD diamond w/FE-T4A
« 336 x 80 = 26880 channels
* 50 x 250 uym?pixel cell
Results
* Spatial resolution looks digital
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Pixel position Y

Bump-Bonding Diamond Sensors: Module QA
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Bump-bonding at SET

* After success pushed to re-work all remaining assemblies at SET
 Dismounted and re-furbished 6 sensors prior to this campaign
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o ormsne | (L] 6 hand carried to

Driving directions to Saint-Jeoire  30»
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CERN for module
’ — assembly before
NP i O Co weekend.

e All of these assemblies were well connected

— 11 ended up in the DBM telescopes over the following two weeks
e 7 additional sensors were re-furbished

— Bonded on original machines in early October

— Only 2 of these ended up in DBM
* Intotal 34 diamond sensors available, 47 modules assembled...
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DBM: Support Mechanics

* Projective telescope design has been prototyped

— Integrate cooling circuit in a simple way
— Ensure DBM is thermally neutral, but diamond can run at room T

* FITTINGS LOCATION @ OUTLET

L

BOILER

/ CAPILLARY
COOLING

FITTINGS
PIPES RUNNING

ALONG THE nSQP
BACKBONE
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Telescope Assemblies

William Trischuk: Diamond Beam Monitor
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DBM Installation in Pixel package
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Final Acceptance Tests

DBM telescope - SR1 acceptance checklistvil.l

ATLAS DBM telescope
-- SR1-acceptance checklist --

Telescope: TDBM-06

Date October 8, 2013

Place SR1RL

Shifter Garrin, Andrej, Chav, Ales

Telescope name TDBM-06

Description

Positioning

Side c

Board B

Position 81

Modules

Sensor type Diamond

Module on layer 0 (closest to the bracket) | MDBM-36, Link 2/2, FEID 0
(in config file FEID changed to 36 to
differentiate between the modules)

Module on layer 1 (middle) MDBM-33, Link 1/1, FEID 0
(in config file FEID changed to 33 to
differentiate between the modules)

Module on layer 2 (outermost)

MDEM-34, Link 0/0, FEID 0

(in config file FEID changed to 34 to
differentiate between the modules)

William Trischuk: Diamond Beam Monitor
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Module Alignment

, wwu%'
e b et e .
heteis 'ﬂ-;‘i—gl;l L._‘ o8 .‘Q' r

Resolution of 12um/pixel in photo =» digitising these for initial as-built alignment
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%: Diamond Production
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Future detectors will require 10x - 100x more devices
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ATLAS Full Tracker Upgrade (2020++)

- ATLAS is preparing for full tracker replacement

- Will have silicon strips through most of volume
* Silicon pixels move out in radius
* Will need ultra-radiation hard sensors inside support tube

* IBL sensor technologies will be initial candidates

- Evaluate them after they’ve operated for a few years

D2
L4

L3

D1

Phase 2 support tube
L2 1
IBL
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Summary

e pCVD sensors with signals of 8, 000 electrons over large areas
e Proven radiation tolerant up to 2 x 101 particles per cm?
e Established universal charge-trap density for protons up to 5x 1012/cm?
e Diamond sensors are finding applications in a number areas
— Beam abort systems at Tevatron and LHC
— Pixel module prototypes for LHC trackers

e Currently working to:

— Test radiation hardness beyond 101° particles per cm?
— Commercialise production of sensors for the ATLAS upgrade
— Commission ATLAS Diamond Beam Monitor recently installed



Single Crystal (scCVD) Diamond

e Features of this material include

e Improve material eliminating grain

boundaries, defects/charge traps

— Full collection at 0.2 V/um

e Almost a decade trying to scale up e T |
area from 0.5 x 0.5 cm? v I
Sy IR N S DR A
Hode e e
Isberg et al, Science 297 (2002), p1670 100 T A N R R
%0_25; .............................................................................. ..................................................................
| T — ST I
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E (VI [ SIS S ..................................................................
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e Grain boundaries limit pCVD
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DBM: Simulation/Reconstruction

Diamond Beam Monitor




Depth Characterisation of CVD Material

| Material Removal Experiment
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e Crystal quality increases with distance from substrate side
e Last deposited material has highest quality

e Can improve average signal by removing some material



Ultimate Fluence Tests: Very Forward Calorimetry

e Ultimate radiation test environment found in forward calorimetry
e MIP efficiency not as important as uniformity (resolution)
e Irradiated with up to 500 MeV protons (TRIUMF) to fluences > 1017

| Normalized Summed Current
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